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Foreword

Geoscience BC is pleased to once again present results from our ongoing projects and scholarship winners 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 2019: Energy and Water

This volume, Summary of Activities 2019: Energy and Water, contains 15 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.

The five papers in the ‘Facilitating Responsible Natural Resource Development’ section focus on induced seismicity in
northeastern British Columbia (BC). Monahan et al. present interim results from work done in the Fort St. John—Dawson
Creek area to map the potential for near-surface geological materials to amplify seismic waves. Babaie Mahani assesses the
results of earthquake monitoring in the area to identify source mechanisms and the regional stress field. Wozniakowska and
Eaton use machine learning to begin to identify factors affecting the occurrence of induced seismicity using existing data,
while Bustin et al. deployed accelerographs to provide additional monitoring data for seismicity. Roth et al. use
tomographic double-difference analysis to look at pore pressure increase as a potential contributor to induced seismicity.

In the ‘Advancing Science and Innovative Geoscience Technologies’ section, Chalmers et al. discuss the results of their on-
going research into the distribution of hydrogen sulphide in the Montney Formation, while Gonzalez et al. assess the
depositional setting of the Lower Montney Formation using drillcore, thin-section analysis and wireline data. Silva and
Bustin present the results of sampling to assess the thermal history of the Doig Formation by determining the kerogen
activation energy of samples.

Under ‘Enabling Clean Energy’, Whiticar and Evans present the results of a multiyear project to compile publicly available
information and generate additional data on gas chemistry and gas-isotope chemistry, in order to generate geochemical sig-
natures for natural gases in northeastern BC; and Whiticar et al. detail the use of drone-mounted scientific equipment to as-
sess methane leakage at a variety of sites in Alberta during a field trial.

Also under ‘Enabling Clean Energy’ are three papers that address geothermal potential and settings in the province. Grasby
et al. detail the monitoring and data-collection program that was initiated in the Mount Meager area during the summer of
2019, while Van Acken and Gleeson present preliminary results from a geological, structural and hot-spring mapping exer-
cise as the first steps in understanding the geothermal regime in the Sloquet Hot Springs area. Finley et al. completed an as-
sessment of geothermal resources in southeastern BC, looking at kinematic influences on a regional scale to help focus
future geothermal investigations in the area.

The final two papers, in the ‘Understanding Water’ section, describe work conducted in northeastern BC. Ladd et al. present
the details of several field campaigns that were undertaken to install a network of 29 groundwater monitoring wells in the
Peace Region for the purpose of monitoring methane in groundwater, while Cabhill et al. show the preliminary results from a
field investigation conducted to observe the effects and migration of natural gas in a shallow confined aquifer.

Geoscience BC Energy and Water Publications 2019

In addition to the two Summary of Activities volumes, Geoscience BC releases interim and final products from our projects
as Geoscience BC reports. The following five Energy and Water reports and maps were published in 2019:

e Thirteen technical papers in the Geoscience BC Summary of Activities 2018 Energy and Water volume (Geoscience BC
Report 2019-02)

e Mapping the Susceptibility to Amplification of Seismic Ground Motions in the Montney Play Area of Northeast
British Columbia, by P.A. Monahan, V.M. Levson, B.J. Hayes, K. Dorey, Y. Mykula, R. Brenner, J. Clarke,
B. Calambos, C. Candy, C. Krumbiegel and E. Calderwood (Geoscience BC Report 2018-16)

Geoscience BC Report 2020-02 iii
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¢ Quantification of the Gas and Liquids in Place and Flow Characteristics of Shale and Other Fine-Grained Facies
in Western Canada, by R.M. Bustin, A.A.M. Bustin, S. Hazel, A. Hosseinian, M. LeMessiuer, E.A. Letham,
M. Longobardi, E. Munson, J. Owen, T. Wilson and P.L. Silva (Geoscience BC Report 2019-06)

e South Meager Geothermal Project: New Perspectives from Recently Unearthed Data, by J. Witter (Geoscience BC
Report 2019-07)

e Clarke Lake Geothermal Pre-Feasibility Study, by Associated Engineering (Geoscience BC Report 2019-11)

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.geosciencebe.com/esv/?viewer=esv.
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Amplification of Seismic Ground Motion in the Fort St. John—Dawson Creek Area,
Northeastern British Columbia (NTS 093P, 094A)

P.A. Monahan, Monahan Petroleum Consulting, Victoria, British Columbia, pmonahan@shaw.ca

B.J. Hayes, Petrel Robertson Consulting Ltd., Calgary, Alberta

M. Perra, Petrel Robertson Consulting Ltd., Calgary, Alberta

Y. Mykula, Petrel Robertson Consulting Ltd., Calgary, Alberta

J. Clarke, Petrel Robertson Consulting Ltd., Calgary, Alberta

B. Galambos, Frontier Geosciences Inc., North Vancouver, British Columbia

D. Griffiths, Frontier Geosciences Inc., North Vancouver, British Columbia

O. Bayarsaikhan, Frontier Geosciences Inc., North Vancouver, British Columbia

U. OKi, Northern Geo Testing and Engineering, Fort St. John, British Columbia

Monahan, P.A., Hayes, B.J., Perra, M., Mykula, Y., Clarke, J., Galambos, B., Griffiths, D., Bayarsaikhan, O. and Oki, U. (2020): Amplifi-
cation of seismic ground motion in the Fort St. John—Dawson Creek area, northeastern British Columbia (NTS 093P, 094A); in Geoscience
BC Summary of Activities 2019: Energy and Water, Geoscience BC, Report 2020-02, p. 1-12.

Introduction

Seismicity in northeastern British Columbia (BC) has in-
creased significantly recently due to hydraulic fracturing
and water disposal by the petroleum industry (Atkinson et
al., 2016; Kao et al., 2018). Most of these events are small,
but rare events up to magnitude (M) 4.6 have occurred
(Babaie Mahani etal.,2017a, b, 2019). Ground motions for
the largest of these 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;
Babaie Mahanietal.,2019), and minor damage has been re-
ported or is suspected. These events occur at very shallow
depths, 1 to 3 km, and partly because of this, events as low
as M 0.8 have been felt by residents of the region.

Monahan et al. (2019) recently completed a regional as-
sessment of the potential for amplification of seismic
ground motions due to local differences in near-surface
geological materials in the Montney play area, currently the
most active oil and gas play in BC. Their mapping was
based on existing surficial geological maps, generally at a
scale of 1:250 000 (e.g., Mathews, 1978; Reimchen, 1980),
and they noted a number of inconsistencies between ampli-
fications from instrumentally recorded events and those
predicted by the mapping. Consequently, a follow-up study
was initiated in the Fort St. John—Dawson Creek area,
which is the most heavily populated part of the Montney

This publication is also available, free of charge, as colour digital
files in Adobe Acrobat™ PDF format from the Geoscience BC web-
site: http://www.geosciencebc.com/updates/summary-of-
activities/.
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play area, and where a M 4.6 event occurred in November
2018 (Babaie Mahani et al., 2019). The objectives of this
study are to refine the surficial geological mapping, gener-
ate a map more representative of shallow subsurface condi-
tions by collecting additional subsurface geological data,
and obtain additional shear-wave velocity (Vs) data to
better understand the distribution of geological materials
susceptible to amplification. The new mapping will be
done at a scale of 1:100 000. The purpose of this paper is to
present some of the initial results of this investigation: sur-
face geological investigations, subsurface geological data
acquisition, the summary of newly acquired Vg data, and
interviews with residents who have experienced frequent
seismic events.

Ground-Motion Amplification

Ground-motion amplification due to shallow geological
conditions can be estimated by the average Vg in the upper
30 m (Vg30; Kramer, 1996; Finn and Wightman, 2003). The
National Earthquake Hazards Reduction Program
(NEHRP) in the United States has defined five Site classes
(Ato E) based on Vg3 and these have been adopted by the
National Building Code of Canada (Table 1; Building Seis-
mic Safety Council, 2003; National Research Council,
2015).

The Vg3 is the time-averaged Vg in the upper 30 m (i.e.,

harmonic mean) and is calculated using the following for-
mula:

Vs30 :Eh/ Zt
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where h = each measured interval thickness, where Xh =
30 m, and t = the measured interval travel time; t =h/V for
each interval.

Moderate to high amplification of seismic ground motions
can occur in Site classes D and E.

Amplification can also be due to resonance, where the dom-
inant period of the ground motions is the same as the domi-
nant site period. The dominant site period (T) is calculated
by the quarter wavelength rule (Kramer, 1996; Finn and
Wightman, 2003):

T=4H/Vg

where H = thickness of the low velocity layer, and Vg = the
average shear-wave velocity of the low velocity layer.

Amplification due to resonance was also suspected in the
region by Monahan et al. (2019).

Regional Geology

The project area extends from Fort St. John to Dawson
Creek and from the Alberta border west to the Pine and Mo-
berly rivers (Figure 1), in the western part of the Alberta
Plateau (Holland, 1976). Hilltops in the western part are up
to 900 m in elevation, with up to 200 m of local relief, and
the topography becomes more subdued toward the east,
where hilltops are up to 700 min elevation and local relief is
50 m. The <250 m deep valleys of the Peace River and its
major tributaries, the Kiskatinaw, Pine, Moberly and Beat-
ton rivers, are the result of the incision by the rivers into this
plateau surface.

Bedrock consists of gently easterly dipping, relatively soft
Cretaceous sedimentary rocks (Irish, 1958; Stott, 1982;
McMechan, 1994). The principal geological units exposed
from northwest to southeast across the project area are, in
ascending order: the Shaftesbury Formation, which con-
sists of marine shale; the Dunvegan Formation, which con-
sists of interbedded sandstone, conglomerate and shale; the
Kaskapau Formation, which consists of marine shale; and
the Cardium Formation, which consists of interbedded
sandstone, conglomerate and shale. The upper 10 to 20 m of
bedrock is commonly weathered to clay,
particularly the shale intervals, and the
upper surface is commonly observed to

be glaciotectonized in outcrop (e.g., Watts (1994).

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, which is Late Wisconsinan
in age, are the best known. Both Cordilleran 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 ad-
vance-phase glaciolacustrine deposits (Hartman et al.,
2018). The advance-phase glaciolacustrine deposits are
overlain by clay-rich and clast-poor till deposited by Laur-
entide ice. The ice sheets appear to have coalesced, but in
the latter stages, the Laurentide till appears to have been
overridden by Cordilleran ice (Hickin et al., 2015). As
Laurentide ice retreated, drainage was again blocked, re-
sulting in widespread deposition of glaciolacustrine silt,
clay, and very fine sand in glacial Lake Peace (Mathews,
1978, 1980; Hartman and Clague, 2008; Hickin et al.,
2016a, b).

Sediments older than the last glacial maximum are re-
stricted to Quaternary river valleys (paleovalleys) and are
exposed only in the valley walls of the Peace River and
other major rivers. Elsewhere, only till and retreat-phase
deposits of the most recent glaciation and Holocene sedi-
ments can be mapped at the surface. Surficial units have
characteristic geomorphic expressions (Mathews, 1978;
Hartman and Clague, 2008; Hickin etal.,2015; Monahan et
al.,2019). Rolling uplands are underlain mainly by clay till
with a veneer of glaciolacustrine silt and clay. Topography
in the upland areas 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 upland areas of more subdued relief in the eastern part
of the project area, till forms a blanket locally up to 30 m
thick. Low relief platforms and terraces, between the up-
lands and deeply incised major valleys, are underlain by re-
treat-phase glaciolacustrine and related deposits. Terraces
on the walls of major valleys are underlain by late stage gla-

Table 1. National Earthquake Hazards Reduction Program (NEHRP) Site classes
(Building Seismic Safety Council, 2003). Susceptibility ratings from Hollingshead and

General description

Definition by Vg3o (M/s)

Monahan et al., 2019). Site Class
A
At least three glaciations occurred during B
the Quaternary in this area (Mathews, c
1978; Hartman and Clague, 2008; Hickin
etal., 2016a). Deposits of the last two gla- D
E

cial and adjoining nonglacial periods
show a repetitive pattern of fluvial inci-

Soft soils, or soil profile
with >3 m soft silt or clay

Hard rock Vg30>1500
Rock 760<Vg3,<1500
Very dense soils 360<Vg30,<760
and soft rock
Stiff soils 180<Vg30<360

Vs30<180, or >3 m silt and clay with plasticity
index >20, moisture content >40%, and
undrained shear strength <25 kPa

sion and deposition during nonglacial in-

Geoscience BC Summary of Activities 2019: Energy and Water
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ciofluvial sand and gravel representing the earliest phases
of postglacial fluvial incision. Modern fluvial sand and
gravel occupy river valley bottoms.

Within the upland areas, the valleys of minor 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
the upland areas and adjacent glaciolacustrine terraces,
platforms and valley bottoms are commonly marked by dis-
tinct breaks in slope. However, these breaks in slope are not
as clear in the areas of subdued topography in the east.

Surficial Geology Mapping

Detailed topographic mapping ata 5 m contour interval and
slope mapping have been computed from a Natural Re-
sources Canada digital elevation model (Natural Resources
Canada, 2015). These enable more reliable definition of the
breaks in slope that mark the boundaries of the glaciolacus-
trine platforms with the adjoining uplands and with the
deeply incised river valleys than shown on existing surfi-
cial geological maps (Mathews, 1978; Reimchen, 1980).

An eight-day field program was also conducted in August
2019 to spot check the interpretations, observe landforms
and note the topographic setting of sites with subsurface ge-
ological data and seismograph stations established by gov-
ernment and industry to monitor induced seismic activity.

Subsurface Geological Database

As with the previous study, three sources of subsurface
geological data are being employed: cased-hole gamma-
ray logs from petroleum wells, water well logs and geotech-
nical borehole logs.

Gamma-ray logs run through surface casing to (near) sur-
face are required for petroleum well sites drilled in BC and
are available in public databases. Top of bedrock can be
picked with reasonable confidence where stratigraphic
markers in Cretaceous strata are truncated and overlain by
Quaternary sediments, particularly where bedrock consists
of marine shale, in which abundant markers can be traced
over tens of kilometres (Hayes et al., 2016; Petrel Robert-
son Consulting Ltd., 2016; Monahan et al., 2019). For the
studies by Petrel Robertson Consulting Ltd. (2016) and
Monahan et al. (2019), logs from 918 wells in and adjacent
to the project area were normalized to remove surface cas-
ing effects (documented by Quartero et al., 2014). These
data are being used for the current study. An additional 458
gamma-ray logs, which represent all those remaining in the
area, have been added to this dataset (Figure 1). Even
though gamma-ray log data are highly repeatable, each log
curve provides only limited lithological information. Fur-
thermore, not all logs have been run continuously to surface

and, in many places, attenuation of the gamma-ray signal
by the conductor pipe obscures the lithological signature in
the upper 10 to 30 m. Where the bedrock top is shallow and
lies above the top of the logged interval, all that can be re-
ported is a maximum depth to bedrock. Nonetheless, cased-
hole gamma-ray logs provide important constraints on
thickness and lithology of the Quaternary section, particular-
ly when combined with other subsurface geological data.

An edited database of depth to bedrock values in northeast-
ern BC water wells was prepared by Hickin (2013), primar-
ily from the BC Ministry of Environment and Climate
Change Strategy’s GWELLS database (https://
apps.nrs.gov.bc.ca/gwells/). This dataset has been updated
from those used in previous studies, and includes 1282
wells in and adjacent to the project area (Figure 1). Al-
though it includes an enormous amount of useful informa-
tion, it has been generated from water well records pre-
pared with large variations in accuracy of lithological
descriptions and unit depths, and well locations are in some
cases suspect.

Geotechnical borehole logs provide the best data for Qua-
ternary geological studies, because they are consistently
described by professionals, reliably located and include re-
peatable quantitative measurements that can be correlated
to physical properties. The latter include standard penetra-
tion test (SPT) blowcount (N) values and moisture content,
which are useful stratigraphic indices. The SPT N value is
the number of hammer blows required to drive a sample
tube 305 mm (1 ft.) into the material at the bottom of the
hole under standardized conditions. If after 50 blows, pene-
tration has not reached 305 mm, the test is usually termi-
nated; this upper limit is termed refusal, and indicates a ma-
terial very resistant to penetration. The principal
disadvantage of these borehole data is that they are gener-
ally drilled to very shallow depths, a few tens of metres at
most. Furthermore, they are proprietary and so laborious to
compile. Monahan et al. (2019) obtained 582 borehole logs
at 107 sites in and adjacent to the current project area and
these are being used in the current study. To supplement
these, an additional 592 borehole logs at 99 sites have been
obtained to date, and data collection is ongoing (Figure 1).
Of the 206 sites represented, 143 have data deeper than
10 m.

Acquisition of Vg Data and Initial Results

New Vg data have been obtained by downhole logging us-
ing the vertical seismic profiling (VSP) method, and by
multichannel analysis of surface waves (MASW), anon-in-
vasive surface technique that generates a Vg profile along a
100 m transect. These two methods are described by Arse-
naultetal. (2012) and Phillips and Sol (2012), respectively.

Monahan etal. (2019) acquired Vs data at 14 sites in and ad-
jacent to the project area (Figure 2). These included six

Geoscience BC Summary of Activities 2019: Energy and Water
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downhole logs in pre-existing cased boreholes acquired by
the VSP method at Groundbirch, south of the project area,
and eight MASW profiles. The latter were concentrated in a
few areas — four in Fort St John, two in Dawson Creek, one
at Taylor, and only one in the rural areas south of the Peace
River, which constitute most of the current project area.

To date, an additional four downhole logs in pre-existing
boreholes and 10 new MASW profiles have been acquired
(Figure 2). Two of the boreholes were drilled by the Energy
and Environment Research Initiative (EERI) as part of a re-
gional groundwater monitoring project by The University
of British Columbia (Cahill et al., 2019), and the other two
are Province of BC groundwater observation wells. In addi-
tion to Vg data, P-wave velocity (Vp) and gamma-ray data
were acquired. Most of the MASW tests were done at seis-
mograph stations, in order to correct seismic records for
site effects and to understand the seismic responses at these
stations. An additional two downhole logs in existing bore-
holes and 10 to 12 MASW tests are being planned. Propri-
etary Vg data have also been obtained at one site.
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Gamma ray (cps)

Figure 3. Borehole log for EERI-2. Gamma-ray, shear-wave veloc-
ity (Vs) and P-wave velocity (Vp) data. Lithological log and descrip-
tions adapted from that of M. Goetz (Cahill et al., 2019). Note
gamma-ray scale at bottom. Abbreviations: cps, counts per sec-
ond; Vsay, interval average of shear-wave velocity.

At the time of writing, Vs data have been received for the
first two boreholes, EERI-2 and-3 (Figures 3, 4), and the
first five MASW tests (Figures 5—7). The results are sum-
marized in Table 2. To estimate the site period, the depth of
the low-velocity surface layer was determined from the
most abrupt Vg change on the downhole logs, and the main
inflection below the surface layer on the MASW profiles, at
the profile midpoint. Stations MONT 1 (MASW SL19-1)
and MONT 8 (MASW SL19-5) are part of a network estab-
lished by the BC Oil and Gas Commission and Natural Re-
sources Canada, and station MG0O5 (MASW SL19-4) is
part of a network established for the McGill University
Dawson-Septimus induced seismicity study. An MASW
test was conducted adjacent to borehole EERI-2 (MASW
SL19-2) to compare the results of the two techniques.

Some observations can be made, and conclusions drawn,
from the new data. All the new Vg sites are in Site Class D,
with Vg3p ranging from 228 to 345 m/s. These sites occupy a
range of geomorphic settings, from a valley bottom site,
where the low velocity layer corresponds to glaciolacus-
trine clay (MASW SL19-1; Figures 2, 5, Table 2) and Site
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Figure 4. Borehole log for EERI-3. Gamma-ray, shear-wave veloc-
ity (Vs) and P-wave velocity (Vp) data. Lithological log and descrip-
tions adapted from that of M. Goetz (Cahill et al., 2019). Note
gamma-ray scale at bottom. Abbreviations: cps, counts per sec-
ond; Vsay, interval average of shear-wave velocity.

Geoscience BC Summary of Activities 2019: Energy and Water



Geoscience BC

"JSESY}OU 8y} 0} ‘JN :uoljelnalqqy ‘suoleoo| suoydoab aie ajyoid ayj jo doy sy Buoje siequinN
‘a|1jo.d Jo a|ppiw ul 8ok} (SA) Aj1o0jaA anem-teays ‘|oued Jybu ‘ajiyoid ‘|oued ya| ‘uoizeoo| woyod As|[eA ‘(L 1NOW UONlE)S) L-611S MSVIN 1B S9ABM 82eNS Jo sisAjeue [auueydiyniy -G ainbi4

(s/w) ALIDOTIA IAVM ¥YIHS
006 szl 055 gze el [o<]8
(w) 30NVLSIO
3IN09 3INOS
ov
5 069
og
74
— —00z
0
A
[o14 9
=
g >
ST = m
= = —0LL
B =
ot M
o)
=
S i oz 2
0 \>>>>D>>DDDDDDDDDb
000T 008 009  0OF  00Z 0 PR g b ov oS gp ks B S KE RE IS X G o & 8 ow e oo T A I
(s/uw) S | —0gs

Geoscience BC Report 2020-02



"JSE8YOU 8y} 0} ‘JN :uoljelnaiqqy ‘suoleoo| sauoydoab aie ajyoid ayj jo doy ayy Buoje siequinN "ajijoid jo a|ppiw ul adely (SA) Ajoo|
-aA anem-1eays ‘|aued ybu ‘ajyoid ‘oued ya) ‘epis|iiy Buidols Ajjuab uo (g ainbi4) Z-1¥33 810Ya.0q Jo 8)iS 8y} 0} Juddelpe ‘Z-611S MSVIN 1B SOABM 89.4INS JO SISAjeue |auueydiyniy '9 ainbi4

(sw) ALIDOTIA IAYM HYIHS
006 gzL 055 sze gez 0sh
ov (w) IDNVLSIA
ENOE IND6 INOS IN09 3NOS anoe EN4 INOL
€ ! 069
/ o€
a
] : 14 n —00L
(%)
c
g //
m (014 M
8 x g 2
9 aF oz X
w 3 5
= 3
m
/ ot m
2
" - ozL 5
o)
=4
3
0 oo h bRt ik Gncninks k -
2 b4 @ L ¢ BZ 2 92 A A
00s  00v 00 00z  OOT 0 S O T A S A S 5 &
(syw) Sp n 08l

Geoscience BC Summary of Activities 2019: Energy and Water



"JSe8 8y} 0} ‘J :uolneinalqqy "suoneoo| suoydosab ale sjioid ay} Jjo doy ay) Buoje siequin aji0.d Jo sippiw Ul 8oed} (SA) AjIoojaA anem-ieays ‘joued jybu
‘a|iyoud ‘loued ya| :doy||iy e U0 ‘OHS ||om (UBIN UI9 M ‘G 9B ‘6. 'dML ‘Z€ "09S ‘91 "S™1) 9MGL-62-2€-91 1 (SODIN UONEIS) $-611S MSVIA Je SeAem soepns Jo sishjeue [puueyoniniy -2 ainbi4

(s/w) ALIDOTIA INVM UYIHS
006 1) 0S¢ T4 gec oSt
. (w) IDONVLSIA .
3001 306 308 El] 309 305 Elo 30 30z EL
| | | . S : . 052
e N -
3
& 092
8 N &
:
@ Py
]
© N\ st g m
El =
/ 3 \otm
ot m
m
2
s =
[}
w . 08L =
o \Wv\m‘ 24 _‘kv abw R e iy ey IW\
N AN
009 00S 00F 00§ 00Z 00T O 66 B8 LB ST GE V8 B8 Z LE OF b M Lo G5 G2 42 6r 2 iz 02 6L BL L 6 & 4 B 2 L9 5 %
(sw) SA
— 064

Geoscience BC Report 2020-02



¢S

N

Géosi:iencé BC

Table 2. Summary of new shear-wave velocity (Vs) data acquisition and results. These test sites are identified on Figure 2. All co-ordinates

are in UTM Zone 10N, NAD83.

Low velocity layer

Number tgrc::o"l';; Easting Northing Depth Vsyo ~ Site Thickness Vsay  Site Setting
station number (m) (m) (m) (m/s) Class (m) (m/s) period (s)
VSP EERI-2 EERI-2 664116 6197620 45 270 D 17.7 214 0.33  Gently sloping
hillside
VSP EERI-3 EERI-3 623071 6239713 55 278 D 26.1 250 0.42  Minor valley
bottom in hilly
terrain
MASW SL19-1 Station MONT 1 650843 6198718 38 253+4 D 15 189 0.31 Valley bottom,
7 mclayin
dugout
MASW SL19-2 EERI-2 664116 6197620 34 228 +7 D 19 194 0.39 Gently sloping
hillside
MASW SL19-3 Industry station 663081 6200617 36 345+14 D 13 280 0.19  Steep hillside
11-11-80-16W6'
MASW SL19-4 Station MGO05, 668703 6197693 30 233+13 D 12 151 0.32  Hilltop
16-32-79-15W6
MASW SL19-5 Station MONT 8 638356 6215783 36 246+16 D 19 189 0.40  Gently sloping
hillside

'L.S. 11, Sec. 11, Twp. 80, Rge. 16, W 6™ Mer.

Class D is expected, to upland sites, where surficial depos-
its are primarily till and Site Class C had been previously
assigned (Monahan et al., 2019). These data demonstrate
that the low blowcount (N=15 to 50) till recognized in
many of the geotechnical boreholes obtained for this study
is characterized by low Vg (150-300 m/s), and that in the
upland areas where topography is more subdued in the cen-
tral and eastern parts of the study area, geotechnical bore-
hole data show that till forms a blanket 10 to 30 m thick. An
example is the hilltop MASW site (MASW SL19-4; Fig-
ures 2, 7, Table 2), where the low velocity layer correlates
with till in a nearby borehole (M. Goetz and B. Ladd, pers.
comm., 2019). Consequently, Site Class D occurs com-
monly within the upland hillsides and hilltops.

However, Site Class C conditions have also been docu-
mented in upland areas, both where bedrock is shallow
(<7 m), and where the till section is dominated by high-
blowcount (N>50) and high-Vg (>400 m/s) intervals
(Monahan et al., 2019). These intervals generally occur
stratigraphically below low-blowcount, low- Vg till. An ex-
ample of the latter is provided by the VSP log from EERI-3,
where Vs in the till interval increases abruptly from 256 to
366 m/s at 13.5 m (Figure 4). The Vg increase does not re-
flect a change in lithology (Cabhill et al., 2019), but in-
creased glacial compaction. In this case, the thickness of
low-Vs till keeps this site in Site Class D. Consequently,
Site classes C and D both occur in upland areas, and further
integration of the borehole, Vg and topographic data will be
necessary to determine areas dominated by each Site Class.
In addition, the authors acknowledge that blowcount data
in till must be interpreted carefully, as high blowcounts can

10

also occur in low-Vg till where the SPT is performed di-
rectly on a large clast.

The Vi3 calculated from the MASW test (MASW SL19-2)
conducted adjacent to borehole EERI-2 is 228 m/s, which is
significantly lower than that in the VSP log for EERI-2,
Vs300f 270 m/s (Table 2, Figures 2, 3, 6). This discrepancy
will be investigated further. However, the Vg of bedrock
above 47 m in the VSP log is 527 m/s, which is low com-
pared to other bedrock intervals (Monahan et al., 2019),
and it is described as not fully competent and is underlain
by beds of'silt and fine sand (Cahill et al., 2019; Monahan et
al.,2019). This suggests it may be a glaciotectonized or gla-
cially transported block in which extensive fracturing has
reduced the Vg relative to undisturbed bedrock. Consistent
with this, Vs in the lower part of the MASW profile is vari-
able, suggesting a disrupted stratigraphic succession. The
larger volume of material investigated by MASW may in-
clude a larger number of Quaternary interbeds and frac-
tures, resulting in lower Vg than in the VSP log.

Interviews with Residents

Residents at 12 households, ranging from near Dawson
Creek to the Pine River, have been interviewed to date to re-
cord their experiences with induced earthquakes. A com-
mon experience is hearing a loud thump or rumbling, like a
train, truck or cow coming through the house, loud enough
to wake people at night. Others describe rattling of win-
dows and dishes. These observations are consistent with
modified Mercalli intensity IV. The differences in experi-
ences may correlate with differences in geological and top-
ographic setting. Some residents report several events in a

Geoscience BC Summary of Activities 2019: Energy and Water
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single day during ongoing hydraulic fracturing operations.
Acquisition of MASW profiles is planned to determine the
V30 and Vg structure at five of these residences and addi-
tional interviews will be conducted.

Conclusions

The initial results of this project demonstrate that Site Class
D conditions are widespread. They occur not only in areas
underlain by glaciolacustrine silt and clay, as previously re-
cognized, but also in the upland slopes and hilltops, where
Site Class C had been assigned previously. This is due to the
common occurrence of low—shear-wave velocity till, lo-
cally up to 30 m thick.

Further integration of subsurface geological datasets with
shear-wave velocity and topographic data is required to de-
termine which areas are dominated by Site Class D rather
than Site Class C conditions. These will be compared with
instrumental earthquake records and residents’ reports to
determine where induced seismic events are more strongly
felt.
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Systematic Study of Earthquake Source Mechanism and Regional Stress Field in the
Southern Montney Unconventional Play of Northeastern British Columbia
(NTS 093P/09, 10, 15, 16, 094A/01, 02, 07, 08)

A. Babaie Mahani, Geoscience BC, Vancouver, British Columbia, ali.mahani@mahangeo.com

Babaie Mahani, A. (2020): Systematic study of earthquake source mechanism and regional stress field in the southern Montney unconven-
tional play of northeastern British Columbia (NTS 093P/09, 10, 15, 16, 094A/01, 02, 07, 08); in Geoscience BC Summary of Activities

2019: Energy and Water, Geoscience BC, Report 2020-02, p. 13—-18.

Introduction

The Western Canada Sedimentary Basin (WCSB) has ex-
perienced a significant increase in both the number and
magnitude of earthquakes in the past decade due to fluid in-
jection associated with hydraulic fracturing operations
(Schultz et al., 2014; Rubinstein and Babaie Mahani, 2015;
Atkinson etal., 2016; Bao and Eaton, 2016; Babaie Mahani
et al., 2017; Kao et al., 2018). As a result, continuous im-
provements in earthquake detection have been made within
the unconventional resources of the Montney and Duver-
nay formations, in northeastern British Columbia (BC) and
western Alberta, through densification of seismographic
networks (Salas et al., 2013; Salas and Walker, 2014;
Schultz et al., 2015; Babaie Mahani et al., 2016). The addi-
tion of new seismographic stations, at close distances from
injection sites, have provided the required data for detailed
analysis of seismic activity, especially with regard to small-
magnitude earthquakes (as low as 1.5) for which sufficient
data had not been available.

The source mechanisms of induced earthquakes in the
WCSB have been analyzed by several researchers using
moment tensor inversion and P-wave first motions (Eaton
and Babaie Mahani, 2015; Wang et al., 2016, 2017, 2018;
Zhang et al., 2016). Overall, focal mechanisms show a
combination of strike-slip and reverse faulting for the
events occurring within the Montney and Duvernay forma-
tions and along the Rocky Mountain fold and thrust belt
(RMFTB) in northeastern BC and western Alberta (Ristau
et al., 2007; Babaie Mahani et al., 2017; Kao et al., 2018;
Zhang et al., 2019).

In this study, data from local and regional seismographic
stations were used to obtain focal mechanisms and parame-
ters of the stress field for 66 earthquakes, which occurred
between April 2018 and May 2019, in the southern Mont-
ney unconventional play of northeastern BC. These events
occurred in an area to the south of Fort St. John and north of

This publication is also available, free of charge, as colour digital
files in Adobe Acrobat™ PDF format from the Geoscience BC web-
site: http://www.geosciencebc.com/updates/summary-of-
activities/.
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Dawson Creek, where multistage hydraulic fracturing op-
erations have been conducted for several years (Figure 1;
Babaie Mahani et al., 2016; Babaie Mahani and Kao,
2018). Residents in the area have felt events with small
magnitudes (M) ranging from 1 to 2. Moreover, large peak
ground accelerations (PGA) have been recorded at close
hypocentral distances (<5 km) from events as small as M 3
(e.g., PGA of >0.1 g with 1 g = 9.8 m/s*; Atkinson and
Assatourians, 2017; Babaie Mahani and Kao, 2018).

Tectonic Setting

The main tectonic structure in the study area is the Fort St.
John graben (FSJG), which is the predominant graben in
the Dawson Creek graben complex. The FSJG was formed
during the Carboniferous—Permian period by localized
subsidence of the Peace River arch. The Golata, Kiskati-
naw and Taylor Flat formations, of the Stoddart Group, suc-
cessively infilled FSJG, all of them overlying the Debolt
Formation. This succession was later overlain with the
Permian Belloy and Triassic Montney, Doig, Halfway,
Charlie Lake and Baldonnel formations (O’Connell, 1994;
Petrel Robertson Consulting Inc., 2015).

Although grabens are associated with normal faulting, the
subsidence of the Peace River arch and the formation of
FSJG were coupled with strike-slip motion and related
compressional and rotational movement during the gra-
ben’s development (Barclay etal., 1990). The complex tec-
tonic history of FSJG, including the Laramide orogenic
phase, resulted in development of normal, strike-slip and
reverse faults, which influenced the Carboniferous Debolt
to the Triassic Doig formations (Berger et al., 2009; Dixon,
2011; Petrel Robertson Consulting Inc., 2015; Davies etal.,
2018).

Dataset

Due to the increase in seismicity rate and occurrence of sev-
eral felt events, the BC Oil and Gas Commission (BCOGC)
implemented requirements for ground-motion monitoring
based on PGA. The initial PGA reporting threshold of
0.02 g introduced in June 2016 was refined to 0.008 g in
January 2018. In May 2018, BCOGC instituted the Kiskati-

13
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Figure 1. a) The Montney unconventional play (outlined with black dashed line) in northeastern British Columbia. Background image from
Linquist etal. (2004) shows the topography. The study area is outlined with a solid blue line. The red line shows the outline of the Kiskatinaw
Seismic Monitoring and Mitigation Area. Black solid squares indicate the major cities (FSJ, Fort St. John; DC, Dawson Creek). Earthquakes
and seismographic stations are shown with circles and triangles, respectively. Inset map shows the geographic location of the study area
with respect to western Canada. b) Study area with the areas of the five clusters outlined with solid black lines. Solid green lines show the
normal faults associated with the Dawson Creek graben complex (from Davies et al., 2018). Triangles on fault lines depict the hanging wall.

naw Seismic Monitoring and Mitigation Area (KSMMA;
Figure 1). Permit holders operating within KSMMA must
report to BCOGC any felt event or ground motion equal to
or above the assigned threshold in the form of a catalogue
containing event parameters such as location, magnitude
and ground motion values. Moreover, waveforms from
seismographic stations that recorded the higher-than-
threshold PGA must be submitted to BCOGC, which are
made available to the public via BCOGC'’s eLibrary. Most
of the events analyzed in this study are small in magnitude
(M <2), therefore were only clearly recorded by local seis-
mographic stations within 20 to 30 km of the epicentres.
The largest event is the November 30, 2018, hydraulic frac-
turing—induced earthquake with moment magnitude of4.6.

Although focal depths reported in earthquake catalogues
are usually associated with large uncertainties, induced
events within KSMMA mostly have depths in the range of 3
to 4 km, located within the lower Montney, Belloy and
Debolt formations (Babaie Mahani and Kao, 2018). Fig-
ure 1 shows the distribution of 66 events for which focal
mechanisms were obtained and the location of seismo-
graphic stations used in this study. These events were
grouped into five clusters (0 to 4) based on the proximity of
their locations.

14

Focal Mechanisms

In this study, focal mechanisms were obtained from the P-
wave first motions using the vertical components of wave-
forms that were filtered by a 4th order Butterworth band-
pass filter with corner frequencies of 1 and 3 Hz. The 1 Hz
high-pass corner frequency was chosen to eliminate promi-
nent long-period trends observed on the majority of
seismograms, whereas the 3 Hz low-pass corner frequency
was selected to obtain relatively simple waveforms suitable
for phase picking. For the purpose of this study, the velocity
model and the methodology described by Eaton and Babaie
Mabhani (2015) were followed to determine focal mecha-
nisms. Near the surface, the velocity model incorporates
two sedimentary layers totalling 4.5 km in thickness under-
lain by a 35 km thick crystalized basement. The crystalized
basement is characterized by a linear velocity gradient with
V=6 km/sec and gradient k =0.0229 sec™'. Takeoff angles
were determined using this velocity model and ray-tracing
results (Eaton and Babaie Mahani, 2015). For all of the so-
Iutions obtained here, a source depth of 5 km was assumed,
which is situated 500 m below the base of the sedimentary
basin. Although, based on the information provided from
some hydraulic fracturing wells, depth to the basement can
be less than 4.5 km in this area. Figure 2 shows that the

Geoscience BC Summary of Activities 2019: Energy and Water
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Figure 2. The effect of different depth assumptions on the results of
the best-fit solution of focal mechanisms.

solutions are relatively insensitive to focal depth within a
focal depth range of 2 to 10 km.

To ensure the reliability of focal mechanisms, only events
with at least 10 P-wave polarities were considered. Follow-
ing this criterion, focal mechanisms for 66 earthquakes
were obtained. For each event, the parameters of the best
fitting plane were calculated from the average and standard
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5398
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deviation of strike, dip and rake values of the trial focal
mechanisms with the minimum associated error (Eaton and
Babaie Mahani, 2015).

Overall, fault plane solutions show that the prevailing
mechanism in all clusters (Figure 1b) is strike-slip with
strike of the best fitting plane mostly ~60° in clusters 0, 1
and 2. For clusters 3 and 4, however, there is a wider range
of strike directions. Moreover, dip angles of the best fitting
plane are >20° with most planes having dip angles >60°. As
an example, Figure 3 shows the focal mechanisms in cluster
1, which includes more earthquakes than the other clusters.
In Figure 4, the compression (P) and extension (T) axes are
shown for the focal mechanisms in each cluster based on
the best fitting nodal plane. Although there is scatter in data
points, the P and T axes mostly have low plunges with the
trends of northeast-southwest and northwest-southeast, re-
spectively. Similar results were obtained using the auxil-
iary nodal plane. The trends of the P and T axes are consis-
tent with other studies for earthquakes in the WCSB and
along the RMFTB (Ristau et al., 2007).

Stress Tensor Inversion

Focal mechanisms determined from the P-wave first mo-
tions or moment tensor inversion can be used to invert the
stress tensor of a regional stress field (Michael, 1987). An
important factor in stress inversion is to decide which nodal
plane is the actual causative fault. Aftershock distribution
or robust constraint on earthquake locations are usually

—-120.63°
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Figure 3. Focal mechanisms derived from P-wave first motions for events in cluster 1 (Figure 1b). The three lines in the upper left corner
show the orientation of maximum horizontal stress from the World Stress Map (grey solid line; Heidbach et al., 2016) and from stress inver-
sion results of this study using the best fitting (red dashed line) and auxiliary (solid black line) planes. Polar diagrams show the dip and strike

distributions for the best fitting (black) and auxiliary (grey) nodal planes.

Dark grey shows overlapping values. Squares show the location of

the surface hole of the hydraulic fracturing wells in the area with black solid lines showing the surface projection of the horizontal extent of

these wells.
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Figure 4. Orientation of the compression (P) and extension (T) axes for all the events in
each cluster (Figure 1b). Results are shown for the best fitting nodal plane of the focal

mechanisms.

good sources of information for this purpose. In this study,
however, most events are small and there are statistically
not enough events to unambiguously identify the fault ori-
entation in each cluster. Here, the stress inversion is applied
for both nodal planes and the results are compared with val-
ues from the World Stress Map (WSM; Heidbach et al.,
2016).

Usually four parameters are calculated for the stress field
using focal mechanisms; the orientation of three principal
compressive stresses (S;>S,>S;) and a relative measure of
the magnitude of the intermediate principal stress (R;
Etchecopar et al., 1981; Gephart and Forsyth, 1984; Lund
and Townend, 2007) as

R=(S1—Sz)/(S1—S3) (1)

The relative stress magnitude (R) quantifies whether the
magnitude of the intermediate (S,) principal stress is closer
to the magnitude of the most (S;) compressive principal
stress or the least (S;) compressive principal stress. Where-
as small values of R imply that S; and S, are close in magni-
tude, large values of R imply that S; and S; have similar
magnitudes.

Martinez-Garzon et al. (2014) provided a MATLAB pack-
age for stress inversion from earthquake focal mechanisms.
Their inversion provides the orientation of S, S, and S; and
R, thus suitable for the purpose of this study. Using the fo-
cal mechanism parameters (dip direction, dip and rake) in
each cluster, stress inversion was applied in each cluster.
Table 1 shows the trend and plunge of the best solutions for
the three principal stresses and R in each cluster using both

Table 1. Results of stress inversion for each cluster based on the Martinez-Garzon et al. (2014) in-
version module using both the best fitting (in bold) and the auxiliary nodal planes of focal mecha-
nisms. The three principal compressive stresses are Sy, S, and Sz and the relative stress magni-
tude is R. The trend of maximum horizontal stress (Sumax) is based on the relationships provided in
Lund and Townend (2007). Trends are clockwise from north.

Trend S; Plunge S; Trend S, Plunge S, Trend S; Plunge S; SHmax
ClusterlD () ) ) ) ) ) R @
0 33 3 310 68 122 22 0.8 32
1 34 2 307 56 122 33 0.8 33
2 26 3 290 63 118 27 0.6 30
3 21 1 289 56 112 34 0.8 22
4 22 2 290 40 115 50 0.9 22
0 21 7 179 82 291 3 0.8 18
1 19 7 186 83 289 2 0.6 15
2 13 13 181 77 283 3 0.6 10
3 14 9 179 81 284 2 0.7 11
4 15 12 141 69 282 16 0.6 5
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the best fitting and auxiliary nodal planes of focal mecha-
nisms.

The best solution for S; has an average plunge of 2° and an
average trend of 27° over all clusters using the best fitting
nodal planes. On the other hand, average values of 10° and
17° were obtained for the plunge and trend of S, for the aux-
iliary nodal planes. The plunge of the best solution for Ss is
quite different between using the best fitting and the auxil-
iary planes of focal mechanisms. S; increases from 22° to
50° from cluster 0 to 4 with an average trend of 118° over all
clusters when using the best fitting nodal plane. On the
other hand, S; remains fairly horizontal for clusters 0, 1, 2
and 3 and increases to 16° in cluster 4 with an average trend
of 286° using the auxiliary plane. As expected, the plunge
of S, follows the opposite direction to S; and decreases
from cluster 0 to 4 but remains closer to vertical for the case
when the auxiliary plane was used in the stress tensor
inversion.

Although, prior to stress inversion, the actual causative
fault was not clear, the results from stress inversion are con-
sistent between the best fitting and auxiliary nodal planes
suggesting a major strike-slip component and a minor re-
verse mechanism for the earthquakes in this area. This can
also be observed from the relative stress magnitude (R) in
Table 1, suggesting a strike-slip/reverse faulting regime.
Since S; and S; are not perfectly horizontal and S, is not
vertical, the trend of S; is not exactly the same as the maxi-
mum horizontal stress (Symay). In Table 1, the trend of Symax
is shown using the relationships provided by Lund and
Townend (2007). In Figure 3, the trend of Sy« is plotted
and compared with the value from WSM, which is from
two borehole breakout measurements in the study area. The
trend of Syma from the best fitting nodal plane is close to
the average trend value of 41° from WSM (Heidbach et al.,
2016). The trend in the study area varies from 22° to 33° for
the best fitting nodal plane and varies from 5° to 18° for the
auxiliary nodal plane.

Conclusion

Focal mechanisms for several induced earthquakes caused
by hydraulic fracturing within the Montney unconven-
tional play of northeastern British Columbia were deter-
mined for this study. Using the polarities of the first P-wave
motion, focal mechanisms for 66 events, for which there
were at least 10 recordings each, were obtained. Magni-
tudes of these events were between 1.5 and 4.6 and were
distributed in five clusters based on the proximity of epi-
centres. Results show that strike-slip movement is the pre-
vailing source mechanism for the events in this area, al-
though reverse faulting was also observed for a few
earthquakes. The best fitting nodal plane mostly strikes at
~60° with most events having dip angles of >60°. For each
cluster, the orientation of the three principal compressive

Geoscience BC Report 2020-02

stresses (S;>S,>S;) and the relative intermediate principal
stress magnitude (R) were calculated. Assuming the best
fitting nodal plane to be the causative fault, the plunge of S,
varies between 1°to 3° with its trend varying between 21° to
34° across the clusters. On the other hand, the plunge of S5
varies between 22° and 50° with its trend varying between
112° and 122°. The relative stress magnitude shows values
between 0.6 and 0.9 suggesting that the magnitude of the
intermediate (S,) and the least compressive stress (S;) are
similar, which is consistent with a strike-slip/reverse fault-
ing regime. The trend of maximum horizontal stress (Symax)
was estimated from the four parameters (Sy, S,, Sz, R) ob-
tained during stress inversion. The trend of Sy, varies
from 22° to 33°, using the best fitting nodal plane, which is
slightly lower than the average trend of Syy.x from the
World Stress Map (41°).
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Introduction

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 reserves, including hy-
draulic fracturing (Bao and Eaton, 2016) and saltwater
disposal (Schultz et al., 2014). Because of incomplete un-
derstanding of the underlying spatial-temporal distribu-
tion, induced seismicity is a subject of extensive academic
research (Baranova et al., 1999; Ellsworth, 2013; Gugli-
elmi etal., 2015). Incomplete information and lack of con-
tinuous data hinder a full understanding of the distribution
of seismic events, which is potentially linked to seismic
hazard in the Western Canadian Sedimentary Basin (WCSB;
Ghofrani etal., 2019). Therefore, understanding the mech-
anisms controlling the geological susceptibility to induced
earthquakes is crucial for both seismic-hazard assessment
and seismic-risk mitigation. Additionally, it is still not well
understood why most hydraulic-fracturing and wastewater-
disposal operations are not triggering higher magnitude
earthquakes (Ellsworth, 2013). The goal of this project is to
identify the most important factors controlling the occur-
rence of induced earthquakes in the Montney Formation, in
northeastern British Columbia (BC) and northwestern Al-
berta. This will provide a source of additional information,
which could help manage more effectively the seismicity
induced by oil- and gas-production activities.

Monitoring of induced seismicity can significantly enhance
the quality of hydraulic-fracturing stimulation, providing
valuable information about the created fracture network
and the reservoir mechanics (Eaton, 2018). Large volumes
of data, in conjunction with the complex relations between
different geological, physical and geomechanical charac-
teristics, significantly hamper the correct interpretation of

"The lead author is a 2019 Geoscience BC Scholarship recipient.
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the phenomena observed in the subsurface. Due to its abil-
ity to discover hidden patterns, machine learning has
proven to be a helpful tool for geoscientists and its popular-
ity is growing. The focus of this paper was to assess the im-
portance of properties controlling seismic activity during
hydraulic-fracturing operations in the Montney Formation.
Current knowledge was combined with existing technolog-
ical advancements to test the common hypotheses about the
nucleation of induced seismic events. An analysis was per-
formed using decision-tree and random-forest algorithms,
both of which are examples of supervised machine learn-
ing.

Methodology

Understanding the occurrence of induced seismic events
requires a broad comprehension of the mechanisms in the
subsurface and characteristics of the study area. In this
study, geological, geomechanical and tectonic indicators
were analyzed to estimate the influence of each characteris-
tic on seismogenic potential for the analyzed wells. Param-
eters were extracted from the collection of compiled char-
acteristics, including, among others, distance from the
Rocky Mountain fold-and-thrust belt, distance from known
lineaments, distribution of reservoir overpressures and
vertical distance to the Debolt Formation (see below).

Overall, more than 6300 hydraulically fractured horizontal
wells drilled into the Montney Formation were analyzed in
this study. Wells were investigated in terms of their geolog-
ical characteristics and whether seismicity occurred during
or shortly after hydraulic fracturing. Ultimately, the final
number of wells was determined by the quality and avail-
ability of data (see below).

The project consisted of the following steps:
1) Data collection and preparation:
a) compilation of data from publicly available sources

b) datapreprocessing (data interpolation, incorrect data
identification and removal)

19



PN

Geoscience BC

c) labelling wells as seismogenic/nonseismogenic (bi-
nary classification)

2) Algorithm development
3) Feature importance analysis

Data Collection and Preparation

Output Values (Target) Determination

To implement the supervised machine-learning algorithm,
it was necessary to decide on the appropriate output values.
In this project, induced seismicity was considered as a bi-
nary-classification problem with respect to the observed
seismic activity correlated in time and space with the coin-
ciding hydraulic-fracturing operations. A similar method-
ology was introduced by Pawley et al. (2018), who investi-
gated the potential for induced seismicity in the Duvernay
Formation in Alberta caused by hydraulic fracturing and
wastewater disposal. Their research revealed that seismo-
genic potential in the Duvernay Formation is controlled pri-
marily by the vertical distance to the Precambrian base-
ment, the state of stress in the formation (specifically,
overpressure) and the value of the minimum horizontal
stress. Due to significant differences in geological setting
in the case of the Montney Formation and limited data
availability, a similar study was performed using a slightly
different set of input features in the analysis. Moreover,
only horizontal wells were considered, as they are more
likely to cause a change in the stress state and pore pressure
near the faults (Atkinson et al., 2016), and are therefore
more likely to result in higher magnitude induced earth-
quakes. Similarly, as in the study by Pawley et al. (2018),
wells were flagged as seismogenic, when at least one seis-
mic event of magnitude (M) >2.5 was located closer than
5 km from the well. This condition was valid only when the
date of the injection preceded the occurrence of the seismic
event and occurred no later than three months after the hy-
draulic-fracturing operation was completed. Wells which
had no observable seismic activity near the hydraulic-
fracturing operations were considered as nonseismogenic.

Input Values (Parameters) Preparation

Data used in this study were compiled from publicly avail-
able sources, which included geoSCOUT (geoLOGIC sys-
tems Ltd., 2019), BC Oil and Gas Commission (BC Oil and
Gas Commission, 2019) and Alberta Energy Regulator
(AER; Mossop and Shetsen, 1994) databases, as well as the
Composite Alberta Seismicity Catalogue (Fereidoni and
Cui, 2015). In total, 6315 oil- and gas-producing horizontal
wells drilled into the Montney in BC and Alberta were ana-
lyzed. Earthquake data were sourced from the Canadian In-
duced Seismicity Collaboration (2019) website and in-
cluded the seismic events registered before April 27,2019.
It is worth noting that the analyzed dataset does not include
all the Montney horizontal wells, only those with complete
(and validated) information.

20

Pressure Data

Previous literature examples demonstrate the relationship
between the formation pressure and occurrence of seismic
events (Eaton and Schultz, 2018). Here, pressure data were
gathered using the geoSCOUT database and comple-
mented with data published on the BCOGC website. Due to
data sparsity and the limited number of measurements, the
pressure-gradient values have been estimated using a radial
basis function (RBF) interpolation method with linear ker-
nel, which is included in the scipy interpolation Python
module (Jones et al., 2001; van Rossum and Drake, 2003).
A total of 2376 pressure measurements were used to calcu-
late the pressure gradient; obtained pressure gradients
ranged from 0.6 to about 20.6 kPa/m. Previous studies
(e.g., Eaton and Schultz, 2018) have revealed that reservoir
overpressure (areas where the pressure gradient exceeds a
hydrostatic gradient value of 10 kPa/m) has the potential to
influence the overall susceptibility to induced seismicity.

Regional Stress Regime

In addition to reservoir pore pressure, information about
maximum horizontal-stress (Symax) direction was another
parameter characterizing the stress regime of the analyzed
area. In some cases, fault orientation seems to be conform-
able with the regional stress field (Snee and Zoback, 2016),
whereas examination of other studies suggests the potential
for fault activation irrespective of their geometry (Zoback
and Zoback, 1989). This implies that the regional stress di-
rection may have a strong impact on the seismicity ob-
served in the given area. The direction of Sy, has been in-
vestigated based on the values of Sy« azimuths from the
World Stress Map (Heidbach et al., 2016), an open-access
public database. These values were limited to the vicinity of
the Montney Formation subcrop region and interpolated
using RBF with linear kernel. Overall, 133 data points were
used in the calculation, relying on stress-state variations in-
stead of absolute values as the major factor. The difference
between the Syn.x direction and the average value of the
Stmax azimuth observed in the WCSB (estimated to be
about 45°) was used in the calculation.

Tectonic Data

Tectonically, the presence of pre-existing conductive thrust
faults in the Precambrian crystalline basement (Zhang et
al.,2013) as well as proximity to the Precambrian basement
(Skoumal et al., 2018) are believed to influence the occur-
rence of natural and induced earthquakes. Within the
WCSB, most of the seismic events tend to be concentrated
within a band stretching between the eastern margin of the
Cordilleran foreland thrust-and-fold belt and so-called un-
disturbed WCSB, which represent the margins of the re-
gional seismicity. It was previously observed that the in-
duced seismicity was most common in the vicinity of
disturbed belt for two reasons: the high concentration of
deep, critically stressed, pre-existing faults that are more
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likely to be reactivated near the treatment wells (BC Oil and
Gas Commission, 2014) and the role of the tectonic-strain
rate, which is surmised to have a long-term impact on seis-
mic potential (Kao et al., 2018). To address these hypothe-
ses, distance from the disturbed belt was included into the
analysis, together with the distance to minor lineaments
indicating the potential locations of minor faults.

Stratigraphic Data

Inprevious studies, it was suggested that the risk of induced
seismicity increased where hydraulic-fracturing operations
in the Montney were performed at close distance to the
crystalline basement (Skoumal et al., 2015). By also taking
into consideration the Debolt Formation, which could rep-
resent a geomechanical basement, the impact of those two
formations on the overall seismic-activity potential can be
compared. Information about the tops of the Debolt Forma-
tion and Precambrian basement was implemented as the
vertical distance between the hydraulic-fracturing opera-
tions (defined by the true vertical depth [TVD] of the well)
and upper boundaries of both stratigraphic units. The
Montney Formation tops were incorporated into the analy-
sis indirectly, as one of the components of the depth factor
described in detail below. Montney and Debolt formation
tops were compiled from the geoSCOUT and BCOGC da-
tabases, whereas Precambrian basement-top information
was sourced from the isopach and structure surface grid
datacollection available on the AER website. As in the case
of the pressure gradient, the linear kernel variant of the
RBF interpolation method was used to estimate the depths
to the stratigraphic tops of the Montney and Debolt
formations, and Precambrian basement.

Depth Factor

Due to the discrepancy between the levels of seismicity ob-
served for hydraulic-fracturing operations performed in the
upper, middle and lower units of the Montney Formation,
establishing a possible relationship between the phenom-
ena and the depth of injection could help further investigate
any potential correlation between the induced seismicity
and respective zones. In general, the lower Montney is
characterized by higher induced seismic susceptibility;
however, some significant seismicity is still observed in
both the upper and middle units of the formation (BC Oil
and Gas Commission, 2014). One possible explanation is
the smaller vertical distance separating the lower unit from
the underlying formations compared to the upper and mid-
dle Montney units rich in natural fractures (Nieto et al.,
2018). In this study, a simple depth factor was implemented
to provide a simplified way to divide the Montney into up-
per, middle and lower units, assuming the vertical division
of the formation into three equal layers. Depth factor ‘d’
was calculated using the following equation:

d=(Zu—2)!Zs (1)
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where Z,, is the TVD of the well, Z; is the top of the Mont-
ney Formation at the location of the well, and Zy, is the
thickness of the Montney at the location of the well.

Interpolation may carry the risk of incorrect estimation of
the interpolated values. Parameter ‘d’ was implemented to
detect the wells not matching the physical scenarios and
guarantee the maximal correctness of the input data. Con-
sidering only wells drilled into the Montney interval, the
depth factor should range between values 0 and 1. Values
<0 indicate that the well was drilled above the top of the
Montney Formation, whereas values >1 indicate that the
well was drilled below the Montney. Therefore, ‘d’ values
beyond the established range (0—1) suggest errors were
made in measuring the formation top, thickness and/or well
TVD. Such wells were excluded from further analysis, re-
sulting in the final dataset consisting of 6315 wells. The
depth factor was included into the models as a numerical
value; however, further investigation revealed additional
information about the analyzed wells.

Supposing the division of the Montney into three equal

parts, it is possible to use the depth factor to differentiate

between the Montney units associated with each well. Ac-

cording to this approach

e a ‘d’value in the range of <0 to <0.34 corresponds here
to the upper Montney;

e a ‘d’ value in the range of <0.34 to <0.67 corresponds
here to the middle Montney; and

e a ‘d’value in the range 0f <0.67 to <1 corresponds here
to the lower Montney.

Table 1 presents the number of wells assigned to each spe-
cific unit of the Montney Formation using the described
method.

It can be observed that the percentage of high-magnitude
(M >2.5) events induced by hydraulic-fracturing opera-
tions is the highest for the wells drilled in the lower
Montney, which is consistent with the hypothesis that this
unit is more prone to seismic activity. At the same time, it
has the fewest number of wells drilled, most of the wells
having been drilled into the upper Montney unit.

Assigning Features to the Wells and Preprocessing

The value of each feature characterizing the corresponding
wells was assigned using the NNjoin plugin (Tveite, 2019)

Table 1. Numbers and percentages of seismogenic and
nonseismogenic wells corresponding to each of the Montney For-
mation units associated with M >2.5 induced seismic events.

Montney Seismogenic wells Nonseismogenic wells
unit Number % Number %
upper 23 0.68 3354 99.32
middle 12 0.5 2408 99.5
lower 5 0.97 513 99.03
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in QGIS, an open-source geographic information system
(QGIS Development Team, 2019). The plugin allows the
user to join two points from corresponding layers using the
nearest neighbour method (i.e., linking points with the
shortest distance). Collected features required preprocess-
ing, which included missing-data identification and han-
dling. For the wells that did not have data determined di-
rectly (such as formation tops, pressure and Sy, values), it
was necessary to assign and use the interpolated values. In
the next step, quality-control measures helped to determine
only those wells that could assure the most reliable results.
Due to the high number of wells with interpolated values,
some of the interpolated values did not match realistic val-
ues. Data were analyzed in terms of the sequence of strati-
graphic tops (Montney top — Debolt top — Precambrian top)
and well TVD, with respect to the depth of the Montney top.

Algorithm Development

Determination of seismogenic potential related to the geo-
logical and geomechanical conditions in the subsurface
was defined as a binary-classification problem, in which
the algorithm assigns the labels according to the predicted
classes (seismogenic/nonseismogenic). Two supervised
learning techniques were analyzed with respect to their
ability to determine the feature importance when predicting
the class: decision-tree and random-forest classifiers (these
are examples of tree-based methods).

In general, a decision-tree algorithm constructs the classifi-
cation (or regression) tree composed of the leaves (esti-
mated attributes) and nodes that split the data according to
given conditions (Usuelli, 2014). The algorithm chooses
the most important features and separates the samples into
two groups until it satisfies the required conditions. Deci-
sion trees are expected to give better results than classical
methods, such as linear regression, when nonlinear and com-
plex relationships between the data are analyzed (James et
al., 2013). Moreover, decision trees can be presented
graphically, which makes them easier and more intuitive to
interpret.

The random-forest classifier (similar to bagging and boost-
ing machine-learning methods) is an improved and more
powerful version of decision-tree algorithms (James et al.,
2013) and uses sets of multiple trees to build the predictive
models instead of only one. When building a random forest,
small, randomly chosen collections of features are consid-
ered for splitting the nodes instead of a whole set of predic-
tors. As a result, the feature used for splitting each node is
chosen from among a limited number of available charac-
teristics. This approach guarantees a decrease of variance
between the single trees, which is desirable when building
the machine-learning models.

One of the attributes of the analyzed dataset was the dispro-
portionate size of the two classes. In other words, only a
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small percentage of the wells were associated with induced
seismicity. To overcome this problem (which might lead to
biased analysis), stratified random sampling was imple-
mented. Stratified random sampling requires the division
of the whole dataset into smaller subgroups (stratas) so that
each subgroup corresponds to its class. In the next step, a
random sample was drawn independently from each sub-
group (Cochran, 2007).

Both models were built using Scikit-learn, a Python library
for machine learning (Pedregosa et al., 2011), and trained
on the number of 100 randomly shuftled stratified splits,
with the training set accounting for 75% of the whole
dataset and 25% for the test set. Figure 1 presents the fea-
ture importance indicated by both classification algo-
rithms.

Discussion

Based on the decision-tree algorithm, the most important
features were determined to be the distance to lineaments
and the disturbed belt, the depth factor, the vertical distance
to the Debolt Formation, and the vertical distance to the
Precambrian basement. The results confirm the currently
existing hypotheses about the influence of the tectonic set-
ting of the wells, both in terms of distance to the faulted dis-
turbed belt as well as known lineaments. The high impor-
tance of the depth factor potentially indicates the higher
seismic risk in the lower Montney; however, this feature
should be analyzed further. In contrast, the variation of the
Shmax With respect to the regional stress state does not seem
to influence the seismogenic potential. Surprisingly, the
pressure gradient was indicated as the least important of all
analyzed features, which contradicts the idea proposed by
Eaton and Schultz (2018). However, this result could be bi-
ased as there were insufficient measurements of pore pres-
sure. A different distribution of the important features
might be observed for a dataset containing more exact pres-
sure values. Comparing these results to those obtained us-
ing the second algorithm, the random-forest classifier iden-
tifies the same set of features as those with the most
influence on the seismogenic potential, with similar fea-
ture-importance values. At the same time, the random-for-
est classifier showed a significant decrease in the error rate,
which suggests a higher accuracy of the results.

It is worth noting that the machine-learning models are de-
pendent on the quality (and quantity) of the input data.
Therefore, the next step of this project is to perform exten-
sive research and include additional parameters that may
have an impact on the distribution of induced seismicity.
The analysis in this study was limited to publicly available
datasets only and some assumptions (e.g., the ratio between
Montney intervals) were introduced. Additionally, several
of the input parameters (formation tops and pressure, Symax
azimuths) were interpolated, which might mean they could
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Figure 1. Feature importance calculated using decision-tree (top) and random-forest (bottom) classification algorithms. Results are pre-
sented in ascending order toward the right: pressure gradient (press_grad); maximum horizontal-stress azimuth variance (azi_diff); vertical
distance from the well to the Precambrian basement and Debolt Formation (TVD_to_preC and TVD_to_debolt, respectively); distance to
lineaments (dstm_Inmt); distance to the disturbed thrust-and-fold belt (dist_to_dist); and depth factor. Abbreviation: TVD, true vertical

depth.

vary from the real values. Another problem is the incom-
pleteness of data that cannot be interpolated, such as the lo-
cation of unknown faults (especially strike-slip faults,
which are undetectable using seismic methods). Incorpo-
rating more detailed information as well as new attributes
into the algorithm will provide more accurate estimates of
the geological susceptibility to induced seismicity.

Conclusions

This analysis revealed that three types of features are con-
trolling the geological susceptibility to induced seismicity
in the Montney Formation:

e the tectonic setting (specifically the distance from the
disturbed belt and lincaments)

e the stratigraphy (vertical distance from the Debolt and
Precambrian basement)

e the depth of the injection relative to the Montney For-
mation top, which correlates with the specific Montney
unit (upper, middle and lower) stimulated during hy-
draulic fracturing.

Observations confirmed the current hypotheses about the
factors controlling the induced seismicity. Pore-pressure
gradient as well as variance of the Sy,.x from the average
value were interpreted as less significant in the overall pre-
diction of the induced seismicity for a given dataset. More-
over, a newly introduced parameter, the depth factor, con-
firms the current hypothesis about the higher susceptibility
to induced seismicity in the lower Montney, compared to

Geoscience BC Report 2020-02

the upper and middle units. Overall, tree-based methods
performed well and helped to address currently established
conclusions about the factors controlling the occurrence of
induced seismicity during hydraulic-fracturing operations.
Including more detailed characteristics and additional fea-
tures will increase the confidence level of the results and
can provide information about the mechanisms responsible
for the occurrence of induced seismicity.
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Introduction

The limited availability of monitoring data to researchers is
one of the greatest challenges limiting the advancement of
the understanding of induced seismicity in northeastern
British Columbia (BC) and, hence, the development of
proactive mitigation schemes and frameworks for hazard
assessment. Many of the recommendations regarding in-
duced seismicity from the Scientific Review of Hydraulic
Fracturing in British Columbia (Scientific Hydraulic Frac-
turing Review Panel, 2019) directly (6 of 18) or indirectly
(4 of 18) refer to the need for increased monitoring and data
sharing. While the regional broadband network in the
Montney play is sufficient for larger events (M > ~1.8), a
more complete catalogue is required for detailed modelling
studies and proactive mitigation. Additionally, the cover-
age of accelerometers remains inadequate to understand
whether events will be felt or cause damage. To address the
data gap, an array of paired accelerographs plus geophone
stations has been developed to densely monitor hydraulic-
fracturing operations.

Three-component (3C) accelerographs are currently de-
ployed at 15 sites in western Canada, 11 of which are tel-
emetered and providing real-time data to an online interac-
tive platform, Portae Terra (www.portaeterra.ca). In the
past year (November 2018 to November 2019), two hy-
draulic-fracturing operations were monitored in the
Montney play. Two stations, deployed within ~1 km of each
other, recorded 33 of the 34 events with M > 1.5 that were
induced by the two hydraulic-fracturing operations. Four-
teen events with M < 1.5 were also recorded; however,
ground-motion parameters for these events are of little use
without event information for comparisons; such informa-
tion is not available for these smaller events. Five of the 10
earthquakes that were not caused by the two fracturing op-
erations being monitored by this project—but 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://www.geosciencebc.com/updates/summary-of-
activities/.
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within ~30 km of the aforementioned two stations and were
reported by Natural Resources Canada (NRCan) with local
magnitude (M) ranging from 1.4 to 2.6—were also re-
corded. The site-corrected, peak ground acceleration (PGA)
of'the geometric mean of the horizontal components ranged
from 0.360 to 60.9 cm/s (0.037-6.2% g) for events with
M, values of 1.57 to 4.5 and hypocentral distances of 2.46
to 17.8 km.

In order to obtain event information for smaller magnitude
events, the stations have been upgraded to include 4.5 Hz,
high-precision 3C geophones. The first paired station was
deployed at one of the sites for the second of the project’s
monitoring operations. Data analysis is ongoing but, to
date, in addition to recording all events with M > 1.5 during
the hydraulic-fracturing operation, another 60 events were
found from a quick visual inspection of the data. Portae
Terra is currently being upgraded to provide real-time ac-
cess to the geophone data and calculated automatic event
information for smaller events. In addition, Portae Terra
will provide access to public data from broadband stations
in regional networks near the monitoring areas and calcu-
lated automatic event magnitudes and locations for larger
events.

Dataset

Since 2017, accelerographs deployed at 29 sites across
western Canada have been used to monitor seven hydrau-
lic-fracturing operations, three disposal wells and a gas-
storage facility. Five stations are currently deployed in the
Montney play in BC: a telemetered, long-term accelero-
graph monitoring a disposal well; two long-term accelero-
graphs in the Kiskatinaw Seismic Monitoring and Mitiga-
tion Area (KSMMA), one of which is telemetered; a
temporary paired station in KSMMA; and a long-term
accelerograph at Penalty Ranch.

During the past year, two hydraulic-fracturing completions
were monitored in the Montney play. Two accelerographs
were deployed within ~1 km of each other to monitor the
first completion. For the second completion, one of the
accelerographs was upgraded to a paired station with both
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an accelerometer and a geophone. The accelerometers re-
corded 33 of the 34 events detected by the local, operator-
deployed array with moment magnitude (M,,) > 1.5 that
were induced by the two hydraulic-fracturing operations.
The event that was missed by the sensors is the smallest of
the events. Fourteen additional events, presumably with
M,, < 1.5, were recorded by the accelerometers during the
operations; however, ground-motion parameters for these
events are of little use without event information for com-
parisons; such information is not available for these smaller
events. Seven of the events detected by the local array were
reported by NRCan. NRCan reported 10 additional events,
with My ranging from 1.4 to 2.6, within 35 km of the two
stations in the past year. The accelerometers detected 5 of
the 10 events. The largest of the events was missed by the
accelerometers; however, smaller events at greater hypo-
central distances were detected. In total, 53 events were re-
corded during the past year by the accelerometers, with
pre—site-corrected PGAs (for geometric mean of horizontal
components) ranging from 0.030% g to 8.1% g. The mea-
sured PGAs were corrected for each event to a reference
site-class with a time-averaged shear-wave velocity over
the top 30 m (V) of 760 m/s, following the procedure out-
lined in Bustin etal. (2019). The site-corrected PGAs range
from 0.037% g to 6.2% g for events with magnitudes of
1.57-4.5 and hypocentral distances of 2.46—17.8 km.

In addition to these two accelerometers, the first of the pro-
ject’s geophones was deployed for the second of the moni-
toring operations. Data analysis is ongoing but, to date, in
addition to recording all events with M > 1.5 during the hy-
draulic-fracturing operation, another 60 events were found
from a quick visual inspection of the data.

Attenuation

The site-corrected PGAs versus hypocentral
distances for events recorded by the stations 5
were overlain on the data and predictive
model presented for the South Montney play
by Babaie Mahani and Kao (2017). The re-
sults, which are plotted in Figure 1, show that
the datasets are consistent. However, the
PGAs for many of the magnitude 2-2.5
events are higher than predicted by the
ground-motion prediction equation
(GMPE). This may be a result of the simple
method used for correcting site effects (i.e.,
amplification), the combination of local and
regional solutions being used, or the effects
of radiation patterns resulting from the
source mechanisms. The plot also shows the
minimum threshold for detection as a result
of digital noise. The MEMS sensors that are
currently being deployed allow detection of
events with PGA > ~0.03% g.
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Figure 1. Site-corrected PGA versus hypocentral
distance for events recorded by the project’s array,
with 1.5 < M < 2.5 events plotted as blue dots,
2.5 <M < 3.5 events plotted as red dots and M > 3.5
events plotted as grey triangles on GMPE and data
from Babaie Mahani and Kao (2017).

Magnitude of Completeness

To investigate the magnitude of completeness for the sen-
sors, magnitude versus hypocentral distance has been plot-
ted for events that were detected by one or more of the sta-
tions (blue dots in Figure 2) and events that were not (grey
dots). The results indicate that M > 1.55 events are consis-
tently detected within ~7 km and M > 2 events within
~18 km of the stations. Events with M < 1.5 are being de-
tected, but access to information for these events is not
available because the local, operator-deployed array does
not provide sufficient solutions for smaller events. Based
on its magnitude and hypocentral distance, the M; 2.6 event
on January 19, 2019, reported by NRCan, should have had
sufficient ground motions to be detected by the sensors.
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Figure 2. Magnitude versus hypocentral distance for events that were detected
(blue) and were not detected (grey) on the study’s stations.
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The data recorded from one of the stations at the time of the
event, showing the usual digital noise, is shown in Figure 3.
For comparison, the data recorded from the same station for
the My 2.1 event on January 27, 2019, reported by NRCan,
is also shown. Although the events have similar hypo-
central distances (16.0 km for M | 2.1 versus 16.2 km for
M. 2.6), the smaller event shows clear P- and S-wave arriv-
als and the larger event does not. A denser array of acceler-
ometers would have been required to understand why this
event was notrecorded. A possible explanation is that the M
L 2.6 event has a source that radiated asymmetrically with a
minimum axis in the direction of the study’s stations.

Depth of Burial

To investigate any possible impacts that depth of burial of
the sensors might have on recorded ground motions, four
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sensors were installed at different depths (30, 60, 90, and
120 cm) at a single site in a seismically active area for a 3-
month period. The sensors were a maximum of 5 m apart,
with the 30 and 90 cm sensors and the 60 and 120 cm sen-
sors within 1 m of each other. Eighteen events were re-
corded by the four sensors, with no correlation observed
between sensor depth and PGA.

Portae Terra

The telemetered stations are providing real-time data to an
online interactive platform, Portac Terra (www.portae
terra.ca). When new data are received by the study’s server
and an alert has been triggered, the raw data are automati-
cally transferred to Portae Terra. Proprietary data are selec-
tively available to operators through a unique passcode to
access Portae Terra. Passcode ‘111111 provides open ac-

2
Time (s)

2 3 4
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Figure 3. Data recorded on one of the study’s accelerometers from the M 2.6
event reported by NRCan on January 19, 2019 (top), compared to data re-
corded on the same station from the M| 2.1 eventreported by NRCan on Janu-

ary 27, 2019 (bottom).
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cess to data from the telemetered stations on public land as
well as other public stations. Upon entering the site, a map
is provided showing the location of all stations available for
the specific passcode. Stations with new data since the last
login appear with a different icon marker. To view the data
from a specific event, the desired station is first chosen by
either clicking the station on the map or choosing the sta-
tion name from the drop-down list. The data file can then be
chosen based on date and time from the drop-down list. The
data with removed instrument response are then plotted
with the event time and calculated ground-motion parame-
ters printed below and next to the plot. A sample screenshot
from Portae Terra is included in Figure 4. Waveforms for up
to six events can be viewed at once. If the download button
is selected, a zipped folder can be downloaded containing
CSV files with the data in pg and cm/s’, the calculated
ground-motion parameters and the calculated response
spectral accelerations (PSA) at periods of 0.05, 0.1, 0.3,
0.5, 1.0, 2.0 and 3.0 s. The zipped folder also contains the
raw data in miniSEED format and dataless SEED volume
for the station.

Ongoing Upgrades and Future Work

Systems are being set up for automatic solutions for small-
magnitude events using the study’s geophone data and for
large-magnitude events using data from regional broad-
band networks available through Incorporated Research
Institutions for Seismology (IRIS; https://www.iris.edu/
hq/). Earthworm is being used to process the data from the
geophone arrays, whereas the procedure of the BC Oil and
Gas Commission (BCOGC) for automatic solution using
Seiscomp3 is being mimicked for the data from the regional

broadband stations. The regional stations for which real-
time data are currently being received from IRIS can be
viewed on Portae Terra by choosing ‘All Stations’. The data
from the study’s geophone stations and the regional broad-
band stations in the areas being monitored by the study will
be available to view and download through Portae Terra.
The automatic solutions calculated by the system will also
be plotted on the map. A module is also being prepared for
real-time monitoring of hydraulic-fracturing operations
through frequency-magnitude, probability and 3D event
distributions, and temporal variations in b-value, number
of events and maximum magnitude. The upper-limit maxi-
mum magnitude estimated from the methods of Shapiro et
al. (2010) and van der Elst et al. (2016) will be included on
the plot of maximum magnitude versus time, to enable
comparisons. A module including basic information on
induced seismicity, a glossary and links to sites for addi-
tional information is also being prepared.

Once the upgrade of the current accelerographs to paired
stations with 3C 4.5 Hz geophones has been completed, up
to five hydraulic-fracturing operations in the Montney play
can be monitored to obtain a more comprehensive cata-
logue of events, complete with ground-motion parameters.
The recorded monitoring data will be investigated to better
understand frequency-magnitude and spatiotemporal dis-
tribution, and how they can be used to forecast maximum
magnitude, aid in the development of proactive mitigation
plans and map seismic susceptibility. In addition, the
ground-motion data from the dense monitoring will be in-
vestigated to better understand whether ground motions
will be felt or pose a risk to critical infrastructure or well-
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Figure 4. Example of an event recorded on two stations viewed on Portae Terra (www.portaeterra.ca).
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bore integrity, to reduce the variability in ground-motion
prediction equations due to radiation patterns, and to com-
pare approaches for quantifying their hazard/risks. Finally,
the data will be integrated into 3D Earth models to quantita-
tively rank mitigation strategies and better understand the
processes and parameters controlling anomalous induced
events.

Summary

The study’s accelerographs, which are now providing real-
time data to an online interactive dashboard (Portae Terra),
were deployed to monitor two hydraulic-fracturing opera-
tions during the past year. Fifty-three events were recorded,
with site-corrected PGAs for the geometric mean of the
horizontal components ranging from 0.037% g to 6.2% g
for events with magnitudes of 1.57 to 4.5 and hypocentral
distances of 2.46 to 17.8 km. The values obtained are con-
sistent with the data and prediction models previously pre-
sented for the south Montney play. The first paired station
with both a 3C accelerometer and a 3C geophone was de-
ployed for the second hydraulic-fracturing operation and
recorded 60 events not detected by the accelerometers. A
system is currently being developing for automatic solu-
tions for smaller events from the geophone data and larger
events from regional broadband networks. The data and au-
tomatic event information will also be made available
through Portae Terra.
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Introduction

Hydraulic-fracturing (HF) operations for hydrocarbon ex-
ploration have been associated with an increasing number
of'induced earthquakes in North America in the last decade
(e.g., Ellsworth, 2013; Atkinson et al., 2016). In contrast to
induced earthquakes in the United States being attributed to
the high volume of co-produced wastewater being injected,
induced earthquakes in the Western Canada Sedimentary
Basin (WCSB) are often attributed to the HF operations
themselves (e.g., Atkinson et al., 2016; Mahani et al.,
2017). Although the majority of induced earthquakes are
beneath the threshold to be felt (Ellsworth, 2013), some re-
cent events exceeded a magnitude of M4+, including an M,
4.6 on 17-Aug-2015 near Fort St. John (Mahani et al.,
2017) and an M} 4.5 on 30-Nov-2018 near Dawson Creek
(Mahani et al., 2019).

This paper focuses on the fluid migration after a single HF
operation to investigate the role of pore-pressure increase
as a potential source of induced earthquakes (Ellsworth,
2013). Double-difference—based tomography inversion
and an earthquake sequence close to Dawson Creek in Jan-
uary 2019 were chosen to image fluid accumulation. This
sequence is characterized by 190 earthquakes (Figure 1, red
circles), detected on 15 stations with hypocentral distances
between 5 and 50 km (Figure 1). The station network in-
cludes nine broadband stations operated by McGill Univer-
sity (Figure 1, blue triangles) and six broadband stations
operated by the Pacific Geoscience Centre of the Geologi-
cal Survey of Canada (PGC), two of which (NBC4, NBC7)
are permanent stations (Figure 1, brown triangles). Green
circles show all events detected with this station network,
beginning in June 2017 (Figure 1).

"The lead author is a 2019 Geoscience BC Scholarship recipient.

This publication is alsg available, free of charge, as colour digital
files in Adobe Acrobat” PDF format from the Geoscience BC web-
site: http://www.geosciencebc.com/s/SummaryofActivities.asp.
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Methods

This study was based on seismological observations taken
between 04-Jan-2019 and 11-Jan-2019 in a localized area
close to an HF well (Figure 1, turquoise diamond), which
was operating during this time period. Injection parameters
provided by the British Columbia Oil and Gas Commission
(BCOGC; last assessed on August 10, 2019) show a total
injected volume of ~26 000 m? of fluids among all horizon-
tal wells (Figure 1, turquoise lines) at the hypocentral
depths of most of the seismicity. Fluid accumulation was
investigated using a double-difference—tomography ap-
proach, based on differential arrival times calculated by
cross-correlation lag times to invert for a 3D distribution of
seismic P- to S-wave speed ratio (Vp/Vs) .

Impact of Fluids on the vp/vg Ratio

Areas of fluid accumulation were detected using an ap-
proach based on seismological observations, which derives
from the impacts of fluids on the velocities of both body
waves (i.e., compressional [P] and shear [S]). Inversion
was carried out for the velocity of both types of wave, fol-
lowed by calculation of their ratio.

The compressional-wave velocity (vp), which moves along
the direction of propagation, is characterized by

vp = [(A+2u)/p]"? = [(K +4u/3)/p]"/? (1)

and is thus dependent on the Lame’s constant (1), the rigid-
ity (), the rock density (p) and, alternatively, the bulk
modulus (K). Unlike the compressional wave, the shear-
wave velocity (vs), which produces a displacement per-
pendicular to the direction of propagation, is defined by

vs = (u/p)*'*. 2)

Thereby, the presence of fluids plays a role in influencing
the velocities. On one hand, the mere substitution of non-
filled cavities (i.e., porosity) with a fluid of higher density,
such as water, will increase vp while Vg stays rather constant
as the bulk modulus increases, whereas the shear modulus
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Figure 1. Study area in northeastern of British Columbia. McGill and PGC stations are denoted by blue and
orange triangles, respectively. All detected earthquakes between 01-Jul-2017 and 11-Jan-2019 are shown as
green dots, while the sequence of interest is highlighted in red. The HF well operating in the same time period as
seismicity occurred is shown as a turquoise diamond. The inset map highlights the relative relocations of the

chosen sequence.

remains constant (Han and Batzle, 2004). On the other
hand, an increase in pore pressure at a constant confining
pressure will decrease the seismic velocities significantly.
This effect is even stronger on the shear-wave velocity (Chris-
tensen, 1984). This being said, zones of high vp/vg ratio pos-
sibly indicate high pore-fluid pressures (i.e., fluid accumu-
lations along pre-existing faults or fractures due to pump-
ing; Shelly et al., 2006).

Double-Difference Tomography

Seismic tomography describes the process of imaging the
subsurface of the Earth with the help of seismic waves (i.c.,
earthquakes of every kind). By using measured travel times
and calculated ray paths, one creates an inverse problem,
looking for a velocity model. Zhang and Thurber (2003)
developed the seismic-tomography method ‘tomoDD’
based on double differences (Waldhauser and Ellsworth,
2000) to solve for this velocity model. The tomoDD soft-
ware minimizes the misfit between observed and predicted
arrival times, which are linearly related to the perturbations
in the hypocentre and velocity-structure parameters, by ap-
plying the LSQR algorithm (Paige and Saunders, 1982) to

34

the least-square problem (Zhang and Thurber, 2003). The
predicted travel times are calculated with a pseudo-bending
raytracing algorithm (Um and Thurber, 1987).

This study employs this approach on an earthquake se-
quence close by Dawson Creek, presumably induced by
hydraulic fracturing, that occurred between 04-Jan-2019
and 11-Jan-2019. During this time period, 190 events were
detected using an STA/LTA approach with a dense array of
15 broadband stations at hypocentral distances of 5 to
50 km (Figure 1). The velocity inversion is based on a 1-D
homogeneous layered velocity model based on Crustl.0
(Laske et al., 2013) for depth shallower than 1 km and on
Mahani et al. (2017) for the deeper layers (Figure 2).

Grid-Size Estimation and Quality Control

Resolution of the determined velocity structures is depend-
ent on the initial grid spacing. A localized area (i.e.,
5x 5 km” from the earthquake cluster centroid) was consid-
ered in this study, so the velocity grid spacing was in the or-
der of hundreds of metres and was based on the minimum
size of ground perturbations that cause changes in the

Geoscience BC Summary of Activities 2019: Energy and Water
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Figure 2. Homogeneous layered, 1-D velocity model, based on
Crust1.0 for depth shallower than 1 km and Mahani et al. (2017) for
deeper layers. The blue and green lines indicate P- and S-wave ve-
locity, respectively. The grey dashed line shows the vp/vg ratio.

waveform. As an estimate, the grid spacing was calculated

based on the maximum radius of the first Fresnel zone

bmax =

with wavelength (1) ranging from 10 to 30 m and signal-
station distance of 5 to 50 km. With this approach, the mini-
mum size of structures influencing the recorded waveforms
lies between 100 and 600 m. The starting point was a hori-
zontal grid spacing of 200 m to stay in the estimated range.
To evaluate the reliability of the results, a checkerboard test
(Figure 3) was carried out and the derivative-weight sum

a)

Distance (km)
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Distance (km)
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(DWS), which quantifies the ray-path density around each
grid point, was plotted from the real-velocity inversion
(Figure 4). A checkerboard input model was created, with
velocities changing by £10% of the initial velocity model
(Figure 2), and 600 x 600 m structures were generated (Fig-
ure 3a). The P-wave (Figure 4a) and S-wave (Figure 4b)
arrivals were differentiated for the DWS distribution.

Velocity-Structure Imaging

Similar to hypoDD by Waldhauser (2001), tomoDD uses
initial locations combined with cross-correlation time
shifts between different events observed at the same station
as double-difference equations. In addition, tomoDD uses
absolute travel-time data for the calculation of the ray
paths. Cross-correlations in the present study are based on
2.5 s long recordings, starting 1 s before pick arrival time
and ending 1.5 s after pick arrival time, with a bandpass fil-
ter between 2 and 15 Hz applied. Only event pairs that ex-
ceed a threshold of a cross-correlation coefficient of 0.6
were used and the cross-correlation coefficient was used as
aweighting factor. Iteration was carried out ten times using
cross-correlation data only. The velocity-model joint inver-
sion was applied in every second iteration step to already
relocated event pairs.

The resulting vp/vg ratios were calculated at a depth corre-
sponding with the horizontal wells and plotted in map view
in Figure Sa—d. Figure Se—f shows cross-sections along the
profiles in Figure Sa—d, with one parallel and one perpen-
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Figure 5. Velocity-structure imaging based on seismological ob-
servations taken between 04-Jan-2019 and 11-Jan-2019: a—

d) map views at a depth of 2 to 2.3 km; e—f) cross-sections along
profile lines shown in a—d.
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dicular to the alignment of the events. Yellow colours indi-

cate an increase in Vp/Vg ratio, while darker shades indicate
a decrease.

Results

The inset map in Figure 1 shows the relative relocations.
The events align along several parallel northeast-trending
structures. All event hypocentres are relocated in close
proximity to horizontal wells.

Using the checkerboard test, it was possible to solve for ve-
locity perturbations in the right order of magnitude: low-
velocity zones with a decrease in velocity of 10% (Fig-
ure 3b; green shows a velocity of 5 km/h) and high-velocity
zones with an increase in velocity of 10% (Figure 3b; pur-
ple shows a velocity of 6 km/h). The checkerboard test was
not capable of spatially resolving the structure that was set
in the input model (Figure 3).

The DWS distribution analysis in Figure 4 shows, for both
P- and S-wave-based inversions, areas of more dense ray
coverage very close to the centroid of hypocentres
(~250 crossing ray paths per grid node with P-wave arrivals
and 500 crossing ray paths per grid node with S-wave arriv-
als). No crossing ray paths were observed in the surround-
ing area.

Figure 5a—c shows changes in the Vp/Vs ratio in the direc-
tion of the horizontal well orientation, while Figure 5d
shows also a perpendicular feature. Figure 5a suggests that
patches of vp/Vs increase along the horizontal well orienta-
tion, while Figure 5b—d shows, as well, vp/vg increase per-
pendicular to it. The cross-sections in Figure 5e—f show
changes in Vp/Vg ratio concentrated deeper than the earth-
quake hypocentres, but the shape is dictated largely by the
DWS distribution.

Discussion and Conclusion

According to the quality-control criteria in Figures 3 and 4,
there are limitations in applying the tomoDD software to
the setting. On one hand, the checkerboard test (Figure 3)
was able to image the amplitude of the velocity contrast
from the input model but, on the other hand, the spatial dis-
tribution of structures that were given as an input has not
been resolved. The plot of DWS values (Figure 4) shows
limitations in the ray coverage, as the densest area covers
only a radius of roughly 1 km around the events. Particu-
larly the cross sections show that the DWS might image ray
paths only from station MGO3 to the west and station MGO5
to the east.

Nevertheless, the observed increase in Vp/Vg ratio seems
convincing with respect to the ambient stress field (i.e., Sy
striking 43.7° and Sy > S, > S,; Bell and Grasby, 2012), as
the fluids would follow structures along the horizontal
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wells, perpendicular to Sy. This might indicate faults or
zones of weakness along Sp. In addition, the small in-
creases of Vp/Vg ratio parallel to S suggest a second orien-
tation of fluid accumulations.

In conclusion, the tomoDD software was applied to an
earthquake sequence in January 2019 to image fluid accu-
mulations. Two possible fault orientations were observed:
parallel and perpendicular to the largest principal stress. As
the seismicity is occurring only in time windows of days
and is very localized, the entire area is not well covered by
ray paths, which limits the significance of these results.
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Introduction

The Triassic Montney Formation is a large unconventional
gas play in western Canada and contributed a significant
proportion (34%) of natural gas to the total Canadian gas
production in 2017 (National Energy Board, 2018). The
Montney Formation is a tight liquids-rich gas reservoir in
northeastern British Columbia (BC) with a gas-in-place es-
timate of 55 642 billion cubic metres (1965 tcf; BC Oil and
Gas Commission, 2015). As development expands, a
greater proportion of the Montney Formation is found to
contain nonhydrocarbon gases such as hydrogen sulphide
(H»S) and carbon dioxide (CO;). The authors currently esti-
mate 27% of the Montney Formation producing wells have
tested or produced greater than 100 ppm of H,S gas. Hydro-
gen sulphide gas impacts the economics of the develop-
ment of this hydrocarbon play as well as poses a risk to the
environment and the health and safety of the populace. Hy-
drogen sulphide in produced gas, even in trace amounts
(i.e., ppm), impacts the economics of drilling, production,
treatment, and marketing of gas and associated liquids. The
occurrence of H,S in produced fluids is also one of the most
serious environmental hazards and risks to gas resource de-
velopment.

The stratigraphic and lateral variation in H,S changes
across the Montney gas play areas in BC. The distribution,
in some areas, can be inexplicable and there are multiple
reasons for the presence of H,S in some Montney Forma-
tion producing wells. Hydrogen sulphide in petroleum sys-
tems comes from mixed sources, which include: 1) bacte-
rial sulphate reduction; 2) thermal sulphate reduction;
3) kerogen cracking; and 4) sulphide oxidation and/or de-
composition of surfactants used for well completions. Un-

This publication is also available, free of charge, as colour digital
files in Adobe Acrobat™ PDF format from the Geoscience BC web-
site: http://www.geosciencebc.com/updates/summary-of-
activities/.
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derstanding H,S distribution is further complicated by the
fact that H,S can be produced in situ within the Montney
reservoir or may have migrated either from above or below
through more permeable beds or fracture networks.

To reduce the uncertainty associated with H,S production
from the Montney reservoir, the source and processes that
generate H,S need to be understood, which will require:
a) mapping lateral and stratigraphic distributions of H,S
and b) determining the sulphur isotopic composition of H,S
gas, as well as the potential sulphur sources (kerogen, py-
rite, anhydrite).

Results

The Montney Formation is over 200 m thick within the
study area (Figure 1) and the authors have informally sub-
divided the formation into the upper, middle and lower
Montney members (Figure 2). These subdivisions are
based on the sequence-stratigraphic—based boundaries of
Davies et al. (2018). The thickness of the informal upper,
middle and lower Montney members have been mapped
across the study area (Figures 3-5). Using geoLOGIC sys-
tems Itd.’s geoSCOUT version 8.8 (geoLOGIC systems
Itd., 2019) GIS software, well search criteria were set to
identify Montney producers that have tested or produced
sour gas (presence of H,S). The H,S distribution within the
Montney play area of BC and Alberta has been mapped us-
ing the thickness data from the geological models (Fig-
ures 6—8) in combination with the fluid analysis data from
geoSCOUT.

Thickness Maps of the Upper, Middle and
Lower Members of the Montney Formation

A total of 200 well tops were used to map the thickness
(isochore) variation for the informal upper Montney (Fig-
ure 3), middle Montney (Figure 4) and lower Montney
(Figure 5) members of the Montney Formation. The thick-
ness of the upper Montney member increases toward the
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Figure 1. Location of the study area (grey box) within northeastern British Columbia and northwestern Alberta. The depth to the top of the
Montney Formation is shown as blue dashed lines and is measured as subsea total vertical depth (metres). The black well traces are for all
Montney Formation producing, tested or produced wells. Orange circles represent major population centres in the region and the dark grey
lines are the primary roads. Data sourced from geoLOGIC systems Itd. (2019).
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the greatest thicknesses of over 120 m along the
western margin of the study area (Figure 5).

Hydrogen Sulphide Distribution within
the Montney Formation

A total of 2813 wells have been identified that ei-
ther tested for, produced or currently produce sour

Doig Fm.

gas within the study area (Figures 6—8; geoLOGIC
systems Itd., 2019). The H,S concentrations vary
widely across the study area and range from
212 500 ppm (21.25%) to <100 ppm. There are
more sour Montney Formation wells in Alberta
and they also span a greater geographic area than

glpper
Monthey mb.

in BC. The presence of H,S also varies stratigra-
phically, with the majority of sour horizontal wells

Middle

Montney mb.

being drilled in the informal upper and middle
Montney members of the Montney Formation in
BC (Figures 6, 7). The majority of sour wells in Al-
berta are within the middle and lower Montney
members of the Montney Formation (Figures 7, 8).
The upper Montney member thins to 1-2 m within
Alberta, which is the reason for the low number of
upper Montney member sour wells in Alberta.
Comparing the Montney members, most sour
wells are located within the middle Montney mem-

Lower

1660 3

1680 3

U

1700 &

Montney mb.

ber, which also covers the largest geographic area
in both Alberta and BC. There are also more sour
wells drilled within the lower Montney member
compared to the upper Montney member (Fig-
ures 6, 8).

Distribution of Hydrogen Sulphide
Above and Below the Montney
Formation

Hydrogen sulphide in the Montney Formation can
be generated in two ways: 1) via sourcing elemen-
tal sulphur from within the reservoir as either sul-

1720 3 ?

Belloy Fm.

phate, sulphide or organic sulphur, or 2) from mi-
gration of hydrogen sulphide from either above or

Figure 2. Stratigraphy and log response of the Halfway, Doig, Montney and
Belloy formations in well 200/C-078-C-094-H-05/00 (geoLOGIC systems Itd.,
2019). The Montney Formation is informally subdivided into the upper, middle
and lower Montney members based on a sequence stratigraphic model of

Davies et al. (2018). Abbreviation: TVD, total vertical depth.

southwest, from approximately 2 m thick in the eastern part
of the study area to over 330 m adjacent to the deformation
front along the western margin of the study area (Figure 3).
The middle Montney member shows similar distribution as
the upper Montney member but remains consistently
thicker (i.e., >100 m) across the majority of BC and west-
central Alberta (Figure 4). The lower Montney member is
the thinnest member of the Montney Formation and is less
than 90 m thick across the majority of the study area with

Geoscience BC Report 2020-02

below the reservoir through conduits like natural
fractures, faults or permeable beds. Elemental sul-
phur within the Montney Formation can either be
formed in situ from Triassic seawater or postdepo-
sitionally from migration of sulphate in solution.
The major sources of sulphate occur above the
Montney Formation in the Triassic Charlie Lake Formation

and below in the Permian, Mississippian and Devonian
rocks (i.e., Belloy, Debolt, Slave Point, Muskeg forma-
tions). Using geoSCOUT version 8.8, fluid analysis mod-
ule, the sour wells that have either tested for, produced or
are producing H,S gas from both above (Figure 9) and be-
low (Figure 10) the Montney Formation have been mapped
to understand the potential risk of producing sour gas
within the Montney Formation. A stronger overlap occurs
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Figure 3. Thickness variation of the informal upper Montney member of the Montney Formation across the regional gas play in northeastern
British Columbia and northwestern Alberta. The thickness varies from 338 min the northwestern part of the study area to less than 2 min the
eastern part of the study area. White filled circles are the well control for thickness contours. Contour interval is 25 m. The black well traces
are for all Montney Formation producing, tested or produced wells. Orange circles represent major population centres in the region and the
green lines are the primary roads. Blue dashed line is the deformation front (approximate location). Data sourced from geoLOGIC systems
Itd. (2019).
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Figure 4. Thickness variation of the informal middle Montney member of the Montney Formation across the regional gas play in northeast-
ern British Columbia and northwestern Alberta. The thickness varies from 300 m in the northwestern part of the study area to less than 11 m
in the eastern part of the study area. White filled circles are the well control for thickness contours. Contour interval is 25 m. The black well
traces are for all Montney Formation producing, tested or produced wells. Orange circles represent major population centres in the region
and the green lines are the primary roads. Data sourced from geoLOGIC systems Itd. (2019).
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wells in British Columbia and white squares represent sour wells in Alberta. Orange circles represent major population centres in the region

and the green lines are the primary roads. Data sourced from geoLOGIC systems Itd. (2019).
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and the green lines are the primary roads. Data sourced from geoLOGIC systems Itd. (2019).
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and the green lines are the primary roads. Data sourced from geoLOGIC systems Itd. (2019).
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cles represent major population centres in the region and the green lines are the primary roads. Data sourced from geoLOGIC systems Itd.
(2019).
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between overlying sour wells (Doig and Charlie Lake for-
mations) and the sour Montney Formation producers (Fig-
ure 9) compared to the underlying sour wells (i.e., Permian,
Mississippian and Devonian rocks) and the sour Montney
Formation producers (Figure 10). These trends illustrate
that a connection may exist between overlying sour pools
and areas with higher probability of Montney Formation
producing souring within a play area. The connection that
exists will be through local fracture systems or fractures as-
sociated with regional structures like the Fort St. John gra-
ben complex. Sharma (1969) observed anhydrite-filled
fractures within the Halfway Formation where the anhy-
drite had migrated from the Charlie Lake Formation
through groundwater circulation. This sulphate-rich water
circulated through the Triassic system via fracture net-
works during early burial and no overpressuring existed as
this was prior to any hydrocarbon migration. The anhydrite
cementation then healed fractures and allowed a pressure
differential to establish between the Charlie Lake and Half-
way formations as the depth of burial increased. The same
geological model may explain the souring of the Doig and
Montney formations with fractures persisting through from
the Charlie Lake to the Halfway, Doig and Montney forma-
tions. The fractures would allow anhydrite or H,S gas (or a
combination of both) to migrate into the Montney Forma-
tion. A predictive framework for sour Montney Formation
production would include understanding the distribution of
the overlying sour pools in the Doig, Halfway and Charlie
Lake formations as well as understanding the fracture net-
work system on regional and gas play scales.

Future Work

Sulphur isotopic data is currently being analyzed and com-
piled in order to test the geological model proposed
above—that sour gas contributions are either from the mi-
gration of anhydrite or from H,S gas from overlying sour
pools in the Charlie Lake, Halfway and/or Doig formations.
Sulphur isotopes are being analyzed from H,S gas being
produced in the Montney Formation, as well as from anhy-
drite, pyrite and organic matter concentrates from bulk rock
samples of the Montney Formation. Anhydrite is also being
analyzed from Triassic to Devonian rocks. This geological
model will provide the information companies need to in-
corporate into their development plans, allowing them to
reduce economic, health and environmental risks.

Conclusions

The study of the lateral and stratigraphic H,S distribution
within the Montney Formation in British Columbia (BC)
indicates that the upper and middle portions of the Montney
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Formation in BC are at a higher risk of souring compared to
wells that are placed in the lower portions (i.e., informal
lower Montney member). However, there are fewer wells
currently being drilled in the lower portions of the Montney
Formation in BC, which may bias this interpretation. It ap-
pears all of the Montney Formation is at risk of souring in
the gas play of Alberta. Mapping the sour wells above and
below the Montney Formation indicates that souring of the
Montney Formation may be linked with the overlying sour
pools in the Doig and Charlie Lake formations, particularly
in BC, and not linked to the underlying Permian, Mississip-
pian or Devonian sour pools as initially thought. Isotopic
analyses of sulphur from the H,S gas and its sources (i.e.,
minerals or organic matter) will provide further clarity on
the geological processes involved in souring of the Mont-
ney Formation.
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Introduction

The Lower Triassic Montney Formation in the Western
Canada Sedimentary Basin has been a target for oil and gas
exploration since the 1950s, containing well-known con-
ventional plays, and more extensive and complex uncon-
ventional plays. The Montney Formation marketable un-
conventional-gas resource is one of the largest in the world
and most of it is located in British Columbia (BC; National
Energy Board et al., 2013). Overall, the Montney Forma-
tion is expected to contain 449 tcf of marketable natural
gas, 14.521 million barrels of marketable natural-gas liq-
uids and 1.125 million barrels of marketable oil (BC Oil
and Gas Commission, 2012; National Energy Board et al.,
2013). The Montney Formation is characterized by small-
scale heterogeneities associated with minimal grain-size
variations and diminutive biogenic structures; this, added
to the extensive lateral-facies variability and the presence
of local unconformities of varying nature, increases the
stratigraphic complexity of the formation.

Detailed sedimentological and stratigraphic analyses are
the key to understanding the complex internal architecture
of the Montney Formation and to better understanding the
facies-related variables controlling reservoir quality. This
study focuses on analyzing facies distribution within the
Montney Formation in northeastern BC, to interpret the
depositional setting of the Montney Formation and signifi-
cant stratigraphic surfaces. The identification of strati-
graphic surfaces and discontinuities across the study area
aids in formulating a sequence-stratigraphic framework
across the basin.

"The lead author is a 2019 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://www.geosciencebc.com/updates/summary-of-
activities/.
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Geological Framework

The Montney Formation is a westward-thickening wedge
of siliciclastic and mixed carbonate-siliciclastic sediment
that records deposition between the offshore and shoreface
environments; a variety of subenvironments have been rec-
ognized and include turbidite deposits, deltaic units and
shallow-water bioclastic sediments (Moslow and Davies,
1996, 1997; Daviesetal., 1997; Kendall et al., 1998; Kend-
all, 1999; Moslow, 2000, 2001; Zonneveld et al., 2010a, b;
Zonneveld and Moslow, 2014, 2017, 2018). The base of the
Montney Formation is typically placed at an erosional un-
conformity on top of the Permian Belloy Formation, and
the top of the Montney Formation is associated with a Glos-
sifungites-demarcated surface and/or a phosphatic con-
glomerate lag overlain by the Middle Triassic Sunset Prai-
rie or Doig formations (Figure 1; Gibson and Edwards,
1990; Edwards et al., 1994; Furlong et al., 2018a, b).

Deposition of the Montney Formation took place along the
arid northwest coast of the North American craton (Davies
et al., 1997) and was influenced by the effects of the end-
Permian mass extinction, associated with a severe global-
warming event, and resulting in anoxia and acidification of
the world’s oceans (Hallam, 1994; Wignall and Twitchett,
2002; Winguth et al., 2015). This resulted in restricted
infaunal communities and typically small biogenic struc-
tures within Lower Triassic sediments (Hallam, 1994; Iso-
zaki, 1994; Beatty et al., 2008; Abdolmaleki and Tavakoli,
2016).

Study Area and Methods

The study area focuses on the region known as the ‘North-
ern Montney Field’” (BC Oil and Gas Commission, 2017),
between Townships 81 to 104 and Ranges 14 to 25 west of
the 6" meridian, and NTS map areas 094A, B, G and H
(Figure 2). According to recent stratigraphic nomenclature
(Zonneveld and Moslow, 2018), the study interval includes
the following members: Lower Montney, Pocketknife,
Middle Montney, Altares and Upper Montney. A total of 38
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Figure 1. Lithostratigraphic nomenclature for the study interval (yellow star) and equivalent
strata across western Canada (modified from Edwards et al., 1994, Furlong et al., 2018a, b
and Zonneveld and Moslow, 2018). Abbreviations: Fm., formation; Mb., member; Phosp.,

phosphate.

drillcores were examined and detailed description of lithol-
ogy, physical and biogenic sedimentary structures, biotur-
bation intensity and fossil content were recorded. Twelve
lithofacies, summarized in Table 1, and three recurring fa-
cies associations were identified and interpreted from this
dataset. Additionally, 56 thin sections from four cored wells
(Tallisman Graham c-006-L/94-B-08, PC Kobes c-74-G/
94-B-09, Suncor PC HZ Kobes d-048-A/94-B-09 and Prog-
ress Kobes d-067-1/94-B-09; Figure 2) were analyzed, us-
ing standard petrographic techniques on a polarizing mi-
croscope, to characterize the texture, composition and
diagenetic features of the different facies. Samples were
stained to differentiate between different mineral varieties;
feldspar stains yellow when using sodium cobaltinitrate;
and both alizarin red-S and potassium ferrocyanide stain
calcite red, ferroan-dolomite blue/turquoise and ferroan-
calcite purple. Additionally, detailed core descriptions
were correlated with their corresponding petrophysical
data (e.g., gamma-ray, resistivity logs) to properly identify
stratigraphic surfaces and facies associations in well-log
patterns. These correlations are useful for predicting facies
in areas where core has not been obtained.

Results
Lithofacies

Twelve sedimentary facies were recognized in the study
area, which occur within three recurring facies associations
and are summarized in Table 1. From thin-section analysis,
the mineralogical composition of the facies is overall domi-
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nated by quartz (detrital and authigenic), feldspar, calcite
and dolomite, with smaller amounts of clay, muscovite, py-
rite, apatite and chlorite (Figure 3a—c); phosphate is found
as cement within thin lenses and laminae (Figure 3d) or as
fish remains. Detrital grains are subangular, moderately
well sorted and range in size between fine silt (7-30 pm)
and coarse silt (31-60 pm), with rare, very fine grained
sand (up to 89 um). Bioclastic grains observed include fish
teeth, calcispheres (Figure 3¢), bivalves (Figure 3f), brach-
iopods and gastropods. Calcite and dolomite are present as
cement in both ferroan and nonferroan varieties (Fig-
ure 3a, b). Quartz was observed as both detrital and authi-
genic mineral grains; authigenic quartz is most commonly
found as overgrowths around detrital quartz grains, euhe-
dral quartz crystals and as replacement of carbonate bio-
clasts.

Facies Associations

Three recurring facies associations are interpreted within
the Montney Formation in northeastern BC. Overall, the fa-
cies associations identified in the study area represent dis-
tinct distal offshore to lower shoreface settings, with both
retrogradational and progradational stacking patterns.

Facies Association A

Facies association A (Figure 4) comprises the predomi-
nantly fine-grained siltstone beds of facies 1, 2 and 9, and
the calcisphere-rich siltstone beds of facies 5. The predomi-
nant sedimentary structures include horizontal planar-par-
allel laminae and, less commonly, starved ripples, suggest-
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Figure 2. Location map of study area showing cored-well locations used for facies descriptions and petrographic analysis, northeastern

British Columbia.

ing the predominant process of deposition was sedimenta-
tion from suspension. Phosphate lenses and nodules are
common within facies 1 and 9, and are interpreted as depo-
sition within an offshore setting, in association with upwel-
ling processes. Calcispheres are abundant in facies 5 and
have been interpreted as planktonic algal blooms associ-
ated with coastal upwelling (Chau and Henderson, 2010;
Moslow et al., 2018; Zonneveld and Moslow, 2018). Bio-
turbation, expressed as a bioturbation index (BI), is very

Geoscience BC Report 2020-02

rare (BI=0-1) except in facies 9, where it can be pervasive
(BI=4-6). Trace fossils present in facies association A in-
clude Helminthopsis, Phycosiphon, Planolites, Teichich-
nus and, less commonly, Zoophycos, overall indicative of a
distal Cruziana Ichnofacies. This facies association con-
sists of a fining-upward succession of facies, interpreted as
a retrogradational sequence from a distal offshore transi-
tion setting (facies 9), to a distal offshore setting (facies 1),
intermittently influenced by upwelling processes. Phos-
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Table 1. Summary of sedimentary-facies characteristics in the Lower Triassic Montney Formation, northeastern British Columbia.

Description

Physical sedimentary structures

Biogenic structures and fossils

Inferred process of
deposition

Interpreted
depositional setting

Facies 1: Phosphate-rich fine-
grained siltstone

Facies 2: Dark grey fine-grained

siltstone

Facies 3A: Predominantly

dark grey fine-grained

siltstone interbedded with

coarse-grained siltstone

Facies 3

Facies 3B: Bioturbated
predominantly dark grey
fine-grained siltstone

interbedded with coarse-

grained siltstone

Facies 4A: Heterolithic
interbedded fine- and
coarse-grained siltstone

Facies 4

Facies 4B: Bioturbated
heterolithic interbedded
fine- and coarse-grained
siltstone

Facies 5: Calcisphere-rich
siltstone

Facies 6: Bioclastic siltstone
with horizontal planar-parallel
laminae

Facies 7: Interbedded bioclastic

packstone and fine-grained
siltstone

Facies 8: Isolated sharp-based
coarse-grained siltstone to very

fine-grained sandstone

Facies 9: Intensely bioturbated
fine- to coarse-grained siltstone

Facies 10: Cross-stratified
sandstone

Facies 11: Burrowed firm
ground

Facies 12: Intraclast breccia

Horizontal planar-parallel laminae;
mm-thick phosphate-rich lenses and
laminae. Rare layers of phosphatic
sand to pebble-sized clasts

Pinstripe laminae, very thin horizontal
planar-parallel laminae. Rare laterally
restricted starved ripples

Horizontal planar-parallel laminae with
subordinate wavy parallel laminae and
current/starved ripples.

Small-scale soft-sediment
deformation; convolute bedding.
Disseminated phosphatic sand/gravel

Horizontal plana- parallel laminae with
subordinate wavy parallel laminae and
current/starved ripples.

Small-scale soft-sediment
deformation; convolute bedding.
Disseminated phosphatic sand/gravel

Horizontal planar-parallel laminae,
current ripples, starved ripples; less
common: wavy laminae, hummocky
cross laminae. Convolute bedding.
Phosphatic sand/gravel

Horizontal planar-parallel laminae,
current ripples, starved ripples; less
common: wavy laminae, hummocky
cross laminae. Convolute bedding.
Phosphatic sand/gravel

Horizontal planar-parallel laminae

Horizontal planar-parallel laminae

Horizontal planar- and wavy-parallel
laminae. Less common: current
ripples and starved ripples.
Concretionary carbonate intervals

Low-angle cross laminae, hummocky
cross laminae; less commonly:
horizontal planar-parallel laminae,
ripples. Commonly 8-15 cm thick beds

Rare preservation of horizontal planar-
parallel laminae. Phosphate-rich
lenses

Sharp-based, horizontal planar- and
wavy-parallel laminae, planar cross
laminae, hummocky cross laminae,
current/wave ripples.

Individual beds 20 cm-1m thick

Burrowed firm ground associated with
phosphatic lag deposits.

Poorly sorted conglomerate; pebble-

to cobble-sized angular intraclasts; ~5-

20 cm thick

Small phosphatic fish debris

Rare shell and bone fragments,
ammonoid/fish-scale impressions
along bedding planes.
Calcispheres. Rare isolated traces
of Planolites (Bl = 0-2)

Small shell and bone fragments,
fish bones, ammonoid/bivalve
impressions along bedding planes

Small shell/bone fragments,
ammonoid/bivalve impressions
along bedding planes.

Bergaueria, Conichnus, Planolites,

Palaeophycus, fugichnia (Bl = 1-4)

Rare shell debris

Bergaueria, Conichnus, Planolites,
Palaeophycus, Scolicia , fugichnia
(Bl = 2-5).

Abundant calcispheres

Abundant Claraia sp. shells
parallel to bedding planes; can be
fragmented

Whole and fragmented bivalves,
brachiopods and ammonoids; rare
fish and reptile bones

Rare fugichnia

Primarily Helminthopsis and
Phycosiphon ; less common:
Planolites, Teichichnus,
Bergaueria, Zoophycos

(Bl = 4-6)

Cryptobioturbation (Bl = 6),
Planolites , Palaeophycus, escape
trace fossils (fugichnia) (Bl = 1).

Glossifungites ichnofacies with:
Thalassinoides, Planolites,
Rhizocorallium, Cylindrichnus,
Skolithos

When found: fragmented shell
material and ammonoids

Deposition from suspension.
Upwelling (?)

Predominantly deposition
from suspension, influenced
by infrequent/weak storms

Predominantly deposition
from suspension influenced
by waves and currents,
above storm wave base

Predominantly deposition
from suspension influenced
by waves and currents,
above storm wave base

Alternating storm deposition
and fair-weather deposition

Alternating storm deposition
and fair-weather deposition

Sedimentation from
suspension in a quiescent
environment

Biostrome growth associated
with sedimentation from
suspension

Alternating storm-deposition
and fair-weather deposition

Storm deposition,
tempestites

Sedimentation from
suspension. Low
sedimentation rates

Storm deposition

Erosion of underlying strata
followed by colonization of
firm ground substrates

Erosion of underlying strata
during sea-level rise

Distal offshore setting

Proximal offshore
setting

Distal offshore
transition setting
(storm weather)

Distal offshore
transition setting (fair
weather)

Stressed Cruziana
ichnofacies

Proximal offshore
transition setting
(storm weather)

Proximal offshore
transition setting (fair
weather)

Stressed Cruziana
ichnofacies

Proximal offshore
setting

Distal offshore
transition to proximal
offshore

Distal offshore
transition to proximal
offshore

Tempestites in
offshore transition
setting

Distal offshore
transition to proximal
offshore.

Distal Cruziana
ichnofacies

Tempestites in lower
shoreface setting.

Glossifungites -
demarcated surface
in marginal-marine
setting

Transgressive
surface of erosion in
marginal-marine
setting
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Figure 3. Photomicrographs showing the mineralogical composition and bioclastic components of the Lower Triassic Montney Formation
in northeastern British Columbia, as observed in thin section (photos taken in transmitted plane-polarized light): a) mineralogy of coarse-
grained siltstone laminae from facies 4 (well c-74-G/94-B-09 at 1882.40 m), where red-stained calcite cement and blue-stained ferroan-do-
lomite cement can be differentiated; b) mineralogy along coarse-grained siltstone laminae from facies 4 (well d-67-J/94-B-09 at
1908.87 m), showing yellow-stained common feldspar grains, and red-stained calcite cement and dolomite cement; c¢) clay aggregate (ar-
row) within coarse-grained siltstone laminae of facies 4 (well c-74-G/94-B-09 at 1870.60 m); d) fine-grained siltstone with phosphate-rich
lenses (arrow) of facies 1 (well c-74-G/94-B-09 at 1932.30 m); e) red-stained calcite-cemented calcispheres (arrows) within the
calcisphere-rich siltstone of facies 5 (well c-006-L/94-B-08 at 2646.10 m); f) contact between fine-grained siltstone of facies 2 at the bottom

and bioclastic-rich beds of facies 7 at the top (well c-006-L/94-B-08 at 2664.90 m), showing abundant bivalves (arrow).

phatic facies are most commonly found within the lower-
most Upper Montney Member.

Facies Association B

Facies association B (Figure 4) represents a coarsening-up-
ward, progradational succession of mixed siliciclastic-car-
bonate sediments, dominated by the carbonate-rich beds of
facies 6 and 7. Facies 6 is characterized by abundant Clar-
aia sp. shells, which are parallel to bedding planes and en-
cased within a dark, fine-grained siltstone. Facies 6 is strati-
graphically restricted to the Dienerian-aged (Moslow etal.,
2018) Pocketknife Member (Figure 1). Facies 7 consists of
bioclastic packstone beds thinly interbedded with fine- and
coarse-grained siltstone beds; bioclastic intervals of fa-
cies 7 consist of abundant cemented shell fragments, in-
cluding bivalves, brachiopods and ammonoids. Facies 7 is
present within the latest Smithian-aged (Golding et al.,
2014) Altares Member only (Figure 1). Other facies present
within this facies association include facies 2, 3 and 8:

e facies 2 is dominated by fine-grained siltstone and hori-
zontal planar-parallel laminae

e facies 3 consists predominantly of fine-grained siltstone
beds interbedded with coarse-grained siltstone, show-
ing sedimentary structures such as wavy laminae, sym-
metric ripples and horizontal planar-parallel laminae,
with sporadic bioturbation

Geoscience BC Report 2020-02

e facies 8 is characterized by sharp-based coarse-grained
siltstone to very fine grained sandstone beds with hum-
mocky cross-stratification, symmetric ripples and flame
structures, interpreted as tempestite sediments depos-
ited within the offshore transition setting (facies 8 is
geographically restricted to the northern portion of the
study area).

In facies association B, the bioclastic-rich intervals of fa-
cies 6 and 7 are interbedded with the siliciclastic beds of fa-
cies 2, 3 and, less commonly, facies 8, showing an overall
coarsening-upward pattern with facies 2 and 3 at the bot-
tom, grading upward to facies 6, 7 and/or 8, depending on
the location. Based on its characteristics, facies associa-
tion B has been interpreted to represent deposition near
storm wave base, within a mixed siliciclastic-carbonate off-
shore to offshore-transition setting, intermittently influ-
enced by storms.

Facies Association C

Facies association C (Figure 5) consists of a siliciclastic,
coarsening-upward succession of facies 2, 3,4 and 10, and
is characterized by storm-dominated sediments; facies 10 is
rarely observed and is geographically restricted to the east-
ern portion of the study area. Overall, ‘lam-scram’ bedding
(Pemberton et al., 1992) is characteristic of these deposits,
representing interbedded storm-weather (non bioturbated
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intervals of subfacies 3A and 4A) and fair-weather (biotur-
bated intervals of subfacies 3B and 4B) sediments. Storm-
weather sediments contain sedimentary structures, includ-
ing low-angle and hummocky cross-stratification, symmet-
ric and asymmetric ripples, horizontal planar-parallel
laminae and scour surfaces. Fair-weather sediments are
represented by bioturbated intervals with moderate to low
preservation of sedimentary structures (BI =2-5) and con-
taining trace-fossil assemblages dominated by Bergaueria,
Conichnus, Planolites, Palaeophycus and Scolicia, overall
indicative of a stressed Cruziana Ichnofacies. A typical fa-
cies succession in facies association C consists of fine-
grained siltstone beds of facies 2, grading upward into the
relatively coarser sediments of facies 3 and 4, and less com-
monly, of facies 10. Based on these characteristics, facies
association C has been interpreted as a progradational suc-
cession deposited within a storm-dominated siliciclastic
offshore transition to lower shoreface setting.

Discussion

The facies associations identified within the Montney For-
mation in the study area are interpreted as deposition across
a storm-dominated ramp, between the offshore and lower
shoreface environments, intermittently influenced by
upwelling processes (Figure 6). More proximal deposit-
ional settings are not identified within the study area and
are likely located more proximally within the basin or have
been erosionally removed. Storm processes are interpreted
from sharp- to scoured-based coarse-grained siltstone and
very fine grained sandstone beds with storm-generated
structures, including hummocky cross-stratification, wavy
laminae and symmetric ripples, with very rare bioturbation
(facies 3A, 4A, 8, 10; Figure 6); fragmented shell material
found in facies 6 and 7 may also indicate storm influence.
Interstorm intervals are represented by intensely biotur-
bated siltstone beds (BI = 4-6), with trace-fossil assem-
blages indicative of a stressed Cruziana Ichnofacies (fa-
cies 3B, 4B, 9; Figure 6).

Upwelling influence was interpreted from the presence of
calcisphere structures (facies 5) and phosphate nodules (fa-
cies 1 and 9). Calcispheres found within the Montney For-
mation have been interpreted as planktonic structures de-
rived from algal blooms that became concentrated in the
photic zone as a result of upwelling processes. These struc-
tures were subsequently deposited out of suspension and
preserved within sediments below storm wave base (Chau
and Henderson, 2010; Moslow et al., 2018; Zonneveld and
Moslow, 2018). Phosphate deposition has been largely as-
sociated with upwelling, during which low sedimentation
rates and large influx of organic material, both essential ele-
ments for formation of phosphate, are favoured (Glenn et
al., 1994; Dornbos, 2010; Filipelli, 2011; Li and Schieber,
2015). However, it must be noted that other mechanisms for
phosphate enrichment have been proposed, including hy-
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drothermal processes, microbial concentration, redox
pumping of phosphorus via iron oxyhydroxides, fish-bone
dissolution and weathering of terrestrial settings (Glenn et
al., 1994; Brookfield et al., 2009; Dornbos, 2010; Nelson et
al., 2010; Filipelli, 2011; Li and Schieber, 2015).

Additionally, two facies associated with stratigraphic sur-
faces were recognized in the study area; these include the
burrowed firm ground of facies 11 and the intraclast breccia
of facies 12 (Table 1; Figure 6). Facies 11 comprises a sub-
strate-controlled, burrowed firm ground characterized by a
trace-fossil assemblage that includes Thalassinoides,
Planolites, Rhizocorallium, Cylindrichnus and Skolithos.
Facies 11 has been interpreted as a Glossifungites Ichno-
facies-demarcated surface and represents an erosional un-
conformity associated with a flooding event, at the contact
between the Montney Formation and the overlying Sunset
Prairie Formation. The intraclast breccia of facies 12 is
found as 5-20 cm thick beds at the contact between proxi-
mal offshore/offshore-transition deposits below and distal
offshore-transition deposits above, representing a con-
glomeratic lag resulting from erosion of underlying strata
during a marine transgression (Cattaneo and Steel, 2003;
Clifton, 2003). Facies 12 is found at the contact between the
Middle Montney/Altares Member below and the Upper
Montney Member above, and has been interpreted as a
coplanar transgressive surface of erosion and sequence
boundary coincident with the Smithian—Spathian boundary
(Golding et al., 2014).

Summary and Future Work

A preliminary interpretation of the facies variability and the
depositional setting of the Montney Formation in north-
eastern BC was presented using data from 38 drillcores,
wireline data and 56 thin-section samples. Cores covered
the Lower Montney, Pocketknife, Middle Montney, Altares
and Upper Montney members, as well as the lower and up-
per contacts with Permian and Middle Triassic units, re-
spectively. Detailed analysis of sedimentological, ichno-
logical and paleontological data suggests the Montney
Formation in northeastern BC was deposited along a storm-
dominated, mixed carbonate-siliciclastic ramp setting, be-
tween the offshore and shoreface depositional environ-
ments, intermittently influenced by upwelling processes.
Significant stratigraphic surfaces were identified in core,
including discontinuity surfaces at the top of the Middle
Montney/Altares Member and at the top of the Montney
Formation; both are regional surfaces correlatable through-
out the study area.

This study is part of a project that investigates the facies
variability and stratigraphic architecture of the Montney
Formation in the Western Canada Sedimentary Basin. Fu-
ture work includes integrating the sedimentological core
data with petrophysical logs; producing detailed strike- and
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dip-oriented cross-sections to establish regional correla-
tions; and incorporating inorganic geochemistry analysis to
interpret more detailed paleoenvironmental conditions and
relative sea-level changes. This will provide detail on the
lateral-facies variability of the Montney Formation across
the study area, and on its overall stratigraphic architecture,
both of which are essential for defining and correlating po-
tential reservoir units.
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Introduction

Reliable petroleum-system models require kinetic parame-
ters of the reaction induced by thermal decomposition of
kerogen into hydrocarbons to be calibrated to the source
rock (Peters et al., 2018). Formation-specific kinetic pa-
rameters for the Doig Formation are not in the public do-
main; therefore, any previous attempt to model the hydro-
carbon generation history would have required kinetic
analyses to be undertaken or reliance on analogue data,
both of which may produce erroneous results.

The Lower to Middle Triassic Doig Formation of the West-
ern Canada Sedimentary Basin (WCSB) extends continu-
ously across northeastern British Columbia (BC) and west-
central Alberta. Historically, the Doig and the underlying
Montney formations were viewed as source rocks for other
conventional reservoirs in the basin, mainly in other Trias-
sic and Cretaceous strata (Du Rouchet, 1985; Creaney and
Allan, 1990; Riediger et al., 1990; Edwards et al., 1994).
With the industry shifting the focus of development to un-
conventional reservoirs, the Doig Formation has been rec-
ognized as an important resource of gas and natural-gas liq-
uids. 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) esti-
mated the total gas-in-place as ranging from 1.1 to 5.7 tril-
lion m® (40-200 tcf). A more recent study by the United
States Energy Information Administration (2013) esti-
mated 2.8 trillion m® (100 tcf) of gas-in-place for the Doig
Phosphate Zone alone.

This paper presents the results of the reaction kinetics pa-
rameter modelling for immature rocks of the Doig Forma-
tion source rock. The Doig kinetic parameters are com-
pared with those published for other North American shale
plays and the variability of activation energies is explained.
This study is part of a broader research project on the Doig

"The lead author is a 2019 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://www.geosciencebc.com/updates/summary-of-
activities/.
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Formation petroleum system and the results of the reaction
kinetics presented here provide the inputs required to pro-
ceed with the subsequent steps in modelling thermogenic
hydrocarbon generation across the basin.

Geological Framework

The Doig was deposited in the Middle Triassic, between the
Anisian and Ladinian, and is part of the Diaber Group along
with the underlying Montney Formation (Figure 1). The
sedimentation in the Triassic of the WCSB is marked by a
transition from carbonate-dominated intracratonic and pas-
sive-margin conditions, predominant during the Paleozoic,
to a siliciclastic-dominated, active embryonic foreland ba-
sin. The Triassic succession was deposited in a series of
three major third- or fourth-order transgressive-regressive
cycles (Gibson and Barclay, 1989; Edwards et al., 1994).
The interval from the Doig through the Halfway and Char-
lie Lake formations corresponds to the second cycle and the
phosphatic interval at the base of the Doig represents a con-
densed section formed during the initial transgression of
the second cycle (Gibson and Barclay, 1989).

The main elements that influenced the distribution of the
Triassic interval were the underlying Devonian Leduc and
Swan Hills reefs, and the Mesozoic reactivation of the Mis-
sissippian Dawson Creek graben complex (DCGC), which
includes the Fort St. John graben and the Hines Creek
graben. The DCGC formed in response to localized differ-
ential subsidence in the Peace River Embayment. The
DCGC faults continued to be active during the Triassic, im-
posing significant controls on the distribution of sediments
(Marshall et al., 1987; Barclay et al., 1990; Davies, 1997;
Eaton et al., 1999). The Devonian reefs exerted a topo-
graphic influence on Triassic sedimentation by controlling
facies changes (Davies, 1997), and may also have influ-
enced subsidence rates and, hence, thickness variation.

The Doig Formation consists of mudstone, siltstone and
subordinate sandstone, bioclastic packstone and grain-
stone, deposited under marine conditions in environments
ranging from shoreface through offshore (Evoy and
Moslow, 1995). The Doig can be informally subdivided
into three units, as proposed by Chalmers and Bustin
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Figure 1. Stratigraphic chart of the Triassic, in the subsurface of the Peace River area,
northeastern British Columbia and adjacent areas (after Gibson and Barclay, 1989;
Golding etal., 2015). Eustatic level based on Hardenbol et al. (1998). Abbreviations: Fm.,

Formation; Gp., Group.

(2012): the basal unit, Doig A, corresponding to the also in-
formal but widely referred to ‘Doig Phosphate Zone’
(DPZ), composed of organic-rich radioactive dark
mudstone with common phosphate granules and nodules
(the DPZ is generally readily distinguishable in well logs
by its high gamma-ray signature); the intermediate Doig B,
primarily composed of medium to dark grey argillaceous
siltstone and mudstone intercalated with localized sand-
stone; and the upper Doig C, composed of relatively or-
ganic-lean siltstone and argillaceous fine-grained sand-
stone. The DPZ is considered a good to excellent hydrocar-
bon source rock and an important source for many
conventionally hosted hydrocarbons in the basin, including
Triassic strata, such as Halfway, Charlie Lake and Doig
sands. Previous studies found type II oil and gas-prone
kerogen with total organic carbon content ranging from 1.8
to 11 wt. % (Riediger et al., 1990; Faraj et al., 2002; Ibra-
himbas and Riediger, 2004).

Material and Methods

Twenty-three samples were selected for reaction-kinetics
analysis through multiple heating-ramp open-system py-
rolysis. These samples cover a significant portion of the
Doig Formation subcrop area and a wide range of maturi-
ties (Figure 2), as well as all its stratigraphic subdivisions
(Figure 3). The samples were chosen from among more
than 440 analyses carried out on cuttings and whole-rock
core using the Rock-Eval pyrolysis method (Espitalié etal.,
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1977), based on sharpness and intensity of the kerogen con-
version peak, and a wide range of hydrogen index (HI) and
oxygen index (OI) values to capture all of the pseudo—van
Krevelen kerogen types identified (Figure 4). Samples
were classified in discrete kerogen-type categories based
on the pseudo—van Krevelen crossplot. Approximately
70 mg of powdered bulk rock (i.e., not concentrated kero-
gen) of each sample was pyrolyzed, using a HAWK® in-
strument from Wildcat Technologies, at 5°C, 25°C and
45°C per minute to 600—700°C, following an isothermal
plateau of up to 260-310°C to purge free hydrocarbons.
The pyrolysis curves were trimmed in the time domain and
the flame-ionization detector signal was baseline corrected,
smoothed, integrated and processed using the commer-
cially sourced Kinetics2015 software (GeolsoChem Cor-
poration, 2019). Reaction-activation energies and pre-ex-
ponential factors were modelled through a distributed-
reactivity method (Braun and Burnham, 1987; Ungerer and
Pelet, 1987) with a fixed activation energy (E) spacing of
1 kcal/mol, and an isoconversional method (Friedman,
1964; Vyazovkin and Lesnikovich, 1988), assuming a se-
ries of parallel first-order reactions in 0.01 conversion-
fraction increments, to determine the variation of activation
energy as a function of conversion.

Results and Discussion

Approximately half of the samples analyzed are of kerogen
type I, as determined by hydrogen- and oxygen-index evo-

Geoscience BC Summary of Activities 2019: Energy and Water
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Figure 2. Location of wells from which samples were selected for reaction kinetics analysis in northeastern British Columbia and adjacent
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lution paths, whereas one third is of type I1I. The remaining
are classified as type II/I11, due to either kerogen mixing,
contamination or high maturity causing points to plot too
close to the origin. The median value of the activation en-
ergy of all Doig samples analyzed ranges from 51 to
67 kcal/mol with a pre-exponential factor that varies from
5.3x 10" t02.7 x 10" (Figure 5). The correlation between
the median activation-energy and frequency factor is log
linear, with an r* 0f0.98. The activation-energy distribution
of kerogen type Il samples is noticeably narrower than that
of type III, with median values ranging from 53 to 63 kcal/
mol. The precision of the global kinetic parameters was de-
termined by repeated analyses of a standard sample. The
95% confidence interval (i.e., two standard deviations di-
vided by the median) is £1.2 kcal/mol around the median
activation-energy value of 55 kcal/mol, and within a factor
of 2 for the average frequency factor of 2 x 10",

There is a clear thermal-maturity influence on the activa-
tion-energy distributions, despite a scatter of up to 5 kcal/
mol for a given temperature of maximum rate of hydrocar-
bon-generation (Ty,.x) value (Figure 6). The correlation is
obscured due to variations in activation energies intro-
duced by mixture of kerogen types during deposition, and
possibly to cross-contamination between cuttings samples
of different depths containing different kerogen types.
Nonetheless, it is possible to distinguish two different
trends and generate linear regressions for kerogen types 11
(blue dashed line in Figure 6) and III (black dashed line in
Figure 6), with r* values of 0.49 and 0.22, respectively. The
lowest maturity samples analyzed in this study, for which
kerogen type can be determined with reasonable confi-

dence, fall between 438 and 439°C. By comparing the
extrapolated trends for kerogens type Il and type I1I to ther-
mally immature samples (i.e., lower than 430°C) from the
literature, there appears to be an inflection point in the de-
creasing activation energy, with decreasing maturity level-
ling off at approximately 435°C.

Due to a shift toward higher activation energies as thermal
maturation progresses, the standard deviation of the activa-
tion-energy distributions for each sample also has a posi-
tive correlation with Ty, values. Similarly to the regres-
sion of median activation energies, a distinct trend can be
generated for kerogen type I (Figure 7) and a less well-de-
fined trend for type I1I (Figure 7), with r* values of 0.54 and
0.25, respectively.

Based on the regression of median and standard deviation
values for different maturities, the median activation ener-
gies (E) and standard deviation (og) of lower maturity
type II (equations 1 and 2) and III (equations 3 and 4)
kerogens of the Doig Formation can be determined as a
function of Tmax according to the following equations:

Eqypenr = —108.98 + (0.37 X Ta) 1)
Ot ypeil = —38.53 + (0.0930 X Tra) @)
Eypen = —137.34 + (0.44 % Trnay) 3)
OEtypelll = 2714 + (00687 X Tmax) (4)

Based on the 435°C inflection point in the decreasing trend
of the median activation energy with decreasing maturity,
median values of activation-energy distributions are deter-
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Figure 5. Pre-exponential factor versus median activation-energy crossplot of all samples, and frequency distribution of all

activation energies classified by kerogen type.
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Figure 7. Crossplot of the standard deviation of the activation-energy distributions versus Rock-Eval pyrolysis Tmax Of
the Doig Formation samples from the study area in northeastern BC and west-central Alberta, showing the trend of de-
creasing standard deviations toward lower maturity samples. Blue and black dashed lines represent the linear regres-
sion for type Il and type Il kerogens, respectively. Boundaries between generation windows for different kerogen types

are after Dow (1977) and Petersen (2003).

mined to be 52 and 54.1 kcal/mol for immature kerogen of
types Il and I11, respectively. Conversely, the standard devi-
ations for immature type Il and type 1 are determined to be
1.93 and 2.75 kecal/mol, respectively. Based on these statis-
tical parameters, synthetic activation-energy Gaussian dis-
tributions were created for kerogen types II and III of the
Doig Formation (Figure 8).

The wider activation-energy distributions of kerogen type
IIT are not only evident on the discrete activation-energy
distribution histograms but can also be observed in the re-
action profile generated by the isoconversional kinetic
modelling. The isoconversional results are plotted as a sin-
gle activation energy for conversion rates from 10 to 90%
(Figure 9), since the first and last 10% values are often un-
reliable due to analytical noise in the data (Burnham, 2017).
This profile shows that for lower present-day maturity sam-
ples, predominant activation energies range from 40 to
58 kcal/mol at 10% conversion. These lower activation en-
ergies are associated with samples predominantly of
kerogen type I1I and are likely the product of the breaking
of C-O bonds, and possibly C—S bonds. Activation ener-
gies at 10% conversion for most lower present-day matu-
rity kerogen type Il samples are higher than 50 kcal/mol. At
50% conversion, lower maturity samples have activation
energies in the 48 to 60 kcal/mol range. Within this conver-
sion range, bitumen decomposition is probably the cause of
the narrower spread and large overlap between activation
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energies of kerogen types Il and I11. At 90% conversion, the
high end of activation-energy distributions of type III
kerogen causes the spread of dominant activation energies
to increase again, ranging from 52 to 90 kcal/mol for low
present-day maturities. The results of this study suggest
that mixing between kerogen types II and III in the Doig
Formation translates into an early hydrocarbon-generation
window due to the low activation energies of type I1I. Fur-
thermore, the kerogen mixing extends the generation pro-
cess over a broader temperature range due to the combined
effect of the lower end of type Il activation energies and up-
per end of those of type III.

Ongoing Work

The work presented here will serve as foundation for a re-
construction of the Doig Formation thermal history
through basin modelling. The modelled kerogen activa-
tion-energy distributions for different types of kerogen will
be used as reaction-kinetics input for the model thermal-
maturation simulation, providing reliable source-rock—cal-
ibrated parameters, thus decreasing the uncertainty related
to timing and type of hydrocarbons generated across the
basin.
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Figure 8. Histograms of modelled activation-energy distributions of the Doig Formation, northeastern British Columbia and west-central Al-
berta, based on samples of varying degrees of maturity: Top, immature kerogen type Il; Bottom, immature kerogen type III.
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Introduction

Natural gas is an important resource in British Columbia
(BC) both as an economic driver and environmental con-
cern. Natural gas is a mixture of hydrocarbon gases, pre-
dominantly methane, and typically includes higher hydro-
carbons (e.g., ethane through pentane) and frequently
nonhydrocarbons, such as carbon dioxide, nitrogen, hydro-
gen, noble gases and hydrogen sulphide.

BC’s history of petroleum activity dates back over 90 years,
since the 1920s. About 26 600 oil and gas wells have been
drilled in BC (BC Oil and Gas Commission, 2019a). The
first commercial production of natural gas in 1948 (Pouce
Coupe) delivered gas to Dawson Creek (Figure 1). This
was followed by the natural gas discovery in 1956 at Clarke
Lake in the Fort Nelson area (Figure 1). Today, the develop-
ment continues to centre upon BC’s reserves of conven-
tional and unconventional natural gas located in the strata
forming the edge of the Western Canada Sedimentary Ba-
sin (WCSB) in the province’s northeast (Figure 1). BC cur-
rently produces about 30% of Canada’s natural gas (Cana-
dian Association of Petroleum Producers, 2019). In 2017,
the unconventional gas types present in BC accounted for
87% of natural gas production, according to the BC Oil and
Gas Commission (BC Oil and Gas Commission, 2019b),
and includes tight and shale gas. Coalbed gas (coalbed
methane) remains a substantial unconventional gas re-
source in BC, but there has been no production in recent
years.

In northeastern BC, the major unconventional gas deposits
are in the Montney, Jean Marie and Cadomin plays, the
Liard, Horn River and Deep basins, and the Cordova Em-
bayment (Figure 2). They are among the largest shale-gas
deposits in North America, equivalent to the original-gas-
in-place (OGIP) of the Eagle Ford, Marcellus, Barnett and
Haynesville plays of the United States combined (Canadian
Association of Petroleum Producers, 2016). These BC de-

This publication is also available, free of charge, as colour digital
files in Adobe Acrobat™ PDF format from the Geoscience BC web-
site: http://www.geosciencebc.com/updates/summary-of-
activities/.
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posits are part of the rich, interprovincial oil and gas re-
serves of the WCSB connecting northeastern BC and Al-
berta. Of the estimated 94 500 bem (3337 tcf) OGIP (basin
total resource'), approximately 82 000 bem (2900 tcf) are
in BC (BC Oil and Gas Commission, 2019c¢). The estimated
ultimate potential marketable resource is 15 000 becm
(532 tcf). The estimated proven reserves (initial raw gas re-
serves') are considerably less at 1300 bem (45.9 tcf), i.c.,
the reserve is only 1.4% of the total resource, of which
250 bem (8.85 tcf) has already been produced as of 2017
(BC Oil and Gas Commission, 2019b).

The Montney play accounts for the vast majority of drilling
activity in BC (92.4%; BC Oil and Gas Commission,
2019b). In 2017, the estimated Montney gas-in-place re-
source was approximately 55 600 bcm (1965 tcf) compared
with the estimated initial raw gas reserve of 1184 bem
(41.8 tcf), i.e., the Montney reserve was 2.1% of the total
resource (BC Oil and Gas Commission, 2019b).

In comparison to the Montney play, the other BC uncon-
ventional natural gas plays have lower resource and reserve
estimates. The most notable is the Liard Basin (Exshaw-
Patry shales, Figure 2) with an estimated gas-in-place re-
source of 24 000 bem (848 tef) and initial raw gas reserve of
2.8 bem (0.1 tef; BC Oil and Gas Commission, 2019b). The
Horn River Basin (Figure 2), which has seen low drilling
activity in the past years, has an estimated gas-in-place re-
source of 12 700 bem (448 tef) and initial raw gas reserve of
79 bem (2.8 tcf; BC Oil and Gas Commission, 2019b).

BC has several other sedimentary basins and regions that
have had more limited exploration, including Bowser,
Whitehorse Trough, Nechako, Fernie, Georgia, Queen
Charlotte, Winona and Tofino (Figure 1). These contain oil
and/or both conventional and unconventional gas. The lat-

'The BC Oil and Gas Commission (2019b) defines ‘resources’ as
an estimate of the amount of natural gas in the region/play that
includes proven reserves, produced quantities and unproven
resources that may not be recoverable with current technology
and economics. ‘Reserves’ are defined as proven quantities of
natural gas that are commercially recoverable, economic and
marketable.

°1 trillion cubic feet (tcf) = 28.32 billion cubic metres (bcm)
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Figure 1. Major natural gas and oil basins of British Columbia (modified after Ferri, 2019, with permission). Gas and oil resource estimates
arein trillion cubic feet (tcf) gas-in-place and billion barrels (bbbl) oil-in-place or million barrels (mmbbl) oil-in-place, respectively (BC Minis-
try of Energy, Mines and Petroleum Resources, 2007). Coalbed gas estlmates are not shown. Note: 1 trillion cublc feet (tcf) = 28. 32 billion
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ter includes coalbed methane (CBM; also referred to as
coalbed gas, CBQG) found in essentially every coalfield
throughout the province. The major estimated reserves of
CBM include those in the Peace River (northeastern BC),
Klappan and Groundhog (northern Nechako Basin), Elk
Valley and Crowsnest (southeastern corner of BC), Hat
Creek (central interior BC), and Comox and Nanaimo
(Vancouver Island portion of Georgia Basin) coalfields.
Exploratory wells in the Peace River and Elk Valley coal-
fields assessed the CBM but currently there is only minor
production.

Global atmospheric methane has long been recognized as a
major greenhouse gas (GHG), which has doubled in abun-
dance in the troposphere to 1862 ppm since the pre-indus-
trial Holocene (Hopcroft et al., 2017). Methane currently
contributes a radiative forcing of approximately 0.5 watts
per square metre (W/m’; approx. 17% of total GHGs;
Myhre et al., 2001). Globally, the oil and gas industry con-
tributes an estimated 24% of global anthropogenic methane
emissions (Saunois et al., 2016). In the United States, these
fugitive emissions are approximately 2.3% of total natural
gas production (Alvarez et al., 2018), so they represent a fi-
nancial loss, as well as an environmental concern.
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In Canada, methane emissions in 2017 were 93 Mt CO,eq
(1 Mt CHy4 equals 25 Mt CO,q [carbon dioxide equivalent
ona 100-year time scale]) or 13% of the Canadian total (En-
vironment and Climate Change Canada, 2019a). The oil
and gas sector is the largest industrial emitter of methane
(44%; Environment and Climate Change Canada, 2018)
and in 2017 this sector contributed 195 Mt CO,eq (27%) to
Canada’s total GHG emissions (716 Mt CO,eq; Environ-
ment and Climate Change Canada, 2019c). Studies report
that 53% of active wells in Alberta are leaking methane
(GreenPath Energy Ltd.,2016) and 47% in BC (Atherton et
al.,2017). Oil and gas operations in Canada, such as flaring
and fugitive emission from equipment and well leaks, con-
tribute approximately 8.5% to total greenhouse gas emis-
sions (Bachu, 2017). After the energy combustion (44.5%)
and transportation (28.2%) sectors, fugitive releases
(8.5%) are the third largest contributor to Canadian GHG
emissions (The Conference Board of Canada, 2013).

New legislation is being introduced to reduce Canadian
emissions by 40-45% (Canada Department of Justice,
2019; Environment and Climate Change Canada, 2019b).
In BC, the Climate Action Plan (Province of British Colum-
bia, 2008) was created in 2008 to provide stewardship to
climate change issues. The BC Climate Leadership Plan
(Province of British Columbia, 2016) and then CleanBC
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British Columbia Natural Gas Atlas (BC-
NGA) project in 2016. The primary ob-
jective is to systematically catalogue the
molecular and stable isotope composi-
tion of natural gases produced in north-
eastern BC to establish geochemical fin-
gerprints within a regional geological
framework (Evans and Whiticar, 2017).
The BC-NGA project provides an open
source of comprehensive natural gas
data, including searchable datasets (e.g.,
geochemical), maps and other interpreta-
tive tools (www.bcnga.ca).

By providing an integrated compilation
of all available natural gas data in north-
eastern BC, the BC-NGA seeks to im-
prove overall understanding of the distri-
bution and types of natural gas that occur
in northeastern BC. The data compilation
allows various stakeholders, such as gov-
ernments, First Nations, industries and
other parties to increase their knowledge
of existing and potential natural gas ac-
tivities in the region, for example, by
identifying specific geochemical charac-
teristics that delineate more or less pro-
ductive regions.

By identifying unique natural gas signa-
tures in northeastern BC, the BC-NGA
could have the ability to detect and iden-
tify the source of fugitive gas emissions

Figure 2. Unconventional hydrocarbon plays and basins in northeastern British Colum-

bia (BC Oil and Gas Commission, 2014, with permission).

(Province of British Columbia, 2018) specifically target
methane emissions from upstream natural gas, with the
goal of reducing emissions (production and fugitive) by
45% by 2025. The activity focuses on production from the
Montney Formation, which accounts for approximately
90% of the gas currently produced in BC (predominantly
unconventional gas; BC Oil and Gas Commission, 2019c).
There are approximately 5000 active and 4700 inactive/
abandoned/restored/orphan wells in the Montney Forma-
tion. Initial studies (Atherton et al., 2017) indicate that ap-
proximately 47% of the active wells emit approximately
110 kt of methane per year to the atmosphere. Approxi-
mately 35% of inactive wells are reported to have fugitive
methane emissions (Werring, 2018).

British Columbia Natural Gas Atlas
(BC-NGA)

In recognition of the increasing natural gas activity in
northeastern BC, Geoscience BC launched the multiyear

Geoscience BC Report 2020-02

(airborne and waterborne) coming from
subsurface accumulations in northeast-
ern BC, i.e., from specific geological for-
mations and plays, and from other parts
of the natural gas supply chain in the region. This informa-
tion is critical for distinguishing and apportioning the dif-
ferent methane types being emitted, both natural and an-
thropogenic, i.e., microbial, thermogenic, pyrogenic, etc.
(e.g., Whiticar, 1994). This will potentially aid the respon-
sible development and monitoring of energy resources,
while aiding remediation efforts and helping reduce green-
house gas emissions in BC and contributing to the health of
the environment and communities.

The BC-NGA is a compilation of available gas geochemi-
cal data from northeastern BC, some of which underwent a
quality assurance—quality control (QA-QC) process, lead-
ing to the creation of open BC-NGA datasets. The data re-
lies extensively on input from the BCOGC datasets, but
also from analyses performed at the University of Victoria
on new samples acquired for the BC-NGA project. Cur-
rently, if stable isotope analyses of mud gas, headspace gas,
produced gas, surface casing vent flow gas, or any other gas
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Figure 3. Schematic structure of British Columbia Natural Gas Atlas (BC-NGA) workflow.
The thicker arrows indicate the most common pathway. Abbreviations: BCOGC, BC Oil
and Gas Commission; NGO, nongovernmental organization; QA-QC, quality assurance—

quality control.

associated with production are completed, the BCOGC re-
quires that the information be included in the well data sub-
mission, under the requirements outlined in Section 34(5)
(b) of the Drilling and Production Regulation (BC Oil and
Gas Commission, 2016; Province of British Columbia,
2019). Once any confidentiality is waived, the data can be
obtained from the BCOGC and incorporated into the BC-
NGA.

BC-NGA Data Sources

The BC-NGA workflow and products comprise several
steps. Figure 3 illustrates the various stages from data input,
processing to output.

The data input stage includes acquiring the existing molec-
ular and stable isotope data on natural gases in northeastern
BC. The predominant source of data is the existing BCOGC
dataset. Some of the data entries from the BCOGC dataset
are confidential and may not be used until released,
whereas other input data have issues that first need to be ad-
dressed before a reliable dataset is offered for general use.
In many cases, a full suite of gas geochemical parameters
was not measured or not available. In some instances, addi-
tional data were obtained from other sources, i.e., directly
from oil and gas companies, service companies or aca-
demic investigators. For example, the BC-NGA received
data from Shell Canada Limited and Dr. K. Muehlenbachs
(pers. comm., 2018) that was subsequently shared with the
BCOGC.

Another source of data was from new natural gas stable iso-
tope analyses performed as part of the BC-NGA scope of
work by the Biogeochemistry Facility in the School of
Earth and Ocean Sciences at the University of Victoria. The
samples were from vertical wells, horizontal wells and sur-
face-equipment in northeastern BC. A brief description of
the hydrocarbon gas isotope methodology used is as fol-
lows. The "*C/"*C ratios (8"°C) and, where possible, “H/'H
ratios (8°H) were determined on methane, ethane, propane,
i-butane, n-butane and carbon dioxide. All isotope analyses
were made using continuous flow—isotope ratio mass
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IRMS. Carbon and hydrogen isotope ra-
tios are reported in the usual delta nota-
tion (8"°C, 8°H in %o) relative to Vienna
Pee Dee Belemnite (VPDB) and Vienna
Standard Mean Ocean Water
(VSMOW), respectively, according to equation (1), e.g.,
Coplen (2011):

813C — [(13C/]2 C)sample

— —1]><103,and
(7CT7 Cyppg

—1]><103

BC-NGA Data Structure

2 1
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The BC-NGA includes three stages of data preparation
from raw to final (Primary) for transparency and traceabil-
ity (Figure 3). The Primary BC-NGA dataset is the level
that most users of the data will require, but for those wish-
ing to rework the data in a different manner, or verify the
original input data, the Raw and Interim BC-NGA datasets
are also available. The datasets offer the user the flexibility
to tailor and configure the data from the various stages ac-
cording to their own needs. Another advantage of the Raw
and Interim BC-NGA datasets is that the BC-NGA has de-
veloped a script to import future data from the BCOGC,
which will assist in keeping the BC-NGA datasets up-to-
date.

There are three levels of data in the BC-NGA, with an in-

creasing level of QA-QC, editing and commenting:

1) Raw BC-NGA dataset — original unmodified data, de-
rived from existing data, e.g., BCOGC data or new ana-
lytical data. The format of the data here is often incon-
sistent (i.e., entry errors, replicate entries, dates stored
as text, numbers stored as text) and the some of the data
requires correction. The purpose of publishing the Raw
BC-NGA dataset is not for direct use, rather it provides a
verifiable paper trail from the reliable Primary BC-NGA
dataset back to the initial raw input data.

2) Interim BC-NGA dataset — this dataset uses the Raw
BC-NGA dataset as the data source, but with corrections
made for format issues and for replicated entries. In ad-
dition, a series of criteria were established to flag the
data at this stage for anomalous data entries, e.g., total

Geoscience BC Summary of Activities 2019: Energy and Water
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gas >100%. Again, this dataset is not intended for use,
but continues the paper trail of corrections.

3) Primary BC-NGA dataset — this dataset uses the Interim
BC-NGA dataset as the data source. This dataset in-
cludes data corrections and edits that were made as part
ofa QA-QC process. This includes the flagging of repli-
cate sample entries. To clearly identify the QA-QC is-
sues that have been addressed, the status of the same
data flags used in the Interim BC-NGA dataset have
been updated. In addition, the Primary BC-NGA dataset
has a comment field that provides an explanation for any
changes made to the Interim BC-NGA dataset.

All three datasets are published on the BC-NGA website as
Microsoft® Excel® (.xIs) and universal text (.csv) files for
unrestricted downloading and use. Users are requested to
acknowledge the source of the BC-NGA data used in any
presentation or publication. In the future, the datasets will
be converted to a Microsoft Access® database manage-
ment file (.accdb) and hosted on the Geoscience BC web-
site (www.geosciencebc.com). All datasets are presented
with a ReadMe file for clarity and explanation of the dataset
contents and use.

Raw BC-NGA Dataset

As of October 1, 2019, the Raw BC-NGA dataset had
37 258 sample entries. As described, this is the initial, un-
modified raw data, prior to any QA-QC treatment. This
dataset still contains replicate sample entries that have not
been flagged or removed. In addition, there are numerous
errors in some of the entries that have not been corrected in
this raw level. The dataset has 128 parameter fields (Ta-
ble 1), which have the basic molecular and stable isotope
gas geochemical data, as well as sample identifiers, loca-
tions, dates, formations and other metadata on the sample.
To aid the user, there is a ReadMe file accompanying the
Raw BC-NGA dataset. The data are input as retrieved,
without regard for significant digits, etc. Numerous sam-
ples do not have entries in some parameter fields. This is
evident by gaps in the datasets, which are inherent in a
dataset with samples that extend back well over a decade.
Figure 4 maps the locations of the samples and colour-
codes samples according to their interpreted geological for-
mation (Evans and Hayes, 2018).

Interim BC-NGA Dataset

The Interim BC-NGA dataset had, as of October 1, 2019,
37258 sample entries. The Interim BC-NGA dataset is gen-
erated by running the Raw BC-NGA dataset through a
script that simply identifies potential erroneous or anoma-
lous entry values. The objective with the Interim BC-NGA
dataset is to create formatted data, identify those with po-
tential QA-QC concerns, and make minor edits (format-
ting, dates, etc.). The script allows for rapid inspection of
the data and can then be automatically applied to future iter-
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ations of the Raw BC-NGA dataset. The Interim BC-NGA

dataset includes the fields of the Raw BC-NGA dataset and

augments them with

e the anomalous value flags,

e calculation from the mol % total gas of the relative abun-
dances of hydrocarbons (hc% for C; to Ce) for each of
the light hydrocarbon gases (C; to C¢), according to the
following equation:

relative abundance Cy (hc%) =
Cx(mol %)/ Z(C1 (mol %) to Cs (Mol %)) 2)
e automatic calculation of some simple ratios using meth-

ane (C,), ethane (C,) propane (C3) and butane (C,) data,
(e.g., Whiticar, 1994):

Bernard ratio (mol % /mol %)= C,/(C+C3) (3)
wetnessratio (mol %/ mol %) = (£C,—C4)/ (ZC1—C4) (4)
drynessratio (mol %/ mol %) =C4/(XC4—C,) (5)

Generally, an entry in the Interim BC-NGA dataset is
flagged as anomalous for a specific parameter if the value
falls outside +2 standard deviations (6) from the mean for
all samples of that parameter in the dataset (20 is defined
as £2 standard deviations from the average value), as
shown in Figures 5 and 6. In a normal distribution, roughly
95% of random variation will be within +26. The £26 is a
typical cutoff value in hypothesis testing, and is used to set
confidence intervals here for setting the flags. The selection
of £206 to flag parameter values is a conservative approach
and only used to easily identify values that may be anoma-
lous or incorrect. It has been assumed that the data popula-
tion is normally distributed for this classification, which
may be incorrect and could lead to some misclassifications
and therefore incorrect flags. However, no samples are
eliminated from the Interim BC-NGA dataset and all
entries and flags are reviewed in the Primary BC-NGA
dataset.

Primary BC-NGA Dataset

In contrast to the Raw and Interim BC-NGA datasets, the
Primary BC-NGA dataset has undergone line-by-line,
close inspection and rigorous QC. The Primary BC-NGA
dataset had, as of October 1, 2019, 37 258 sample entries.
Each QA-QC change or evaluation has been noted in the
file so that replicates, duplicates and samples with suspect
data are clearly identified, thus they are transparent and ac-
countable. No samples are added or deleted at this level,
however, each data change is detailed in the comments. To
aid in quick data assessment, an additional flag is added for
each sample showing the overall data quality with three cat-
egories: pass (p), fail (f) and conditional (c). Pass indicates
that there are no obvious issues with the sample or data en-
try. Fail means that some data for this sample is a replicate,
corrupted and/or cannot be reliably corrected. The condi-
tional flag means that some of the data for the sample ap-
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Table 1. List of parameters in the Raw BC-NGA (British Columbia Natural Gas Atlas) dataset.

Parameter name

Parameter name

Parameter name

1 BCNGA_test_index

2 WA_num

3 Gas_anlyss_base_depth_m

4 Gas_anlyss_top_depth_m

5 Sample_date

6 Formtn_code

7 Data_filter_flag

8 C1_Methane_mole_fraction

9 C2_Ethane_mole_fraction
10 C2H4_Ethene_mole_fraction
11 C3_Propane_mole_fraction
12 C3H6_Propene_mole_fraction
13 C3H4_Propyne_mole_fraction
14 iC4_iButane_mole_fraction
15 nC4_nButane_mole_fraction
16 iC5_iPentane_mole_fraction
17 nC5_nPentane_mole_fraction
18 C6+_Hexanes_Plus_mole_fraction
19 C7_mole_fraction
20 C8_mole_fraction
21 C9_mole_fraction
22 C10_mole_fraction
23 N2_Nitrogen_mole_fraction
24 Ar_Argon_mole_fraction
25 02_Oxygen_mole_fraction
26 O2+Ar_combined_mole_fraction
27 CO2_Carbon_Dioxide_mole_fraction
28 H2S_Sour_Gas_mole_fraction
29 He_Helium_mole_fraction
30 H2_Hydrogen_mole_fraction
31 CO_Carbon_Monoxide_mole_fraction
32 C1_Methane_mole%
33 C2_Ethane_mole%
34 C2H4_Ethene_mole%
35 C3_Propane_mole%
36 C3H6_Propene_mole%
37 C3H4_Propyne_mole%
38 iC4_iButane_mole%
39 nC4_nButane_mole%
40 iC5_iPentane_mole%
41 nC5_nPentane_mole%
42 C6+_Hexanes_Plus_mole%
43 N2_Nitrogen_mole%

44 Ar_Argon_mole%

45 O2_Oxygen_mole%

46 O2+Ar_combined_mole%
47 CO2_Carbon_Dioxide_mole%
48 H2S_Sour_Gas_mole%
49 He_Helium_mole%

50 H2_Hydrogen_mole%

51 CO_Carbon_Monoxide_mole%
52 C1_Methane_ppm

53 C2_Ethane_ppm

54 C2H4_Ethene_ppm

55 C3_Propane_ppm

56 C3H6_Propene_ppm

57 C3H4_Propyne_ppm

58 iC4_iButane_ppm

59 nC4_nButane_ppm

60 iC5_iPentane_ppm

61 nC5_nPentane_ppm

62 C6+_Hexanes_Plus_ppm
63 N2_Nitrogen_ppm

64 Ar_Argon_ppm

65 O2_Oxygen_ppm

66 O2+Ar_combined_ppm
67 CO2_Carbon_Dioxide_ppm
68 H2S_Sour_Gas_ppm

69 He_Helium_ppm

70 H2_Hydrogen_ppm

71 CO_Carbon_Monoxide_ppm
72 d13C-C1_permil

73 d13C-C2_permil

74 d13C-C3_permil

75 d13C-iC4_permil

76 d13C-nC4_permil

77 d13C-iC5_permil

78 d13C-nC5_permil

79 d2H-C1_permil

80 d2H-C2_permil

81 d2H-C3_permil

82 d2H-iC4_permil

83 d2H-nC4_permil

84 d2H-iC5_permil

85 d2H-nC5_permil

86 d13C-CO2_permil

87 Uwi_or_Name

88 Area_Code

89 formation

90 Pool_seq

91 Drillng_event_seq
92 Sample_point_code
93 Reltv_densty_calc
94 Test_num

95 Test_perf_flag

96 Temp_recvd_C
97 Press_recvd_kPa
98 Ghv_meas

99 Ghv_calc

100 Vapour_press

101 Reltv_densty_meas
102 Pcp_ppc_kPa

103 Pcp_ptc_K

104 Field_lab_flag

105 Molclr_wt_of_c7
106 C5_ml_mol

107 Molclr_wt_of_gas
108 Recmbnd_flag
109 Project_code

110 match_injection_disposal
111 data_source

112 replicate_report
113 report_error

114 report_MC_units
115 flag_comment
116 Gas_lab_num_OGC
117 Isotech_Lab_No
118 Job

119 CoreTrac

120 Company_Lab_No
121 W_Sample_ID
122 Sample_Time

123 gas_units

124 GC_Date

125 MS_Date

126 Specific_Gravity
127 BTU

128 Comments

pears to be unusable, but the remaining data for the sample
may still be usable, so the entry is not a complete fail. For
example, a sample may have an incorrect isotope ratio entry
(e.g., 8C-CH4 = —200 %o) that cannot be reconciled, yet
the molecular data appear correct. Part of the QC process
for the Primary BC-NGA dataset involves going to the orig-
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inal data sources, e.g., individual well reports, when avail-
able (paper or digital versions) to assess suspect data
against the original lab report. Based on the QC work up to
October 1, 2019, 16 940 samples passed (p) without obvi-
ous issues. There are 18 412 samples with a conditional (¢)
classification and 1906 that have failed (f). Samples fail or
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Figure 4. Map showing distribution of sample locations in the BC-NGA (British Columbia Natural Gas Atlas) dataset, colour coded ac-

cording to geological formation/member. Co-ordinates are in UTM Zone 10, NADS83.
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Figure 5. Histogram of propane mol % for entire Primary BC-NGA
(British Columbia Natural Gas Atlas) dataset. Note that the hori-
zontal axis is not full scale. The mean and 2 standard deviations (o)
are shown. Values >+2¢ are flagged as anomalous and prompted
for further inspection. Abbreviation: Std, standard.

are conditional for various reasons, including but not

limited to the following:

¢ invalid sample type, e.g., injection well sample;

e corrupted record that cannot be resolved;

e surface casing vent flow (SCVF) or other shallow sam-
ples contaminated with air;

e replicate sample entries;

e mud-gas samples with inherently low hydrocarbon con-
tent and zero isotope data;

e samples with anomalously high CO, or Ny;

e samples of extremely low (e.g., <100 ppm) gas compo-
sition and high precision of isotope data;

e isotope data with abnormally high values of noble gases
and blank isotope fields;

e isotope data from oil or water samples;

e obvious microbial gas formed during sample storage;

e Jocations outside northeastern BC;

e anon-injection well with high H,S that might be an ob-
servation well.

Although the failed samples are not eliminated from the
Primary BC-NGA dataset, their reliability and utility are
questionable. The conditional samples need further user in-
spection before use, e.g., review of the flags to ensure the
user understands the data limitations.

A further feature of the Primary BC-NGA dataset is the cal-
culation and inclusion of additional analytical parameters
that are commonly used to assess geochemical signatures.
These include ratios such as C; to C4 mol % and differences
with stable carbon isotope (8'°C; to 8'°C5) data (e.g.,
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Figure 6. Expanded vertical scale of Figure 5 showing the anoma-
lous samples with propane values flagged for further inspection.
Abbreviation: ¢, standard deviation.

Whiticar, 1994; Berner and Faber, 1996; Prinzhofer and
Battani, 2003; Tilley and Muehlenbachs, 2013; Niemann
and Whiticar, 2017). Parameters included in the BC-NGA
for advanced assessment are shown below:

C1(mol%)/ C, (mol %) (6)
C2(mol %)/ Cs (mol %) @)
i-C4 (Mol %)/ n-C4 (Mol %) (8)
Cs (Mol %)/ i-C4 (Mol %) 9)
N2 (mol %)/ O, (mol %) (10)
5"3C,—8"3C1 (%o) (11)
5'3C,—8"%C3 (%o) (12)
8"3C1—8"C3 (%o) (13)

BC-NGA Database Next Steps

With the completion of the Primary BC-NGA dataset the
next steps include

e release the datasets as .xls and .csv files for public ac-
cess at www.bcnga.com;

e port the datasets into Microsoft Access and release the
entire BC-NGA database on the Geoscience BC website
(www.geosciencebc.com);

e create publicly accessible mapping and interpretative
modules in GIS to use with the Primary BC-NGA
dataset; and

e publish initial results in scientific journals.
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Introduction

Growing policy demand to shift the Canadian economy to
one supported by renewable energy resources has raised in-
terest in geothermal energy potential. Compared to other
renewables, geothermal energy has numerous advantages,
namely in its low environmental footprint and ability to
provide a stable baseload-power supply without the need
for energy-storage solutions. Much greater exploration risk
related to finding hot aquifers in the deep subsurface coun-
ters these advantages. The federal government’s Geother-
mal Energy Program (1975-1985) provided essential 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://www.geosciencebc.com/updates/summary-of-
activities/.

Geoscience BC Report 2020-02

sight into the thermal regime of Canada (Jessop, 2008;
Grasby etal.,2011). This included highlighting some of the
highest temperature systems related to hot sedimentary
basins (found in the Northwest Territories, Yukon, British
Columbia [BC], Alberta and Saskatchewan), as well as vol-
canic belts (Yukon and BC). One particular success of this
program was geothermal-exploration wells drilled in the
Garibaldi volcanic belt of southwestern BC, specifically on
the southern flank of Mount Meager. This work defined
high-temperature geothermal resources, exceeding 250°C
(Jessop, 2008; Witter, 2019). Despite this success, the pro-
jectwas never economically viable because flow rates were
too low to justify the power-transition cost over the dis-
tance required. Essentially, the technical success of the ex-
ploration program was limited by the ability to predict the
occurrence of permeability at depth. To address this issue, a
new research project was initiated to help reduce explora-
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tion risk for geothermal energy associated with volcanic
systems, with a focus on the Garibaldi volcanic belt. As part
of the overall project goal, a multidisciplinary field pro-
gram was conducted at Mount Meager in the summer of
2019, with a focus on developing novel tools to image
zones of high permeability. This paper reports on the nature
of the field program and data collected.

Garibaldi Project

The Garibaldi volcanic belt represents a chain of young
(less than 11 000 years old) volcanoes in southwestern BC,
inaregion also known to have abundant thermal springs. In
the 1980s, Natural Resources Canada (NRCan), along with
BC Hydro, conducted initial exploration drilling at one of
the volcanoes, Mount Meager. These results defined the
highest temperature geothermal resources in Canada.
While this will 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). A key
outcome of this research project was that, although a world-
class thermal resource was found, the geological conditions
required to exploit it were not economical. Despite the de-
fined thermal resource, lack of geoscience information re-
garding the regional controls on permeability posed a sig-
nificant drilling risk for subsequent industry exploration in
the region (Witter, 2019).

A project was initiated in 2019 by the Geological Survey of
Canada (GSC) of NRCan, in partnership with The Univer-
sity of British Columbia (UBC), Simon Fraser University
(SFU), Douglas College (DC), University of Calgary
(UofC) and University of Alberta (UofA), to develop a
multidisciplinary approach to reduce exploration risk
through an integrated geological and geophysical field
campaign. Project funding was provided through NRCan
(Renewable and Electrical Energy Division and GSC), to-
gether with Geoscience BC. The project incorporates a
range of geoscience tools, including remote sensing, bed-
rock mapping, fracture measurements, geochemistry, and
magnetotelluric (MT), gravity and passive-seismic sur-
veys. The ultimate project goal is to extrapolate new knowl-
edge gained from the Mount Meager field campaign to the
overall Garibaldi volcanic belt, thereby developing new
predictive tools for finding permeable aquifers at depth.
Results will also aid development of new geothermal-re-
source models, creating greater certainty in national
geothermal-resource assessments and supporting develop-
ment of effective regulatory environments.

Mount Meager Field Program

Given the difficulties of access, a helicopter-supported
field program operated from July 2 to 24, supporting field
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teams from UBC, SFU, UofA, UofC, DC and GSC. Field
plans began with consultation with First Nations and co-de-
velopment of a modified field plan that limited impacts in
areas of special concern. This included movement of
planned survey points to new locations that still meet sci-
ence goals but did not disturb the areas of special concern
and, in other areas, focusing survey work on previously dis-
turbed lands, which had the additional benefit of easier
field access. The local knowledge provided through the
consultation process was of significant benefit to field op-
erations. Thirty-four project participants, including the pi-
lot and a wildlife monitor from the Lil’wat First Nation,
spent a total of 375 person days in the field. One field camp
was established and the remainder of the field crew con-
ducted daily set-outs by helicopter and worked from log-
ging roads. The field program focused on establishing an
array of seismometers (UofC), an array of MT stations fo-
cused on the shallow geothermal system (GSC) and the
deeper volcanic plumbing (UofA), a gravity survey (SFU),
bedrock mapping (UBC), fracture and rock-property
studies (GSC), and thermal-spring geochemistry (DC and
GSC; Figure 1).

Passive Seismic

Fifty-nine passive-seismic sites, each consisting of a Hawk
field-station unit (INOVA Geophysical) connected to
10 Hz three-component geophones, were established (Fig-
ure 1). Each Hawk station is powered by a 288 watt-hour
battery pack. Sampling Mount Meager in its entirety allows
for characterizing crustal structures associated with the
area of high geothermal heat and how those vary within the
geothermal system. The observations from this array will
be used to identify the distribution of low seismic-wave
speeds, which can mark the distribution of fractures that
serve as pathways for geothermal fluids, as well as magma
chambers. Detecting and locating the local seismicity dur-
ing this brief seismic deployment will provide constraints
on the pattern of faults and fractures within Mount Meager
that allow for fluid circulation through this geothermal sys-
tem. The Hawk systems are also being tested for their abil-
ity to record more distant earthquakes and whether those
signals can be used to measure structures within the Gari-
baldi volcanic belt.

In addition, a fibre-optic distributed-sensing network with
380 channels was installed on the East Ridge of Mount
Meager. While this type of instrument installation is un-
precedented, the data are expected to contribute improved
resolution to the geophone array. Data will be analyzed in
terms of seismicity in the area, tomographic studies for res-
ervoir imaging and assessment of natural hazards.

Magnetotelluric

Collection of magnetotelluric (MT) data was aimed at
greatly expanding coverage beyond that collected in the
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Figure 1. Mount Meager study area, showing field stations visited during the 2019 research program.

1980s (Jones and Dumas, 1993), using modern and more
field-portable instruments. When combined with recently
developed 3-D inversion techniques, a fully 3-D subsur-
face resistivity model will be developed. The MT data col-
lection in 2019 at the Mount Meager Volcanic Complex
was performed on two spatial scales. In the region of the
geothermal reservoir on the south side of Pylon Peak, MT
measurements were made in a dense grid of 84 stations by
the GSC MT group to study the details of the geothermal
reservoir (Figures 1, 2). The goal of the survey was to use
the new MT data to determine permeability variations in the
subsurface and link these to flow rates observed at the sur-
face. Since the target was in the upper 1-2 km, this only re-
quires high-frequency MT measurements in the band 1—
10000 Hz, referred to as ‘audio-magnetotelluric’ (AMT)
data. A related set of 23 MT measurements was taken by the
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UofA MT group to understand the deeper structure of the
system, which requires longer recording time and conse-
quently reduced the total number of measurement loca-
tions. The deeper focus MT survey was designed to image
pathways that carry fluids to the geothermal reservoir and
the fumaroles on Job Glacier. These deep MT measure-
ments will also define the size and content of any magma
bodies beneath the volcano. With the deeper exploration
targets, lower frequencies were used in a broadband-
magnetotelluric (BBMT) survey.

Akey aspect of MT data analysis will be to elucidate the cause
of zones of high and low resistivity found beneath Mount
Meager. Resistivity contrasts in this type of environment
can be caused by saline fluids, molten rock or minerals
formed by hydrothermal alteration. External constraints are
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Figure 2. Survey crew being set out by helicopter.

often needed to distinguish between these alternatives. It
was once assumed that both geothermal reservoirs and
magma bodies always had a low resistivity. However, care-
ful laboratory experiments in recent years have shown that
these assumptions are not always valid. The resistivity of
magma depends on the composition, and a high silica con-
tent can often produce molten rock with arelatively high re-
sistivity, thus making detection with electromagnetic meth-
ods challenging. Similarly, in high-temperature geothermal
fields, the clay alteration minerals formed do not necessar-
ily have a low resistivity, resulting in a reservoir that can be
relatively resistive compared to the surrounding rock. Anal-
ysis of the new resistivity 3-D models from Mount Meager
will be supported by other geological and geophysical data-
sets collected in the 2019 field campaign and from previous
exploration activity.

Gravity

Spatial gravity measurements, in conjunction with other
geophysical methods, are particularly useful in mapping
the magmatic and hydrothermal subsurface features of vol-
canoes. During the summer of 2019, gravity measurements
were taken at 79 stations around the Mount Meager Volca-
nic Complex (Figure 1), with the aim of mapping its inter-
nal structure. Gravity was measured with a Lacoste &
Romberg spring gravity meter in order to develop a
Bouguer anomaly map of the area. The network comprises
both a dense distribution of sites near the volcanic edifice
and more broadly spaced stations with increasing distance
from the mountain. This distribution seeks to investigate
the deep magmatic structures (depth >10 km) by comparing
data from distal stations with data from the proximal dense
network of stations. Smaller scale structures, such as the
hydrothermal system of Mount Meager, will be mapped by
analyzing gravity change between stations closer to the edi-
fice. The measured Bouguer anomalies will be analyzed via
an informed inverse-modelling approach, which combines
information from geological and structural mapping, AMT,

106

MT and seismic measurements. This will restrict the num-
ber of possible solutions for the inversion and ensure that
the results best reflect plausible subsurface geological
features.

Bedrock Mapping

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, with a particular focus on rock types with enhanced
reservoir properties. Field mapping included recording
rock-property observations at 848 field stations (Figure 1).
These results will support the development of hydrogeo-
logical models for bulk-rock permeability to better charac-
terize potential fluid flow at depth. High-density fracture
zones appear to be associated with major fault and defor-
mation belts. Identification and mapping of these zones us-
ing all available means (Landsat imagery and regional geo-
physical data, field observations, earthquake records) at a
regional level will provide the basis for construction of
geothermal-resource models. As well, regional mapping of
faults and fracture systems will provide new predictive
models of preferential orientation of fracture systems. Re-
fined radiometric dating will also aid definition of the
youngest (and hottest) flow units with the greatest heat-
generation potential; this is critical information for
outlining potential ‘sweet spots’ of geothermal resources.

Fracture Analyses

In order to develop an understanding of the nature of frac-
ture systems and their potential influence on bulk-rock per-
meability, fieldwork was conducted to measure spatial dis-
tribution and variability in fracture orientation and fracture
density (Figure 1). This was combined with remote-sensing
image analyses and artificial intelligence to define trends,
orientations and densities of lineaments through the study
area. Identified lineaments were ground-truthed as part of
the geological and geophysical mapping program to assess
if they represent higher permeability fracture systems. De-
termination of the regional stress fields is more complex in
areas of high topographic relief, as the free surface cannot
be assumed to be flat. Methods being used for stress-field
determination include well-borehole breakout analyses and
bedding slip. Regional data will assist in refinement of the
tensile portion of the regional-stress field, which would
provide insight into preferred fluid-flow directions. The
current stress system will be incorporated using geoscience
information (magnitude, location and sense of motion)
from historical records of earthquakes in the study area and
surrounding vicinities, and constrained by deformation
patterns and additional geoscience information from previ-
ously drilled boreholes.
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Thermal-Spring Geochemistry

The occurrence of natural thermal anomalies in the form of
thermal springs, and the chemistry of their water, are im-
portant geothermal-exploration tools. Temperature records
from hot springs, coupled with water geochemistry, pro-
vide physical data that can be used to better understand heat
energy in the deeper, hard-to-sample intervals and for criti-
cal physical properties of the hostrock. Thermodynamic
modelling can also help in understanding fluid-flow paths
and depths of steam separation, to better constrain the geo-
thermal system. Calculations of aqueous geothermometers
also require detailed fluid geochemistry to allow estimation
of maximum temperatures of fluids at depth. Gas geochem-
istry, including that of noble gases, can also provide insight
into the geothermal system. Therefore, new data will be
collected through site visits to known thermal and mineral
springs in the Mount Meager area, along with geochemical
sampling and analyses, and thermodynamic modelling of
heat flow in those thermal-spring systems.

Conclusions

The summer 2019 field program was a great success, with
abundant new geophysical and geological data collected.
These data are still being processed and will be incorpo-
rated into projects of three post-doctoral fellows, six Ph.D.
projects, one M.Sc. thesis and one B.Sc. study. Final results
will be integrated into a new 3-D model of the geothermal
and volcanic plumbing of the Mount Meager complex. Re-
sults will provide novel new methods to help predict the oc-
currence 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

Geothermal resources across the southern Canadian Cor-
dillera are of increasing interest for provincial, national and
Indigenous governments, researchers, and local communi-
ties. To date, research in the southern Canadian Cordillera
has been focused on investigating the distribution of ther-
mal spring systems and their relation to major geological
features, as these structures are understood to control ther-
mal fluid flow (Grasby and Hutcheon, 2001). Sloquet Hot
Springs is one of the many thermal systems in southwestern
British Columbia (BC) and is located within the western
Coast Belt (Journeay and Cstontos, 1989). The area is char-
acterized by steep terrain, with undulating slopes that are
covered by dense vegetation and unconsolidated material.
Bedrock exposures are localized along forest service roads
and along Sloquet Creek, where numerous cold, warm and
hot springs discharge near the creek. Due to the lack of ac-
cess to the exposures, the hydrogeologic controls of the
geothermal system at Sloquet remain poorly understood.

The purpose of the research presented in this paper was to
work collaboratively with Xa’xtsa First Nations’ TTQ Eco-
nomic Development Corporation, and Recreation Sites and
Trails BC to conceptualize the hydrogeologic and geother-
mal setting of Sloquet Hot Springs, which is located on the
traditional territory of the St’at’imc peoples. Sloquet Hot
Springs is a remote recreational area that has naturally oc-
curring soaking pools. This summary highlights methods,
results and future work after the first summer of fieldwork
around Sloquet. The focus of this initial work was on inves-
tigating the localized system, to capture the relationship be-
tween topography, climate, geological setting, fluid flow
and temperature gradients. This research will enhance un-
derstanding of geothermal resources in the southwestern
Canadian Cordillera, while also contributing to future deci-
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sion-making and capacity-building for the Xa’xtsa First
Nation.

Community Collaboration

Research approaches were developed using protocols that
honoured diverse perspectives and ways of life, to cultivate
relationships on multiple levels, not only a business level.
Community consultation initially began in May 2018 and
included management from TTQ Economic Development
Corporation as well as members from the community. In-
teractive community gatherings were held that included a
feast, question period, and general discussion about poten-
tial project development. Community gatherings provided
partners with an opportunity to build relationships amongst
one another while also gaining perspective on the cultural
significance of Sloquet Hot Springs. During this process,
two documents were developed and signed in conjunction
with the University of Victoria and TTQ Economic Devel-
opment Corporation. First, a letter of intent approved site
investigations, to conduct visual surveys, mapping, drilling
and reporting into the location and availability of the re-
source. Second, an agreement between TTQ and the Uni-
versity of Victoria was signed regarding wells to be drilled
near Sloquet, to establish purpose, consent for scientific
monitoring, and protocols for well development if cultural
artifacts are encountered.

Regional Setting

Sloquet Hot Springs are located in the Coast Mountain phys-
iographic region on the edge of two biogeoclimatic zones:
coastal western hemlock, with 2893 mm of mean annual
precipitation and mean annual temperatures of 6.7°C; and
mountain hemlock, with 3119 mm of mean annual precipi-
tation and mean annual temperatures of2.8°C (Moore et al.,
2010). Biogeoclimatic zones and their associated climatic
regime will be used as reference in this paper because of the
limited local meteorological data.

The thermal system is situated adjacent to Sloquet Creek, at
a topographic low of approximately 200 m above sea level
(asl) and in steep terrain that rises to over 1500 m asl. Slo-
quet Hot Springs are located within the Coast Belt of south-
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western BC, which formed along the western edge of the
Insular terrane during the Late Cretaceous (Journeay and
Friedman, 1993). The contractional belt is composed of a
frontal thrust system that imbricates supracrustal arc se-
quences and related plutonic suites from the Jurassic and
Early Cretaceous, and is dominated by an array of fault-
bounded island-arc and oceanic terranes that accreted
along the continental margin in the Middle Jurassic to Early
Cretaceous (Journeay and Friedman, 1993). Due to the size
and extent of the Coast Belt, Journeay and Friedman (1993)
further subdivided the system into three distinct tectonic
domains that included the western, central and eastern Coast
belts.

Sloquet Hot Springs are located within the western Coast
Belt, which is composed of Middle Jurassic to Miocene age
magmatic suites of the Coast Plutonic Complex (Journeay
and Friedman, 1993). The plutonic suites have intruded arc
sequences such as the Gambier—Fire Lake Group and Harri-
son Lake Formation (Journeay and Friedman, 1993). Gam-
bier Group rocks have been considered part of the Fire Lake
Group because of their lithological similarities (Lynch,
1990; Journeay and Friedman, 1993), however, the Gam-
bier Group contains a larger proportion of volcanic rocks
(Roddick, 1965). Studies conducted by Lynch (1990) sug-
gest that the Fire Lake Group may be broken into the older
Peninsula Formation (primarily conglomerate and arkosic
sandstone) and the younger Brokenback Hill Formation
(four primarily volcanic members) as shown in Figure 1.

Field Methods

Exposures of surficial deposits, bedrock and geological
structures are limited in the area, therefore field reconnais-
sance and geological mapping was focused along the north
and south sides of Sloquet Creek. Field methodologies in-
cluded local-scale (hundreds of metres) site investigations
that comprised the following steps:
1) mapping of bedrock, geological structures, and hot
springs along portions of the northern and southern
sides of Sloquet Creek at the main recreation site. Each
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side of the creek was evaluated along a set transect line.
Data collected included length of bedrock exposure,
temperature of the spring, conductivity of the bedrock,
flow rate of the springs, and structural measurements
that included orientation of joints and fractures. Where
possible, water temperature and conductivity data were
collected with a Hach HQ40D Portable Multi Meter.
Measurements could not be taken at some springs, as
flow was too low, or the probe could not be submerged
deep enough to collect an accurate reading. Flow rates
were assessed both semiquantitatively and through
bucket tests, where the time it takes water to fill a con-
tainer with known volume is recorded. Ninety-eight
structural measurements were plotted using Stereonet
software to visualize data density patterns.

2) equipment installation to monitor water levels and tem-
perature at various locations over time. DS1922L-F5
Thermochron iButtons and Solinst leveloggers were in-
stalled in discreet areas to record water fluctuations and
temperature over time. Solinst leveloggers record pres-
sure and temperature, to interpret water level changes
over time, and are being used to calculate discharge
rates at the source spring. A small V-notch weir was also
installed within a tributary that discharges thermal water
from the main source spring, labelled HS138 on Fig-
ure 2, into Sloquet Creek. A Solinst Levelogger® and
Thermochron iButton® were installed at the base of the
weir.

3) well development planning, to site future well installa-
tion locations. The well will be used for evaluating the
local lithology and hydraulic properties of the subsur-
face, while also monitoring groundwater levels at depth
and the geothermal gradient of the subsurface. Possible
locations for well installation were evaluated during
fieldwork to allow for the most accessible and practical
location.

Results

Five lithological units were identified along Sloquet Creek:
unconsolidated material, clast-supported conglomerate,

Gambier-Fire Lake Group

breccia

Brokenback Hill

Formation

Peninsula
Formation

|| Kpc

— |kgH1 |Lapilli tuff, pyroclastic volcanic rocks, rhyolite,

KBHg | Volcaniclastic sandstone, feldspathic greywacke, slate, chloritic phyllite
KBHv | Andesite, intermediate flows, heterolithic volcanic conglomerate, breccia
L KBHt | Feldspar crystal tuff, slate, muscovite phyllite

Kpa | Interbedded arkose, pebbly arkose, and pyritiferous slate

Conglomerate, fluvial beach deposit

Figure 1. Geological units within the Gambier—Fire Lake Group (based on Lynch, 1990).
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granodiorite, undifferentiated Gambier Group rocks, and
an intrusive porphyry (Figure 2). The type of bedrock along
the transect lines appeared significantly more diverse than
previously mapped by Journeay and Monger (1998), who
suggested the area was underlain solely by mid-Cretaceous
granodiorite and undifferentiated Gambier Group rocks.
Updated mapping in Figure 2 shows that Sloquet Hot Springs
is bound by granodiorite, likely from the mid to Late Creta-
ceous (Journeay and Monger, 1998), as well as undifferen-
tiated Gambier Group volcanic rocks. However, the main
bedrock unit mapped along the northern side of Sloquet
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Creek included a clast-supported conglomerate that is
draped unconformably over an intrusive porphyry (Fig-
ure 3). In contrast, the southern side of Sloquet Creek is pre-
dominantly intrusive porphyry. Structural measurements
collected from the porphyry, granodiorite and undifferenti-
ated Gambier Group rocks show a strong clustering of
joints with a northeast to southwest orientation (Figure 4).

Thermal spring discharge is visible along a 420 m stretch of
the north and south sides of Sloquet Creek, with discharge
from unconsolidated material, conglomerate, intrusive por-
phyry and undifferentiated Gambier Group rocks. Water
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Figure 3. Exposure of the contact between the clast-supported conglomerate (green overlay) and intrusive porphyry (purple overlay). Dis-
tinct joint sets are visible within the porphyry and thermal seeps are seen discharging from joints with a northwest orientation.

temperature varied significantly, from 22 to 68.8°C, de-
pending on location and lithology. Figure 5 shows the dis-
tribution of water temperature of the springs along the
mapped transect lines in relation to flow rate and lithology.
Most springs that exceeded 60°C discharged from the intru-
sive porphyry and had flow rates of less than 5 litres per
minute (L/minute). Two high-temperature and high-flow
springs were also observed, discharging at 15 m (main
spring, herein called HS138, possibly discharging from un-
consolidated material) and at 185 m (spring herein called
HS100, discharging from conglomerate) along the north
side of the creek (Figure 2). All the high-temperature and
high-flow springs were observed along the north side of
Sloquet Creek. Springs discharging from the conglomerate

Figure 4. Structural data collected during fieldwork (orientation of
joints and fractures measured in bedrock) plotted on an equal-area
stereonet. The distribution of the data shows a strong preferred ori-
entation of northeast, and a secondary clustering of west to east
orientations. N = number of measurements.
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had the greatest range of temperature and average flow.
Overall, most thermal springs appeared to be discharging
from the conglomerate and porphyry, with fewer springs
discharging from the unconsolidated sediments and undif-
ferentiated Gambier Group volcanic rocks.

Discussion

Data collected during the 2019 field season show a signifi-
cant variation in bedrock geology, spring temperature and
flow rate at the local scale (hundreds of metres). It is appar-
ent that the hydraulic properties of each lithological unit
control the distribution and location of hot and warm
springs at Sloquet. These properties have likely been al-
tered by tectonic processes that formed secondary struc-
tures within the rocks, and by mineralization from geother-
mal waters. Typically, unfractured bedrock has low per-
meability and low hydraulic conductivity, making it an un-
likely source for springs or water resources (Freeze and
Cherry, 1979), whereas fractured rock is more likely to
have higher hydraulic conductivity and permeability along
faults, fractures and joints.

The intrusive porphyry appeared to have the most well-de-
veloped joints, with a northwest orientation, likely devel-
oped during the complex tectonic deformation in the re-
gion, which discharge thermal fluids at numerous scattered
locations. However, the average flow rate for springs dis-
charging from these joints was relatively low and did not
exceed 5 L/minute (Figure 5). The spring with the highest
temperature (68.8°C) discharged from the intrusive por-
phyry along a northwest-trending joint, suggesting these
structures may control thermal fluid flow through the rock
mass and potentially also at Sloquet. The unit appears to be
lithologically distinct from the mid to Late Cretaceous
granodiorite, as the mineralogy varies significantly, ap-
pearing of intermediate composition, with large, well-de-
veloped quartz phenocrysts. The intrusive unit was only
observed over a 100 m portion of the creek, suggesting it

Geoscience BC Summary of Activities 2019: Energy and Water
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Figure 5. Graph showing the variation in temperature and average flow rate (in litres per minute, L/minute) of springs mapped along the
transectlines (‘Distance (m)’is distance relative to the start of the transect (see Figure 2), in metres). The size of the circles indicates magni-
tude of the average flow rate, and the colour represents the lithological unit from which the springs were discharging.

could be a localized, younger intrusion cutting through an
existing plutonic body.

The porphyry is overlain by a clast-supported, highly lith-
ified conglomerate that does not appear to be a part of the
Peninsula Formation due to the rock types comprising the
clasts and the draping nature of the contact with the por-
phyry (Figure 3), suggesting the sedimentary strata were
deposited after emplacement of the intrusion. Clasts within
the conglomerate range from pebble to boulder size and are
predominantly granodiorite with minor amounts of volca-
nic clasts, suggesting the unit may be Pleistocene or Holo-
cene in age. If the conglomerate was Cretaceous in age, it
would be likely that volcanic clasts would dominate.
Springs discharged as pore flow from anastomosing frac-
tures that formed along planes of weakness surrounding
clasts within the conglomerate. There was visible hydro-
thermal alteration of the conglomerate, in contrast to the
porphyry, which showed no such alteration.

Overall, the springs with the highest flow rate were ob-
served to be discharging from unconsolidated material at
HS138 and the clast-supported conglomerate. The two
high-temperature and high-flow springs may originate
from the intrusive porphyry, which is at or near the surface
where these springs are discharging.

Hydrological data collected from the weir installed at
HS 138, the main spring source, will not be reviewed within
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this paper, as it is currently being analyzed to understand
trends through the summer season. Further, flow rates and
temperature likely fluctuate throughout the year, therefore
the data presented herein only represent a snapshot of time.

Next Steps

Research conducted to date represents analysis of the find-
ings from only the first few months of data collection. The
findings to date will be further refined to incorporate
stereonet interpretations, petrographic analysis of rock
samples, as well as analysis of hydrological data from
equipment that has been installed at the study site. Mapping
to update the geology of the Sloquet area will continue, as
there is significantly more lithological variation than was
expected along the 500 m stretch of Sloquet Creek and
along the forest service road that leads to the site. Further
analysis of rock samples will be conducted through exami-
nation of thin sections, to understand the mineral composi-
tion of the cement within the conglomerate and the hydrau-
lic properties of these constituents. Next steps for analyzing
subsurface conditions in the area surrounding Sloquet will
include the development of a research well. The location
and layout of the well site was established during the 2019
field season, in consultation with TTQ Economic Develop-
ment Corporation and the University of Victoria. Further,
hydrological data collected by equipment installed for this
study will be analyzed and interpreted to review changes
over time. Water samples will also be collected for geother-
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mometry, to understand the source location of the thermal
waters, and to determine if the porphyry is the host unit for
the hot springs. Lastly, thermal infrared imaging of the land
surface will be conducted during the winter months, to ana-
lyze thermal anomalies across the land surface surrounding
Sloquet Hot Springs. All data gathered will contribute to
development of a conceptual model that integrates the find-
ings from well development, hydrogeology, temperature
gradients and system behaviour at local scales (hundreds of
metres) to regional scales (tens of kilometres).

Conclusions

During the 2019 summer field season research was focused
on identifying an ideal location for well development,
while also conducting localized research along the north
and south sides of Sloquet Creek, as well as the main recre-
ation area. In total, 49 springs were mapped, and 98 struc-
tural features were measured (joints, faults and bedding
planes) to provide baseline data on the setting at Sloquet
Hot Springs. The main lithological units observed in the
area around Sloquet included mid to Late Cretaceous
granodiorite, undifferentiated Gambier Group volcanic
rocks, intrusive porphyry, conglomerate, and unconsoli-
dated sediments. Overall, spring temperature and flow rate
varied significantly depending on location and rock type,
suggesting hydraulic properties of the different rocks play a
role in the diffuse pattern of the springs in the area. The
highest temperature springs discharged from steeply dip-
ping, northwest-trending joints within the porphyry.

All data collected will contribute to the development of
conceptual models showing the hydrogeological regime
and geothermal conditions at Sloquet. The completed re-
port for this work will be presented to TTQ Economic De-
velopment Corporation and disseminated at their discre-
tion.
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Introduction

There has long been interest in developing geothermal en-
ergy in western Canada (Jessop et al., 1991; Grasby et al.,
2012), but as yet, there are no operating geothermal power
plants or direct heating systems (excluding shallow geo-ex-
change). Part of the problem is limited geological under-
standing of the regions where geothermal potential is high-
est, particularly the complexly deformed Canadian
Cordillera of British Columbia (BC) and Yukon. Crustal
heat flow in the Cordillera is relatively high (~80—
100 milliwatts per square metre [mW/m?*]; Davis and
Lewis, 1984), and the occurrence of more than 130 thermal
springs has attracted the interest of geothermal developers.
However, data constraining the subsurface are limited,
which discourages investment.

Most geothermal systems occur in magmatically and tec-
tonically active areas (e.g., western United States, Japan,
New Zealand, Iceland). This is due in part to the elevated
enthalpy in the crust, but also to the enhanced permeability
of brittle faults, which act as conduits for circulating hydro-
thermal fluids (Moeck, 2014). Several characteristics of
fault zones influence their structure, including age and
amount of seismic activity (e.g., Curewitz and Karson,
1997), kinematics (e.g., Meixner et al., 2016) and subsur-
face geometry (e.g., Moreno et al., 2018). Understanding
these parameters is key to understanding the geothermal
systems fault zones may host.

"The lead author is a 2019 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://www.geosciencebc.com/updates/summary-of-
activities/.
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Hydrothermal systems (i.e., thermal springs) in the Cana-
dian Cordillera are broadly associated with major fault
zones (Grasby and Hutcheon, 2001). However, detailed in-
vestigations of the significant hydrogeological properties
of many of these faults have not previously been con-
ducted. The research presented in this paper focuses on hy-
drothermal systems in three specific regions in the southern
Canadian Cordillera (Figure 1b): Valemount and Canoe
Reach, Nakusp and the West Kootenays, and the southern
Rocky Mountain Trench. These regions were chosen be-
cause of their concentrations of high-temperature thermal
springs, elevated crustal heat flow, proximity to population
centres, and commercial interest in geothermal develop-
ment in these areas. Herein are presented new structural
data collected within fault zones that appear to control hy-
drothermal systems in these areas. The current stress field
of the crust, and its relationship to fault kinematics and ge-
ometry is also considered. These data provide new insight
into the age, kinematics and geometry of these fault zones.

Background
Regional Geology

The Canadian Cordillera is an ~800 km wide mountain belt
that stretches from the Arctic Ocean to the United States
border, mostly within the Northwest and Yukon territories
and the provinces of British Columbia and Alberta. Its ele-
vated topography, rugged relief and complex geology re-
flect a protracted and ongoing interaction between various
oceanic plates, accreted terranes, and continental North
America (Gabrielse and Yorath, 1991). For simplicity, the
Cordillera is divided into five major morphogeological
belts (Figure la; Gabrielse et al., 1991). The easternmost
Foreland Belt is composed of folded and thrusted—but
largely unmetamorphosed—carbonate and siliciclastic
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rocks of an ancestral passive margin and a subsequent fore-
land basin. Adjacent and to the west is the Omineca Belt,
which is dominantly composed of metamorphosed sedi-
mentary rocks coeval with those in the Foreland Belt and
deformed during the same mountain-building events. The
Omineca Belt is intruded by numerous Jurassic and Creta-
ceous continental arc—type plutonic suites (Armstrong,
1988), and tectonic windows expose metamorphosed crys-
talline rocks, interpreted as cratonic basement exhumed
during Eocene extension (Parrish et al., 1988). Contrac-
tional deformation of the Omineca and Foreland belts is as-
sociated with Jurassic and younger accretionary and colli-
sional events, including accretion of oceanic arc terranes
that make up the more westerly Intermontane Belt
(Evenchick et al., 2007). West of the Intermontane Belt lies
the Coast Belt, which is largely composed of intrusive and
metamorphic rocks associated with the Cretaceous to Eo-
cene subduction and accretion of the westernmost Insular
Belt, which underlies Vancouver Island, Haida Gwaii and
the Alaska Panhandle (Evenchick et al., 2007). Young and
active continental arc volcanoes are being constructed atop
the Coast Belt as a result of ongoing subduction of the Juan
de Fuca Plate and other micro-plates off the western margin
of the continent (Green et al., 1988). This study is focused
on hydrothermal systems in the southern Omineca Belt,
from the United States border to ~53°N (Figure 1b).

Sources and Expressions of Heat Flow in the
Canadian Cordillera

The Cordillera is one of the most promising regions in Can-
ada for geothermal energy development due to its high heat
flow and steep geothermal gradients (Grasby et al., 2012).
Whereas much of eastern and central Canada is underlain
by old and cold cratonic lithosphere and ancient orogenic
belts, the Cordillera is geologically young and is subject to
ongoing tectonic and magmatic processes that enhance
geothermal conditions. The presence of more than 130
thermal springs throughout the Cordillera (Figure 1a) pro-
vides a first-order indication that heat flow might be suffi-
cient for geothermal energy extraction. Outlet temperatures
ofthese springs range from ~20° to 80°C (Woodsworth and
Woodsworth, 2014). Aqueous geothermometry indicates
that the maximum temperatures reached by some of these
systems exceeds 180°C, with maximum circulation depths
estimated to be ~2—5 km (Grasby and Hutcheon, 2001;
Allen et al., 2006; Caron et al., 2007). Although thermal
springs are not necessarily the best indicator of geothermal
prospectivity (Ferguson and Grasby, 2011), they do pro-
vide a basic indication of geothermal resource potential, in
a subsurface environment that is otherwise poorly con-
strained by data.

The geothermal gradient of the Cordillera ranges from ~20°
to 50°C/km (Hitchon, 1984; Lewis et al., 1992; Grasby and
Hutcheon, 2001). These values, though lower than most
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conventional (high enthalpy) geothermal energy resources,
are similar to gradients measured in low enthalpy systems
being explored and developed for electricity generation in
Europe and New Zealand (e.g., Agemar etal., 2014; Reyes,
2015; Farquharson et al., 2016). Crustal heat flow in the
Cordillera ranges from ~40 to 130 mW/m? (Hyndman and
Lewis, 1995; Blackwell and Richards, 2004; Majorowicz
and Grasby, 2010). Heat flow is locally very high
(>200 mW/m®) near active volcanoes in the Garibaldi vol-
canic belt in southwestern BC (e.g., Mount Meager), but
these values do not reflect the bulk of thermal conditions in
the Cordillera. In several broad regions heat flow exceeds
100 mW/m” (see Majorowicz and Grasby, 2010), which is
comparable to geothermal energy—producing regions like
Nevada and Utah (Blackwell and Richards, 2004). Interest-
ingly, one of these regions, the southern Omineca Belt (Co-
lumbia Mountains) of southeastern BC, does not contain
any active or recently active volcanoes, which suggests that
the heat might come from shallow intrusions in the crust.
Indeed, radioactive heat generation measured in Creta-
ceous and Paleogene intrusive suites is high in the Omineca
Belt (Lewis et al., 1992).

Major Fault Zones and their Relation to
Hydrothermal Systems

Grasby and Hutcheon (2001) compared several parame-
ters, including heat flow, permeability, topography/relief,
infiltration rate, and the presence of fault zones, with re-
gards to their influence on the location of thermal springs in
the southern Canadian Cordillera. Ultimately they deter-
mined that—with the exception of springs within the Gari-
baldi volcanic belt—fault zones act as a primary control on
the position of thermal springs in the Canadian Cordillera,
whereas the other factors have a negligible influence. From
cast to west, the significant fault zones in the southeastern
Cordillera identified by Grasby and Hutcheon (2001) as
hydrogeologically significant are (see Figure 1b): the
southern Rocky Mountain Trench fault (RMTF), Purcell
Trench fault (PTrF), Columbia River fault (CRF), and Oka-
nagan fault (OF). All of these structures have been inter-
preted as hosting significant normal displacement during
Eocene extension of the Cordillera (Parrish etal., 1988; van
der Velden and Cook, 1996).

Fault zones typically have an anisotropic permeability
structure, dependent on the relative percentages of clay
fault gouge and fractured wall rock (Caine et al., 1996).
Typically, cross-fault flow is impeded by the impermeable
(clay rich) core material, while along-fault flow is facili-
tated by the permeable damaged (fractured) zone. Grasby
and Hutcheon (2001) presented a conceptual model for hy-
drothermal convection cells in the Canadian Cordillera in
which meteoric water percolates vertically down through
the crust until it encounters a shallowly dipping fault plane,
and is then forced back up to the surface via the damaged
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zone conduit. Because faults tend to crop out in valleys due
to accelerated erosion of comminuted fault rock, there is a
natural topographic drive to such systems, with recharge
occurring in mountainous highlands.

What remains unanswered is why certain faults host ther-
mal springs while others do not, and why thermal springs
are distributed unevenly along fault zones. Variations in
crustal heat flow, precipitation/infiltration rate, and topo-
graphic relief occur on wavelengths too broad to explain
the pattern of hotspring occurrence (Grasby and Hutcheon,
2001; Ferguson and Grasby, 2011). Itis therefore likely that
inter- and intra-fault variations in geometry and permeabil-
ity structure are critical parameters. It has been shown in
other structurally controlled geothermal systems that the
current stress state of the crust and resulting fault kinemat-
ics can predict which fault segments are most permeable;
faults oriented parallel or oblique to Sy, (maximum hori-
zontal compression) are more likely to be permeable than
those oriented perpendicular to Sy (€.g., Meixner et al.,
2016). Furthermore, there is a positive relationship be-
tween strain rate and fault permeability—seismic activity
has been shown to maintain fault permeability via episodic
refracturing of minerals precipitating within the fault zone
(Curewitz and Karson, 1997). Below, these parameters are
discussed for major faults in three areas of southeastern BC
(Figure 1b).

Structural Settings of Hydrothermal
Systems in the Canadian Cordillera

Valemount and Canoe Reach
Background

The town of Valemount has attracted commercial interest in
geothermal energy production due to the presence of the
Canoe River thermal spring ~30 km south of the townsite,
on the west shore of Kinbasket Lake hydroelectric reser-
voir (Figure 2) in the southern Rocky Mountain Trench
(SRMT). The Canoe River spring is one of the hottest ther-
mal springs in BC, with outlet temperatures measured at
80°C and maximum temperatures derived from aqueous
geothermometers exceeding 200°C (Ghomshei, 2007). The
Town of Valemount is interested in the possibility of low-
carbon baseload power and heat, along with the tourism
draw that a geothermal spa would bring. Recently, Borealis
GeoPower has undertaken a geothermal exploration
program in the area, conducting soil sampling, geo-
physical surveying and slim-hole drilling (see http://
www.borealisgeopower.com/).

The crustal structure of the Valemount area is complex
(Figure 2), and there are limited constraints on the struc-
tures that might control hydrothermal circulation. Much of
the area is underlain by Paleoproterozoic basement gneiss,
referred to as the Malton Gneiss on the southwest side of
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the SRMT valley, and the Bulldog and Yellowjacket gneiss-
es on the northeast side. Some authors have asserted that the
eastern and western gneiss packages are geochemically and
geophysically distinct, arguing for a major transcurrent
fault between them (Chamberlain and Lambert, 1985;
Chamberlain et al., 1985). However, all three packages are
similar, and may represent exhumed cratonic basement
(McDonough and Simony, 1988). The gneiss complex is
overlain by a metasedimentary cover sequence assigned to
the Neoproterozoic Miette Group. The gneiss complex and
athin slice of lower Miette Group are carried northeastward
over middle and upper Miette rocks on the Bear Foot thrust,
a synmetamorphic dextral-oblique reverse fault assumed to
have accommodated 50 km of dip-slip displacement
(McDonough and Simony, 1988, 1989). Orogen-parallel
ductile stretching lineations in the footwall of the Bear Foot
thrust indicate that the thrust predates Cenozoic brittle
structures (McDonough and Simony, 1989). The Malton
and Bulldog gneiss packages are carried in the hangingwall
of the northeast-verging Purcell Thrust, a large, out-of-se-
quence thrust fault that is mapped for several hundred kilo-
metres to the south (Price, 1981). The western extent of the
Malton Gneiss is defined by the steeply west-dipping
Thompson—Albreda fault, a fault associated with Eocene
extension of the orogenic belt. Separating the Malton and
Bulldog/Yellowjacket gneiss packages, on the floor of the
SRMT, is the Rocky Mountain Trench fault, a steeply dip-
ping west-side-down normal fault. Its exact trace is ob-
scured by Quaternary cover and the hydroelectric reservoir,
and its presence is inferred from offset metamorphic
isograds and stratigraphic horizons. The RMT fault is
mapped as far south as 52°N, where it disappears, and the
trench floor is instead occupied by the Purcell Thrust fault.
The RMT fault reappears south of Canal Flats and can be
traced as far south as Flathead Lake in Montana. Notably,
north of Valemount, the RMT fault and its northern contin-
uation, the Tintina fault, are known to host significant
dextral slip (Roddick, 1967; Gabrielse, 1985; McMechan,
2000). Murphy (1990) identified dextral mylonitic fabrics
at the north end of Kinbasket Lake (12 km southeast of
Valemount), but dextral strike-slip is not believed to con-
tinue any farther southeast along the SRMT, and transpres-
sion is instead accommodated on structures like the Fraser
River fault ~250 km to the west (Price and Carmichael,
1986; Struik, 1993).

New Observations

Detailed structural fieldwork was conducted in the spring
of 2018 in the Valemount area and south along Kinbasket
Lake (Figures 2, 3). Work was focused on the shorelines of
the reservoir in an attempt to capture kinematic indicators
proximal to the RMT fault zone, which parallels the lake-
shore. Nearly 150 measurements of fault plane and slicken-
line orientations were collected, especially in the continu-
ous exposures of the basal Windermere Supergroup and
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Figure 2. Geology of the Valemount and Canoe Reach area, on northern Kinbasket hydroelectric reservoir, south of Valemount, after
Murphy (2007). Green dots are sites examined in the field. Lower-hemisphere stereonets (‘beachball’ plots) show fault plane and slicken-
line orientations for subsets of stations along Kinbasket Lake. Compressional (P) and dilational (T) quadrants represent the average kine-
matics for each subset. The focal mechanism for the 1978 Richter (local) magnitude (M) 4.8 McNaughton Lake earthquake (Rogers et al.,
1980) is provided for comparison (lower right). Abbreviation: Gp., Group.

Bulldog Gneiss on the northeast side of the reservoir (Fig-
ure 3). Slickenlines were ranked according to confidence,
and care was taken to avoid mistaking riedel shears for the
more diagnostic mineral growths on the lee side of fault
plane asperities. Abundant subhorizontal slickenlines were
found, generally on subvertical fault planes on numerous
outcrops, distributed for 40 km south along the lake. The
majority of slickenlines indicated dextral slip. Few west-
side-down dip-slip slickenlines were observed. Subsets of

Geoscience BC Report 2020-02

slickenlines were identified manually, and kinematic anal-
ysis was performed on each subset using the Orient
software package (Vollmer, 2019). ‘Beachball’ plots (Fig-
ure 2) showing compressional (P) and dilational (T) quad-
rants were calculated based on the average kinematics ofall
faults within each subset.

A Richter (local) magnitude (My) 4.8 earthquake occurred
in the area on May 14, 1978 (Rogers et al., 1980), and was
initially investigated due to concerns that it may have been
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Figure 3. a) View south from the north end of the Kinbasket hydroelectric reservoir, captured at low water level in May 2018. Red dot shows
the location of the Canoe River thermal spring. b) Vestiges of dextral slickenlines in basal Neoproterozoic Windermere Supergroup on the
northeast side of the lake (lat. 52.5691°N, long. 118.8420°W). Fault is oriented 168°/63°, slickenlines (red arrow) are oriented 19°>192°.
c) Large, oxidized, fault plane in basal Windermere Supergroup on northeast side of lake (lat. 52.6202°N, long. 118.9424°W). Fault is ori-
ented 170°/54°, dextral slickenlines (not pictured) are oriented 15°>333°. d) Dextral slickenlines in Paleoproterozoic Bulldog Gneiss on
northeast side of lake (lat. 52.6412°N, long. 118.9759°W). Fault is oriented 139°/84°, slickenlines (red arrow) are oriented 15°>143°.

caused by the filling of the Kinbasket Lake reservoir (his-
torically referred to as McNaughton Lake). The preferred
focal mechanism for this earthquake was dominantly right
lateral, with a reverse component, on a south-southeast—
striking fault plane. Ultimately it was concluded that the
earthquake was not induced by the reservoir, but rather was
attributed to “stresses associated with residual strain en-
ergy stored during the mountain building process” (Rogers
etal., 1980). The orientation of the focal mechanism of the
McNaughton Lake earthquake is similar to the orientation
of fault planes and slickenlines observed in the area
(Figure 2).

Nakusp and the West Kootenay Region

Background

The West Kootenay region of southeastern BC has some of
the highest heat flow values in Canada (Blackwell and
Richards, 2004; Majorowicz and Grasby, 2010), and the
town of Nakusp bills itself as the Hot Spring capital of Can-
ada. Some of Canada’s hottest thermal springs, with the
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highest estimates of maximum temperatures (Grasby and
Hutcheon, 2001), exist in the area. Many thermal springs in
this area issue from the Kuskanax batholith (Figure 4), a
mid-Jurassic (173 +5 Ma) batholith that underlies most of
the mountain range to the northeast of Nakusp (Parrish and
Wheeler, 1983).

There are two fault zones in this area that are likely signifi-
cant controls on the local hydrogeology: the Columbia
River fault and the Slocan Lake fault. Both have previously
been interpreted as low-angle, east-dipping, brittle normal
faults, with a range of possible displacement. In the foot-
wall (west side) of the Columbia River and Slocan Lake
faults there are amphibolite- to granulite-grade metamor-
phic complexes, the Monashee and Valhalla, respectively.
These, like the Malton gneiss complex near Valemount, are
interpreted to be fragments of exhumed cratonic basement
(Ross, 1991). Rocks in the hangingwalls are generally
greenschist-grade metasedimentary rocks, and unmeta-
morphosed Jurassic and Cretaceous plutonic suites.

Geoscience BC Summary of Activities 2019: Energy and Water
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Figure 4. Geology of the West Kootenay region around Nakusp, British Columbia, after Cui et al. (2017). Lower-hemisphere stereonets
show fault plane and slickenline orientations for subsets of stations. Compressional (P) and dilational (T) quadrants represent the average
kinematics for each subset. Dextral kinematics were observed on the Columbia River fault and Slocan Lake fault, whereas reverse kinemat-
ics were observed in the transfer zone between Nakusp and New Denver.

Geoscience BC Report 2020-02

121



PN

Geoscience BC

The Columbia River fault (CRF) extends ~225 km south-
ward from the Mica hydroelectric dam (52°N) to the hamlet
of Burton on Lower Arrow Lake (50°N). At its northern
end, it merges with the RMT fault in Kinbasket Lake (Fig-
ure 1b). At its southern end, mapped displacement across
the fault gradually wanes to zero. Dip-slip displacements
estimated on the basis of offset metamorphic isograds
range from <1 km (Lemieux et al., 2003), 1-10 km (Lane,
1984), 15-80 km (Read and Brown, 1981) and 30 km
(Parrish et al., 1988). Excavations during construction of
the Revelstoke hydroelectric dam in the late 1970s pro-
vided the opportunity for detailed structural analysis of the
brittle Columbia River fault. Lane (1984) measured the ori-
entation of kinematic indicators at the damsite and at sev-
eral sites along Highway 23 to the north of the dam. He con-
cluded that primary displacement was extensional dip-slip,
with a later phase of dextral strike-slip motion that was
deemed insignificant. He also concluded that the right-
hand step in the trace of the fault at the damsite might be as-
sociated with vertical axis rotation during dextral
transpression. South of Revelstoke, the fault is parallel to
Upper Arrow Lake, and a segment is exposed onshore on
the east side of the lake immediately south of the Galena
Bay ferry terminal. Near Halcyon Hot Spring, the fault
swings southwest across the lake, and then trends parallel
to the west side of Saddle Mountain before terminating at
the hamlet of Burton (Figure 4).

The Slocan Lake—Champion Lakes fault system extends
~140 km from Summit Lake along Highway 6 between
Nakusp and New Denver, south along Slocan Lake,
through Castlegar, ending near Montrose. Interpreted deep
seismic reflection profiles from the Lithoprobe project in-
dicate that the fault zone dips shallowly east, penetrating
the Moho (Cook et al., 1992). The Slocan Lake fault (SLF)
is coincident with and overprints the surface trace of a
broad zone of ductile deformation, the Valkyr shear zone,
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that arches over the Valhalla metamorphic complex to the
east (Carr et al., 1987). South of Castlegar, the SLF be-
comes known as the Champion Lakes fault, and is mapped
as amoderate to steeply (40—80°) east-dipping normal fault
with a minimum of 1-2 km of offset (Corbett and Simony,
1984).

New Observations

Exposures of the brittle CRF and SLF described by previ-
ous authors were revisited in 2018 and 2019. At the Revel-
stoke damsite, both normal dip-slip and dextral strike-slip
kinematic indicators were observed in a splay of the CRF,
an observation consistent with that of Lane (1984). Farther
south along the CRF, west of Nakusp, across Upper Arrow
Lake, an outcrop of fault gouge originally interpreted as an
exposure of the locally northwestward-striking CRF by
Lemieux et al. (2003) was visited. The main schistose fab-
ric of the footwall rock was observed to strike west, and is
folded, forming small-amplitude south-vergent folds. Such
deformation is consistent with reverse faulting during
north-south shortening, rather than east-west extension. A
similar reinterpretation was made at a nearby outcrop origi-
nally mapped by Thompson et al. (2004).

In the region between southern Upper Arrow Lake and
northern Slocan Lake, a belt of east-west-trending faults
and folds occurs at a high angle to the regional strike. Creta-
ceous and Cenozoic intrusions appear to be affected by this
deformation: brittle faults are observed on the margins of
plutons, and felsic sills that intruded along the primary
cleavage planes are folded, forming south-verging folds
(Figure 5b). Age constraints on these intrusions are sparse,
so it is difficult to confirm the timing of this deformation,
but it is at least post-Cretaceous, if not post-Eocene. This
suggests that this region between the northern tip of the
Slocan Lake fault and the southern tip of the Columbia
River fault could be arestraining bend in a dextral system.

South

Figure 5. a) View south at outcrop on Highway 6 south of New Denver (lat. 49.8189°N, long. 117.4549°W). A 2 m wide subvertical brittle
dextral fault oriented 172°/74° cuts across shallowly east-dipping (008°/31°) ductile fabric of the Slocan Lake fault/Valkyr shear zone. White

wym

encircled dot and “x” indicate motion towards and away from the viewer, respectively. b) View east at outcrop on Highway 6 north of New
Denver (lat. 50.0555°N, long. 117.4323°W). Small, 20 cm wavelength, south-vergent folds are observed in felsic sills intruded parallel to the
Sy cleavage (oriented 278°/51°) of the Slocan phyllite. Circle is approximately 1.5 m wide.
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At two locations along the east side of Slocan Lake, where
the SLF crosses Highway 6, subhorizontal dextral slicken-
lines were observed on subvertical fault planes, in one case
on a brittle fault that cuts through the Eocene-aged Lady-
bird granite (Carr, 1992), and on another that cuts at a high
angle (Figure 5a) across the Eocene-aged ductile fabric of
the Valkyr shear zone (Carr et al., 1987).

The Jurassic Kuskanax batholith, from which several ther-
mal springs issue, has several north-south-striking faults
mapped through its core, which appear to be subvertical
based on their linear intersection with topography (Fig-
ure 4). Thompson et al. (2009) mapped these faults as
dextrally offsetting roof pendants of Paleozoic metavol-
canic rocks. It seems likely that these faults arose from the
same transpression that caused dextral motion on the CRF.

The Southern Rocky Mountain Trench and
the Redwall Fault

Background

There are seven thermal springs that occur along the eastern
edge the southern Rocky Mountain Trench between the
towns of Golden and Cranbrook (Figure 1b). Although the
springs along the SRMT are not extremely hot, neither at
depth nor at the surface (Grasby and Hutcheon, 2001), their
close association with the Redwall fault (Figure 6) make
them an interesting case study in structural controls of ther-
mal springs in the Cordillera.

The Redwall fault is an enigmatic structure that has not
been investigated in great detail since it was first mapped by
Henderson (1954). Its surface trace extends from the ham-
let of Edgeworth in the southern Rocky Mountain Trench,
passing just east of Radium Hot Springs. It continues south
along the Stanford Range, intersecting the Kootenay River
at the Red Rock warm springs, before disappearing near
Premier Lake. It has been suggested that it merges with the
Lussier River fault to the south, which also hosts several
thermal springs (Foo, 1979). The fault is subvertical for its
entire length, leading several authors to conclude that it
hosted either sinistral (Henderson, 1954) or dextral
(Charlesworth, 1959) motion. More recently, Foo (1979)
considered the Redwall fault to be a back-rotated thrust
fault.

The Redwall Fault is so-named due to the striking red col-
our of the fault zone, caused by hematite oxidation (Fig-
ure 7b). The fault zone occurs in conjunction with a zone of
subangular to subrounded, matrix-supported pebble to
boulder conglomerate. This texture was originally inter-
preted to represent a zone of Cretaceous fault breccia
(Henderson, 1954), but subsequent investigations have
suggested that most of the breccia may be due to pre-Creta-
ceous evaporite-solution collapse (Stanton, 1966; Price,
2000), a theory supported by the proximity of extensive
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gypsum deposits (Henderson, 1954). Stratigraphic offsets,
and evidence of shearing within the conglomerate, indicate
that it has subsequently been reworked by faulting (of un-
certain kinematics), following a décollement in the eva-
porites.

New Observations

Exposures of the Redwall fault near Radium, Invermere
and Canal Flats were visited in 2019. Dextral kinematic in-
dicators were observed at exposures of the fault immedi-
ately east of Radium Hot Springs, along the Westroc mine
road east of Invermere, and at the Red Rock warm springs
on the Kootenay River forest service road (Figures 6, 7). An
outcrop on a forest service road southwest of Lussier Hot
Springs displays red- and orange-stained microbreccia and
abundant slickenlines. It appears to share similar character-
istics with the Redwall fault, suggesting the Redwall fault
does not continue into the Lussier River fault as previously
suggested, but instead re-merges with the Rocky Mountain
Trench fault to the south-southwest (Figure 6). Dextral ki-
nematics were also observed near the south end of the
Lussier River fault, on a small splay fault, indicating that
dextral shear is distributed throughout the area.

It seems likely that the combination of primary permeabil-
ity of the conglomerate, and secondary permeability of
fractures, is what makes this single structure such a great
host of thermal springs. Itis clear from the oxidation of con-
glomerate clasts and surrounding matrix material, that the
Redwall fault has a protracted history of hydrothermal
flow. For example, at Red Rock warm springs, a large, lay-
ered tufa dome is present at the top of the cliff on the north
side of the Kootenay River. The dome is bisected by the
cliff such that the interior is visible, and no thermal water
presently flows. Another tufa deposit occurs a few kilo-
metres to the east along the forestry road. It is evident that
hydrothermal flow on the Redwall fault is ephemeral, and
that thermal springs have migrated along it through time.

Discussion

Fault Kinematics, Regional Stress and
Fault Permeability

New field observations and structural measurements from
this study have revealed three significant insights into the
structural characteristics governing fluid flow on fault
zones in the southeastern Canadian Cordillera: 1) the most
recent brittle fabric developed in these fault zones includes
subvertical, rather than shallowly dipping, shear surfaces;
2) dominant fault kinematics are dextral, and perhaps re-
flect a reactivation of older extensional structures; and
3) crosscutting relationships show that at least some of
these faults were active after the Eocene. These insights are
important for understanding where local zones of active
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Figure 6. Geology of the southern Rocky Mountain Trench from Radium to Cranbrook, after Cui et al. (2017). Lower-hemi-
sphere stereonets show fault plane and slickenline orientations for subsets of stations. Compressional (P) and dilational (T)
quadrants represent the average kinematics for each subset. Dextral fault kinematics were observed on the Redwall fault at
several locations. Abbreviation: SpGp., Supergroup.
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Tufa dome

Figure 7. a) Looking southwest at a tufa dome atop a cliff at the Red Rock warm springs on the Kootenay River (lat. 50.2389°N, long.
115.6963°W). No thermal water currently issues from the tufa dome. b) View south of the Redwall fault zone from Redstreak Mountain (lat.
50.6149°N, long. 116.0242°W). ¢) Looking east at a dextral fault plane oriented 304°/86° within the Redwall fault zone near Radium Hot

Springs. Red arrow shows slickenline orientation (30°>119°).

slip, dilation and extension might facilitate the upward flow
of thermal water.

In amagmatic, structurally controlled geothermal systems,
the orientation of the current regional stress field relative to
crustal faults is a critical factor in characterizing fault per-
meability. Faults and fractures that are oriented parallel to,
or between 30° and 45° to the stress field, will either dilate
or slip, respectively, thus permitting the flow of fluid
(Sibson, 1994; Barton et al., 1995). Furthermore, it has
been shown that local regions of extension (e.g., releasing
bends), especially in active transpressional systems, are
particularly favourable for fluid flow (Curewitz and
Karson, 1997; Faulds and Hinz, 2015).

The current stress state of the crust within the Cordillera is
not well constrained. The measurements that do exist are
derived from the inversion of moment tensors for earth-
quakes of moment magnitude (M,,) 4 and greater (Ristau et
al.,2007). Southeastern BC has a low level of seismic activ-
ity compared to the active margin on the west coast, and
only four earthquakes of M,, 4 or greater have occurred
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since record-keeping began in 1976. However, it is note-
worthy that all these earthquakes have focal mechanisms
that are consistent with dextral strike-slip motion on
roughly north-south-striking fault planes due to a north-
northeast—south-southwest oriented Sy, (Ristau et al.,
2007).

The alignment of the current Sy, vectors with the T-axes
of ‘beachball’ plots derived from field measurements fur-
ther suggests that the crustal earthquakes and observed
fault kinematics are both manifestations of neotectonic
strain in the Cordillera. In other words, it is possible that
these faults are still active at a low level due to the current
stress field. Thus, a rudimentary analysis of slip and dila-
tion tendency (e.g., Meixner etal., 2018) can be performed,
in order to determine which faults may be most permeable
under the present stress field. Maximum dilation will occur
on faults and fractures oriented parallel to Sy, Whereas
maximum slip will occur on segments oriented 30—45°
oblique to Symax (Figure 8). Faults oriented perpendicular
t0 Smax Will likely be less permeable. In Figure 8, the aver-
age orientation of the SLF, CRF, PTrF and RMTF are plot-
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Figure 8. Strain ellipse for approximate Symax (maximum horizontal
compression) orientation in southeastern British Columbia (Ristau
et al., 2007), and corresponding predicted modes of brittle defor-
mation on faults and fractures. Average orientations of the Rocky
Mountain Trench fault (RMTF), Purcell Trench fault (PTrF), Colum-
bia River fault (CRF) and Slocan Lake fault (SLF) are shown for ref-
erence.

ted relative to the approximate Syp,.y orientation in the
southeastern Cordillera (Ristau et al., 2007). In this config-
uration, the CRF, SLF and PTrF are oriented favourably for
dextral slip, whereas the RMTF might experience more
transpression. However, this simplistic representation of
the regional strain does not capture local variability in fault
geometry and stress orientations.

The Possibility of Blind Geothermal Systems

Convective geothermal systems with no modern surface
manifestation (called blind systems) are known to occur in
active geothermal fields throughout the world. For exam-
ple, blind systems constitute nearly 40% of known systems
in Nevada, and it is likely that far more are yet to be discov-
ered (Faulds and Hinz, 2015). Conceptual models for these
inconspicuous geothermal resources vary, but typically an
impermeable layer blocks the ascent of fluids, or cold in-
flux of shallow groundwater may dilute or divert a rising
plume (Dobson, 2016). It is conceivable that similar blind
systems exist in the Canadian Cordillera, masked by high
infiltration rates of cold meteoric water. Precipitation rates
are much higher in the Canadian Cordillera than in the arid
Great Basin of the southwestern United States, and thick
glaciogenic overburden may facilitate near-surface disper-
sion and dilution of any ascending plumes of geothermal
brine. Atleast one blind geothermal system has been identi-
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fied in the Canadian Cordillera, in the Bluebell mine at
Riondel (Figure 4). During mine operation in 1956, work-
ers encountered water approximately 20-30°C flowing
from cracks at 90—1000 L/s at a depth of ~300 m below
ground (Desrochers, 1992). This thermal water did not
flow to the surface, or, if it did, it had already cooled below
detectable levels. It is a statistical likelihood that other
blind systems remain undiscovered elsewhere in the Cana-
dian Cordillera, particularly due to the low “degree-of-ex-
ploration” (Coolbaugh etal., 2006) in the area. A first-order
prediction of their location may come from identifying
where local zones of slip and dilation occur, given the ori-
entation of faults in the current crustal stress field.

Conclusions

Potential geothermal resources in southeastern British Co-
lumbia (BC) are likely amagmatic and rely on the deep cir-
culation of thermal fluid along permeable fracture path-
ways. This regional-scale investigation of the structural
settings of hydrothermal systems in southeastern BC has
revealed a consistent pattern of dextral kinematics on brittle
subvertical fault planes coincident with the surface traces
of faults previously mapped as Eocene and Jura-Creta-
ceous in age; dextral kinematic indicators characterize the
Rocky Mountain Trench fault near Valemount, the Redwall
fault near Invermere, the Columbia River fault near
Nakusp, and the Slocan Lake fault near New Denver. The
timing of this transpressional deformation is constrained to
post-Eocene, based on crosscutting relationships observed
in Eocene-aged rocks. The north-northeast—south-south-
west stress field required for these kinematics is consistent
with the focal mechanisms of several crustal earthquakes
that have occurred in the region, suggesting that transpres-
sional strain has persisted from the Eocene to recent. Faults
oriented at 30—45° to Symax (Maximum horizontal compres-
sion) are most likely to slip, thereby maintaining fault per-
meability. Likewise, fractures oriented parallel to Sy,.x are
most likely to dilate and allow for fluid flow. Future geo-
thermal exploration efforts in southeastern BC should fo-
cus on fault segments oriented favourably in the stress
field, especially in light of the possibility of blind geother-
mal systems.
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Introduction

Western Canada has experienced rapid oil and gas develop-
ment over recent decades, particularly involving the ex-
ploitation of unconventional resources such as shale oil and
gas. In British Columbia (BC) alone, approximately 15 000
wells have been drilled since 2000, 64% of which are hy-
draulically fractured natural gas wells (BC Oil and Gas
Commission, 2018; E. Sandl, pers. comm., 2018). Con-
cerns about environmental impacts from such activities
have grown alongside this development, with a particular
focus on fugitive gas migration (Council of Canadian
Academies, 2014). Environmental impacts associated with
fugitive gas, composed primarily of methane (Darrah et al.,
2014), include degradation of groundwater quality (Kelly
et al., 1985; Van Stempvoort et al., 2005; Cahill et al.,
2017), explosive risk and greenhouse gas emissions (Vidic
et al., 2013; Bachu, 2017; Forde et al., 2019a).

In particular, groundwater methane is a topic of great inter-
est and concern in areas of intensive oil and gas develop-
ment. Due to methane’s ubiquitous natural presence in
groundwater, it can be difficult to delineate and distinguish
dissolved methane sources and distribution, and assess if
elevated levels bear any relation to oil and gas activity (e.g.,

This publication is also available, free of charge, as colour digital
files in Adobe Acrobat™ PDF format from the Geoscience BC web-
site: http://www.geosciencebc.com/updates/summary-of-
activities/.
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Osbornetal.,2011a, b; Saba and Orzechowski, 2011). This
is particularly true in regions where little or no baseline in-
formation is available, which is typically the case. Current
limitations in resolving the origins and nature of elevated
dissolved methane in regions of petroleum resource devel-
opment include 1) a lack of baseline data and 2) general re-
liance on domestic well data, which may introduce data bi-
ases and uncertainties (e.g., missing or unreliable well
construction information, unregulated sample collection
points, maintenance issues, etc.). Overall, great uncertainty
persists regarding the true extent of impacts from fugitive
gas due to a lack of conclusive data and systematic monitor-

ing.

In this project, the aim is to address such uncertainties in the
Peace Region of northeastern BC, an area of intensive his-
torical conventional and ongoing unconventional develop-
ment. Key aims of the project are to determine current
groundwater quality in the Peace Region with a specific fo-
cus on the distribution, concentration and origin of dis-
solved methane. Ultimately, the project aims to character-
ize groundwater systems across the Peace Region and
provide insights to assess potential anthropogenic impacts
to groundwater from oil and gas development and related
activities. The key aims will be achieved by 1) installing a
dedicated, targeted, purpose-built and scientifically de-
signed groundwater monitoring well network proximal to
energy wells for collecting samples to be analyzed for all
major aqueous chemistry parameters (including dissolved

131



£
AN

Geoscience BC

methane), and 2) installing a portion of these wells in areas
distant from oil and gas development to assess baseline
groundwater conditions in the region. Through the drilling
(including high-resolution geological logging and sam-
pling of sediment core) and installation of a groundwater
well network followed by regular, systematic geochemical
sampling, data will be collected to determine methane dis-
tribution and origin and its potential relationship to oil and
gas activity in the Peace Region. Additionally, as a legacy
the installed groundwater monitoring infrastructure will be
available for ongoing assessment of cumulative effects in
the context of continued natural gas development in the
region over the coming decades and provide a platform for
future research activities.

This paper describes the installation of the network and ini-
tial sampling program. Installation began in the summer of
2018 and was completed in the fall of 2019, with a total of
29 monitoring wells in the network. The first round of
groundwater samples from the completed network was col-
lected after the final wells were drilled and developed; lab-
oratory analytical results are currently pending. This paper
explains the design, planning and logistics for the monitor-
ing network installation, with details on project stages in-
cluding a) desktop studies, field reconnaissance and per-
mission process; b) drilling logistics and methods, core
logging and sampling, and well completions; and c) water
sampling conducted to date and plans for the future. The
data collected from these wells will complement existing
domestic and monitoring well data, and will be used to cre-
ate a comprehensive, robust and scientifically defensible
groundwater dataset from which policy and regulation can
be informed.

Background
Fugitive Gas Migration

Fugitive gas migration occurs when natural gas from target
or intermediate formations is unintentionally mobilized in
the subsurface during oil and gas development activities;
usually as a result of wellbore integrity failure or other cas-
ing issues (Cahill et al., 2019). Fugitive gas primarily con-
sists of methane (Darrah et al., 2014) and can travel to
ground surface where it may manifest as bubbling around
the wellhead or stressed vegetation, or often, go undetected
(Briskin, 2015; Province of British Columbia, 2018; Forde
etal., 2019b). The number of oil and gas wells with gas mi-
gration in Canada is not well known, but the current docu-
mented percentage of gas migration occurrences is 0.58%
(out of more than 25 000 wells) and 0.73% (out of more
than 300 000 wells) in BC and Alberta, respectively
(Bachu, 2017; E. Sandl, pers. comm., 2018). Current docu-
mentation may not reflect the true extent of the problem, as
identifying gas migration is often dependent on the effort
and resources spent to do so (e.g., Forde et al., 2019b). Fu-
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gitive gas migration is an existing and potentially growing
problem, which requires somewhat urgent consideration as
the population of active and inactive energy wells across
Canada and the world continues to grow, and age, with
more cases of leakage almost certain to manifest in the
future.

Geological Setting

The project area is a subset of the Peace Region, which is
located in the northeastern portion of BC, with an average
elevation of 610 m. The Peace Region is situated primarily
within the Alberta Plateau of the Interior Plains physio-
graphic subdivision of BC (Holland, 1964). In this area, the
plateau has been dissected by the Peace River forming the
Peace River Lowland (Holland, 1964). It is of low relief
with flat to gently undulating terrain. It includes the com-
munities of Fort St. John to the north, Dawson Creek to the
east and Chetwynd to the west and Tumbler Ridge to the
south of the project area. There are six main rivers flowing
within the area. They are the Peace, Pine, Murray, Halfway,
Beatton and Kiskatinaw rivers, serving to divide both the
overall Peace Region and the project area into five water-
sheds. The climate is characterized by long cold winters
and short warm summers with mean annual temperatures
below 0°C in the northern valleys. The average annual pre-
cipitation is estimated between 350 and 500 mm with ap-
proximately 200 mm falling as snow (Schaefer, 1978; En-
vironment and Climate Change Canada, 2019). The region
soils are dominated by luvisols, and land cover consists of
forest, grasslands and cultivated areas. Topography in-
cludes mountainous terrain in the south and west, capturing
a small portion of the Rocky Mountain Foothills, and a
relatively flat area in the northeastern portion (Holland,
1964; Catto, 1991).

Installation of the Energy and Environment
Research Initiative Groundwater
Monitoring Well Network

Overview

Commencing in August 2018 and ending in September of
2019, aregional groundwater monitoring well network was
installed in the Peace Region consisting of 29 monitoring
well stations (Figure 1). The project area was chosen as a
subset of the Peace Region that encompassed major popu-
lation centres and areas of both historical and ongoing re-
source development. Drilling and associated activities
were contracted to third parties, and all other work was car-
ried out primarily by The University of British Columbia’s
Energy and Environment Research Initiative (EERI) Moni-
toring Well Installation Project (MWIP) team, in particular
M.Sc. students M. Goetz and A. Allen. Significant support
was provided by BC Oil and Gas Commission, BC Ministry
of Forests, Lands, Natural Resource Operations and Rural
Development, and Geoscience BC personnel. Local
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Figure 1. The project area (black outline) and the locations of the 29 Energy and Environment Research Initiative (EERI) monitoring well
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community and government consultation was sought
throughout.

Table 1 provides an overview of well details, including lo-
cation, completion details, and relation to nearby energy
and domestic water wells. Nine out of the 29 monitoring
well stations are baseline stations, whose purpose are to
provide data for understanding the baseline groundwater
geochemistry in the region, including determining baseline
levels of dissolved methane. The other 20 stations are prox-
imal stations, which were positioned in areas of high energy
well density based on a set of criteria. One station, EERI-
18, contains two wells, EERI-18A and EERI-18B, which
have different well installations, the second to accommo-
date a Westbay Instruments (Westbay) installation (see
‘Westbay Multilevel Installations’ section for more detail).
Further information on site selection and installation of the
well network will be reported in subsequent sections.

Pre-Drilling Planning and Preparation
Well Selection Criteria

At the outset of the project, the MWIP team set a goal of ap-
proximately 30 wells for the network in consideration of
budgetary and other logistical factors. A general frame-
work was developed as a starting point to locate well sites,
with the foremost stipulation being that about one third of
the wells would be baseline wells and the rest proximal
wells. General criteria that applied to all wells included
factors such as

e regional coverage within the project area—spatially and
geologically representative;

e hydrogeological considerations such as targeting topo-
graphic lows in order to capture representative samples
of more evolved groundwater in nonrecharge areas, lo-
cating paleovalleys and targeting areas of low drift
thickness, and using available domestic and provincial
groundwater well resources to increase chances of
penetrating groundwater zones;

e reasonable road access and preference for sites on
Crown land for ease of permissions and continued long-
term access; and

e consideration of provincial observation well locations
to avoid duplication.

The main criteria used to classify wells as baseline and

proximal were the distance from the nearest energy well

and the density of energy wells within a 3 km radius. For
baseline wells, the following initial criteria were used as
guidelines for siting the wells:

e primarily, preferably no closer than 1.5 km from an en-
ergy well, with 1 km as a stricter bound (one groundwa-
ter monitoring well became an exception to this crite-
rion);

e secondarily, energy well density should be kept to a
minimum in the surrounding 3 km radius; and
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e an effort was made to select a portion of baseline sites
within 0.5-1 km distance from an existing water well
(domestic or provincial), which was assigned a paired
status as opposed to an unpaired status.

For proximal wells, the following initial criteria were used

as guidelines for siting the wells:

e less than 400 m from the surveyed location of an energy
wellhead (as close as logistically possible);

e maximize energy well density in the surrounding 3 km
radius; and

e as much as possible, given the small quantity of EERI
proximal groundwater monitoring wells compared to
the number of energy wells in the project area (approxi-
mately 7580 energy wells; BC Oil and Gas Commis-
sion, 2019), the closest energy wells to EERI proximal
wells should provide a general representation of the
overall energy well population in the project area, which
includes consideration of well status (active/aban-
doned/orphaned), orientation (vertical/horizontal/devi-
ated), and fluid type (gas/oil/mix), as well as future
development.

Even though great effort was given to adhere to the above
guidelines, some exceptions were made due to the need to
balance other criteria and field logistics. Site selection
quickly became limited due to a preference for installation
on Crown land. Installing wells on accessible public land
severely restricted the area available to locate wells in the
project area. If Ministry of Transportation and Infrastruc-
ture (MOTI) Crown land was selected, it was generally just
the width of aroadway corridor. The presence of buried and
overhead utilities and pipelines also restricted the use of
other available locations. An additional key constraint for
determining monitoring well location involved ensuring
appropriate space and terrain for a drill rig to operate,
which further limited options.

Wells were drilled over the course of the project in five
campaigns, each following the general work plan of desk-
top spatial analysis, ground-truthing, acquiring permis-
sions, drilling and installation. Each campaign informed
subsequent activities, in an iterative manner such that the
project progress became more streamlined. The first two
campaigns focused on drilling baseline wells, and the latter
three focused on proximal wells.

Spatial Analysis GIS Process

Prior to each of the five MWIP drilling campaigns, prelimi-
nary locations that conformed to the criteria above were as-
sessed using a GIS-based spatial analysis. Esri’s ArcMap
was used to visualize data from various sources. Domestic
well data, and surficial attributes (such as hydrology, roads,
elevation contours) were retrieved from the BC Data Cata-
logue (DataBC, 2019a). Groundwater geochemical data,
used primarily for baseline well site selection, was taken

Geoscience BC Summary of Activities 2019: Energy and Water
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from a database of groundwater in northeastern BC, which
has been compiled as part of the Northeast BC Aquifer
Characterization Project (D. Kirste, work in progress). En-
ergy well data was retrieved from the BC Oil and Gas Com-
mission Open Data Portal (BC Oil and Gas Commission,
2019). Drift thickness and bedrock topography were ob-
tained from Hickin and Fournier’s (2011) preliminary
maps. Unfortunately, the drift thickness data did not cover
the entire MWIP area and the drilling results from this pro-
gram did not match the small scale preliminary interpreta-
tion. Data from drilling programs such as this will be useful
for refining the understanding of local bedrock topography
and drift thickness.

Buffers for the domestic water wells and energy wells were
subsequently created in ArcMap using their corresponding
criteria’s radii. The energy well density was determined and
visualized using the BC Data Catalogue’s British Columbia
Geographic System (BCGS) 1:5000 scale grid (DataBC,
2019b) to create grid cells of 9 km?, in combination with the
‘Spatial Join’ tool to attribute the number of energy wells
per grid cell. The grid cell size of 9 km” was chosen in order
to be large enough to capture multiple energy well pads ina
single cell, and to be reproducible using a publicly
accessible grid.

Buried Utilities and Ground-Truthing

Two methods were used in concert to determine viability of

a site based on the location of underground utilities:

1) AccuMap™ oil and gas mapping software (IHS Markit,
2019) was used to visualize locations of high-pressure
oil and gas pipelines. For monitoring well site selection,
a minimum distance of 30 m from pipeline right-of-
ways would have to be maintained to avoid requiring a
Proximity Agreement from the corresponding energy
company. This agreement requires some lead time, and
was avoided in all site selection cases in order to reduce
logistical delay.

2) The online BC 1 Call website (https://www.bclc.ca/)
was used to locate all underground utility types. Tickets
were submitted online for each location of interest,
BC I Call identified any buried lines and the appropriate
utility companies were subsequently contacted for per-
mission. Types of utilities included telecommunication
lines, underground ducts, low-pressure gas pipelines
and high-pressure energy pipelines.

Prospective locations that passed the buried utility investi-
gation graduated to ground-truthing. Team members trav-
elled to these locations for field reconnaissance/verifica-
tion. Field reconnaissance involved checking to see if 1) the
location was viable for drill rig access, 2) overhead utilities
would interfere with the drill rig and 3) the surface area was
large enough for drill rig set up. During these trips, any
landowners located in proximity of potential drill locations
were contacted in person to be informed of drilling activi-
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ties. This process typically took place a couple weeks be-
fore the drilling campaign commenced and was combined
with prior drilling campaigns when possible.

Permissions Process

The MWIP permission requirements can broadly be di-
vided into four categories according to land ownership
type:

e the majority of monitoring wells are located on MOTI
land, which are narrow strips (<20 m) of Crown land be-
tween public roads and the property lines of private
landowners, these monitoring well locations required a
permit from MOTI prior to drilling;

e two monitoring wells are located on Crown community
pasture land (EERI-8 and EERI-24), these locations did
not require any official permission;

e several monitoring wells are located adjacent to energy
well pad access roads, which are on private land; these
locations required verbal, email and/or contractual per-
mission from both the private landowner and the energy
well pad owner; these locations were selected to ensure
some monitoring well locations attained the greatest
proximity to energy wells;

e two monitoring wells are located on private land (EERI-
4 and EERI-5), owned by a ranch owner with long-term
involvement in other EERI-related research.

Challenges and Limitations

Key limitations which inhibited installing monitoring wells

in ideal locations included

e buried utilities: areas of interest with high density en-
ergy wells typically had a high density of buried high-
pressure pipelines, many of which run parallel to public
roads, under MOTI land;

e incompatible land use/cover: power lines, steep/narrow
ditches and marshes prevent drill rig access and set up,
which requires a relatively flat, dry working space with
a minimum footprint of 25 by 4 m; these hazards were
not always evident when siting the wells using Google
Earth;

e private land ownership: most private landowners were
in support of monitoring well installation on or adjacent
to their property; in some instances, landowners did not
support monitoring well installation on their property
for various personal reasons (e.g., noise while drilling,
stigma of potentially contaminating or exhausting their
water source);

e cnergy well pads: energy well pads are typically 100—
200 m in length and width, and drilling directly on the
well pads was not viable due to additional permissions
needed from the well pad owner; finding sites off well
pads but within the 400 m criterion was challenging, as
the selection area was limited and factors such as road-
side ditches, fences, tree cover and other terrain obsta-
cles further restricted options.
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Drilling Campaigns

The timeline of the five campaigns conducted for the EERI
groundwater monitoring well network is shown in Table 2.
Drilling contractors, drilling method and installation types
evolved throughout the project as the MWIP team learned
from challenges and new information during each cam-
paign. Overall, installations were designed to conform to
provincial groundwater monitoring well standards, with
two boreholes reserved for Westbay multilevel installa-
tions. The latter were chosen during drilling, based on geo-
logical, hydrogeological and geographic suitability. In
some cases, other multilevel installations and soil gas ports

were constructed (Table 1). A summary of each drilling
campaign is given below.

Campaign 1: The first four baseline monitoring wells were
installed using a truck-mounted Terra Sonic International
TSi 150T SONIC rig. A primary reason for choosing a
sonic drilling method was that sonic coring results in highly
preserved intact samples from unconsolidated sediments,
which show the highest level of lithological detail. How-
ever, a major limitation was the TSi drill’s inability to ad-
vance through the top portion of weathered bedrock (e.g.,
incompetent shale), which is a common lithology in the

Table 2. Timeline of the five drilling campaigns conducted over the course of the project.

Drilling campaign Dates EERI wells completed Drilling methods
1 Aug. 22-Sep. 1, 2018 1to 4 Sonic
2 Feb. 3—-12, 2019 5t06 Air rotary
3 Jun. 19-Jul. 7, 2019 71014 Sonic, air rotary, diamond (HQ core)
4 Aug. 1-20, 2019 151023 Sonic, air rotary, diamond (HQ core)
5 Sep. 15-27, 2019 24 to 29 Sonic, air rotary

9 » / 0, ‘ ¢ ol e i = g a
Figure 2. Drilling activity during the summer of 2019 campaigns: a) drilling at well EERI-26; b) installing polyvinyl chloride (PVC) pipe at well
EERI-15; c) logging core at well EERI-21; d) view of well EERI-18 drill site (left-middle) with well pad in the foreground (right) and a natural

gas processing plant in the distant background (on the ridge).
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Peace Region. As aresult, target depths were not reached in
most cases on this campaign.

Campaign 2: This campaign used a truck-mounted
Ingersoll Rand TH60 air rotary rig with bedrock coring
abilities. Air rotary drilling was chosen in response to the
difficulties encountered during the previous campaign with
sonic methods in bedrock. This campaign was plagued by
unexpected extreme cold conditions (a severe cold weather
warning issued the day prior to commencement leading to
temperatures lower than —40°C), which resulted in several
delays and only two monitoring wells being completed out
of a planned four. Monitoring well installations for this
campaign were 17.8 cm (7 in.) steel surface casing through
overburden, with the bedrock section left open-hole due to
cold weather—related complications. Leaving the boreholes
open-hole allowed flexibility in constructing other well
installations at a later date in better conditions.

Campaign 3: Eight monitoring wells were installed using a
Boart Longyear LS™600 track-mounted sonic rig. This
drill rig was capable of switching between sonic, air rotary
and diamond core drilling methods, which was found to be
very advantageous for this project. The track mount was an
additional advantage, providing more flexibility to drill in
variable terrain. The typical drilling sequence was drilling
sonic through the overburden and then through the incom-
petent bedrock (which the LS 600 was able to do). If no pro-
ductive formation had been encountered at that point, the
driller would switch to air rotary to continue through com-
petent bedrock in search of productive fracture networks.
Monitoring well installations for this campaign were single
screen 7.6 cm (3 in.) PVC pipe, with 3—6 m of screen. The
only exception was EERI-11, which was drilled with HQ
diamond coring through bedrock and left open-hole for
subsequent Westbay installation.

Campaigns 4 and 5: Due to the success of the third cam-
paign, the same drill rig, method and equipment were used
for these remaining campaigns. The majority of completed
monitoring wells were single screen 7.6 cm (3 in.) PVC
pipe, with 3-9 m of screen. The exceptions were EERI-17,
which had an additional shallow gas tubing port; EERI-
18B, which was drilled with the same method as EERI-11,
HQ diamond coring and left open-hole for subsequent
Westbay installation; and EERI-22, which used 10.2 cm
(4 in.) PVC pipe instead of 7.6 cm (3 in.) PVC pipe due to
material limitations.

Well Development

All wells, except for the two artesian wells and the two
wells slated for Westbay installations, were developed dur-
ing campaigns 3-5 using the airlift method with a trailer-
mounted air compressor. Wells were screened with 20-slot
PVC screen of varying length depending on the well and
geology, generally 3 m, and sand packed with 10/20 filter
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sand to a minimum of 3 m above the top of the screen. Well
development typically took place between two and ten days
following the well completion, and wells were airlifted for
aminimum of two hours or until the water was clear or clar-
ity was no longer seen to be improving noticeably.

Geology and Core Sampling

The well-documented heterogeneity and unpredictability
of the Peace Region Quaternary geology presents a great
challenge for shallow monitoring well installation. The
main confining units, diamict (Figure 3a) and glaciolacus-
trine clay (Figure 3b), were the most common sediment
types encountered. Drill core was logged throughout drill-

Figure 3. Examples of common lithologies found during drilling in
the Peace Region: a) core from well EERI-12 showing silty, fine
sand diamict (10 metres below ground level [mbgl]); b) core from
well EERI-9 showing glaciolacustrine clay (15 mbgl); ¢) core from
well EERI-17 showing sandy gravel overlying bedrock shale (con-
tact at 23 mbgl); and d) HQ core from well EERI-18B showing
Dunvegan Formation medium sandstone (11 mbgl).
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ing and the EERI monitoring wells were generally screened

in four different lithologies:

1) sand/silt: this was the least common screened lithology,
as these sediments were encountered at very shallow
depths and were not very productive in most cases;

2) gravel: gravel units were typically encountered near the
centre of paleovalleys, and sometimes overlaid the top
of the bedrock as a basal gravel (Figure 3c¢);

3) sandstone/conglomerate: the most productive monitor-
ing wells were screened in Dunvegan Formation sand-
stone (Figure 3d), which is a common aquifer source for
domestic wells in the Peace Region; conglomerate was
only encountered in EERI-21;

4) shale/siltstone/mudstone: monitoring wells in these
bedrock units have moderate to low yield, and they were
typically screened because a more permeable unit had
not been encountered.

Sediment core samples were taken of every EERI monitor-
ing well during logging and are in the process of being ana-
lyzed in the Aqueous Geochemistry Lab in Earth Sciences
at Simon Fraser University (Burnaby, BC) and the ALS-
Geochemistry laboratory (North Vancouver, BC) in order
to determine a depth profile of various physical and chemi-
cal properties. During air rotary drilling, grab samples of

Figure 4. Installation of Westbay Instruments system in well EERI-
11. The foreground shows the layout of the packers (green) and
casing with measurement and pumping ports (white casing) during
installation.
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drill cuttings were collected directly from the cyclone.
Samples for targeted sequential extractions and cation ex-
change capacity analysis were taken every 1.5 m (5 ft.), and
samples for permeability and grain size distribution analy-
sis were taken once per hydrostratigraphic unit. Select sam-
ples will be used for X-ray diffraction and energy-disper-
sive X-ray spectrometry analysis.

Westbay Multilevel Installations

Westbay systems provide the advantage of allowing data
collection at multiple discrete depths within a single well.
These systems consist of a series of alternating packers and
casing that contain hydraulic head measurement and pump-
ing ports (Figure 4). The packers hydraulically seal differ-
ent zones from one another, whereas the measurement and
pumping ports allow direct connection with the formation
in the designated monitoring zone. Westbay systems there-
fore allow the attainment of high-resolution vertical pro-
files of chemistry and hydraulics, which is advantageous in
tracking variations and sources of methane concentrations
in groundwater and delineating flow systems and vertical
hydraulic connectivity. Two proximal wells were com-
pleted with Westbay systems in the Groundbirch area west
of Dawson Creek, EERI-11 and EERI-18B (Figure 1).
Based on lithological logs and wireline geophysics data
from EERI-11, the Westbay systems were designed by the
MWIP team and Westbay personnel and customized to
each borehole (Table 3). The MWIP team assisted with in-
stallation and were trained on the Westbay sampling
system. The first set of samples from these wells was col-
lected in late September.

Groundwater Sampling

Groundwater samples will be collected from the newly in-
stalled EERI monitoring well network three times per year:
early spring, summer and late autumn. To date, one full

Table 3. Depth of zones, measurement ports and pumping
ports for Westbay Instruments systems in wells EERI-11 and
EERI-18B. All depth measurements are metres below ground
level.

Zone Measurement Pumping port Top of Bottom of
port depth depth zone zone
EERI-11
1 70.9 72.4 70.7 76.6
2 64.8 66.3 64.6 66.7
3 58.7 60.2 58.5 60.6
4 55.7 57.2 55.4 57.6
5 52.6 54.1 52.4 54.5
6 49.6 51.1 49.4 51.5
7 45.0 46.5 44.8 48.5
EERI-18B

1 39.7 41.2 39.5 416
2 33.6 35.1 334 355
3 254 26.9 251 273
4 19.6 211 19.3 215
5 16.5 18.0 16.3 18.4
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sampling round has been carried out for the entire network
(with the exception of EERI-27), which occurred late Sep-
tember—early October 2019, and wells that were installed at
the beginning of the drilling process have had additional
samples taken at earlier dates (Table 4). Water samples are
obtained using either a Grundfos MP1 groundwater sam-

pling pump or a Waterra Pumps Limited D-25 inertial foot
valve when necessary.

Sample types, collection methods and analytical methodol-
ogy are summarized in Table 5. Groundwater field parame-
ters including temperature, pH, electrical conductivity

Table 4. Record of number and date of sampling rounds taken at each well in the Energy and Environment Research
Initiative groundwater monitoring well network. Sampling rounds generally consist of measuring field parameters
(temperature, pH, electrical conductivity, dissolved oxygen and oxidation-reduction potential) and collecting water
samples for analyses described in Table 5. Where sampling deviated from this collection regime, a note is made.

Well Nu[nber of Sample dates Notes
name sampling rounds
EERI-1 3 Dec. 4, 2018; Jun. 28,2019;  Laboratory analysis of major and minor cations, trace
Sep. 28, 2019 metals, and anions completed for first two sample suites
collected. Other analyses and third round sample
analyses are in progress.
EERI-2 3 Dec. 4,2018; Jun. 26, 2019; Same as above.
Oct. 1, 2019

EERI-3 2 Jun. 28, 2019; Oct. 7, 2019 Laboratory analysis of major and minor cations, trace
metals, and anions completed for first sample suite
collected. Other analyses and second round sample
analyses are in progress.

EERI-4 2 Dec. 5, 2018; Oct. 5, 2019 Same as above.

EERI-5 2 Jul. 2, 2019; Oct. 5, 2019 Same as above.

EERI-6 2 Jun. 27, 2019; Oct. 4, 2019 Same as above.

EERI-7 2 Jun. 26, 2019; Oct. 1, 2019 Same as above.

EERI-8 2 Jul. 8,2019; Sep. 30, 2019 Same as above.

EERI-9 2 Jul. 10, 2019; Oct. 3, 2019 Same as above.

EERI-10 2 Jul. 8,2019; Oct. 3, 2019 Same as above.

EERI-11 1 Sep. 27,2019 Westbay multilevel well. Water sample suite taken, but
system precludes use of flow-through cell for field
parameters to be measured. Laboratory analysis is in
progress.

EERI-12 2 Jul. 8,2019; Sep. 29, 2019 Laboratory analysis of major and minor cations, trace
metals, and anions completed for first sample suite
collected. Other analyses and second round sample
analyses are in progress.

EERI-13 2 Jul. 8, 2019; Oct. 6, 2019 Same as above.

EERI-14 2 Jul. 12, 2019; Oct. 6, 2019 Same as above.

EERI-15 1 Oct. 6, 2019 Laboratory analysis is in progress.

EERI-16 1 Oct. 7, 2019 Laboratory analysis is in progress.

EERI-17 1 Oct. 7, 2019 Laboratory analysis is in progress.

EERI-18A 1 Sep. 30, 2019 Laboratory analysis is in progress.

EERI-18B 1 Sep. 25, 2019 Westbay multilevel well. Water sample suite taken, but
system precludes use of flow-through cell for field
parameters to be measured. Laboratory analysis is in
progress.

EERI-19 1 Oct. 3, 2019 Laboratory analysis is in progress.

EERI-20 1 Oct. 2, 2019 Laboratory analysis is in progress.

EERI-21 1 Oct. 1, 2019 Laboratory analysis is in progress.

EERI-22 1 Oct. 5, 2019 Laboratory analysis is in progress.

EERI-23 1 Oct. 5, 2019 Laboratory analysis is in progress.

EERI-24 1 Oct. 2, 2019 Laboratory analysis is in progress.

EERI-25 1 Oct. 2, 2019 Laboratory analysis is in progress.

EERI-26 1 Oct. 3, 2019 Laboratory analysis is in progress.

EERI-27 0 N/a Water level was deeper than the length of the pump;
field parameters and samples unable to be collected.

EERI-28 1 Sep. 29, 2019 Laboratory analysis is in progress.

EERI-29 1 Sep. 30, 2019 Laboratory analysis is in progress.

Abbreviations: N/a, not available; Westbay, Westbay Instruments.
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Table 5. Summary of sample types, collection method and analysis methodology to be performed three times per year for all wells

in the Energy and Environment Research Initiative groundwater monitoring well network.

Sample type Collection/preservation

Analysis method

Analytical results

ICP 125 mL volume, filtered and Inductively coupled plasma—emission
spectrometry (ICP-ES) and inductively
coupled plasma—mass spectrometry

preserved with ultra-pure
nitric acid to 2% by volume

Major and minor cations, trace
metals, rare-earth elements

(ICP-MS)
Anions 250 mL volume, filtered lon chromatography, alkalinity titration,  Alkalinty (as HCO5'), major anions,
isotope ratio mass spectrometry oxygen-deuterium isotopes
Carbon-14 500 mL volume, filtered, Accelerator mass spectrometry ('*C),  5'°C and 8'“C
preserved with 2 mL. of 5M isotope ratio mass spectrometry (6130)
NaOH and SrCl,
3H 1000 mL volume, filtered, no Liquid scintillation counting (LSC) Tritium enrichment

headspace

~250 mL volume, collected
in evacuated sample vials
containing bactericide

Dissolved gas Numerous

and soil gas

He, HQ, OQ, NQ, CH4, COz, HQS, and
higher chain hydrocarbons, as well as
5'3C for CH, and CO,

Abbreviation: M, molar

(EC), dissolved oxygen (DO), and oxidation-reduction po-
tential were measured onsite using Thermo Scientific™
Orion™ 3-Star digital multiparameter meters during sam-
ple collection. Alkalinity (as HCOj3") was measured by titra-
tion using a Mettler Toledo EasyPlus Titrator Easy pH
system.

Filtered samples were collected from each well for anion
and elemental analysis, as well as determining stable iso-
topes of water, dissolved gases, tritium and carbon-14 con-
tents. Groundwater samples for major and minor cations,
trace metals and rare-earth elements were preserved with
ultra-pure nitric acid (HNOs3) to 2% by volume, for analysis
by inductively coupled plasma—emission spectrometry
(ICP-ES) and inductively coupled plasma—mass spectrom-
etry (ICP-MS) at the Applied Geochemistry group (AGg)
Chemistry Lab at the University of Calgary (Calgary, AB).
Separate samples remained unacidified for analysis of ma-
jor and minor anions by ion chromatography (IC), dating
analysis of tritium isotope (*H) by liquid scintillation
counting (LSC), and analysis for deuterium and oxygen
isotope composition by isotope ratio mass spectrometry
(IRMS). Additional samples were preserved by precipita-
tion of dissolved inorganic carbon as SrCO; through the ad-
dition of NaOH and SrCl, for analysis of §"°C using IRMS.
Groundwater samples will be analyzed for tritium content
by enrichment and low level proportional counting at the
University of Miami’s Tritium Laboratory (Miami, Flori-
da). Samples for carbon-14 will be determined by accelera-
tor mass spectrometry (AMS) and §"°C by IRMS at the
Andr¢ E. Lalonde Accelerator Mass Spectrometry Labora-
tory at the University of Ottawa (Ottawa, ON). Dissolved
gas and soil-gas samples were analyzed at the AGg Chem-
istry Lab using gas chromatography (Varian, Inc. CP4800
portable gas chromatograph). Isotopes of carbon and hy-
drogen of methane were analyzed by isotope ratio mass
spectrometer (Thermo Electron Corporation Finnigan™
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MAT 253 with Thermo Scientific TRACE™ GC Ultra gas
chromatograph and GC IsoLink™ IRMS system), at the
University of Calgary’s Isotope Science Laboratory.

Conclusions

The EERI groundwater monitoring well network was suc-
cessfully completed with 29 monitoring stations installed
across the Peace Region. These stations were strategically
located to monitor both baseline groundwater geochemis-
try and groundwater geochemistry in proximity to oil and
gas activity. Initial groundwater samples of the entire net-
work were collected in September to October 2019, with
continued sampling planned to occur three times each year.
Furthermore, the EERI groundwater monitoring well net-
work will provide opportunities for collaboration and use
by other parties who may benefit from the network. The
EERI wells have already been used for downhole seismic
studies (Monahan et al., 2020), and there is current interest
in future work with other partners. Thus, the EERI ground-
water monitoring well network will not only allow ongoing
data collection to better understand groundwater methane
in the context of oil and gas development, but also offer a
resource for additional scientific studies in the Peace
Region.
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Introduction

This paper summarizes the past twelve months of a research
program aimed at advancing knowledge on fugitive natural
gas migration in groundwater. Research activities were car-
ried out at the Hudson’s Hope Field Research Station
(HHFRS) located in northeastern British Columbia (BC;
Figure 1). In the summer of 2018, natural gas was intention-
ally injected into the subsurface; the physical and biogeo-
chemical conditions associated with this injection have
been monitored ever since. The installation of HHFRS and
previous activities at the site are described in Cahill et al.
(2019a, b).

This publication is also available, free of charge, as colour digital

files in Adobe Acrobat®™ PDF format from the Geoscience BC web-
site: http://www.geosciencebc.com/updates/summary-of-
activities/.

Geoscience BC Report 2020-02

Fugitive gas (FG) describes natural gas that has been unin-
tentionally released in the subsurface in the context of en-
ergy resource development. Gas migration (GM) occurs
when fugitive gas is released in the subsurface outside of an
energy well casing and into the adjacent formation(s), as
opposed to fugitive gas that leaks inside the well casing and
manifests as surface casing vent flow (SCVF). Although
both FG and GM were identified long ago (Chafin, 1994;
Dusseault et al., 2000), significant knowledge gaps regard-
ing gas migration, environmental impacts and environmen-
tal fate still exist, largely because of the complexity of the
physical and biogeochemical processes involved, but also
due to the distinct geological environments of the various
resource plays. Consequently, there is a pressing need to
address knowledge gaps related to FG and GM in north-
eastern BC, particularly in light of the technological im-
provements in unconventional production methods in the
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Figure 1. Location of the Hudson’s Hope Field Research Station in the context of oil and gas activity in northeastern British Columbia (Cahill

et al.,
fields and base map features retrieved from DataBC (2019a—d).

last decade and the accompanying increase in exploration
and development of petroleum resources (Council of Cana-
dian Academies, 2014). A principal objective of this re-
search program, and the Energy and Environment Research
Initiative (EERI) at The University of British Columbia
(UBCQ), is to provide the science knowledge base that can be
used to inform the management of oil and gas development
in BC. By conducting a controlled natural gas release ex-
periment in an area of active oil and gas development, the
aim 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 FG monitoring and
detection methodologies; and 3) inform regulations to
facilitate safe and sustainable development of natural gas
resources.

Background

Subsurface Gas Movement Fundamentals

In the subsurface, natural gas can move in a gas phase,
sometimes called a free-phase gas, or as a dissolved compo-
nent in groundwater. The GM in the subsurface is therefore
governed by multiphase (gas phase and liquid phase) flow
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2019a). Co-ordinates are in NAD83 BC Albers. Well locations retrieved from AccuMap™ (IHS Markit, 2019). Oil and gas regional

and transport, which are controlled by the complex physics
and chemistry of the two fluids and the porous media
(Parker, 1989; Mercer and Cohen, 1990). Below the water
table, free-phase gas will move principally in response to
buoyancy and viscosity forces, whereas dissolved gas will
move as a solute with groundwater flow, which is con-
trolled by the hydrogeological conditions at a given site
(i.e., recharge area locations, topography, etc.). Free-phase
gas is subjected to vertical buoyancy forces that will induce
vertical movement toward the surface unless intercepted by
low-permeability strata such that entry into pore space is in-
hibited. If not intercepted, free-phase gas will advance
from the saturated zone and enter the vadose zone, where,
following any degradation processes, it will emit to atmo-
sphere.

The process by which free-phase gas moves, that is, enters
into a pore space originally occupied by a liquid, is con-
trolled by the pressure difference between the gas phase
and the adjacent liquid phase. This difference in pressure
between the phases is called the capillary pressure, which is
controlled by the properties of the gas, liquid, geological
materials and the pore sizes of the material. For the gas to
enter pores that are occupied by liquid, the gas must dis-
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place or ‘push’ the liquid out. It can do this if the capillary
pressure is greater than the pressure required to displace the
liquid, called the gas-entry pressure.

These free-phase gas dynamics allow a general statement to
be made about where to find free-phase gas in the subsur-
face: because gas-entry pressures are lower for larger pores
(Berg, 1975), the free-phase gas will tend to occupy and
move through the larger pores and/or fractures in the sub-
surface. Conversely, free-phase gas movement will be in-
hibited by materials with smaller pore sizes, which typi-
cally have low permeability and require higher entry
pressures to advance. The materials or strata that inhibit gas
entry into their pore space are called capillary breaks or ca-
pillary barriers. With this background, a simple conceptual
description of the physical transport of gas in the subsur-
face can be introduced that will apply at this field research
station. This will be followed by a conceptual description
of the associated biogeochemical processes in the sub-
surface.

Conceptual Model of Free-Phase Gas and
Dissolved Gas Flow and Transport

The upward flow of free-phase gas below the water table in
the subsurface is similar to the downward flow of a dense
liquid through a less dense liquid. Ifa dense liquid is poured
into water in a tank, it will move vertically downward until
itencounters the bottom of the tank, where the denser liquid
will pool and then spread horizontally along the tank bot-
tom. If the tank bottom is not horizontal, the denser liquid
will move downslope by gravity along the tank bottom. If
there is a local depression, the denser liquid will pool and
become trapped in the depression. These same ideas apply
for a free-phase gas except that buoyancy forces act verti-
cally upward as opposed to downward. A free-phase gas is-
suing from a source below the water table will move verti-
cally upward until it encounters a capillary break, where it
will pool and spread, and move upslope if the surface of the
capillary break material (e.g., a silt or clay) is not horizon-
tal, or pool and become trapped if there is a local convex im-
pression in the bottom of the strata. Examples of this can be
found in air-sparging literature, which describes when air is
injected into the subsurface to enhance the removal of vola-
tile contaminants (Ji et al., 1993).

If while moving along the bottom of the capillary-break
surface, the gas encounters pores or fractures that are suffi-
ciently large for the prevailing capillary pressures, the gas
will enter the large pore or fracture and move upward. The
gas pool under the capillary break will then be able to
‘drain’ upward until it either encounters another capillary
break, or it crosses the water table. Larger pores, coarser
materials and wider fractures are therefore important pref-
erential flow paths for free-gas movement in the sub-
surface.

Geoscience BC Report 2020-02

Akey question for a given site where gas is leaking at some
depth into the subsurface is whether that gas can cross the
water table and enter into the near-surface pore space that is
connected to the atmosphere in the vadose zone. If so, it can
then be emitted through the unsaturated subsurface and
reach the atmosphere, where methane acts as a greenhouse
gas (Forde et al., 2019a).

Natural gas can also move with groundwater as a dissolved
gas. The hydrogeology of the subsurface controls ground-
water flow directions, magnitudes and velocities, whereas
the total flux of dissolved gas that can be transported in
groundwater depends upon the amount of gas that can dis-
solve and the groundwater flow rate. The amount of gas that
can dissolve per unit volume of water at equilibrium in-
creases with water pressure (the dissolution of carbon diox-
ide is also affected by pH) and to a lesser degree tempera-
ture. Generally speaking, deeper groundwater has higher
water pressure (and in general temperatures) and accord-
ingly can dissolve more gas. The rate at which gas dissolves
will depend strongly on the surface-to-volume ratio of the
free-phase gas and the rate at which water flows by the free-
phase gas zones in the subsurface. Gas will dissolve into
water more readily if the free-phase gas has a relatively
large surface area, and the water flow past the free-phase
gas is relatively fast.

The principal biogeochemical process that affects GM in
the subsurface is oxidation of methane. With the exception
of explosive conditions, methane oxidation is kinetic; that
is, it does not occur instantaneously, but at rates that depend
upon biogeochemical conditions and temperature. Funda-
mentally, oxidation is a transfer of electrons from the car-
bon in methane to an electron acceptor such as oxygen.
Generally speaking, bacteria in the subsurface mediate
many, if not most, of the oxidation reactions for their respi-
ration (Lovley and Chapelle, 1995). Bacteria can ‘burn’
methane by ‘breathing’ oxygen, creating carbon dioxide
and water. Other dissolved and mineral phases can also
serve as electron acceptors, most notably dissolved nitrate
and sulphate and solid oxide mineral phases, principally of
iron and manganese (Christensen et al., 2001). Methane
can be oxidized in absence of oxygen in the subsurface in a
process called anaerobic oxidation, affecting the concen-
trations of nitrate, sulphate and iron dissolved in water and
generating several byproducts including hydrogen sul-
phide and trace metals such as arsenic (Forde etal., 2019b).

An important question is if, and how quickly, will methane
in natural gas oxidize in the subsurface. Most often, oxida-
tion in the presence of oxygen is faster than anaerobic oxi-
dation, and oxidation at higher temperatures is faster than at
lower temperatures (Appelo and Postma, 2005). This sug-
gests that oxidation of methane in groundwater or in the soil
gas will be more rapid near the surface where oxygen is
more likely to be present, and in the summer when tempera-
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Figure 2. Conceptual model of gas migration and fugitive gas associated with energy
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Experiment

» Groundwater flow direction

At HHFRS, an active controlled natu-

2018 to present, efforts have focused on

wells (modified from Cahill etal., 2017). Fugitive gas may affect the saturated zone (below characterization and monitoring of
the water table), the unsaturated zone (with a gas phase connected to the atmosphere)  groundwater quality, flow conditions,

and the atmosphere. Gas moves vertically but can be directed laterally along capillary

breaks such as silt or clay layers.
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Figure 3. Surface location of monitoring wells in the study area as of October
2019.

tures are higher. These processes are summarized in Cahill

surface effluxes, gas compositions and
changes in geophysical conditions.

To better constrain the sedimentary architecture at
HHFRS following observations of gas migration,
atotal of 15 new sampling ports in six nested wells
were added to the groundwater monitoring well
network in September 2019 (Figure 3). Boreholes
were drilled by sonic method allowing core to be
logged, intact sediment samples to be collected for
characterization of permeability, analysis of gas in
sediments via ISOPAK™ containers from Isotech
Laboratories, Inc., and collection of samples for
incubation studies to characterize microbial activ-
ity. The new sampling wells were installed with
5 cm (2 in.) diameter screens to facilitate ground-
water collection with displacement pumps, partic-
ularly beneficial for points completed in lower
permeability materials.

Discipline-Specific Activities
Hydrogeology and Groundwater Monitoring

Physical and geochemical properties of ground-
water and dissolved gas have been monitored from
May 2018 to present (October 2019). Groundwa-
ter samples were collected approximately month-

et al. (2017) and shown in Figure 2. ly, with the exception of winter months, from the pre-Sep-
tember 2019 sampling points, which include sample ports
These physical and biogeochemical processes depend upon in 13 multilevel monitoring wells and from six single-depth

the prevailing subsurface properties such as grain size, dis-  screened piezometers (see Table 1). In the field, tempera-
tribution of capillary breaks and large pores/channels,  ture, specific conductance and pH were measured using
subsurface mineralogy and geochemistry, and are best in-  probes installed in flow-through cells. Alkalinity was de-

vestigated through an experimental program. At the termined onsite by Gran titration of filtered samples. Trace
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Table 1. Completion details for installed nested sampling wells, as of September 2019. Abbreviations: MW, monitoring well;

PW, pumping well.
Pre-2019 wells

Well ID Sampling Completion intervals
port from (m) to (m)
PW1 N/a 232 26.2
PW2 N/a 223 253
PW3 N/a 223 253
PW4 N/a 19.8 229
PW5 N/a 18.5 20.0
PWeé N/a 15.8 25.0
MwW/1 2 16.0 16.6
Mw2 1 11.6 12.5
2 14.6 15.8
3 18.9 19.6
MW3 2 14.6 15.5
Mw4 1 11.6 12.2
2 14.6 15.2
3 16.8 17.7
4 19.5 20.1
MwW5 2 16.9 17.5
3 19.2 19.8
4 21.0 216
Mwe 1 11.9 15.5
2 15.8 16.7
3 18.0 18.6
4 20.1 20.7
Mw7 1 11.9 12.5
2 14.9 15.5
3 17.1 17.7
4 20.1 20.7
Mw8 1 12.0 12.6
2 16.0 16.6
3 18.0 18.6
4 20.0 20.6
MwW9 3 18.0 18.6
4 20.0 20.6
MW10 1 12.0 12.6
2 16.0 16.6
3 18.0 18.6
4 20.0 20.6
MwW11 1 12.0 12.6
3 18.0 18.6
4 20.0 20.6
Mw12 1 12.0 12.6
2 16.0 16.6
3 18.0 18.6
4 20.0 20.6
MwW13 1 12.0 12.6
3 18.0 18.6
4 20.0 20.6

elements were analyzed at the Water Quality Centre at
Trent University (Peterborough, ON) using inductively
coupled plasma—mass spectrometry. Anion concentrations
in groundwater samples were determined by ion chroma-
tography and automated colourimetry at the Applied Geo-
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2019 wells

Well ID Sampling  Completion intervals
port from (m) to (m)
MW14 1 8.5 9.1
2 11.3 11.9
3 16.8 18.3
MW15 1 14.3 14.9
2 17.4 18.9
MW16 1 11.3 11.9
2 15.8 16.5
3 18.3 18.9
MW17 1 11.3 11.9
2 18.6 19.2
MW18 1 11.3 11.9
2 16.8 17.4
MW19 1 11.3 11.9
2 15.5 16.2
3 17.7 18.3

chemistry group (AGg) Chemistry Lab at the University of
Calgary (Calgary, AB). Dissolved gas composition for N,
0,, CO, and C, to C; (methane to propane) was analyzed
using a Bruker 450 gas chromatograph at the AGg Chemis-
try Lab.

During the injection period, two wells (MW2, MWY5)
showed elevated dissolved methane concentrations com-
pared to background levels (Table 2). Well MW?2 exhibited
particularly high dissolved methane concentrations (12.27
and 15.78 mg/L at ports 2 and 3, respectively), whereas
MWS5 showed more modest increases to 0.25 and 0.1 mg/L
at ports 3 and 4, respectively. As can be seen in Figure 3,
MW2 and MWS5 are not the most proximal wells to the in-
jection point, nor to each other, indicating that gas migra-
tion is largely controlled by small-scale geology and dis-
crete preferential pathways. Approximately 44 days after
the active injection of natural gas stopped (day 110), evi-
dence of injected gas was detected in the dissolved phase in
an additional two wells (MW11, MW 12) and an additional
shallower port in MW2. In the most recent results from
September 2019 (day 460), two more wells (MW9, MW 13)
showed elevated dissolved methane in multiple ports,
whereas MW 5 decreased back down to background levels.
In general, the highest methane concentrations have been
observed in the shallower sample ports. Overall, prelimi-
nary mass balance calculations indicate that the majority of
the injected gas has remained in the free-phase gas form,
with a small proportion dissolving into the groundwater.
Over a year since the start of the injection, it is clear the
groundwater chemistry is still evolving.

Since June 6, 2018, hydraulic heads have been recorded by
pressure transducers at MW6 at 12 and 20 m depth, MW 13
at 15 m depth and MW 10 at 16 m depth. These data will be
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Table 2. Dissolved methane (CH,) gas concentrations for wells and sampling ports that showed elevated concentrations
at some point during the experiment. Dissolved methane concentrations are shown for days —6, 60, 110 and 460, with
day 0 being the day the injection began. The active injection lasted for 66 days. Elevated concentrations from back-
ground are highlighted in bold. Abbreviation: N/d, no data, due to low or nonexistent flow.

i Depth Before injection During injection Post injection Post injection
Well ID Samg:'tng (top of interval) (day -6) (day 60) (day 110) (day 460)
P (m) CH, (mg/L) CH, (mg/L) CH, (mg/L) CH, (mg/L)

MW2 1 11.6 0.0019 ND 9.75 7.09

2 14.6 0.0017 12.27 13.18 N//d

3 18.9 0.0021 15.78 14.15 14.30
MW5 3 19.2 0.0021 0.25 0.100 0.0028

4 21.0 0.0037 0.1000 0.111 N/d
MW9 3 18.0 0.0039 0.0065 0.0058 10.60

4 20.0 0.0250 0.0159 0.0093 0.47
MW11 1 12.0 0.0030 0.0088 0.1114 0.253

3 18.0 0.0230 0.0050 0.0131 0.11

4 20.0 0.0168 0.0123 0.0127 0.82
MW12 2 16.0 0.0017 0.0181 0.0166 10.032

4 20.0 0.0056 0.0091 0.0231" 0.598
MW13 3 18.0 0.0035 0.0110 0.0032 0.370

M Highlighted because even though the CH, level is low, other dissolved constituents showed evidence of injection gas.
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Figure 4. lllustration of the experimental setup and monitoring network for the vadose zone and surface efflux measure-
ments at the Hudson’s Hope Field Research Station. Abbreviations: EC, eddy covariance; MW, monitoring well.

compared to data from air-sparging studies (Johnson et al.,
2001) where subtle transient pressure responses have been
observed in groundwater levels and used to interpret
groundwater flow directions and to infer gas movement.

Soil Gas and Surface Efflux

To monitor soil-gas concentrations and surface effluxes, 12
dynamic long-term chambers (8100-104, LI-COR, Inc.)
were deployed and 22 soil-gas sampling ports were in-
stalled at HHFRS, primarily along two transects radiating
from the injection point (Figure 4). The 12 long-term dy-
namic chambers sequentially measured carbon dioxide and

150

methane concentrations at their designated locations. This
allowed for the calculation of fluxes at the surface and pro-
vided high-resolution time series data for methane fluxes.
The 22 soil-gas sampling locations were manually augured
with sampling ports at 0.45 and 1.15 m below ground sur-
face, allowing for the collection of soil-gas samples for
compositional and isotope analyses. Additionally, 105 sur-
vey collars (green rings in Figure 5) were set up and an ad-
ditional set of analyzers allowed for carbon dioxide and
methane concentrations to be obtained across the site, pro-
viding discrete, detailed, spatially distributed, flux data.
Survey flux measurements and soil-gas samples for isoto-
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Figure 5. Dynamic long-term chambers sitting on green collars
and co-located with soil-gas wells with white polyvinyl chloride
(PVC) protective casings.

~

Figure 6. Operation of the miniRUEDI at Hudson’s Hope Field Re-
search Station.

pic and compositional analysis were collected every 2—4
weeks starting on May 28, 2018, ending on October 1,
2018, at the onset of winter conditions. Additionally, soil-
gas samples were collected once in June 2019. The results
illustrate that the injected gas moved upgradient against
groundwater flow and broke through at the surface a month
after the injection. Once the gas was detected, elevated
methane (CHy) fluxes were continuously detected at the
surface and began to decrease exponentially after the injec-
tion was stopped. Soil-gas composition and isotopic data

Geoscience BC Report 2020-02

further show evidence that the injected gas moved through
the near subsurface to surface and that CH4 was microbially
oxidized to CO,.

Application of the miniRUEDI Portable Mass
Spectrometer at HHFRS

During the HHFRS injection experiment, instruments were
installed that provided continuous real-time measurements
of surface emissions of the injected gas (soil efflux cham-
ber and an eddy covariance flux tower, the latter discussed
in the following section). While planning for the HHFRS
injection experiment, novel field-portable methods were
investigated for real-time detection of the injected gas in
the subsurface, as the soil-gas and groundwater samples
collected in vials take approximately one month to analyze.
The portable mass spectrometer system selected was
Gasometrix GmbH’s miniRUEDI (Brennwald et al., 2016),
developed by scientists at the Swiss Federal Institute for
Aquatic Science and Technology (Figure 6).

It was decided to use the miniRUEDI during and following
the controlled release experiment to achieve two scientific
goals: 1) to provide real-time detection of the injected gas
in the subsurface and 2) to provide measurements of He
concentration. The miniRUEDI has the ability to detect a
wide range of gases (including He, Ar, Kr, Ny, O,, CO,,
CH,4, C;Hg). The injected gas contained 5000 ppm He
(1000 times higher than the atmospheric concentration of
5 ppm), but this gas could not be measured by the instru-
ment used for the discrete soil-gas and groundwater sam-
ples. Helium is a particularly useful tracer because it is not
produced or consumed by any biological or chemical pro-
cess. Therefore, changes in the ratio of helium to hydrocar-
bons can provide insights into the subsurface consumption
of the injected hydrocarbons.

The miniRUEDI was used at the HHFRS prior to, during
and following the injection (in June, July and August
2018). In late July 2018, approximately five weeks after the
injection began, the miniRUEDI detected elevated levels of
tracer gases (methane, propane, helium) at MW2 (Fig-
ure 2). At MW2, groundwater was sampled and it was
found that the peak heights for CH4 and He were approxi-
mately 1000 times higher than the levels in air or air-equili-
brated water. Subsequent measurements of soil efflux adja-
cent to MW2 also showed elevated levels of CHy. As a
result, the location of one of the soil efflux chamber long-
term monitoring lines was moved so that it was close to
MW?2. The chambers closest to MW2 displayed much
higher CH, levels than anywhere else on the site, and these
data were necessary to accurately estimate the CH4 emis-
sions.

Following soil-gas composition measurements in the labo-
ratory, the miniRUEDI was used to measure selected sam-
ples. All soil-gas samples that contained detectable levels
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of tracer gas also contained elevated levels of He. Further
interpretation of the miniRUEDI data will be presented in
upcoming peer-reviewed publications.

Overall, the miniRUEDI was a highly successful compo-
nent of the experiment. The real-time detection of the in-
jected gas at MW?2 enabled the modification of the monitor-
ing strategy during the experiment, improving estimates of
the surface efflux. Additionally, a collaboration with Euro-
pean researchers was developed that will expand the inter-
national visibility of this research.

Eddy Covariance and Micrometeorology

The eddy covariance (EC) system was re-installed in

March 2019, after the 2018-2019 winter decommission-

ing, with two main objectives:

1) to monitor any residual effluxes during and after the
thaw,

2) to carry out controlled release experiments to evaluate
flux footprints.

The system was set up similar to 2018 (Cahill etal., 2019b),
however, the height of the tower was raised to 1.9 m to ex-
pand the flux footprint (Figure 7). All instruments as used
in the previous year were re-installed, i.e., a 3-D sonic ane-
mometer (CSAT3B, Campbell Scientific, Inc.), which mea-

Figure 7. Eddy covariance system configuration at Hudson’s Hope
Field Research Station.

Table 3. Timeline of fieldwork in 2019 at Hudson’s Hope Field Research Station.

sures wind direction and speed in three dimensions; a gas
analyzer (LI-7700, LI-COR, Inc.) for methane, which is an
open path system; and a gas analyzer (LI-7200, LI-COR,
Inc.) for carbon dioxide and water vapour, which is an en-
closed unit with a flow module. There is also a flow module
(7200-101) with the LI-7200, which is responsible for
maintaining a precise and controllable flow of air. An LI-
7550 analyzer interface unit (AIU) was set up, which inte-
grates data from the sonic anemometer and the LI-7200 and
LI-7700 analyzers. The SmartFlux 2 system by LI-COR,
powered by their EddyPro® software, was also installed. It
computes covariances from the 20 Hz high frequency raw
values (mixing ratios, wind velocity, etc.) obtained from
the gas analyzers and provides half hourly averages for this
data.

The climate system was also re-installed, including a net ra-
diometer (CNR4, Kipp & Zonen B.V.); a 2-D anemometer
(Windsonic, Gill Instruments Limited); CSI sensors (man-
ufactured by Vaisala Corporation) for barometric pressure
(CS106), temperature and relative humidity (HMP155A);
three Decagon Devices, Inc. GS3 sensors (each measuring
soil moisture, soil conductivity, soil temperature); two soil
heat flux plates (HFPO1-L, HFPO1SC-L, Hukseflux Ther-
mal Sensors B.V.) at a depth of 5 cm each, the latter being
self-calibrating; and a tipping bucket rain gauge
(TES25WS, Texas Electronics, Inc.).

A datalogger (CR1000, Campbell Scientific, Inc.) at the
site collected all the climate data from the various compo-
nents, and compiled it giving the averages, maximum and
minimum values of each parameter every half hour. This
climate data, after being collected onto the datalogger, and
along with the computed EC measurements (by the
Smartflux 2) were remotely sent to the UBC Biometeorol-
ogy Soil and Physics Group lab daily at 6 a.m. via a modem
(RV50, Sierra Wireless S.A.). The high-frequency data was
collected onto a USB at the site and sent back and forth
between the site and UBC.

Controlled atmospheric-release experiments were carried
out in the summer of 2019 (Table 3), to study the response
of EC measurements to factors like release rate, release lo-
cation, release height and distance with respect to the tower.
The objective was to fill in knowledge gaps about the foot-
print, i.e., the relationship between surface effluxes and EC
measurements made at the EC tower. Based on this theory,
relationships between EC fluxes and chamber measure-
ments can be drawn (analysis in progress). Var-
ious footprint models (e.g., Kormann and

Meixner, 2001; Kljun et al., 2015) can be used
to do this analysis, depending on experimental

Date of trip Purpose
March 19to 22  Re-installation of eddy covariance system
May 13 to 17 Surface release experiment
July 15 to 22 Surface release experiment

August 12 to 15
have more confidence in measurements)

Surface release experiment (repeated some July experiments to

conditions such as release height, stability pa-
rameters of the atmosphere, etc. The decision
of which footprint model to use will be made by
using data from these release experiments.
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Various approaches were determined to compare flux data
from the EC system with that from the chambers (including
data from 2017 and 2018). In order to test this theory, EC
fluxes were estimated using the release rate of the source
and the footprint value at the location of the source, and
these estimates were compared with actual measured EC
fluxes. This was done for arelease experiment conducted in
2017, and the results were very promising (Figure 8;
C. Chopra, work in progress).

Similar analysis is in progress for the releases from this
summer (2019) and this information will further be utilized

to 1) make direct comparison with the data from chambers
by combining chamber effluxes with the flux footprint, and
2) obtain the surface distribution of effluxes using EC
fluxes and the flux footprint by carrying out a matrix
inversion.

Geophysics

The geophysics team visited the site in late June 2019 to
conduct a final post-injection electrical resistivity survey
(Figure 9). The data collection employed the same configu-
ration used in the previous surveys, which were designed to
map the migration of the gas through time-lapse analysis

35 T

30+

N
(32
T

N
o
T

-
A
T

-
o
T

EC flux (pmol m2 s'1)

(3,
T

0_

——EC estimated
—+—EC measured ||

= | |
227.8 268 268.2

| 1 |
268.4 268.6 268.8 269

Day of year
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Figure 9. Site map showing the orientation of three electrical resistivity profiles measured across two line transects: line 1 con-
sists of two survey lines, AB (5 m spacing of electrodes) and CD (2.5 m spacing of electrodes), and line 3 consists of one survey
line, EF (2.5 m spacing of electrodes). The injection point is located at the centre of line CD. Wells MW9, MW10, MW11 and
MW12 contain optical fibre for distributed temperature sensing (DTS) measurements, which were used to calculate temperature

corrections for resistivity measurements.
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(Cahill et al., 2019b). Two additional resistivity lines were
collected around MW?2 in an effort to identify potential
sites of leakage, or gaps in the confining layer, which repre-
sent pathways for gas migration (Figure 10). Analysis of
the time-lapse data is complete, and a manuscript is being
prepared for submission to a peer-reviewed journal. The
preliminary results were presented at the annual American
Geophysical Union (AGU) Fall Meeting in Washington,
DC, in December 2018 (Cary et al., 2018).

Microbiology
Sampling

Just prior to the start of the injection on June 12, 2018, all
wells were sampled for H,S, microbial diversity, cell
counts, single cell amplified genomes, methane oxidation,
methanogenesis and sulphate reduction (Tables 4, 5). Wells
MW2, MW7 and MW 10 were chosen for microbial rate de-
terminations, with MW2 being upstream of the well (poten-
tially a control) and MW7 and MW 10 being downstream at
varying distances. Following the injection, sampling was
focused on the wells surrounding the injection point, col-
lected about every two weeks. Low temperatures in late
September 2018 prevented sampling during that month.
After September 2018, the number of samples increased to
cover the wells where methane had been discovered as well
as the two inner circles of wells surrounding the injection
well as to not miss wells where the gas may have been
migrating (Table 4).

In September 2019, an additional drilling campaign was
performed to get a better understanding of the gas plume in
three dimensions as well as to obtain contamination control
samples, soil samples for rates of microbial transformation
of methane and sulphate reduction, and microbial diversity
data from groundwater samples to compare with in situ mi-
crobial community determined from core samples. Six ad-
ditional cores (MW 14-MW19) were drilled and 15 sam-
pling ports were installed. Soil samples were taken from
four to seven horizons from each core (Table 6). Due to
time constraints and late development of the new wells, no
water samples from the new wells were taken during that

trip. These will be sampled during the final sampling cam-
paign in mid-October 2019. Results were not available for
this publication.

Analysis

Incubation rates are determined by either radio tracer (sul-
phate reduction rate [SRR], methanogenesis [Met], dark
carbon fixation [DCF]) or time course incubations (aerobic
methane oxidation [MOX]) just after returning from the
field site. First samples were analyzed for SRR, MOX and
DCEF rates. Following the September drilling campaign,
soil rates were determined in MW15 at 12.2 m (40 ft.),
15.2m (50 ft.) and 18.6 m (61 ft.), MW16 at 15.2 m (50 ft.)
and MW19 at 12.2 m (40 ft.) and 18.3 m (60 ft.). Well
MW15 at 18.6 m (61 ft.) showed the highest methane read-
ing of 10% lower explosive limit (LEL) in the pumped wa-
ter. Using an RKI Instruments, Inc. Eagle 2 gas monitor,
testing for methane revealed methane was not detected at
the other depths in MW15 and MW16. Wells MW 17,
MW18 and MW 19 were not tested on site for methane.

Samples from the injection well and the monitoring and
pumping wells collected prior to injection have been ana-
lyzed for total microbial community composition (Figure 11).

The new sampling method to determine in situ microbial di-
versity of an aquifer from water samples is based on analyz-
ing the extracellular DNA (eDNA) in the water. To validate
the method, the eDNA in the water samples must be ana-
lyzed along with the eDNA and intracellular DNA (iDNA)
ofthe soil samples. For this project, a method has been devel-
oped to separate the eDNA and iDNA in both the water sam-
ples and the soil samples. This work is currently underway.

Preliminary Results

The microbial diversity in the water samples collected prior
to injection show a clear difference in microbial composi-
tion and abundance between the pumping wells and the
monitoring wells. This is most likely due to the longer
screens in the pumping wells and thus mixing of water from
different horizons. The pumping wells, however, also show
a bigger variation in the abundance of microbes than in the
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Figure 10. Images of percentage difference in resistivity for the time-lapse inversions of line 1 (survey line CD; 2.5 m electrode spacing),
relative to pre-injection conditions. Grayscale contour lines (x-values on left axis) emphasize the resistivity difference gradient (red—blue
colours) along transect CD. Line 1 is oriented parallel to the groundwater flow direction (see Figure 9). Abbreviations: NW, northwest; SE,
southeast.
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Table 4. Samples taken for microbial diversity, cell counts and single amplified genomes. The “s” de-
notes that S-isotope samples were also taken. Abbreviation: Inj, injection point.

Well ID -
sampling
port

June 27-28, 2018
July 12, 2018

July 27, 2018

July 30, 2018

[August 15, 2018
[August 27, 2018
September 18-19, 2018
October 5, 2018
October 29-31, 2018
July 19-20, 2019
September 9-12, 2019

PW1
PW2
PW3
PW4
PW5
PW6
Inj
MW1-2
MW2-1
MW2-2
MW2-3
MW3-2
MW4-1
MW4-2
MW4-3
MW4-4
MWS5-2
MWS5-3
MWS5-4
MW86-1 s
MW8-2
MW8-3
MWe6-4
MW7-1
MW7-2
MW?7-3
MW7-4
MW8-1
MW8-3
MW8-4
MWo-3 s X X X X X
MW9-4
MW10-1
MW10-3
MW10-4
MW11-1
MW11-3
MW11-4
MW12-1
MW12-2
MW12-3 X X X
MW12-4 s X
MW13-1

MW13-3

MW13-4 s

x x x x x x |October 17, 2017
x x x x |May 5, 2019
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Table 6. Soil samples taken during drilling in September 2019.

Depth Cell Total Rate Contamination

Well ID e/iDNA

(m) (ft) counts

DNA samples control

MW14 91 30
12.2 40
15.2 50
18.6 61
20.1 66

x

X X X X
X X X X X

MwW15 3.0 10
61 20
9.1 30
12.2 40
15.2 50
18.6 61
20.1 66

Mw16 9.1 30
12.2 40
15.2 50
18.3 60

X X X X X X X
X X X X X X X

X X X X
X X X X

MwW17 91 30
12.2 40
15.2 50
18.3 60

X X X X
X X X X

Mw18 9.1 30
12.2 40
15.2 50
18.6 61

X X X X
X X X X

MwW19 91 30
12.2 40
15.2 50
15.8 52
18.3 60

X X X xX X
X X X X X

X

X X X X

X X X X X X X
X X X X
X X X X X X X

X X X X X X X X
X X X X
X X X X X X X X

X X X X

X X X X X
X

monitoring wells. This again could be due to the longer
screen, which might be sampling horizons that are not cov-
ered in the monitoring wells. Additionally, the pumping
wells are more prone to contamination and the initial sam-
pling showed a high abundance of cow hair in the samples,
indicating surface contamination (HHFRS is located
within a grazing lease and, though protected by an electric
fence, is susceptible to cow intrusion). Overall, most of the
pumping wells cluster away from most of the monitoring
wells in a hierarchical cluster analysis.

There was no consistent pattern of microbial diversity
found in samples from the monitoring wells, either in terms
of sampling depth or well location.

Unsaturated Zone Injection Experiment

As reported in Cahill et al. (2019b), a second injection ex-
periment was carried out at a separate but nearby site to
HHFRS where unsaturated conditions exist. This experi-
ment concluded at the end 0f 2017, with an additional round
of soil samples collected in the summer of 2018. The past
year saw the completion of analysis and interpretation of
data from this site, and the publication of a peer-reviewed
manuscript describing the effects of barometric fluctua-

Geoscience BC Report 2020-02

tions on surface effluxes (Forde et al., 2019a). A second
manuscript is in preparation, examining the quantification
of attenuation capacity of FG in unsaturated soils.

Conclusions and Ongoing Work

The following forms a summary of the progress made to
date with respect to The University of British Columbia En-
ergy and Environment Research Initiative’s controlled
methane release investigation project:

e completion of field activities at the unsaturated-zone
site and publication of peer-reviewed manuscript enti-
tled Barometric-pumping controls fugitive gas emis-
sions from a vadose zone natural gas release (Forde et
al., 2019a);

e continued monitoring, sample collection, geophysical
surveying and microbial experiments at the Hudson’s
Hope Field Research Station;

e installation of 15 additional monitoring wells in six
boreholes in September 2019;

e dissemination of work through conferences including
GeoConvention, the American Geophysical Union Fall
Meeting and The Geological Society of America Annu-
al Meeting.
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Figure 11. Bubble plot showing a) the microbial diversity on a phylum level and b) the diversity of proteobacteria in the pre-injection sam-
ples. The monitoring well number is followed by the sampling port number.

The bulk of future work on this project will be directed at ing this work to take place on their grazing lease. This work
data interpretation and analysis with mechanistic models. was funded by Geoscience BC, Natural Resources Canada
Final data collection will comprise several more rounds of  Clean Energy Innovation Program, the BC Oil and Gas
groundwater sampling in order to capture the evolution of =~ Commission and the BC Oil and Gas Research and Innova-
groundwater quality and gas dynamics through time at tion Society.

Hudson’s Hope Field Research Station.
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