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Abstract

It has been long known that industrial activities can trigger earthquakes and the topic of “induced
earthquake” embraces a great deal of scientific interest in recent years. Globally, several damaging
events (i.e., Mw>5) have been linked with fluid injection/extraction. In the Western Canada
Sedimentary Basin (WCSB) alone, hundreds of events have been associated with local hydraulic
fracturing (HF) operations for shale gas exploration. In this thesis, I present my recent work that
systematically analyzed two M1 >4 HF induced earthquakes and explore the source characteristics

of recent induced/natural earthquakes within the WCSB.

The first record-breaking (i.e., “red-light” earthquake with My >4) earthquake (ML=4.4, Mw=3.9)
occurred on June 13, 2015 in western-central Alberta, Canada. Employing the moment tensor
inversion metrics, I revealed the strike-slip mechanism of this earthquake and further improved
the accuracy of its hypocentral location. Our spatial grid search, based on moment tensor
inversion, confirmed the association between this event and nearby HF operations within the
Duvernay play at a depth of around 3.5 km, coinciding with the hypocentral depth of this

earthquake.

The largest earthquake (i.e., the second “red-light” earthquake) in Alberta in the past decade shook
the town of Fox Creek, on January 12, 2016. Similar to other Mw~3 earthquakes, the M1=4.8
event exhibits a dominant strike-slip (strike=184°) mechanism with limited non-double-couple
(non-DC) components (~22%). Furthermore, industry-contributed local seismic recordings permit
high-precision detection analysis and unveil 1108 smaller events within 3 km radius of the
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epicenter of the main event. The detected cluster shows close spatial-temporal relation to a nearby
HF well and prefers high-angle N-S trending faults, which mirrorss the Pine Creek fault zone

reported by earlier studies of active source seismic and aeromagnetic data.

In chapter 5, I systematically compared 33 well-resolved focal mechanisms in the WCSB. Most
of the regional seismicity is dominated by strike-slip/thrust faulting regimes, whereas limited (but
consistent) non-DC components are obtained from injection-induced seismicity in central Alberta.
I interpret the persistent compensated-linear-victor-dipole (CLVD) components (Mw2.1-3.8) as
reflecting fracture growth and/or non-coplanar faults slippages during HF stimulations. I further
expand the moment tensor decomposition analysis to four representative classes of induced
seismicity globally and find that the overall contribution of non-DC components is largely

comparable between induced and tectonic earthquakes.
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Preface

Chapter 3 has been published as Wang, R., Gu, Y. J., Schultz, R., Kim, A., & Atkinson, G. (2016).
Source analysis of a potential hydraulic-fracturing-induced earthquake near Fox Creek, Alberta.
Geophysical Research Letters, 43(2), 564-573. 1 was responsible for data collection and analysis
as well as manuscript preparation. R. Schultz helped to identify the hypocentral location of the
studied event. A. Kim assisted the moment tensor analysis using double-couple forward modeling,
and G. Atkinson conducted the ground-motion analysis. Y. J. Gu was the supervisory author, and
all co-authors were involved with concept formation and manuscript preparation as well as

revision.

Chapter 4 has been published as Wang, R., Gu, Y. J., Schultz, R., Zhang, M., & Kim, A. (2017).
Source characteristics and geological implications of the January 2016 induced earthquake swarm
near Crooked Lake, Alberta. Geophysical Journal International, 210(2), 979-988. Part of this
chapter is also included in Wang, R., Gu, Y. J., Schultz, R., & Zhang, M (2017) Hydraulic
fracturing induced seismicity in western Canada: insights from focal mechanism and swarm
analysis. 2017 SEG Workshop. Microseismic Technologies and Applications. 1 was responsible
for data collection and analysis as well as manuscript preparation for both publications. Both R.
Schultz and M. Zhang contributed to the analysis of special-temporal relationships between studied
cluster and well. Y. J. Gu was the supervisory author, and all co-authors were involved with

concept formation and manuscript preparation as well as revision.

Chapter 5 (excluding section 5.4) has been revised by Geophysical Research Letters as “Faults
and non-double-couple components of induced earthquakes,” Wang, R., Gu, Y. J., Schultz, R., &
Chen, Y. I was responsible for data collection and analysis as well as manuscript preparation. The
explanation of the non-DC components for events near Fox Creek is mainly based on discussion
with R. Schultz and Y. Chen. Y. J. Gu was the supervisory author, and all co-authors were

involved with concept formation and manuscript preparation as well as revision.
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stations within 250 km (to the left of the low-frequency waveforms). The circles on the
focal mechanism indicate compressional (filled black) and dilatational (filled white) P-
wave first motions picked from vertical-component waveforms (including industry
contributed stations). The crosses indicate unknown first motions due to low signal-to-
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5.4: a) Examples of fault plane solutions (uniform sizes) determined from bootstrap
resampling test for events in the WCSB. The P-axes are consistently aligned along NE-
SW for both strike-slip (top) and reverse (bottom) faulting mechanisms, comparable to
nearby Sy orientation (Heidbach et al. 2016). b) Variance reduction (fit) vs. noise level
during synthetic tests (see Appendix for detailed results and test on velocity model
variation). Real noise is multiplied by N times and added to synthetic waveforms generated
with 20% of CLVD and 0% of isotropic components. Only the non-DC components after

decomposition are plotted, and the corresponding percentages are labeled on top. ......... 92
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1 Introduction

In recent years, man-made seismicity has attracted significant scientific attention all over the world
(Figure 1.1). Hundreds of earthquake clusters have been linked various types of industrial
activities involving fluid injection/extraction or material removal from the underground (Foulger
et al. 2017; Grigoli et al. 2017). Despite the debatable triggering potential of devastating
earthquakes (e.g., Mw=7.9, Zipingpu, China), several Mw>5 induced earthquakes in the United
States (Yeck et al. 2017; McGarr & Barbour 2017) and South Korea (Kim ef al. 2018; Grigoli et
al. 2018) have been identified as induced seismicity. In the United States and Canada, oil and gas-
producing activities are the dominant factors for the occurrence of such induced seismicity

(Atkinson et al. 2016; Ellsworth et al. 2016).

Accompanying the exponentially increased amount of induced seismicity comes an increase in
studies on identifying, understanding, and mitigating these earthquakes. Multi-scale analyses have
been conducted, ranging from geomechanical modeling and laboratory experiments to field
observations and hazard assessment. I refer readers to Foulger et al. (2017) for the collection and
summary of case studies of induced seismicity worldwide. Driven by the increasing occurrence
of induced earthquakes, several physical mechanisms are proposed, inherited from Coulomb’s
failure criterion (Figure 1.2; Ellsworth 2013; Grigoli ef al. 2017). Furthermore, efforts have been
made toward robust detection and discrimination of induced earthquakes via enhanced monitoring
(e.g., Eaton et al. 2018; Karimi et al. 2018) and investigation of source parameters (e.g., Davis &
Frohlich 1993; Dahm et al. 2013). Since an overreaching goal is to control and mitigate the seismic
hazard (e.g., Peterson et al. 2018, 2017, 2016), incorporating induced seismicity, recent studies
focus on 1) the estimation the maximum magnitude using injection parameter (e.g., McGarr 2014)
and/or statistical catalog simulation (e.g., Beirlant ef al. 2017) and 2) the determination of the key

(industrial or geological) factors that contribute to the occurrence of induced earthquakes (e.g.,

Holtzman et al. 2018; Hincks et al. 2018; Schultz et al. 2017).
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Figure 1.1: Induced and triggered seismicity has been observed worldwide in conjunction with
industrial activities. This figure shows the global distribution of anthropogenic seismicity and the
maximum magnitude reported at each site. The catalog (source: Davies et al. 2013, updated in
July 2018), shows the scientifically documented seismic events associated with different industrial
operations (each type of industrial activity is represented by a particular color). The seismic
sequences are decluttered, and only the maximum magnitude of the sequence (if M;>1.5) is
reported. The highest number of induced seismic events are related to mining and hydrocarbon
industrial activities, whereas those related to wastewater injection operations, although
significant in terms of magnitude, are the fewest (plot on the bottom right corner). The label “Oil
and Gas” includes hydrofracking (i.e., hydraulic fracturing, see section 1.3.2 in this thesis for
details), secondary recovery, oil and gas extraction, and natural gas storage. Modified after

Grigoli et al. 2017, with permission.



Since the contribution of anthropogenic activities on the stress release cannot be quantified, it is
difficult to unequivocally differentiate between “triggered” and “induced” earthquakes (i.e., with
minor “triggered” or dominant “induced” human contribution; also see Dahm et al. 2013). The
former term has been associated more frequently with naturally occurring events that take place
within short time intervals (e.g., Fan & Shearer 2016; Wang ef al. 2015). Following the convention
of recent studies (Eaton 2018; Ghofrani & Atkinson 2016; Atkinson et al. 2016; Rubinstein &
Mahani, 2015; Ellsworth 2013), my thesis simply refers to earthquakes associated with human

activities as “induced”.

Figure 1.2: lllustration of different types of industrial activities and their mechanisms of causing
an earthquake: a) direct interaction between the injected fluid and pre-exist faults, b) fluid
migration and stress load on pre-existing faults, and c) high-pressure fluid injected to create new

fractures. (Figure from Francesco Grigoli, personal communication).

For induced seismicity in western Canada, hydraulic fracturing (HF) is largely responsible for the
increasing number of intraplate earthquakes. The largest earthquakes triggered by HF was
recorded in the WCSB (Mahani et al. 2016) and is only exceeded by a recent Mw=4.9 in Sichuan,

China (Lei ef al. 2017). Unlike wastewater disposal that accumulates stress load from multiple



suspected wells over months or years, HF shows direct spatial and temporal coupling with specific
injection activities (Rubinstein & Mahani 2015). The distribution of induced earthquakes remains
debated, though the geological history of the subsurface of the WCSB could play a major role
(Schultz et al. 2016). Among thousands of injection wells in the WCSB, induced clusters exhibit
1) large spatial and temporal variations and 2) swarm-like behavior that may not follow traditional
recurrence laws (i.e., pre-shock and after-shock pattern with dominant main shock; Skoumal et al.

2015a).

1.1 Seismicity detection and classification in the WCSB

Historically, broadband seismic monitoring in Alberta-the central part of the WCSB-mostly relies
on two broadband stations belonging to the CNSN network: EDM in Leduc and WALA near
Waterlon Lake (Figure 1.3). Since 2006, the coverage has been greatly improved by the
continuous expansion establishment of CRANE, which is jointly sponsored by the University of
Alberta and Alberta Geological Survey. The CRANE network contains over 20 broadband seismic
stations operating in campaign mode!, forming the backbone seismic monitoring system for central
Alberta (Gu et al. 2011). The Alberta Telemetered Seismic Network (ATSN, sponsored by
University of Calgary) was also established in 2009 and includes nine stations to densify the
coverage in northern Alberta. Both CRANE (except PER station) and ATSN are stationary
permanent seismic networks with limited access to the public. In 2013, the TD and RAVEN
(Schultz & Stern 2015) network were established: TD forms dense array around central-eastern
Alberta and RAVEN is spread out over the whole province with slightly denser distribution in

regions with active exploration activities.

The combination of networks provides relatively uniform coverage throughout Alberta and British
Colombia. The frequency range of those stations provides ideal information for locating seismicity
(e.g., Schultz et al. 2015a) and analyzing crustal structure (e.g., Shen ef al. 2015; Chen et al. 2015b,
2017; Gu et al. 2017). Most of the seismic stations use seismic equipment from Nanometrics with

a minimum recording frequency range of 0.01 — 20 Hz. In recent years, some of the telemetered

I Not telemetered



stations have been upgraded with a recording frequency up to 100 Hz, comparable to the range of

company-owned local
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Network; TD-TransAlta Dam Monitoring Network;, CNSN-Canadian National Seismograph
Network, and NEBC-Northeast British Columbia Seismographic Network (plotted using the same
symbol as CNSN stations).



Seismicity in the WCSB primarily consists of three types of source: mining blasts, natural
earthquakes and induced earthquakes (Figure 1.4). From2006 to 2010, more than 90% (out of
~3500) detected seismicity were mining blasts. These events were mainly recorded by CRANE
stations along the Rocky Mountains (i.e., PER, NOR, CLA, and LYA), characterized by highly
confined source locations and identical waveforms (see section 1.2.1). In recent years, the
expansion of broadband seismic networks provides valuable data that make moment tensor
inversion possible for the moment magnitude (Mw) ~4 earthquakes. In addition, most of these
master events, especially the induced ones, are accompanied by hundreds of pre-/after-shocks
(Mw<3) that also share waveforms with high similarity. The growing networks also enable better
detection and analysis of these low-magnitude events: for example, ice-quakes with local

magnitude (My) as small as 2 are also recorded in 2018 (CBC news, 2018).

Earthquakes associated with anthropogenic activities in WCSB, most notably in the Horn River
Basin (B.C. Oil and Gas Commission 2012), Montney Formation (Babaie Mahani et al. 2017; B.C.
Oil and Gas Commission 2014), Cordel Field (Schultz et al. 2014), near Cardston (Schultz et al.
2015¢), Rocky Mountain House (Wang ef al. 2015; Wetmiller 1986) and Crooked Lake (Schultz
et al. 2017; Bao & Eaton 2016; Clerc ef al. 2016; Deng et al. 2016; Schultz et al. 2015b), have
garnered significant scientific interest and public attention in the past 4 years. While the vast
majority of these earthquakes could only be detected by sensitive seismic instruments, several
events with moment magnitude close to Mw=4 were felt hundreds of kilometers away (e.g., 280
km, CBC 2016; Global News 2016) and have been linked to nearby HF operations (Schultz et al.
2017). Inthe Fox Creek/Crooked Lake region alone, the number of Mw > 3 earthquakes increased
from 3 over a 28-year period prior to Nov. 2013 to 35 in the last 4 years (Dec. 2013-Feb. 2017)
(Earthquakes Canada, 2018). Based on the regional seismic monitoring, no Mr>4 (local
magnitude) events were reported in 2017, but the total number of M1 >3 events (72) surpassed that
of previous years (Earthquake Canada, 2018). The first moderate earthquake (Mw3.6) occurred in
January 2015 (Bao & Eaton 2016) and was accompanied by hundreds of smaller events and
became the catalyst in the drafting of the “traffic-light” protocol for completion operations in the
Duvernay Formation in this region (Alberta Energy Regulator 2015). Since then, two events have

triggered the stoplight (i.e., “red-light” event) in compliance with this regulation, including the



M1 =4.8 (Alberta Geological Survey, AGS) earthquake on January 12, 2016 near Crooked Lake,
which is the largest in Alberta, Canada in the past decade.
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Figure 1.4: Distribution of earthquakes (1985-2017), mining blasts, and seismic stations (brown
triangles, see Figure 1.3 for seismic network details) in the WCSB. Significant induced

earthquakes are marked by the red stars, and mining blasts are shown as small blue diamonds.

1.2 Geological setting of the WCSB

Regardless of the nature of an event, intraplate earthquakes in the WCSB are all located within the
upper crust, with most of their hypocenters being constrained to <10 km depth. Therefore, the
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origin of all recent earthquakes in the WCSB can be attributed to the slippages of faults within the
sedimentary layers and the upper section of the basement. This section gives a brief overview of
the key characteristics for the shallow basin structures, with a special focus on the fault and stress

conditions.

The WSCB is a foreland basin (Figure 1.5) that has undergone at least three major stages of
development, with its initial origin dating back to 750 Ma ago. This involves 1) an initial stage as
a passive intra-plate continent-ocean boundary until middle Devonian (~ 390 Ma); 2) a convergent
inter-plate boundary until Jurassic (~185 Ma); and 3) foreland basin development until Tertiary or
late Cretaceous (~ 90 Ma) due to the continuing cumulative convergence of the exotic terranes
(Ross & Eaton 1999). Most of the mapped major thrust faults along the Canadian Cordillera are
relatively young and formed during the last phase (i.e., terrane accretion; Monger & Price 2002).
The current maximum crustal stress orientation (Sy) within the crust is aligned NE-SW throughout
the basin (Heidbach et al. 2016), in alignment with the current absolute plate motion. The
thickness of the sedimentary layers ranges from 0 km at exposed the Canadian Shield (east) to 6
km beneath the Rocky Mountains (west) (Hope ef al. 1999). All the current oil and gas reservoirs
were formed in the second phase, located at the depths up to4 km (see section 1.3.2) (Green &
Mountjoy 2005) while the basin fault systems likely originated earlier (i.e., deeper or even within
the basement). In addition, the orientation for the fast axis of seismic anisotropy (NE) within the
crust could be associated with the subsidence since middle Devonian (Lei Wu, personal

communication, 2018).
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events recorded in the Cordillera that influenced sedimentation in the Alberta Basin. Figure from

Ross and Eaton, 1999.

The Precambrian crust (thickness 36-48 km; Bouzidi et al. 2002) in the WCSB can be laterally
subdivided into several domains based on their distinctive aeromagnetic measurements, with their
collisional history dating back to at least 1.8-2.0 Ga (Hoffman 1988). Despite the lack of detailed
maps of the basement faults, the anomalous (linear) features within the sedimentary section are
less likely to be controlled by the basement structures, i.e., Precambrian structural fabrics within
the crystalline basement (Ross & Eaton 1999). The boundary lines between different provinces
do not necessarily indicate the location of potential faults, especially the small-scale, shallow faults
that could be reactivated by industrial activities (see chapter 3 for details). More importantly,
evidence shows that even detailed faults mapped by 3D seismic data are not the origin for recent
intraplate earthquakes (Corlett ef al. 2018; Eaton et al. 2018). Updated findings on the crustal
and lithosphere structures beneath the western Laurentia can be found in Gu et al. (2018) and Chen

et al. (2015b, 2017).
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1.3 Industrial activities in the WCSB

1.3.1 Mining activities and wastewater disposal

Most of detected seismicity with Mw~2 within the WCSB is mining blasts generated during by
open-pit mine exploration (i.e., zero km event depth). Due to the relatively small magnitude and
a lack of local monitoring, the events are typically recorded only by a few seismic stations,
insufficient for waveform-based analysis. For example, frequency spectra of mining blasts

(located within the mountains) show no delay-fired pattern® and the P-to-Surface wave amplitude

ratio are generally comparable® (Figure 1.6).

PiSurf Ratio
05002050

Figure 1.6: P-to-Surface wave amplitude ratio recorded at CRANE stations for earthquakes
(red) and mining blasts (blue). The background is interpolated values from plotted stations.

2 A clear separation in time that contains several explosions; source time function that have multiple peaks
3 Ideally, mining blasts (explosive seismic source) have stronger body wave, thus, relatively large P amplitude and
low P-to-Surface wave amplitude ratio.
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To date, classifications of mining blasts in the WCSB are mainly based on event time (Figure 1.7
and 1.8) and location (see Figure 1.4, also see section 2.2). Thus, I cannot rule out the possibility
that mining-induced seismicity may exist and has been misinterpreted as mining blasts within the
abovementioned clusters. In particular, events occurred in the early morning or late night are
suspected of being induced (see Figure 1.7). To date, a few events have been identified as
susceptive mining-induced earthquake during 2006-2010, while further investigation is required.
Ideally, one should cross-check industry reports with recorded seismicity to verify the
classification (e.g., Arrowsmith et al. 2006). Unfortunately, the blasting records are usually

confidential, and remain inaccessible at the current time..

Many oil and gas exploration activities (i.e., mining, hydraulic-fracturing) are supplied with
wastewater disposal (WWD), which is characterized by long duration continuous injection to deep
high-permeability formations (Rubinstein & Mahani 2015). Within the WCSB, more than a
thousand WWD wells have been drilled between 1985 and 2015, leading to an average monthly
injection volume on the order of 10* m?, much less than that of Oklahoma (Atkinson et al. 2016;
Ellsworth 2013). The disposal activity in Alberta mainly focuses on deeper formations: for
example, the upper Rundel Group which is ~3.9 km deep and ~2 km above the crystalline basement

(Schultz et al. 2017).

Unlike Oklahoma, wastewater disposal wells are rarely linked (~ 1%) with regional seismicity in
the WCSB (Atkinson et al. 2016). The first (and only) confirmed a case of WWD induced cluster
is located in the southern part of Alberta (Cordel Field; Schultz et al. 2014), showing a time lag of
~3 years (vs. several months in Oklahoma; also see Langenbruch & Zoback 2016). Among this
cluster, the largest event was reported to be M1 =3.5, and this region has remained inactive since
2011. Since then, no more M >3 regional earthquakes have demonstrated a clear spatial-temporal

relationship* to a WWD well in and around the WCSB.

4 Earthquakes within 20 km of an injection well with a time delay showing correlation between injection volume and
seismic rate (also see Schultz & Telesca 2018)
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Figure 1.7: Time of day comparison for mining events and earthquakes activities in the southern

WCSB (2006-2010). Eq-earthquake, mine-mining activities.
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Figure 1.8: Day of week comparison for mining events and earthquakes activities in the southern

WCSB (2006-2010). Eq-earthquake, mine-mining activities.
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1.3.2 Multistage hydraulic fracturing

Since 2013, multistage HF operations, which require the drilling of horizontal wells and injection
of fluid mixture underground, have been widely utilized in the WCSB (Atkinson et al. 2016; Wang
et al. 2016; Schultz et al. 2015b). The horizontal well is usually more than 1 km long with a depth
ranging from 1 to 4 km, depending on the targeting shale gas formations. Figure 1.9 illustrates
how multistage HF works: the first step is to inject fluid to open fractures and let gas flow back
during the second step. Characterized by high-rate and high-pressure injections, this procedure
can take several weeks to fracture the shale rocks surrounding the well and generate Mw<0
microseismic earthquakes. The total volume of fluid injected by a single well is on the order of
10* m?, while less than half of the fluid will flow back. For example, the percentage is only 7%
for a well near Fox Creek (Bao & Eaton 2016).

well pad

fAluid injectio”

93s extraction @T

Figure 1.9: Schematic diagram for multistage hydraulic fracturing. A well is drilled down toward

the targeted shale layer and then drilled horizontally along a layer.
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In many cases, more than one well is drilled from a shared well pad (Figure 1.9 and 1.10; also see
Schultz et al. 2018). Due to potential economic competition, detailed injection information is
usually owned and withheld by oil and gas companies and is therefore unavailable to the public
for at least 1 year after the well completion. Such confidentiality presents major challenges to the
academic community during a real-time evaluation of potentially induced seismicity. Fortunately,
partial ground motion information has been made available via the GeoSCOUT software and its
licenses to Canadian universities® (see Figure 1.10). The license and database are updated annually

to provide basic header information of the wells in British Colombia, Alberta, and Saskatchewan.
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Figure 1.10: Screenshot of the interface of GeoSCOUT for a 10%10km area near Crooked Lake
(blue). Injection wells are shown with circles and squares. For multistage hydraulic fracturing
wells, the line connecting the well pads (squares) and well bottom (circles) represent the well
extension projected on the surface. Recent wells (after 2015) are shown in red and selected well

is highlighted in pink.

5 In particular, the GeoSCOUT software has been installed in the computer lab room located in the Earth Science
Building for University of Alberta.
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Major shale formations are located along the Rocky Mountains within the WCSB (Figure 1.11).
On the one hand, shale permeability is greatly enhanced through the opening of fractures
accompanied by microseismicity (Mw < 0). On the other hand, HF has been linked to a substantial
increase in seismicity rate (which is calculated for hazard-related, regional earthquakes) since 2013
in the WCSB (Schultz et al. 2017; Wang et al. 2016; Atkinson et al. 2016, 2014). Induced
earthquakes have been reported in the Horn River Basin, Montney, Duvernay, and Alberta Bakken
(BCOGC 2012 2014; Schultz et al. 2015¢), showing the maximum moment magnitude of 4.3 on
the Montney formation in 2015. This Aug 17, 2015 earthquake represents the largest HF induced
earthquake in North America and the second largest one of its kind worldwide (last updated Aug
2018).

To date, most HF induced earthquakes occurred on Montney and Duvernay, which has been
suggested to be associated with their over-pressured nature (Eaton & Schultz 2018). Both
formations are organic-rich and have hundreds of multistage HF wells operated by various oil
companies. The Lower-Triassic Montney formation belongs to the Daiber Group and is
characterized by shale (and silty shale) dominant contents supplied by a mix of siltstone and
sandstone (Dixon 2000). The depth of Montney play is ~2 km, shallower than that of Duvernay
(~3.5 km). In terms of the rock types, Montney contains a higher amount of sandstone than
Duvernay. The Duvernay Formation formed in late Devonian and belongs to the Woodbend Group
(Wendte & Uyeno 2005). The thickness of the Duvernay Formation varies mainly between 25
and 60 m in a broad region covering ~56,000 km? in total area (Davis & Karlen 2014; Dunn et al.

2012).

The exploitation of the Montney fairway® mostly takes place in northern British Colombia, and
only limited number of wells are drilled in west-central Alberta. To date, no induced earthquake
associated with the Montney has been reported in Alberta. For this reason, provincial regulations
(traffic-light system) have been introduced to monitor and control the potential seismic risk in two

regions: (1) Montney in British Columbia and (2) Duvernay in Alberta.

% A trend of particular geological feature, in this case, is hydrocarbon reservoir
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Figure 1.11: Major shale formations and maximum crustal stress orientation (Su, yellow dashes)
in the WCSB (Heidbach et al. 2016). From north to south the shale formations are commonly
referred to as Liard Basin, Horn River Basin (Muskva formation), Cordova Embayment (ordered
by color from left to right), Montney, Duvernay, Alberta Bakken (Rivard et al. 2014, BCOGC
2014, 2012). The earthquakes are shown by the small grey circles, and the tectonic boundaries
in Alberta are marked by the dashed lines.
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1.4 Thesis outline

The increasing seismicity raises many critical questions pertaining to the seismic risk assessment
of shale gas exploration in the WCSB. A first step in the process of addressing some of these
questions is an accurate determination of the source locations and their temporal relationship to
the nearby industrial operations (section 1.2). Further understanding relies on the robustly resolved

focal mechanisms, as well as knowledge of local geological background (section 1.3).

The rise of induced seismicity drives the enhancement of site-based seismic monitoring, which
targets minor, repeating earthquakes between the two end members: microseismicity (Mw<0) and
potentially damaging earthquakes (Mw>5). On the one hand, unique properties that defer from
either category may be obtained: the key differences and similarities between microseismicity,
induced seismicity, and tectonic earthquakes are under debate (e.g., Huang ef al., 2018; Dahm et
al., 2015). On the other hand, classic detection and imaging techniques can be adopted and applied
to such datasets. Therefore, great research potential resides within investigating such regional data

and bridging our knowledge gap between microseismicity and hazard dominating earthquakes.

This thesis focuses on the source properties of Mw~4 earthquakes in the WCSB and other induced
events worldwide. In this thesis, chapter 2 introduces several metrics used to determine and
evaluate the focal mechanism as well as two cross-correlation based methods used to relocate
repeating events. Determination of source parameters is based on the moment tensor analysis (i.e.,
Dreger 2003) that is assisted by additional detection/location methods (i.e., hypoDD, Waldhouser
& Ellsworth, 2000; Match&Locate, Zhang et al., 2015). To avoid repetitive information, the
fundamentals of these methods are removed from chapter 3, 4 and 5 (in comparison with the
published versions) while other event-based modification on the method and velocity model are
introduced in these three chapters. Chapter 3 focuses on the first “red-light” event with detailed
uncertainty evaluations (Wang et al. 2016). Chapter 4 presents an integrated analysis of the second
“red-light” earthquake (Wang et al. 2017a, 2017b; Schultz et al. 2017). Chapter 5 expands my
study scope and compares intraplate natural events with induced earthquakes in western Canada,
with detailed discussion on the non-double-couple (non-DC) components (Wang et al. 2018).

Chapter 6 summarizes the main findings in this thesis and offers suggestions and recommendations
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for future work. The outcomes validated the induced nature of several events and had greatly
contributed to the understanding of the morphology of reactivated critical-stage faults at a regional

scale.
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2 Data and Methods

2.1 Introduction

The work presented in this thesis focuses on the locations and mechanisms of seismic sources. The
outcome will provide first-order constraints on the unmapped reactivated faults for induced
seismicity. My analysis is data-driven and focuses on two main tasks: 1) determine the focal
mechanism of the relatively larger magnitude earthquakes; 2) detect and locate the corresponding
seismic cluster. The former undertaking targets potential fault orientations and reflects the
anthropogenic contributions (e.g., fluid involvement for non-DC components) while the latter
reveals potential spatial-temporal relationships between the industrial activities and near-site

geological structures.

Considering the magnitude differences and data availability (Table 2.1), various methods are
adopted to constrain the source properties: 1) hypocentral locations and full moment tensors of
several earthquakes with My >4 that are well resolved during both inversions (see section 2.1),
forward modelling as well as P-wave first motion analysis; 2) dozens of events with My 2-3 are
identified as “after-shocks” or “fore-shocks” and the detection of smaller events (e.g., in the Fox
Creek area, see section 4.4.3); 3) other smaller events with insufficient station recording cannot be
resolved with a robust focal mechanism, thus are only detected and located based on wave-form
similarities. The magnitude and location information of all events are used for statistical analysis.
In the following sections, I provide an overview of the key methods and packages for this thesis
study. The moment tensor forward modeling and inversion and Match & Locate are waveform-
based analysis, while the P wave first motion and double-difference relocation approach mainly

consider the phase arrivals.
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ML TDMT_INV  DC Forward Modelling P-Wave Analysis  Detection

>4 yes yes yes yes

3.5-4 | maybe yes yes yes

3-3.5 | maybe maybe maybe yes

2-3 no maybe (if repeating) maybe yes

1-2 no no no yes

<1 no no no maybe (if repeating)

low frequency < 0.5 Hz

high frequency > 0.5 Hz

Table 2.1: Analysis approaches based on magnitudes.

2.2 Focal mechanism determination and moment tensor
decomposition
earthquake data model
location + time request selection
moment tensor
inversion
l pure DC forward
depth search modeling
I
| P-wave first

decomposition bootstrap motion analysis

Figure 2.1: Flow diagram for moment tensor determination and validation. The depth search and

bootstrap parts are presented and discussed with corresponding events in chapters 3-5.
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Figure 2.1 illustrates my integrated approach to determine the moment tensor of a given event.
After collecting the broadband waveforms from all available regional network stations, I carefully
select a subsurface structure model from earlier seismic surveys based on source-station
distribution. Based on the quality of the recorded waveform I separate them into three categories:
1) high quality (mostly Mw>3.5) events for full moment tensor determinations, 2) solid quality
events susceptible to forward moment tensor modeling, and 3) events that are unsuitable for source
mechanism determination. For category 2 earthquake I use a grid search method to determine a
pure DC solution. For both categories 1 and 2, I independently measure the first P wave motion
(see section 2.1.1) to verify the outcomes of the moment tensors. A break-down of the events is

given in Table 2.1.

A stable moment tensor analysis requires information on the approximate earthquake location and
timing. In this thesis, the location and on-set time of an earthquake are obtained from near-real-
time online catalogs including NRC (Earthquake Canada); NMX (Nanometrics Athena); SLU
(Saint-Louise University Earthquake Centre); USGS (United States Geological Survey). The
USGS reports M>4 events and NRC provide alerts for M >~3.5 due to the limited seismic
network used during automatic detection. Earthquakes around M1=3 can be searched via online
searching engine (Earthquake Canada) while the catalog for smaller ones may be incomplete. |
also incorporate SAC header information for several potentially induced earthquakes, once all the
potential reports are collected for earthquakes, their locations are compared, and a preferred (e.g.,

effective averaged) location is used for the initial run.

To compute the Green’s functions, I adopt a one-dimensional velocity model consisted of 14 layers
(Figure 2.2). The upper crust in this model is modified from Welford & Clowes (2006) based on
an active source experiment. The lower crust velocity model is from the recent receiver function
analysis (Chen et al. 2015b) beneath station PER (Gu ef al. 2011). The attenuation model is
modified from Zelt & Ellis (1990) by Wang et al. (2016), and the forward waveforms are computed
using a frequency-wavenumber integration approach (Saikia 1994). This calculation was repeated
for all depths (1-10 km), and a Green’s functions database (with a sample rate of 0.5s) was
generated for stations from 30-700 km with the model shown in Figure 2.2. This database is used

as the backbone for most regional moment tensor inversions, supplemented by event-based
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adjustments on the model/sample rate (i.e., 0.2s for stations < 30 km and filtered with higher
frequency ranges).
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Figure 2.2: 1D structure model used for full moment tensor inversion. The sedimentary layer is
colored in red, and the upper mantle is colored in green. The velocity (Vp cmb, Vs cmb) and

density model was resolved by Chen et al. (2015b; station PER). The attenuation model (QOp, Os)
is modified from Zelt and Ellis (1990).
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2.2.1 P-wave first motion determination

P-wave (Pn or Pg phases) is the usually first arrival received at seismic stations. Therefore, its
polarity and amplitude directly reflect the stress alternation when an earthquake indicated (Figure
2.3). For example, compressive stress will lead to a “push” at seismometer and leads to positive
displacement (Figure 2.4). Different from surface waves, which travels along the surface plane,
the P-wave dives into the subsurface and are recorded with an incident angle. In this thesis, the
incidence angles are calculated using the regional velocity model (see Figure 2.2) with Taup
(Cortwell et al. 1999). When plotting the polarities on a “beachball”, stations with larger incidence
angles (far-source) will be presented closer the center of a “beachball” and vice versa. Thus, robust
polarities recorded by near-source stations are critical to determining the focal mechanism. With
sufficient station coverage, each station is plotted as a dot on an empty “beachball” and provides
constraints on the potential fault plane orientations (see Figure 2.3). The amplitude information
could also be included to invert the focal mechanism using P-wave first motions since the receiver
closer to the strike orientation will record smaller displacement. Due to relatively low SNR, this
thesis does not consider the amplitudes of P-wave first motion and only uses the polarities to

validate results from moment tensor inversions.

7 Signal-to-noise ratio: in this thesis all SNR are calculated using sac_snr (written by Dr. Zhigang Peng), which is
defined as ratio for the standard variation within the signal and noise window.
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Figure 2.3: First motion received at seismometer. Filled dots represent compressional (positive
onset of the waveform) and open dots represent dilatational (positive onset of the waveform).

Figure credit from USGS Earthquake Glossary.
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Figure 2.4: Example for negative (dilatational) P-wave first motion: showing the Mw3.9
earthquake received by a RAVEN station (STPRA) at azimuth = 21 ; distance = 181 km.

2.2.2 Full moment tensor inversion and forward modeling

Throughout this thesis, the earthquake source is assumed as a spatial and temporal point-source
(as calculated in FKRPROG package; also see Saikia ef al. 1994). Based on the monitoring
geometry (see Figure 1.3), the source-station distances are also sufficient to approximate the
earthquake as a point source (Honda, 1962). For a single point source, stress distribution can be

fully described by a 3x3 matrix, which is named moment tensor (M) (Aki & Richards1980). In
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the following text bold capitalized letter (e.g., M) represent a matrix, bold uncapitalized letter

represent a vector (e.g., d,).

M Mxy M,
M =My, M,, M,,|(dyne-cm, or N-m), (1)
M3, sz M,,

where, X, y, and z denote the directions (Shearer 1998). Each element in this matrix represents a
pair of force couple applied on a plane pointing toward a direction. Since seismic moment tensor
is real and symmetric (Myy, = My, My, = M,,, M,,, = M,,,), only six elements (scalars) are
required to fully describe the time independent source mechanism. Special cases for the moment

tensors exist when certain element(s) vanishes. Those are discussed later in the section 2.2.3.

For a single seismic station, data are recorded as velocity variations over time in three orthogonal
orientations. One can remove instrument responses, filter and transfer those velocity recordings
into displacements (d) in SAC (Seismic Analysis Code). The three components are also rotated
from the geographical coordinate (e.g., N for the north component, E for east component and Z for
vertical component) to a new system relative to wave path, based on the locations of a seismic
source and station. After the rotation, the seismic recordings d,, d,, d; (unit: cm, or m) at a

seismic station are denoted by vertical (z), radial () and tangential (t):

d,=zee A, +2zds-A, +zdd - A; + (zep - m;,,)
d.=rss' Ay +rds-A, +rdd - A; + (rep - my,,) (2)

d; =1tss A, +zdd " A5,

where m;,, =tr(M)/3 , is the isotropic (explosion or implosion) coefficient;

8 Green’s functions as

zss,zds, zdd,rss,rds, rdd, tss, tds, zep, and rep represent ten
functions of time (or frequency, for frequency domain moment tensor inversion). In those ten

Green’s functions (unit 1/dyne, or 1/N), “ss”, “ds”, “dd” are the vertical strike-slip, vertical dip-

8ten for layered model, if not, a complete set contains 27 functions.
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slip and 45 dip-slip Green’s functions, reprehensively; “ep” is the explosion Green’s function (Aki
& Richards1980). When the velocity model is assumed to be one dimensional, Green’s functions
are functions of source-receiver distance and azimuth (az). The Greens’ function in this thesis is
calculated using the frequency-wavenumber integration software (FKPROG, Saikia, 1994) and a
regional 1-D velocity model as input (see Figure 2.2). In equation (2), A; represents the stress field

caused by certain source force and are a linear combination of moment tensors defined in equation

).
A = %(Mxx — M,,) - cos(2az) + M,,, - sin(2az)
AZ = Mzz ' cos(az) + Myz . Sin(az)

Ay = =5 (Mg, + My, 3)

2 (M — Myy) -sin(2az) — My, * cos(2az)

A4:2

As = M,,, - cos(az) + M, * sin(az) .
Equation (3) is the expression for A; generated from equation (2) without considering M, terms
for vertical and radial displacement, which is commonly used for the traditional method, as

explained by Jost & Herrmann (1989). However, when the isotropic contribution to displacements

in those two directions is included, the coefficient A; should be expressed as:

1
Az = _E(Mxx + Myy —2M,,) . (4)

This correction was made by Minson & Dreger (2008), which is referred as the stable inversions

for complete moment tensors method’. Combining and rearranging the above equations (2-4), the

? note that sources without isotropic part (CLVD and DC) are not affected because when M, + M,,, + M,, = 0, both
methods yield the same results.

27



displacement at free surface (received by the seismic station) can be expressed as a sum of moment

tensor elements times the corresponding Green’s functions:

VAT zdd zep
d,=M,, [T -cos(2az) — r + —]

zdd zep
+ My, [ -cos(2az) ——— ]

5
zdd zep

3
+ M,, [zds -cos(az)] + My,[zds - sin(az)]

+ M, |— ] + M,y [zss - sin(2az)]

rss rdd rep

dr = Mxx [T ' cos(Zaz) - T + T]
M [ (2az) rdd rep

yy *cos\saz —T —]

(6)

rdd rep
My, [+ ZF|

+ My, [rds - cos(az)] + M,,[rds - sin(az)]

+ M,y [rss - sin(2az)]

d; =M,, [t;_s : sin(Zaz)] )

tss
+ M,,, [— - sm(Zaz)]
+ Myy[—tss - cos(2az)]

+ M,,[tds - cos(az)]
+ M,,[—tds - sin(az)].

Note that equations (5-7) are different from equation A5.4-A5.5 by Jost & Herrmann (1989), to
take the isotropic component into the inversion problem (Minson & Dreger, 2008). Combining

equation (3-7) and include all (n) stations, the inversion problem is set up as:

28



_Mxx.
w1G1 1| Myy
M
d=[wd; wydy..w,d,]= wZ:GZ MZ/ =G6m, (8)
WnGpl| M,,
| M, |

where d,, = [d, d, d;](3],, X 1) is the data vector, w, is the weight and G,, (3[,, X 6) is the
coefficient matrix for the n;, station ([, is the length of time samples for the n, station).
Therefore, d is a vector of N X1 (N =Y}(3 X l,), total length for all three-component

recordings) and our goal is to invert for the m vector (6 X 1):

Equation (8) can be further expanded by breaking one station into more: treating different seismic
phases (i.e., body waves and surface waves) as recordings at “another station” with same G,, while
a different weight (w,,) (i.e., “Cut and Paste”; see Zhu et al. 1997 and Zhang et al. 2013). Usually,
high-frequency body waves are weighted higher to overcome their higher attenuation and smaller

amplitude than surface waves. The inversion procedure is simply defined as:

Mgy = (6T6)"167d . 9)

From equation (8), it is obvious that the moment tensor inversion is an overdetermined problem
and no damping is introduced. To compare and validate the inversion results, I determine the pure
DC moment tensors from forward modeling (Kim ef al. 2011) by searching over all possible strike,
dip, and rake angles with a uniform step size of 5 degrees. Both the input data and Green’s
functions are the same as moment tensor inversion. The forward modeling can only model purely
DC focal mechanisms. For a purely double-couple source, m only contains four independent
variables (rather than six, for a full moment tensor). Thus, a set of double couple moment tensors
(mgy,q)can be generated from different combinations of strike, slip, and dipping angles, as well as
the size of the seismic source (seismic moment my). The corresponding synthetic displacement

seismic record is then calculated as s = Gmy, 4.
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The quality of the waveform matching is assessed through the variance reduction (VR) and

normalized residual (RES/Pdc) (Pasyanos et al.1996) defined as follows:

N . (d; — s5;)?
VR=|1- 222" 1.100% (10)
XiL d}
?’_ d;—s;)? 11
RES/Pdc = 25020 (1

where d; and s; are the i;;elements of the concatenated data (d) and synthetic (s = Gmg,,) time
series, respectively, and Pdc is the percentage of DC moment tensor decomposition (see section
2.2.3 for calculation). For the forward modelling approach, the my,,4 that produce the highest VR

is kept as the optimal solution.

Considering the large variances in earthquake magnitudes and source-station distances (Figure
2.5) multiple frequency ranges (0.08-0.4 Hz and 0.05-0.1 Hz) are adopted during the moment
tensor inversion to ensure relatively high SNR and robust inversion. More than 4 and 12 three-
component recordings are used for Mw>3 and Mw>4, respectively. When both frequency ranges
are acceptable, the higher one is kept to maximize the energy of body wave by varying the weights
of the individual waveforms based on both source-station distances and the relative amplitude in

the corresponding frequency ranges.
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Tangential Radial Vertical

SNUFA M Depth = 4
- Strike =274 ; 4
Distance $29 km Azimuth = 348 Max Amp = 1.16e-04 cm Zcorr =6 VR =72 10.00sec Rake = -4 ; =178
Dip=88 ;86
Mo = 3.90e+20
SNUFA S AVAVAVAVLVAIIS Mw = 2.99
) ) YTy Percent DG = 95
Distance = 29 km Azimuth = 348 Max Amp = 2.29e-04 cm Zcorr=8 VR =50 Percent CLVD = 4
Percent ISO =1
N Variance = 3.96e-10
BRLDA TN Var. Red. = 64.8

km Azimuth = 176 Max Amp = 1.16e-04 cm Zcorr=7 VR = 87

BRLDA

10.00
Distance = 37 kmiAzimuth = 176 Max Amp = 2.01e-04 cm Zcorr=7 VR =79 see

EGLEA

/ 10.00
Distance = 65 km Azimuth = 86 Max Amp = 1.30e-04 cm Zcorr = 4 VR = 64 see

BDMTA

: ] 10.00
Distance = 105 km Azithuth =295 Max Amp = 3.45e—05 cm Zcorr = 6 VR = 21 e

Figure 2.5: Example of output (Mw=3) for the full moment tensor inversion (TDMT INV)
program. Note that station BRLDA and SNUFA have both high and low-frequency ranges used
while other stations are left with only high-frequency ranges due to the relatively low signal-to-

noise ratio in low-frequency range.

2.2.3 Moment tensor decomposition and display

When decomposing a given moment tensor, the isotropic part can be uniquely determined and
separated from the deviatoric part. However, further calculations of the percentage and property
for various components of the deviatoric part are non-unique and can be conducted in many
different ways. A common approach is to separate it into a major DC and an orthogonal
compensated-linear-vector-dipole (CLVD) tensor (Jost & Herrman 1989; Chapman & Leaney
2012):
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yz = M, + Mge, - (12)

The decomposition is accomplished by eigenvalue decomposition:

4 0 0 Mo O 0 A 0 0
a-lo 2, olaT=|0 my O |+4-|0 2 of-a” (13)
0 0 A 0 0 m, 0 0 A
Again, mjs, = m1+"312+m3 = tr;M) and A is the matric contains all three eigenvectors:

A1x A1y Qg
A=|Qix Qzy QZZ‘ (14)
A1x A3y A3z
and M 4., 1s the deviatoric part of a full moment tensor:
Mxx Mxy sz
Mdev - Myx Myy Myz (15)
sz zy zz

with M, + Myy + M,, = 0. Mg, can be further decomposed into a best DC (My4.) and CLVD

(M 1,q) components by rearranging the eigenvalues to A,,in, Amidr Amax, based on the absolute
values of 13, 15, 15 and the corresponding eigenvectors are aj, a;, @z, which represents the three

rows in A . Let us first define the ratio &:

- _ Amin . (16)

Equation (16) is always true since A; + A5 + A5 = Apin + Amia + Amax = 0. Calculation for

the percentages of ISO, CLVD and best DC in percentages is shown below:
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Py, = —msel 5 100%

[Amax!+Imisol
Poya = 2€ X (100% — Pygy) (17)

Py = (1 —2¢) X (100% — Pisp) .

The definition of P, from Bowers & Hudson (1999) is used in this thesis and is consistent with

the source-type plot used by Hudson (1998).

Alternatively, similar major DC can be maximized and extracted while the rest is represented by

a minor DC (Jost & Herrman 1989):

Mdev:Mdc1+Mdc2' (18)

Four more decomposition methods can be carried out in a similar concept by constraining the
physical type of each decomposed components while they are hardly linked to sound geologic or
physical meanings (Figure 2.6). Irefer the readers to Jost & Herrman (1989) and Vavrycuk (2014)

for more details.
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Figure 2.6: Example of different moment tensor decomposition methods. The deviatoric part could

be decomposed into six different combinations shown in the box. The first two methods are chosen

and interpreted in the main text (see chapter 5).
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It worth noting that the Cartesian system (coordinates marked by “xyz”) is used for all above
equations and illustrations, another popular coordinate in source seismology is the rtp!® (or rtf)
system (i.e., GCMT solutions). One should pay extra attention to this when calibrating various
source of moment tensors and plotting the focal mechanisms (e.g., use “psmeca” in GMT). The

conversion between the two systems are:

M, = My,
My = Myy
Myy = M,,,
(19
Mrt - sz
Mrf Myz
Mtf = _sz .

This conventional decomposition has been widely used to generate source-type plots. For
example, Hudson ef al. (1989) proposed the symmetric plot to present negative/positive ISO as
well as CLVD at four corners of a skewed diamond shape and remain the DC components in the
center. Alternative source-type plots are also developed while no method show a significant
advantage over one another (VavryCuk 2014; Tape & Tape 2012). In addition, seismic potency
sensor decomposition is proposed as a more reliable metric than the above-presented moment
tensor decomposition and yields different percentages of non-DC components (Zhu & Ben-Zion
2013). The potential inconsistency between various methods should be more concerning if one
uses gCAP for moment tensor inversion and wants to compare with the output from TDMT _INV
(as well as the majority of online available full moment tensor decomposition results), since the
recent version of gCAP adopted the updated decomposition method (Zhu & Ben-Zion 2013). In

this thesis, I adopt the classic/traditional decomposition method in chapter 5 to ensure my results

19 r=upper, t=south, p=east; for the Cartesian system, x=north, y=cast, z=down. See Aki & Richard 1980.
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comparable and consistent with previous studies. It should be noted that the choice of the source-

type plot, as well as decomposition method, have no effect our discussion or conclusion.

2.3 Cross-correlation based cluster location

Accurate location is vital for spatial based analysis of seismic clusters. In this thesis, most events
with M >2 detected by a regional network (see Figure 1.3) are relocated with hypoDD
(Waldhauser & Ellsworth 2000), and smaller events are detected and located with M&L!! (Zhang
& Wen 2015a).

2.3.1 Double difference relocation (HypoDD)

Once detected and categorized as multiples, the location of clustered events can be refined by a
double-difference relocation approach (Waldhauser & Ellsworth 2000). In general, the code tends
to tighten a cluster based on the physical assumption that repeating (similar) earthquakes occur on
shared fault(s). Thus, the different travel time for a pair of earthquakes can be attributed to the
small (i.e., compare to the source-station distance) spatial offset between them. The name “double-

difference” comes from the two steps of calculations:

g = (tf = 6D = (ef — ) 20

In the first step, travel time differences between a pair (i, jin) of similar earthquakes are

calculated(t: — ti); in the second step, the differential travel time data of all pairs are used to
determine/refine the hypocenter locations of a seismic cluster. The inversion problem is set up to
minimize the differences (residuals) between observed and calculated travel-time differences
(Equation 20). The hypoDD method is sensitive to the input preliminary locations, and the outputs
should be treated as relative relocations instead of improvements on the absolute initial locations.
Damping parameters are added at the end of the (sparse) matrix containing all pairs of observed

time differences during the inversion (matrix regularization). The package also permits shifts on

! Cross-correlation based, grid-search method to capture smaller event using template (usually larger) event determine
the event time and location simultaneously. See Zhang & Wen 2015a for details on method. Package available via
request to Dr. Miao Zhang.
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the center of relocated cluster(s). Thus, the relocated cluster may not be located exactly on the
ruptured faults and requires reconciling, I refer readers to Waldhouse & Ellsworth (2000) for more

details on the method as well as the use of the hypoDD package.

Confined locations and depths can provide critical information on (1) identifying if an event is a
mining blast or mining-induced earthquake, (2) comparing the depth of hydraulic-fracturing
simulations and the possible induced earthquake and (3) determining the true fault orientation (i.e.,
discriminate the true and auxiliary fault plane from focal mechanism analysis). Figure 2.7-2.8
shows the relocation of the “mining blasts” in southern Alberta, which can be clearly divided into
five independent clusters that overlap with five known open-pit coal mines: Fording river,
Greenhills, Elkviews, Line Creek and Coal Mountain (Figure 2.8, from top to bottom). In this
thesis, the locations of clustered regional events are supplied by the outputs from hypoDD. In
particular, detailed discussion and location of HF induced clusters around the Crooked Lake are

presented in Schultz et al. (2017).
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Figure 2.7: Locations of mining blasts (2006-2010) in southern Alberta before relocation using
HypoDD.
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Figure 2.8: Locations of mining blasts (2006-2010) in southern Alberta after relocation using
HypoDD.

2.3.2 Match and Locate (M&L)

Most of the induced events are accompanied by earthquake swarms'? with much lower magnitude

but similar waveforms, which could be recorded by the near-source stations. In addition, due to

12 Earthquake swarms are earthquake clusters located within a relatively small region and shock period and lack a
dominating main event, which is on the opposite side of typical “pre-shock™ and “after-shock” sequences.
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the nature of mineral exploration, mining blasts also repeat themselves at near surface and the
same location. Both types of seismicity can form clusters with hundreds of multiples (Mw<3) and
are suitable for further analyses such as velocity variation study. The similarity between the
waveforms of the multiples from the same cluster can be evaluated by the cross-correlation
coefficient that ranges from zero to one (Figure 2.9). The high similarity between the swarms and
the selected master event (usually the largest event reported by other agencies) also enables us to

detect more multiples with the M&L method (Zhang & Wen 2015).

0.9 0

120
087 7

130
0.77 1

140

coefficient

067 7

150

number of events

0.5 lgo

0.4 170

80

0 2 4
coefficient maghitude
Figure 2.9: Waveform similarity plot for the multiples of the Jan 12, 2016 earthquake. Multiples
are detected based on a fix location and cross-correlation (CC) larger than0.5 from M&L (Zhang
& Wen 2015). Spatial and temporal distributions of a more complete detection are discussed in
chapter 4. Color bar indicates the degree of similarity ranging from 0 to 1. Magnitudes of

corresponding events are shown on the right.

The availability of near-source broadband data contributed by the operator (i.e., stations WSKO01-
04, more details in chapter 5) enables a closer examination of the seismic activities leading to, and
immediately following the January 12 event. I adopt 15 events with ML>2 (reported by
Earthquakes Canada and AGS, Schultz et al. 2017), as master events and systematically search for
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potential repeating earthquakes within 3 km of the suspected well using M&L method (Figure
2.10, Zhang & Wen 2015a). Unlike the traditional template matching method that assumes the
template event and slave event are collocated or sufficiently close, the M&L method scans over
potential event locations around the template, by making relative travel-time corrections based on
the relative locations of the template event and the potential event before their cross-correlogram
stacking (Zhang & Wen 2015a, 2015b). In my analysis, the S-wave phases with relatively large
amplitude are used. The search space is divided into uniform grids with respective dimensions of
300 m and 100 m in hypocentral location and depth. Based on the matching procedure, I identify
1108 events with Mw<2 using a minimum (CC) threshold value of 0.3. For a robust determination,
only events with CC>0.5 were kept for the analysis on spatial-temporal relationship with the HF

wells. Detailed results are presented in chapter 4.
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Figure 2.10: Example of a smaller event (Mw=0, grey waveforms) is “matched” by a template
event (red waveforms) during M&L. Three components data from four industry stations (listed on
the left) are used here, and the cross-correlation value is larger than 0.7. Corresponding CC

value for each component is labeled on the right.
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3 First “Red-light” Event

3.1 Introduction

On June 13, 2015, an earthquake with a reported magnitude (My) of 4.4 occurred roughly 30 km
south of Fox Creek, Alberta, Canada. This was the third moderate'® earthquake in this historically
quiescent region in less than 6 months; no M1 >3.5 events have been recorded within 100 km of
the hypocenter prior to 2015 (Earthquake Canada, 2018). All three events have been suspected to
be associated with HF operations, which were responsible for the 2013-2014 Crooked Lake
earthquake swarm 30 km west of Fox Creek (Schultz et al. 2015b). The June 2015 earthquake is
significant for both political and scientific reasons. It was potentially the largest HF-induced
earthquake in the world by 2015 and was the first earthquake that triggered the stop light for HF
operations in compliance with a newly enacted “traffic light” regulation in Canada (Alberta Energy

Regulator 2015).

The hypocenter of this earthquake is within the Chinchaga domain, an early Proterozoic
plutonic/metamorphic terrane roughly 30 km from a splay of the Snowbird Tectonic Zone (Gu &
Shen 2015; Jones 2002) near basement depth (3.8 km; Pilkington ef al. 2000). The sedimentary
strata above the basement rocks include the Duvernay formation, which originated as a fill-in basin
coeval with the Leduc reef (Rokosh ef al. 2010; Switzer et al. 1994). Both conventional and
unconventional hydrocarbon exploration activities are presently taking place in the Duvernay play,
many assisted by HF, the suspected source of recent earthquakes in this region (Bao & Eaton 2016;

Atkinson et al. 2016).

13 Or light earthquake (magnitude 4-4.9) based on: http://ds.iris.edu/ds/support/faq/52/how-do-i-interpret-magnitudes-
and-magnitude-types/
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Figure 3.1: Spatial distribution of seismic stations (triangles and diamonds) and earthquakes
after 2006 (circles) with magnitudes greater than 3.0. The earthquake data are obtained from the
Alberta Geological Survey (2006-2010) (Stern et al. 2013) and Natural Resources Canada (201 1-
2015, http://earthquakescanada.nrcan.gc.ca/recent/index-eng.php, last accessed August 2015).
The grey dashed lines denote the Proterozoic domain boundaries (Clowes et al. 2002; Ross et al.
1999). The map inset in the lower right corner highlights the hypocenter locations reported by
different agencies: Natural Resources Canada (NRC), Nanometrics Athena (NMX), Saint Louis
University Earthquake Center (SLU), Alberta Geological Survey (AGS), and National Earthquake
Information Center (NEIC).
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However, questions have surfaced in the few months after this earthquake regarding the reported
magnitude, which differs by 0.6 magnitude units among five different reporting agencies (i.e., as
large as Myw=4.6 by NRC); additionally, hypocenter locations vary by as much as 26 km (Figure
3.1). Much of the discrepancy may be attributed to: (1) limited seismic station density and/or
incomplete use of available data; (2) uneven station coverage, especially along the NE-SW
orientation; (3) phase picking inaccuracies associated with automatic solutions; and (4) the lack of
consideration of an appropriately-calibrated attenuation model for the WCSB. Disagreements
among the existing source solutions underscore the challenges in the assessment of the nature of
this event, which is crucial for regional seismic monitoring, regulatory practices, and hazard

mitigation (Bent 2011).

This chapter presents an updated analysis of the earthquake source parameters from full moment
tensor inversions of broadband recordings and a discussion of regional ground motion
observations. The availability of local data, particularly recordings from two recently installed
stations, and a grid search algorithm enable us to determine the hypocenter location and depth to
an accuracy of ~1 km. My analysis shows that this event (Mw=3.9) is located within the Duvernay
play at a depth close to the basement and exhibits a strike-slip mechanism. The significance of

these findings is discussed in relation to regional geology and HF operations in section 3.4.

3.2 Data and improvements on method

The waveforms analyzed in detail in this chapter are the broadband recordings from five TD
stations, four RAVEN station (Schultz & Stern 2015), and two CRANE stations (Gu et al. 2011)
(Figure 3.1). The stations are uniformly distributed around the source area, with distances ranging
from 30 km to 300 km. Other recordings that are publicly available in real time from all networks
are also used to compare ground motion amplitudes to regional attenuation models. After
deconvolving the instrument responses, I rotate the three-component seismograms to the great
circle and then filter the waveforms based on frequency ranges of 0.08-0.4 Hz and 0.05-0.1 Hz to
enable simultaneous inversions of both body and surface wave waveforms. Various source
parameters are then retrieved from full and deviatoric moment tensor inversions and verified

against solutions from an independent forward modeling with the constraint of the pure DC (i.e.,
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no ISO and CLVD components; e.g., Henry et al. 2002). Six moment tensor elements are
determined through full moment tensor inversions, whereas the deviatoric solution assumes no net
volume change (i.e., isotropic component = 0) (Julian et al. 1998) and recovers five independent
tensor elements. My inversion method is based on the TDMT-INVC-ISO package (Minson &
Dreger 2008; Dreger 2003) and the Green’s functions are computed from frequency wave number
integrations (Saikia, 1994) (see chapter 2 for details). This chapter extends the original package
and enables a flexible, simultaneous inversion of multiple frequencies and phases (Chen et al.
2015a). Moreover, pure DC moment tensors are generated from forward modeling of a possible
strike, dip and rake angles with a step size of 5 (see section 2.1.1). Independent solutions of full,
deviatoric and pure DC are obtained using an assumed focal depth of 5 km, an effective average

of the reported values from five different agencies (SLU, AGS, NRC, NMX, NEIC).

Two weighting schemes are explored during inversion and forward modeling based on
considerations of (1) the amplitude ratio between body and surface waves and (2) the reciprocal
of source-station distances. Time shifts are introduced during the fitting procedure to minimize
the effects of velocity heterogeneity and earthquake mislocation (Dreger 2003). The maximum
dimension m is the total number of time samples from all components (3), frequency bands (2),
and stations. Both parameters are sensitive measures of solution stability during velocity model
and source location perturbations. The uncertainty of the best-fit moment tensor is evaluated from
a bootstrap resampling test (Efron & Tibshirani 1991). During these tests, I randomly select 14
out of 19 stations/bandwidths and determine the full moment tensor. This experiment is repeated
200 times to obtain statistically significant distributions for all elements of the moment tensor as
well as the strike, slip and rake angles. The standard deviations of these distributions are effective

measures of variation.

In addition, the ground motion amplitudes are determined using pseudo-acceleration (PSA)

spectral amplitudes'*. Distances up to 400 km are selected to show the effect of attenuation, and

14 *Work by coauthor Gail Atkinson. Included with permission.
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a regional model (Yenier & Atkinson 2015; Atkinson et al. 2014) is used to obtain the moment

magnitude and estimate the Brune-model stress drop (Brune 1970).

3.3 Results

The focal mechanisms, moment magnitude, source location, and depth are obtained as the best-fit
solution from high-frequency body waves recorded by 8 stations and low-frequency surface waves
recorded by 11 stations. The final inversion result indicates an epicenter close to the reported
source location by AGS (for brevity, AGS location), with an optimal depth of 3-4 km and a

moment magnitude of 3.9.

3.3.1 Focal mechanism and moment tensor decomposition

The solutions from waveform inversions generally achieved VRs (see Equation 10) greater than
70% regardless of whether one considers full, deviatoric, or pure DC moment tensor solutions.
The fault plane solutions from these three different approaches are highly consistent, suggesting a
strike-slip mechanism with candidate fault planes along E-W and N-S orientations (Figure 3.2).
The components of the moment tensors and VRs are influenced by the modeling approach and
data selection (Table 3.1). The result of full and deviatoric moment tensor inversions achieve
identical VRs in all frequency ranges, indicating a negligible ISO component (<4%) and a limited
CLVD component (see Figure 3.2). In comparison, the pure DC solutions determined through a
forward routine yield lower VRs, especially at frequencies above 0.08 Hz. These VR values are
comparable to those attained by SLU (<65%) based on inversions for pure DC sources. The
dominance of the DC component makes RES/Pdc a reasonable metric for the assessment of

hypocenter location and depth accuracies (Ichinose et al. 1998).

47



Method Low Frequency High Frequency Joint

DC/CLVD/ISO VR DC/CLVD/ISO VR DC/CLVD/ISO VR

DC 100/0/0 78.8 100/0/0 49.8 100/0/0 64.6
DEVIATORIC 59/41/0 90.6 82/18/0 73.5 70/30/0 77.4
FULL 62/37/1 90.6 78/18/4 73.5 70/27/3 77.4

Table 3.1: Moment tensor decomposition and VR for various frequency ranges and inversion or
forward modeling restrictions. Note the VR values show no difference between deviatoric and full
moment tensor inversion for all choice of frequency ranges, indicating the isotropic component is

negligible for the studied event.

48



Figure 3.2: Inversion results and the vertical-component waveforms of low (0.05-0.1 Hz, 11
stations) and high (0.08-0.4 Hz, 8 stations) frequencies. The solid and dashed lines show the
observed and best fitting synthetic data, respectively. The result of my full moment tensor inversion
is shown in the center of the page and two DC solutions from forward modeling (left, this study)
and moment tensor inversion (right, SLU, from

hitp.//www.eas.slu.edu/eqc/eqgc_mt/MECH.NA/20150613235753-/index.html, last accessed Sep

2015) are shown in the upper-left corner. The latter two moment tensors used slightly different
datasets and hypocenter locations (see text for details). For comparison, the non-DC component
from the full moment tensor inversion is also plotted beneath the DC solutions. In all cases, the
shaded quadrants are compressive. The small circles on the focal mechanisms indicate
compressional (open) and dilatational (solid) P-wave first motion, determined from vertical

component waveforms in the frequency range of 0.5-5.0 Hz. The takeoff angles are calculated
from IASP91 (Kennett & Engdahl, 1991).
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It is worth noting that inversions based on low frequencies (VR ~90%) are more stable than their
high-frequency counterpart (VR ~75%). On the other hand, the inclusion of higher frequencies
imposes greater constraints on the direct P and S phases with relatively high signal-to-noise ratios
and reduced sensitivities to the complex shallow subsurface velocities. The joint inversion
procedure (my method of choice), which incorporates both high and low frequencies, represents a

reasonable compromise between VR and Pdc.

3.3.2 Improving hypocenter location and depth

The availability of near-source stations, especially recently-installed stations BR2 and SWH,
enables us to provide a more accurate hypocenter location than was previously possible. To
determine the best location and minimize its bias, I introduce 14 test locations within a grid of 20
km x 20 km as the input for a series of full moment tensor inversions of both body and surface
waves (Figures 3.3a and 3.3b). This grid contains four out of five reported epicenter locations,
centering on the AGS/SLU location. The VR and RES/Pdc values from the solutions from all test
locations of the epicenter are subsequently interpolated using 2-D splines algorithm (Smith &
Wessel 1990). The highest observed VR is 69.1%, which is below the value of the final solution
due to an assumed focal depth of 5 km, and the lowest RES/Pdc is ~7.4. The optimal location
based on 1) a high VR and 2) RES/Pdc (see Figures 3.3a and 3.3b) is within 0.5 km of the center
of test grid, coinciding with the proposed earthquake epicenter location (latitude 54.1742,
longitude -116.8525) by AGS. Also notable is low RES/Pdc toward the SSW (see Figure 3b),
which reflects increased Pdc (e.g., 89% at NRC location; 81% at most south location) and reduced

resolution along this orientation.
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Figure 3.3: a) Interpolated VR (see Equation 10) for 14 uniformly distributed hypothetical source
locations (yellow circles). The stars indicate the four reported epicenters as denoted. The
maximum VR is obtained near the center of the grid. b) Interpolated RES/Pdc values (normalized
residual, see Equation 11) for the same 14 source locations. The minimum RES/Pdc values roughly
coincide with the AGS location, and consistently low values are observed along an N-W
orientation. c) VR for a range of depths. The focal mechanism from independent inversions using
body (red) and surface (blue) waves suggest optimal depths of 3 km (red triangle) and 4 km (blue
triangle), respectively. The solid and dashed lines without focal mechanisms indicate the outcomes
of joint inversions of surface and body waves with assumed amplitude ratios of 1 and 2. The
arrows indicate the reported earthquake depths from four agencies. d) Fault plane solutions
determined from a bootstrap resampling test using 200 trials (Efron & Tibshirani 1991) (see

section 3.3.3 for details).
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The optimal depth determined from independent inversions of low- and high- frequency ranges
are 4.0 km and 3.1 km, respectively (Figure 3.3¢). Both solutions exhibit relatively constant values
between the depths of 2.5 and 4.5 km, beyond which the VR decreases substantially. The results
of joint inversions are moderately dependent on the subjective weights (see Figure 3.3c) of the
subsets of the data. An independent experiment based on inversions of the broadband (0.02-1.0
Hz) data yields a focal depth of 3.8 km (SLU), which also falls within my end-member models of
3 and 4 km.

3.3.3 Uncertainties

The reported hypocenter locations vary by as much as 26 km between the solutions of the NRC
and NEIC. The variability of these solutions can be as large as 5 km (Schultz ef al. 2015a;
Farahbod ef al. 2015) and is largely attributable to the availability /choice of stations and picking
errors of the arrival times. Based on improved station coverage and a grid search algorithm (see
section 3.3.2), I am able to determine the epicenter location to accuracies of ~1 km. Most of the
distributions of the six moment tensor elements and fault angles are approximately Gaussian.
Their standard deviations provide effective measures of the uncertainties for the various source
parameters. The adopted velocity model (see chapter 2) produces stable source inversion results
that are relatively indifferent to minor structural perturbations (Figure 3.4). The orientations of
two candidate fault plane solutions and stress regimes remain stable (see Figure 3.3d). The strike,
dip, and rake values determined from the means of their distributions equal to 354, 83’ and -175,
respectively. The largest variation is observed from the rake value, which is only 6. However, the
bootstrapping test shows a standard error of 17% in CLVD based on the 95% confidence interval,
which is comparable to the observed CLVD contribution (23%) to the final focal solution. Hence,
I conclude that the CLVD component is poorly constrained and most likely represents only a

modest contribution to the focal mechanism.
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Figure 3.4: Sensitivity of inversion results to input velocity and Q structures. Input shear and
compressional velocities (solid and dashed lines in color) and density (black) models for full
moment tensor inversions. The four models are edited from Vs model PER of Chen et al. (2015b)
(blue), Vp model from Bouzidi et al. (2002) (vellow), a combined model from Welford & Clowes
(2006) and Chen et al. (2015b) (red), and the combined model with 20% velocity reduction (green).
The inverted double-couple solutions are shaded using the same color conventions. In all cases,
the scaling factor between Vp and Vs is based on empirical equations from Brocher (2005). All

four solutions show a similar strike, dip and rake angles.

3.3.4 Analysis of ground-motion amplitudes'’

Large variability also exists in reported observatory magnitude measures of local magnitude (ML

4.6; NEIC) and Lg wave amplitude (mb_Lg 4.0; SLU) (Nuttli 1973; Herrmann & Nuttli 1982).

'S Work by coauthor Gail Atkinson. Included with permission.
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For this reason, we use the vertical-component 1 Hz PSA amplitudes (with 5% damping) of
publicly available stations, and a distance less than 400 km to provide an alternative estimate of
moment magnitude (see the algorithm Atkinson et al. 2014). Using the model for central and
eastern North America (CENA), which provides the best fit to the observed attenuation, we obtain
a value of Mw = 3.9, identical to that from my moment tensor inversion (Figures 3.5 and 3.6). We
further estimate the source spectrum for the event by correcting all amplitudes to the source,
following the equations provided in Yenier & Atkinson (2015). After correcting for average site
effects (Farrugia et al. 2015), we obtained a stress drop of 6 MPa by matching the high-frequency
amplitudes of the median horizontal PSA amplitudes (the observed earthquake source function,
see Yenier & Atkinson, 2015). The value of 6 MPa is near the upper range of the stress drops for

shallow (induced) events in CENA, consistent with those determined for regional events in other

studies (Atkinson ef al. 2014; Rebollar et al. 1982).
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Figure 3.5: Input Q models for moment tensor inversions based on Zelt and Ellis (1990). The
scaling factors are 1.3 (optimal, black), 0.5 (blue) and 2.0 (red), respectively. Changing the input

QO models only changes the moment magnitude from the moment tensor inversions by 0.03.
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Figure 3.6: Horizontal-component response spectral amplitudes (PSA, 5%-damped pseudo-
acceleration). a) PSA versus hypocentral distance at 1 Hz (blue) and 5 Hz (orange), compared to
prediction equations of the simulation-based ground motion model of Yenier and Atkinson (2015)
for central and eastern North America, for Mw = 3.9. b) Inferred PSA source spectrum, after
correction for site response, in comparison to Brune-model spectrum for Mw = 3.9 and a stress

drop of 60 bars.

3.4 Discussion

The earthquake source parameters from my moment tensor inversions offer improved constraints
on the hypocenter location, faulting geometry, and the state of stress in the subsurface, which are
all critical in the assessment of seismic hazard in central Alberta. The final focal mechanism
solution produces an outstanding fit to the recorded three-component waveforms reaching a VR

as high as 79.8% (see Figure 3.2). The inverted magnitude of this event (Mw = 3.93) is consistent
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with the solution obtained using PSA amplitudes and an independent, pure DC moment tensor
inversion (Mw = 3.94; SLU). This value, which falls slightly below the red-light threshold (Mw
= 4.0) defined by the provincial traffic-light regulation (Alberta Energy Regulator, 2015), is
significantly smaller than the initial report of ML = 4.4.

Aside from a relatively large magnitude, this event attracted significant media attention due to its
proximity to the unconventional oil and gas exploration. The earthquake is located ~27 km south
of Fox Creek within the Duvernay shale gas play, an area characterized by significant HF activities
(e.g., Kaybob south and Pine Creek reservoirs). Multistage fracturing is conducted (Haug et al.
2013) with horizontal wells drilled to depths up to 3.5 km, close to the basement (~ 4 km,
Majorowicz et al. 2014; Pilkington et al. 2000; Bachu 1993). Five horizontal wells have been
identified within 2 km of my proposed hypocenter location. Based on recently published reports
(obtained through GeoSCOUT), HF operations took place during the month preceding the
earthquake (injection data released and updated, see cluster SS10 in Figure S2 of Schultz et al.
2016). The publicly accessible records suggest no evidence of other major industrial activities
associated with enhanced oil recovery or waste-water disposal in the vicinity during 2015. The
depth of the earthquake determined from my full moment tensor inversion is 3-4 km, overlapping
with the dolostone-hosted shale gas reservoirs in the depth range of 3.1-3.6 km (Rokosh et al.
2012) and the bottom depth of HF. In the WCSB, correlations between the focal and injection
depths have been documented in the Cordel Field (Schultz ef al. 2014), Crooked Lake (Schultz et
al. 2015b), Cardston (Schultz et al. 2015¢), Rocky Mountain House (Rebollar et al. 1982) and
British Columbia (BC Oil and Gas Commission 2012, 2014) where earthquake swarms with
magnitudes 1-3.5 are possibly caused by increased pore pressure near the basement. Globally,
larger earthquakes triggered by fluid injection/extraction have been observed in Colorado (McGarr
2014; Ake et al. 2005), Ohio (Skoumal et al. 2015b; Friberg et al. 2014; Kim 2013), and
Switzerland (Evans et al. 2012; Héring et al. 2008). Judging from the hypocenter location, focal

depth and timing, an association of this event with nearby HF operations cannot be excluded.
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Figure 3.7: Crustal stress and available focal mechanisms of Mw>3.5 earthquakes superimposed
on a tectonic map of the study region. The thin solid lines denote the proposed Proterozoic domain
boundaries (Ross et al. 1999). The rate and direction of the absolute present-day plate motion are
indicated by the blue arrow (DeMets et al., 1990). The crustal stress from borehole breakout data
are represented in yellow, and those determined from seismic source solutions are shown in red
(Heidbach et al. 2010). The bottom left map inset highlights the source region, and the interpreted
fault movements are indicated by the double arrows. The blue cross marks a graben (faults) in
the depth range of 3.1-3.8 km, mapped by an earlier active-source seismic survey (Green &
Mountjoy 2005, also see Figure 3.8). The area shaded in green denotes the Wabamun domain.
The area shaded in light blue indicates the shape and location of the Duvernay Formation, and
the rich-gas region is highlighted in red (obtained from Oilweek Magazine, 2013). The map inset
in the top right corner shows the hypocenter locations (stars) relative to two HF wells (blue
squares) that were active during June 2015. The bottom depths and the latest well completion
dates are as follows: M1: 2415.0 m, June 7, 2015; D1: 3434.7 m, June 2, 2015; D2: 3433.9 m,

June 5, 2015; D3: 3445.0 m, May 10, 2015; D4: 3446.1 m, May 11, 2015.
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Among these induced earthquakes observed worldwide, a moderate percentage shows a strike-slip
focal mechanism (Zang et al. 2014). Movements along buried faults, which are difficult to detect
based on active-source seismic surveys, are likely responsible (Mcnamara et al. 2015; Zhang et al.
2013). My moment tensor inversions with full, deviatoric, and pure DC constraints suggest ~80%
DC and a strike-slip mechanism with vertical fault planes. The stability of the fault geometry is
further evidenced by the consistency between my best fit result and the solution from SLU,
determined from independent crustal velocity and attenuation models (see Figure 3.2). The two
candidate fault planes, which are E-W and N-S oriented, suggest an NE-SW maximum
compressional axis consistent with the regional crustal stress orientations from borehole breakouts
and drilling-induced fractures (Reiter et al. 2014; Kao et al. 2012) (Figure 3.7). Similar
compressional axes are also obtained from other Mw>3.5 earthquakes in central and western
Alberta (Eaton & Mahani 2015; Kao ef al. 2012). However, the mechanism of this earthquake
(strike-slip) differs considerably from those of the aforementioned regional events (mainly normal

and thrust) and favors a potential association with a pre-existing vertical fault.

58



T — 1
e —.= — wy |WAB Fm
st e o P «

s W Ao Aok -l S e et NG eas
LomS I T A S L S T

~3100m ﬁ
e ey PN oy, "‘W‘.‘m. ;a ___,..4-..__.—--
e R Y — 3 SHL Fm
e E =
‘ =|_

’.‘wuﬂ " P (R

2005 — sy R —
~ 3800 M RS ot Y e

TeO

T59

T58

Figure 3.8: Vertical fault(s) within 10km of the hypocentral location of the June 12, 2015
earthquake mapped by a previous 3-D seismic survey. Figure from Green & Mountjoy (2005).

Based on geochemical, well-logging and reflection seismic data, Green & Mountjoy (2005)
suggest that high-angle faults are present 10 km away from my proposed hypocenter location (see
Figure 3.7 and 3.8). At a depth of 3.1-3.8 km, two of these faults mark the boundaries of a 100 m
wide graben with a dimension of ~0.7 km. The expected maximum earthquake magnitude on a
fault of such dimension is close to 4 (Zang et al. 2014; Wells & Coppersmith 1994), comparable
to that of the June 2015 earthquake. While these faults may not be directly associated with this

event, reactivation of a similar vertical fault with a common origin is a realistic possibility.

59



Proterozoic tectonic history of the study region is also conducive to significant crustal deformation
and the existence of buried faults. In the proximity of the epicenter location, the Snowbird
Tectonic Zone (STZ) was suggested as either a trans-continental suture (Berman et al. 2007; Ross
et al. 2000; Hoffman 1988) or shear zone (Hanmer ef al. 1995; Lewry et al. 1994) that bifurcates
around the Proterozoic Wabamun domain (see Figure 3.7). The southern branch of STZ has been
widely linked to subduction (Berman et al. 2007), while the origin of the northern branch (~30 km
away from the proposed earthquake hypocenter location) remains debated. Regardless of the
nature of STZ, the interaction/collision between the Proterozoic micro-continents (Wabamun and
Chinchaga domains) is potentially responsible for the pre-existing faults parallel, or perpendicular,

to the domain boundary.

It is worth noting that despite being mostly strike-slip, the June 2015 earthquake may contain
~20% non-DC components. The interpretation of CLVD remains controversial, mainly centering
on (1) an improper assumption that multiple subevents (Kuge & Kawakatsu 1990) or fracturing
along on curve/complex geometry (Kawakastu 1991) can be represented by a single source and
(2) fluid-driven opening (or closing) of tensile cracks (Miller et al. 1998). The second explanation
is favored by shallow earthquakes, especially at depth involving fluid injection or extraction
(Zhang et al. 2016; Frohlich 1994). The horizontal CLVD obtained (see Figure 3.2) is frequently
observed in microearthquakes in connection with HF (Baig & Urbancic, 2010). Whether the same
type of mechanism is responsible for earthquakes that are orders of magnitude larger, such as this

case, remains questionable (see chapter 5 for recent updates and discussion on this point).

3.5 Summary

This chapter presents our solution of seismic source parameters for a moderate earthquake near

Fox Creek, Alberta using time-domain full moment tensor inversions. We conclude that:

e The location of this event is 27 km south of the town of Fox Creek, and the focal depth is

between 3 to 4 km, at the junction between sedimentary and basement layers.
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e The magnitude of this event determined from full moment tensor inversion is Mw3.9,
consistent with that from PSA calculations; the observed ground motions are consistent
with a stress drop of 6 MPa.

e The focal mechanism is predominately vertical strike-slip with N-S, and E-W orientated
fault planes. The maximum stress direction is consistent with horizontal crustal stress
orientation.

e We observed ~20% non-DC component, which is dominated by a horizontal CLVD with

relatively large uncertainty.

A reliable correlation or dissociation between this earthquake and local shale gas exploration
activities will require improved subsurface information and well-completion data. The key
parameters of this event (e.g., timing, depth, and mechanism) are symptomatic of an earthquake
induced by HF operations in the vicinity of Fox Creek Alberta. Overall, the broadband seismic
data and the approach adopted by this chapter may benefit a future assessment of the seismic

hazard in and around the WCSB.
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4 Second “Red-light” Event

4.1 Introduction

Following the June 13, 2015 earthquake, a Mw=4.1 earthquake (known as the second “red-light”
event) occurred to the west side of Fox Creek, which attracted significant media attention and
raised public concern. The second “red-light” earthquake took place on January 12 2016, and is
the largest earthquake in Alberta for the past decade. For simplicity, I will refer to this event as
the JI2EQ hereinafter. Fortunately, injection parameters from the suspected HF well and data
from four industry-owned stations have been made available to the public. In this chapter, I present
an integrated source analysis for the January 12, 2016 earthquake with data both from the regional
seismic arrays and near-source stations contributed by the industry. Based on existing geological
information and the distribution of the detected earthquake swarm, I am able to 1) determine the
true fault orientation and place it in the regional geological context, and 2) establish the connection
between the seismicity and the nearby HF activities. This thesis suggests that the JI2EQ 1is
representative of the majority of HF related earthquakes (i.e., eight Mw>3 earthquakes in late
2016) around the Crooked Lake region, and the new information on the source properties could

greatly benefit future analyses of natural and induced earthquakes in the WCSB.
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Figure 4.1: Spatial distribution of seismic monitoring stations and earthquakes (circles) since
2013; Mw>4 earthquakes are shown in red. The area of occurrence of the Duvernay Formation
is shaded in light green, with the wet-gas region highlighted in yellow (Rokosh et al. 2012).
Crustal stress orientations obtained from borehole breakouts are shown by the grey lines. The
map inset shows the epicenters of the January 12, 2016 event reported by different agencies (red
stars): U. S. Geological Survey (USGS), Nanometrics Athena (NMX); Saint Louis University
earthquake center (SLU), Alberta Geological Survey (AGS); Natural Resources Canada (NRC),

indicate the previous and updated locations, respectively.




4.2 Study region and data

The hypocenter of the JI2EQ is located approximately 30 km west of Fox Creek, Alberta (Figure
4.1). The depths reported by several agencies vary between 3—8 km (Figure 4.4c), overlapping
with the depth of the Precambrian crystalline basement (3.8 km, Majorowicz et al. 2014;
Pilkington et al. 2000). Early sedimentation in this area occurred in a marine environment,
resulting in the Beaverhill Lake Group and Elk Point Group carbonates, shales, and evaporites
underlying the Duvernay Formation (Switzer et al. 1994). The Duvernay Formation is a late
Devonian aged (~370 Ma), organic-rich, silica-rich stratigraphic unit within the Woodbend Group
at an approximate depth of 3 km (Wendte & Uyeno 2005). The thickness of the Duvernay
Formation varies mainly between 25 and 60 m in a broad region covering ~56,000 km? in total
area, where ~24,000 km? is within the wet-gas or volatile-oil maturity window (Davis & Katlen
2014; Dunn et al. 2012). Much of the mature area is overpressured with a pressure-depth ratio

reaching 19kPa/m (Fox et al. 2015).

My dataset contains three-component recordings of the JI2EQ from three regional telemetered
networks: TransAlta Dam Monitoring Network (TD), Canadian National Seismograph Network
(CNSN), and the Regional Alberta Seismic Observatory for Earthquake Studies Network
(RAVEN) (Schultz & Stern 2015) (Figure 4.1). The distances of the selected stations from the
epicenter range from 30 to 700 km, providing relatively uniform coverage except for an azimuth
gap of 86° toward the NW. After the removal of instrument responses, | integrate the original
velocity seismograms to displacement and rotate the source-receiver paths to the great circle.
Based on the signal-to-noise ratios of the recorded waveforms, 24 out of 29 stations are retained
after quality control. Finally, the swarm associated with the J12EQ is detected with the continuous
waveform data from four near-source (<10 km) stations recently made public by industry

operators.

4.3 Adjustment on the velocity model and method

Full moment tensor solutions are obtained from time domain inversions based on the TDMT INV

package (Dreger 2003). Improvements were made to the original package to enable the
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simultaneous inversion of multiple frequencies, data channels, and phases. A low-frequency range
(0.05-0.1Hz) is chosen for surface-waves, and a slightly higher-frequency (0.08—0.4 Hz) range is
used to emphasize the body-wave constraints. 1 vary the weights of the individual waveforms
based on both source-station distance and the relative amplitude in the corresponding frequency
ranges. For a detailed analysis of the effects of the model perturbations on the moment tensor

solutions, which are mostly secondary, I refer the reader to chapter 2 and the Appendix.

VR=83.22
DC/CLVD/ISO = 78/22/1
strike = 184/276

rake = 166/8

dip = 82/76

VR = 78.86
DC/CLVD/ISO = 75/20/5
strike = 5/274

rake = -176/-4

dip = 86/86

Figure 4.2: Comparison of the focal mechanism before (bottom) and after (top) the secondary
shifts applied to individual components of each local station (<250 km).

The VR (see Equation 10) is also used to compare the results from different locations as well as to
determine the best focal depth. While all stations from 30 to 700 km are used to resolve the full
moment tensor, I only consider data recorded by regional stations within 250 km during the

location and depth searches to ensure sufficient sensitivities to the hypocentral location.

Since the Green’s functions are only calculated based on a one-dimensional velocity model, it is
useful to introduce time shifts to the three-component waveforms of a given station to minimize
the effects of (1) uncertain source location, (2) inaccurate velocity model, and (3) path

heterogeneity among stations. After the waveforms are adjusted optimally (VR>70%), the
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transverse, radial and vertical components for each station are shifted independently (Figures 4.2
and 4.3) to further improve the fit and minimize the potential effects of anisotropy (Vavrycuk et
al. 2008; Frohlich 1994). The latter shifts are secondary, typically within 1s and smaller than the
shortest half period (1.25 s). Effects of path uncertainty and heterogeneity have been tested in
Wang et al. (2016) for a comparable case study and the effect of anisotropy, especially around the

Duvernay Formation, has been detailed in section 3.3.3.
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Figure 4.3: Example of waveform fitting from station TD00Z2. The high-frequency body-wave
waveforms are shown on the left, and the low-frequency surface-wave waveforms are shown on
the right. The dark grey curves are the observed data, and the red/dash curves are the synthetic

data after/before applying secondary shifts to correct the possible effect of anisotropy.
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4.4 Results

4.4.1 Magnitude and focal mechanism solution

The moment tensor solution obtained from the J12EQ produces excellent waveform matches to
the recordings from regional (30-700 km) stations (Figure 4.4a). This solution is predominately
strike-slip with N-S, and E-W oriented fault planes, consistent with solutions obtained from
forward simulations (inset, Figure 4.4a). This solution also resembles the focal mechanisms for
other events within the Crooked Lake region (further discussed in chapter 5). It is worth
mentioning that the moment magnitude is independently obtained during full moment tensor
inversions and forward modeling. Both methods yield a value of Mw4.1, which is consistent with
the moment magnitude from SLU (Mw4.14), but smaller than the other reported values (Mw4.4,
NRC; M14.8, AGS; M14.9, NMX). The decomposed moment tensors at various locations suggest
a strong DC component (up to 80%), while only minor non-DC (a horizontal CLVD and <5%

isotropic) may be needed to match the waveform data.

I adopt a bootstrap resampling test (Efron & Tibshirani 1991) to quantify the uncertainties in the
source solution. To accomplish this, I first divide the original data into subsets based on source-
station distances or azimuths, and then automatically determine the strike, slip and rake angles
(Figure 4.5) from a randomly selected subset containing 70% of the data. This procedure is
repeated 200 times to produce a statistically significant distribution of each parameter (Wang et
al. 2016). The outcomes of the bootstrap resampling tests show consistent fault orientations and
the standard deviation of the Gaussian-like distributions is no greater than 4 from a subset of the

regional network (i.e., 11 stations <250 km).

A further validation of the focal mechanism is provided by the observed P-wave first motion
(Figure 4.4a, Udias ef al. 2014). In this analysis, I carefully determine the first motions from the
vertical-component waveforms of 24 regional stations (Figure 4.1) and 4 near-source stations (see
Figure 4.8) within the frequency range of 0.5-5 Hz. The take-off angles are calculated from the
same velocity model presented in chapter 2. Nearly all the identified first motions are consistent

with focal mechanism from moment tensor inversion (Figure 4.4a).
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Figure 4.4: a) Moment tensor solution, observed (grey) and best-fit synthetic (red) vertical-
component waveforms. Station names and the corresponding azimuths are labeled near the
observed waveforms. High-frequency body waves are also used and displayed for stations within
250 km (to the left of the low-frequency waveforms). The circles on the focal mechanism indicate
compressional (filled black) and dilatational (filled white) P-wave first motions picked from
vertical-component waveforms (including industry contributed stations). The crosses indicate
unknown first motions due to low signal-to-noise ratios in P arrivals. The focal mechanism from
pure-DC modeling is shown in the lower left corner. b) Inversion results for different epicenters
and the possible responsible HF wells with drilling completed in early (green) and late (red) 2015.
The focal mechanism for the June 13, 2015 earthquake is presented in the lower right corner with
the corresponding HF wells (blue). c) Depth search using different input data. The black arrows
indicate the available focal depths reported by different agencies and the red arrow indicates the

injection depth of HF operations in the source area.
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Figure 4.5: Bootstrap resampling tests of the inversion stability using the following four subsets
of the recordings: near source stations (30%250 km),; far source stations (250x700 km), azimuth
between -125°to 45°(NW); azimuth between 45°to 235" (SE). Seventy percent of the stations from
each group are used during bootstrapping, and the black lines show the corresponding fault planes
from 200 trials. Corresponding result from the forward simulation are also shown. The red and

blue dots mark the corresponding P- and T- axes from each solution.
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This source solution is stable within minor perturbations in sediment and bedrock velocities (Wang
et al. 2016). One further consideration is the effect of seismic anisotropy, which is known to exist
in the sedimentary layers and may introduce errors in the forward modeling and inversions when
stations from wide-azimuths and far offsets are used (Vavrycuk et al. 2008). It has been suggested
that the crustal anisotropy is mostly aligned along a SW-NE orientation in the WCSB (Fouch &
Rondenay 2006; Saruwatari et al. 2001). The amount of anisotropy for the Duvernay shale ranges
between 25% to 35% for both P and S waves at a confining pressure of 90 MPa, as was determined
from core samples (Ong et al. 2016). Therefore, the overall effect of anisotropy within the thin
shale layer (25-60 m) is minor (~5%, Saruwatari ef al. 2001) in view of the scale length of the
source-receiver paths (30-700 km). This is corroborated by the consistent resulting source
mechanisms with (Figure 4.4) and without the secondary time shifts detailed in section 4.3 (see
Figure 4.2 and 4.3). The VR increased by 5%, but the fault angles changed by less than 12 after

the secondary shifts are applied to minimize the effect of seismic anisotropy.

4.4.2 Hypocenter location of the JI2ZEQ

The VR values from the moment tensor inversion also provide an effective means to refine the
location of this earthquake. Six hypocentral locations from five different agencies have been
reported for the J12EQ near Fox Creek (Figure 4.1). Most of the locations vary within 5 km except
the epicenter reported by USGS, which is roughly 15 km east from the averaged center of the other
reported locations. The considerable scatter of the reported locations may be attributable to the
use of different regional crustal models and stations/networks. To improve the accuracy of the
source location, I perform full moment tensor inversions using the same local stations (<250 km)
for all possible epicenters with a fixed depth of 4 km (Figure 4.4b). Minor variations in fault plane
angles (i.e., strike, slip and dip) are obtained from the output parameters based on different input
locations. I further observe large variations in the percentage of non-DC component: for example,
the USGS source location renders high CLVD components (66%), which contrasts with the DC-
dominated focal mechanisms inverted from other starting locations. My preferred epicenter is
selected based on a comparison of VR values (Table 4.1). As a result, the hypocentral location
reported by NRCu achieved the highest initial VR of 82.11%, though the optimal solution
converges on the location reported by NMX (VR = 85.03%, Figure 4.4a) after additional
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adjustments (e.g., time shifts, see chapter 2 and Figure 4.3); this location is 3-6 km from seven
potentially associated HF wells (see Figure 4.4b). The final focal depth is determined through a
grid search from 1 to 10 km (Figure 4.4c) at the NMX reported epicentral location. Through
independent depth-search analyses on the body waves, surface waves and the combination of the
two, I determine the optimal hypocentral depth range to be 3.5-4.3 km (see Figure 4.4c). The
hypocentral location and depth are further refined using four operator-contributed stations within

10 km of the HF wells during the detection of multiples (see section 4.4.3).

Location VR (No Decomposition VR (Corrected) Decomposition
Corrected)
DC/CLVD/ISO DC/CLVD/ISO
USGS 10.22 34/66/0 - -
NMX 78.86 75/20/5 85.03 78/21/1
NRCp 73.95 87/10/3 84.53 67/31/2
NRCu 82.11 58/41/1 84.73 72/27/1
AGS 78.46 80/19/1 83.26 74/25/1
SLU 81.55 68/29/3 83.68 76/22/2

Table 4.1: Comparison of inversion results at various hypocenter locations VR (see Equation 10)
values and moment tensor decompositions for different hypocenter locations before and after the
correction for individual components. The preferred solution is shown in red. The names and

locations of the agencies are indicated in Figure 4.1.
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4.4.3 Detection and location of the earthquake swarm

The availability of injection parameters (Figure 4.6) and near-source broadband data contributed
by the operator (stations WSKO01-04, Figure 4.8) enables a closer examination of the seismicity
leading to, and immediately following, the JI2EQ. I adopt 15 events with M >2 (reported by
Earthquakes Canada and AGS, Schultz et al. 2017), including the J12EQ, as master events and
systematically search for potential repeating earthquakes within 3 km of the suspected well using
the M&L (Zhang & Wen 2015a). Unlike the traditional template matching method which assumes
that the template event and slave event are collocated or sufficiently close, M&L scans over
potential event locations around the template, by making relative travel-time corrections based on
the relative locations of the template event and the potential event before their cross-correlogram
stacking (Zhang & Wen 2015a, 2015b). In my analysis, the S-wave phases with relatively large
amplitudes are used. The search space is divided into uniform grids with respective dimensions
of 300 m and 100 m in hypocentral location and depth. It should be noted that due to the short

duration of the accessible data, events after January 19, 2016 are not detected.
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Figure 4.6: (a) Injection at the HF well (well ID: 100/15-25-062-23W5/00). Each bar represents
a single HF stage, and the cumulative volume is shown by the solid black line. (b) Similar to (a)
but for treatment pressure at each stage. Superimposed on the plot are the detected multiples
(vellow circles) with CC>(0.5 and the cumulative seismic moment (red line). The grey dash line in
both plots marks the period of HF stimulation (January 4 to 12, 2016). The largest event occurred

during the last stage of stimulation, followed by a decrease in seismicity rate.
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My analysis results in 1108 detected events with waveform cross-correlation coefficients (CC)
larger than 0.3 and a b value close to 1 (Figure 4.7), a detection criterion chosen empirically based
on the eye-checking of relatively large event detections to avoid possible false detection. Among
the robustly detected events (CC>0.5, 454), not a single event was detected before stimulation
(Figure 4.6b). The HF injection started on January 4 and ended at 11:34am (Mountain Time Zone)
on January 12, 2016. The majority (63.44%) of the detected events were concurrent with the 26
stages of hydraulic fracturing, during which the cumulative seismic moment and cumulative
injected volume closely tracked one another. Both the number of events and the daily maximum
magnitude decreased during the post-completion period, and the last stage of the injection is

marked by the occurrence of the J12EQ (7min before the end of the 26™ stage).
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Figure 4.7: Frequency-magnitude distribution of the detected swarm (the Gutenberg-Richter law)
containing 1108 events (CC>0.3) with a magnitude of completeness Mc~0.4(in My).
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To assess the likelihood of a temporal association between the rate of earthquakes and the injected
volume, we conduct a cross-correlation reshuffling test (Telesca 2010, Schultz& Telesca 2018).
The result of this test suggests a statistical confidence greater than 99.99%!'° that the newly
detected events from M&L are correlated to the completion of the southern well in this three-well
pad (see Figure 4.8). The temporal (and spatial) correlation between seismicity and injection

activities is critical in assessing the cause of the January 2016 earthquake swarm.
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Figure 4.8: (a) Locations of the January swarm (red, CC>(0.5) detected using data from 4 industry-
contributed stations (vellow triangles). The HF well associated with the January 2016 earthquake
swarm is shown by the red line and nearby the wells associated with an earlier swarm (brown,
January 2015) are shown in orange (Bao & Eaton 2016, Schultz et al. 2017). Other active wells
in 2015 and 2016 are shown in green. (b) and (c) Cross-sectional views of the detected events for
the swarm within the dashed box shown in a). Some events are overlapped due to the limited size

of the search grid.

16 #*Work by coauthor Ryan Schultz. Included with permission.
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4.5 Discussion

Utilizing regional 3-component seismic data, I obtain a moment magnitude Mw4.1 for the J12EQ
near Crooked Lake, which is consistent with the reported value from SLU (Mw = 4.14) but
significantly lower than the reported M1 4.8 (AGS). Using moment tensor inversion, I determine
the moment magnitudes of a number of HF-induced (or potentially induced) earthquakes in this
region, including Mw~3.5 in late 2013 and 2014, Mw3.6~4.1 in 2015-2017. Despite the
differences in magnitude scales reported by various agencies, the self-consistent comparison from
the moment tensor inversion confirms that the J12EQ ranks as the second largest in Alberta in the
past 30 years, surpassed only by a suspected natural Mw5.2 earthquake near Dawson Creek in
2001 (Earthquakes Canada; Ristau et al. 2007). To date, the JI2EQ is also known to be the second
largest HF induced earthquake in Canada, following the Mw4.6 earthquake in August 2015 in the
northeastern British Columbia (Mahani et al. 2017). The updated injection volume (30,998 m?)
falls within the uncertainties provided by Figure 4 of Atkinson ef al. (2016). It is considerably
larger than their estimated value (~10,000 m®, Atkinson et al. 2016) and leads to a predicted
magnitude (Mw4.0, assuming a shear modulus of 40GPa) that follows the linear relationship

proposed by McGarr (2014).

Aside from magnitude, the source analysis of the JI2ZEQ provides critical new information on the
faulting and the state of crustal stress beneath the Fox Creek/Crooked Lake region. First, the
preferred location of this earthquake is SW of Crooked Lake (see Figure 4.4), within one of the
most active and highly publicized seismogenic zones in connection with HF operations. The
shallowest depth of the January 2016 swarm overlaps with the HF injection depth at ~3.5 km,
which is further supported by the resolved depth from double-difference relocation analysis
(Schultz ef al. 2017). The deepest estimated depth of the hypocenter could be as deep as 4.3 km,
potentially extending into the basement (3.8 km, Majorowicz et al. 2014; Pilkington et al. 2000).

My focal mechanism analysis of the JI2EQ suggests candidate fault planes in the N-S and E-W
orientations (see Figure 4.4b), similar to the January 2015 events (Bao & Eaton 2016) and the first
red-light event in June 2015 (Schultz ef al. 2017; Wang et al. 2016; also see chapter 3). The P-

axes from all Mw>3 events near Fox Creek (Figure 4.9) are roughly parallel to the maximum
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compressive horizontal stress orientations (Figure 4.1). Based on the possible rupture depth and
orientations from the dominant strike-slip mechanism, I propose a model of the fault system for
the January 2016 swarm as well as other earthquakes near Crooked Lake in recent years (see Figure
4.9). The suggested fault orientations are consistent with earlier findings from aeromagnetic data
near Fox Creek, which provide compelling evidence for the Pine Creek fault zone with right-lateral
strike-slip motion (Berger & Davies 1999). According to Berger & Davies (1999) and Berger &
Zaitlin (2011), these fault systems originated as N—S strike-slips in the basement and extend
vertically into the sedimentary strata, showing a flower structure. Furthermore, the presence of
basement faults in this region has been argued to have influenced the contour of some reef margins,

which coincide with the spatial distribution of induced seismicity (Schultz et al. 2016).

Moment tensor analysis offers more constraints on the characteristics of the subsurface fault
system (e.g., Skoumal ef al. 2015b). For a Mw~4 earthquake that is ascribed to a simple linear
fault plane model, the size of the vertical fault area could be as small as 1 km? (Schultz et al. 2017).
In contrast, the horizontal offsets of the deep-seated vertical faults could be as large as 2—3 km
(Berger & Davies 1999), resulting in much larger fault areas capable of producing moderate-sized
earthquakes (Mw3.8-5.8, Wells & Coppersmith 1994; Hanks & Kanamori, 1979). For example, a
~15 km long, N—S-trending fault has been reported near the Simonette region (~10 km east of
Crooked Lake) based on seismic reflection data (Cortis et al. 1997), as well as a graben at the
depth of 3.1-3.8 km within the sedimentary layers (Wang et al. 2016; Green & Mountjoy 2005).
In view of the proximity of these faults to the location of the J12EQ, it is plausible that the wrench
faults within the Pine Creek fault zone share similar origins and geometries. These faults served
as effective conduits for fluid flow that facilitated the formation of dolomite-hosted gas reservoirs
(Davies & Smith 2006; Duggan ef al. 2001; Mountjoy et al. 1999). Considering the uncertainties
(cumulatively up to hundreds of meters) of the hypocentral depth and the size of the fault plane, it
is difficult to determine whether the Mw~4 earthquakes occurred on faults within the basement or
the overlying sedimentary strata. Whereas the distribution of the seismic swarm prefers a focal
depth above the basement, shallower than the waster-water disposal induced events (e.g., in
Oklahoma). The triggering process could be linked to fluid migration along the shallower fractures

and the reactivation of faults in/above the crystalline basement. This mechanism was earlier
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suggested for earthquakes induced by wastewater disposal in North America (Rubinstein et al.

2014; Ellsworth 2013).

The 2016 Crooked Lake earthquake swarm detected from the 4 near-source industry stations offers
further insight into the fault location and orientation of the JI2EQ. This swarm resides within 1
km south of the reported induced seismic cluster from 2015 (Bao & Eaton 2016, see Figure 4.8).
Most of the detected events (1065 out of 1108) are distributed parallel to a single HF well (dash
box in Figure 4.8) with an N-S trend and are spatially separated from other wells in this region
(see Figure 4.4). There is no apparent time-dependent spatial pattern during or after injection; for
instance, the center of the earthquakes during the post-completion phase (after January 12) is only
~100 m away from the events during the HF stimulation, which is smaller than the size of my
search grid. The best-fit strike orientation for the seismic swarm (see Figure 4.5) is 202.64,
comparable to one of my fault plane orientations (184) resolved from focal mechanism analysis.
This trend is consistent with the double-difference relocation outcomes from Schultz et al. 2017,
in which 92 small magnitude events were detected and relocated. Furthermore, both analyses
located the earthquake swarm above the basement (depth = 3.8 km), leaving only a limited number
of events within the top 1 km of the basement. Based on all the evidence above, I conclude that
the January 2016 earthquake sequence is induced by the nearby horizontal well completion and

the true fault orientation is N-S.
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Figure 4.9: (a) A summary of the resolved focal mechanism and moment magnitude of the
moderate earthquakes around Fox Creek. The event triggered the “traffic-light” protocol is
highlighted by pink, and the two red-light cases are highlighted by red. When the data quality is
insufficient for full moment tensor inversion (blue), focal mechanisms are resolved from DC
forward modeling (black). The latter one may have larger uncertainty in fault plane orientations.
Note there are eight M>3 events took place during November and December 2016, out of which
seven were resolved with focal mechanism solutions, as presented. (b) A model showing vertical
fault(s) and the flower structure along the north-south orientation as suggested by Berger &
Davies (1999). The directions of motion on the suggested fault (red solid arrows) and auxiliary

(red dash arrows) planes from event investigated in this chapter are as indicated.
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The best moment tensor solution is dominated by DC component (~75%), irrespective of the
choice of the starting epicenter during the inversion (see Figure 4.4b). My moment tensor solution
shows limited dependence on the crustal velocity and attenuation model (Wang et al. 2016), as
well as on station distribution (Figure 4.3). The resolved moment tensor and the corresponding
fault orientations are consistent with the solution of pure-DC moment tensor inversion from SLU
and my DC forward models, comparable to those of some other HF induced earthquake in the U.S.
(e.g., Skoumal et al. 2015; McNamara et al. 2015). The focal mechanism, as well as its
decomposition, is also highly consistent with that of the June 13, 2015 earthquake (see Figure 4.4b
and Figure 3.2). Furthermore, the strike-slip dominated mechanism with the limited non-DC
component is also resolved from several Mw>3 earthquakes between 2015 and 2017 within the
Fox Creek/Crooked Lake region (see Figure 4.9a). The similarity in focal depths, moment tensors,
and their decomposition results suggest comparable triggering mechanisms for events associated
with HF operations in this general area (see Figure 4.4b). Based on the moment tensor solutions
of several events in western Canada, Zhang et al. (2016) suggests that (1) shallower depths and (2)
larger non-DC components are expected from induced earthquakes than natural earthquakes. My
analysis of the January 2016 earthquake swarm suggests relatively shallow source depths,
consistent with their first metric. However, the modest non-DC component based on improved
crustal model and revised source location do not systematically differ from those of natural
earthquakes (Zhang et al. 2016; Cesca & Dahm 2013). A similar limited amount of non-DC
component is also observed from HF induced events in the northern British Columbia (Mahani et
al. 2017). Likely, resolving non-DC components with fidelity will require more data and precise
structure model (i.e., 3D), as my experiments do suggest that hypocentral biases, anisotropy and/or
insufficient station coverage preferentially contribute to errors in the non-DC components (e.g.,

Wang et al. 2016; Sileny et al. 2009; Vavryéuk et al. 2008; Frohlich 1994).

4.6 Summary

The main purpose of this chapter is to present the source analysis of a HF induced seismic swarm
during January 2016, especially the Mw4.1 earthquake, which is one of the largest earthquakes
induced by HF operations worldwide. 1 verify this event to be the largest earthquake in the past
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decade in Alberta through moment tensor inversion. I find this earthquake to be dominated by the
DC component, while source solutions are relatively independent of the initial hypocentral
location. Furthermore, recent (2015-2017) moderate earthquakes are resolved with the similar
strike-slip mechanism in the Crooked Lake region. With more than a thousand events detected
around this earthquake, its significance is highlighted by the close spatial-temporal relationship to
a HF well targeting the Duvernay Formation. The majority of the swarm took place during HF
stimulation, and the largest event occurred during the last stage of injection. The depth of the
detected and located earthquake swarm is near the top of the crystalline basement and suggests the

reactivation of an N-S-trending fault which may be analogous to the Pine Creek fault zone.
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5 Faults and Non-double-couple Components

5.1 Introduction

In recent years, increases of seismicity rates induced (or ‘triggered’) by industrial activities (e.g.,
McGarr et al. 2015) have invited both critical scientific inquiries and public scrutiny due to their
potential impact on seismic hazard assessment (Schultz et al. 2018; Mignan et al. 2017; Peterson
et al. 2017). Induced earthquakes large enough to be felt have been widely reported in the United
States (Ellsworth, 2013), Canada (Bao & Eaton, 2016), Germany (Evans ef al. 2012), South Korea
(Kim et al. 2018; Grigoli et al. 2018) and other countries (see Grigoli ef al. 2017 and Foulger et
al. 2017 for detailed reviews). Their relationships with fluid-injection have been explained both
conceptually (Doglioni 2017; Schmitt 2014; Ellsworth 2013) and physically through
geomechanical modeling (e.g., Zhang et al. 2013), laboratory experiments (e.g., Guglielmi et al.

2015) and multi-scale observations (e.g., McGarr & Barbour 2017; Dahm et al. 2013).

Source/faulting properties are commonly resolved to identify, evaluate, and manage induced
earthquakes. In many cases, focal mechanism solutions are used to infer the orientation and stress
condition surrounding (often unmapped) reactivated faults. The double-couple (DC) component
therein directly reflects the size and orientation of the reactivated fault and is generally well-
constrained in induced seismogenic zones (e.g., western Canada, Wang et al. 2017a, 2017b;
Oklahoma, U.S., Schoenball ef al. 2018; Chen ef al. 2017). The non-DC components reflect fault
or fracture growth volume changes that may be associated with fluid injection/extraction. Whereas
a few recent studies (e.g., Zhang et al. 2016; Zhao et al. 2014; Cesca et al. 2013) quantified the
amount of non-DC components of induced events, characterizing and virtualizing non-DC
components, especially those pertaining to fluid-injection induced earthquakes at the regional

scale, remains a work in progress.
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Among the various challenges, insufficient station density near focal zones and low accuracy in
averaged (often 1-dimensional) regional structural models are the most glaring in assessing the
non-DC contributions to fluid-induced events (e.g., Wang et al. 2016; Zhang et al. 2016). In this
paper, I simultaneously decipher the DC and non-DC components in the source analyses of
regional seismic events. The targets of this chapter are shallow (depth<10 km) intraplate
earthquakes in western Canada — a region where most induced seismicity is caused by hydraulic
fracturing (Atkinson ef al. 2016). This study presents the detailed characteristics of DC and non-
DC components from well-resolved full moment tensors of induced events (2013-2017) and
shallow intraplate tectonic earthquakes (1985-2007). I extend this analysis to the global scale
based on four representative induced seismicity clusters (103 events) where full moment tensor

solutions are available.

5.2 Background and datasets

5.2.1 Recent intraplate events in western Canada

The WCSB has been a seismically quiescent region historically. Only one known Mw>5
earthquake (Mw5.1 in 2001) was cataloged (Earthquakes Canada 2018) as a natural event occurred
under presumed influences of regional tectonic forces. However, the regional seismic rate has
increased exponentially since 2010, during which several felt earthquakes were reported (van der
Baan & Calixo 2017) and linked to wastewater disposal (Schultz et al. 2014) or hydraulic
fracturing (Atkinson et al. 2016). The largest induced earthquake occurred in 2015 in northern
British Columbia, reaching a moment magnitude of 4.6 (Babaie Mahani et al. 2017) while others
clustered near central (e.g., Fox Creek; Wang et al. 2016, 2017; Schultz et al. 2017) and southern
(Schultz et al. 2015c) Alberta. Events in central Albert are induced by different wells with
separation distances as large as 40 km over a period of 4 years. Based on the regional seismic
monitoring, no M >4 events were reported in 2017, but the total number of M >3 events surpassed

that of previous years (Earthquake Canada, 2018).
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Figure 5.1: Distribution of stations (triangles) and earthquakes (small red circles) in western
Canada (1985-2017). The magnitude-scaled “beachballs’ show the focal mechanisms of tectonic
(green), hydraulic-fracturing induced (red), and secondary recovery induced (blue) events. See
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Distinct from the scattered natural events near the Canadian Rockies, the locations of recent
earthquakes are inundated by industrial operations (Figure 5.1). Induced events form tight clusters
within kilometers of suspected injection sites, which largely target two shale-gas formations: the
Montney in northern British Columbia and the Duvernay in central-southern Alberta.  The
potential faults associated with recent clusters are smaller than, and away from, major thrust fault
systems within the Canadian Rockies. Most of the events fall below the magnitude threshold of
automatic moment tensor inversion and require a case-by-case analysis to delineate the reactivated
fault geometry. By exploiting the expanding regional seismic networks, I systematically resolved
the full moment tensors for Mw3-4 events and provided more reliable assessments of the non-DC

components.

5.2.2 Representative world-wide cases

Globally, there have been more than 700 industrial sites with reported or suggested induced
earthquakes, 88% of which are attributable to mining, waste-water disposal, oil/gas exploration,
and geothermal exploitation (Foulger ef al. 2017; Wilson ef al. 2017). The largest magnitudes of
most induced earthquakes are smaller than Mw2 - below the threshold of reliable full moment
tensor retrievals based on regional networks largely designed for natural earthquake hazard
monitoring. On the other end of the spectrum, the causes of some devastating earthquakes (Mw>7,
e.g., the Wenchuan earthquake) are under debate as either natural or partially induced (Tao ef al.
2015; Ge et al. 2009) and may not represent induced earthquakes with dominating anthropogenic
contributions (if any). These debatable cases of seismicity are excluded from the moment-tensor

decomposition in section 5.3.

To compare the WCSB events against induced earthquakes worldwide, I collected full moment
tensors for events caused by 1) waste-water disposal in the central United States (see
Supplementary materials; also see Huang et al. 2017 for the main catalogue), 2) mining activity in
and around Germany (Cesca et al. 2013), 3) multistage hydraulic-fracturing stimulation in the
Sichuan Basin, China (Lei ef al. 2017, 2013), and 4) geothermal exploitation in California, United
States (Martinez-Garzon et al. 2017; Guilhem et al. 2014). In addition, tectonic earthquakes in
the central United States are included as a reference group to explore the potential differences

between induced and natural earthquakes. All presented datasets share the common magnitude
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range of Mw3-6 (see Appendix, Figure A4) to avoid potential mechanism differences between

microseismic and regional scale earthquakes.

5.3 Results

5.3.1 Moment tensors solutions and decomposition

The expanding seismic network in the WCSB (Schultz & Stern, 2015) enable possible
determinations of moment tensors for events as small as Mw3. To do so, I adopt a refined regional
crustal model (see Figure A1) with location-based adjustments in the sedimentary layers (e.g.,
thinner for events further away from the mountain belt). During the time domain full moment
tensor inversion, the displacement waveforms are filtered by 0.05-0.1 Hz, 0.08-0.4 Hz, and 0.4-
0.9 Hz. The lowest frequency range is processed with a weight of five (compare to one for the
high-frequency ranges) to ensure a similar contribution (i.e., peak amplitude) during the inversion
procedure. For near source stations, all frequency ranges contain all phases (body and surface
waves) whereas only first arrivals (mainly body waves) visible only at highest frequencies at far
field stations (> 100 km) are fitted. For shallow earthquakes, a multi-frequency joint inversion
approach (as adopted by this thesis) helps to reduce the potential trade-off between the non-DC
components and focal depth. To assess the stability of fault plane orientations, I perform a
bootstrap resampling test (Efron & Tibshirani, 1991) 200 times on randomly formed subsets
containing ~70% of the original seismograms (Figure 5.4a) for events recorded by more than eight
stations. Although other smaller events are recorded by fewer stations, synthetic tests conducted
under a four-station scenario (see Appendix) indicate that the challenges to obtaining reliable
moment tensor solutions are not insurmountable (Pakzad et al. 2018; Johnson ef al. 2016). On
the one hand, my preferred source location and velocity model show strong tolerance to noise level
(Figure 5.4b) during synthetic tests with limited station coverage (see Appendix): consistent focal
solutions containing positive CLVDs are resolved at all noise levels despite their relatively large
amounts (compare with an input of 20%) when five or more times of the recorded noise are
introduced. On the other hand, my joint inversions recover the input non-DC mechanisms (with
VR>80%) when ~10% perturbations are applied to in the velocity model. Questionable results
(i.e., incorrect non-DC mechanism or VR<50%) only occur when all velocities are
86



increased/decreased by 20%, which are extreme cases that are beyond my analysis. Based on the
test results, I subjectively choose a VR>70% as an indicator of reliable inversion outcomes for
events in western Canada. I refer the readers to chapter 2 and the appendix for more details of the
method, model, and discussions of their potential effects on the focal solutions based on

simulations.

The final dataset contains 103 full moment tensors with 79 induced events. The decomposition of
these events follows the convention of DC, CLVD, and the isotropic components as uniquely
isolatable (see chapter 2 for details on decomposition). I also provide an alternative major/minor
DC decomposition (Jost & Herrmann 1989) for events with consistent non-DC components in the
WCSB. These two decomposition approaches favor different physical causes for induced events,

and the outcomes will be discussed in section 5.5.2.

5.3.2 Moment magnitudes of recent events in the WCSB

For most studied Mw~4 events in the WCSB, the Mw determined from the moment tensor
inversions are consistently smaller than the reported Mr, which is measured from the peak
amplitude of surface waves. Though the differences between various magnitude scales are widely
observed worldwide, I find the discrepancy is larger than expected (i.e., as large as 0.8). Such
inconsistency is particularly important for the regulation purpose since the traffic light system in
both British Columbia and Alberta requires a suspension of corresponding HF well when an M1 >4

earthquake occurred.
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Figure 5.2: The difference between different magnitude scales. Green diamonds are natural ones,
and red dots are recently induced ones. The equations in corresponding colors are best linear fits
represented by the dashed lines. The solid lines show fits with a fixed slope (1), parallel to the
black line representing Mw=Mj.

The recent recorded induced events form a valuable dataset to evaluate the relationship of Mw-ML
in the WCSB (Figure 5.2). On average, My is 0.4 larger than Mw, in comparison with the reported
range by Yenier (2017). However, the definition of Mw contains a scaling parameter (2/3), which
should be taken into consideration when converting Mw into Mr. In Figure 5.2 I show that the
slope from linear fits are much smaller than 1 for both natural and induced earthquakes. Thus,
following Hanks and Kanamori (1979), I refine the relationship with a fixed slope of 2/3 and find
the following relationship between the reported My and the determined Mw for the induced

earthquake in the WCSB:

M = 2/3M,+0.91. 1)
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The constant (0.91) is comparable to that from Munafo et al. (2016) (1.15), who also generated an
empirical Mw-ML equation for small earthquakes (0 < Mw < 3.8) in central Italy, while much
smaller than the empirical equation for Mw>4 events in central Tibet (Tang ef al. 2016; Mw =
2/3Mr+1.64). In addition, my observed relationship roughly agrees with that from southern
California (Mw = 0.754M+0.88, Ross et al. 2016).

From equation 21, Mw = My when the reported My is 2.73 and Mw will be significantly smaller
than reported My for larger events, as observed in the WCSB (Yenier 2017). On the other hand, I
can also derive that events with smaller ML would expect larger Mw (e.g., when M =0, Mw=0.91).
This negative relationship for smaller events is often neglected, possibly due to the fact that
moment magnitude cannot be obtained from moment tensor inversion and individual smaller
events are often ignored. However, the magnitude conversion for all ranges will lead to a smaller

b-value when using My to fit the Gutenberg-Richter relationship (Ross et al. 2016).

The proposed conversion (Equation 21) should also be taken into consideration when examining
the relationships between maximum magnitude of potentially induced earthquake and the total

injection volume (Figure 5.3, also see McGarr 2014).

89



1019

16.5
B HF cCanada
10" | @ Disposal 16.0
A Wastewater A
@ Geothermal )
15.5
— HF 5 2 —
E 107} g s r o S
Z 150 @
ey *AA 3
c 10‘6 L . _— A =
“E’ '.'__‘ﬂ 145 g
S e : A @
E 1015 | o .-I)* o 14.0 5
Q el A €
= . @
g z $o : 13.5 g
3 10"k A s
@ ® 13.0
130
10 125
&
10" A a " - " 42.0
10° 10° 10 10° 10° 107 10°

Net Injected Volume (m®)

Figure 5.3: The relationship between seismic moment and total injected volume has been examined
in a recent study by Atkinson et al. 2016, showing world’s largest HF induced earthquakes (red
stars). From top to bottom: Mw=4.9 (252,000m>, Lei et al. 2017); Mw=4.6 (320,000m>, Mahani
et al. 2017); Mw=4.1 (298,000m°, Wang et al. 2017a). The red arrows indicate how the
coordinate for a specific event moves after obtaining the moment magnitude through moment
tensor inversion and revised injection volumes. Figure modified after Atkinson et al. 2017 (with

permission).
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5.4 Moment tensor decompositions and implications

5.4.1 Double-couple faulting in western Canada

Prior to 2007, seventeen intraplate focal mechanisms were reported in western Canada, and all the
related earthquakes occurred within the mountain belt (see Figure 5.1; Ristau et al. 2007). These
mechanisms exhibit substantial variations in faulting regimes and strike orientations, partially due
to the limited seismic station coverage before 2010 (Gu ef al. 2010). In comparison, fault plane
solutions for seven recent Mw~4 events in this study are more stable and vary by less than 2.2
(Figure 5.4a). The P-axes are uniformly aligned along the NE-SW, consistent with the dominant
crustal stress orientations in western Canada (Heidbach et al. 2016). Despite the differences in
location, causes, and stabilities, focal mechanisms of events in western Canada mainly fall into
two faulting categories: 1) thrust near the Canadian Rockies, and 2) strike-slip elsewhere (see

Figure 5.1).

Both natural and induced events exhibit strike-slip dominated faulting mechanisms basinward
from the Canadian Rockies. Many of these induced events are associated with operations that
hydraulically fractured the Duvernay Formation (2.8-3.6 km depth, Dunn et al. 2012), which is
within 1 km of the crystalline basement. Among the two candidate fault orientations (N-S or E-
W), the existence of vertical N-S faulting system (within or above the basement) is supported by
both geological and geophysical observations (Wang et al. 2017a; Schultz et al. 2016; Davies &
Smith 2006; Duggan ef al. 2001). At other locations, strike-slip dominated tectonic events show
similar fault plane orientations to those of induced events, with a lone outlier in western British
Columbia (52.7°N, 127.2°W, see Figure 5.1) where complex crustal structures around Vancouver

Island might be largely responsible (Ellis et al. 1983).
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Figure 5.4: a) Examples of fault plane solutions (uniform sizes) determined from bootstrap
resampling test for events in the WCSB. The P-axes are consistently aligned along NE-SW for
both strike-slip (top) and reverse (bottom) faulting mechanisms, comparable to nearby Su
orientation (Heidbach et al. 2016). b) Variance reduction (fit) vs. noise level during synthetic tests
(see Appendix for detailed results and test on velocity model variation). Real noise is multiplied
by N times and added to synthetic waveforms generated with 20% of CLVD and 0% of isotropic
components.  Only the non-DC components after decomposition are plotted, and the

corresponding percentages are labeled on top.
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Along the Canadian Rockies, almost all events exhibit thrust-dominated faulting mechanisms.
Natural events with thrust faulting slippages show variable strike orientations along E-W or NE-
SW, including the Mw5.1 earthquake in 2001 (near Alberta and British Columbia border). An
induced event in 2014 is located within northern British Columbia and shows either a near-vertical
fault plane (84°), or a low-angle thrust fault (7°). The two remaining events with distinctive thrust
components, i.e., a secondary recovery induced event in central Alberta and a hydraulic-fracturing
induced case in northern British Columbia (see Figures 5.1 and 5.4), exhibit comparable (and
moderate) dipping angles of 58° and 64°, respectively. The mechanisms of these two events are

very similar to those of nearby (<100 km) tectonic earthquakes.

For both strike-slip and thrust faulting regimes, the maximum horizontal stress (Su) and vertical
stress are the respective maximum stress magnitudes (Schmitt 2014). My P-axis orientations from
the focal mechanisms of recent earthquakes within the WCSB (see Figure 5.4) are predominantly
along an NE-SW trend, which is consistent with the reported Sy direction in western Canada (Bell
& Grasby 2012; Reiter et al. 2014). The similarity between natural and induced non-DC
components suggests that the strain release during an earthquake is dominated by the crustal stress
condition and pre-existing unmapped faults. This could manifest in induced earthquakes that are
initiated by industrial activities, whereas the focal mechanisms are predominantly “pre-set” by the

ambient stress condition and geology within the crust.

5.4.2 Interpretations of non-double-couple components

Despite known challenges in constraining non-DC components, I observe consistent CLVD
motions from the strike-slip dominated events in central Alberta (Figure 5.5a). I decompose the
deviatoric part of a moment tenser in two ways: 1) DC and CLVD, and 2) major and minor DCs
(Jost & Herrmann 1989). Since the dominant DC components are mainly controlled by crustal
stress condition and fault architecture (see section 5.4.1), the secondary components of the moment
tensors likely reflect contributions from fault initiation by fluid involvement or complex/jogged

fault structure. I consider the potential contributions from these two interpretations further.

First, it has been suggested that tensile cracks likely propagate along the Sy direction during

hydraulic fracturing (Bell & Grasby 2012). At the microseismic scale (i.e., Mw<0), large non-DC
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components have been frequently documented and regarded as evidence for tensile-crack opening
(Baig & Urbancic 2010; Sileny et al. 2009; Sileny & Milev 2008). A similar mechanism has been
proposed for more sizeable events (-up to Mw=2) in geothermal regions (e.g., Foulger & Long
1984). My moment tensor decomposition analysis suggests that similar physical processes may
contribute to hydraulic-fracturing induced events in the WCSB (Figure 5.5b). Both the resolved
CLVD components and regional Sy orientations (Reiter ez al. 2014) are aligned subparallel to the
NE-SW direction, consistent with hydraulic fracture propagation during stage stimulations. For
earthquakes in the WCSB, the CLVD components (Mw2.1-3.8) are usually smaller than the DC
components (Mw3.1-4.4) but above the microseismic range (Mw<0). In fact, the estimated
fracture opening for a crack with 300 m length would be a few centimeters (seismic potency Po
~0.1 km?cm, Ben-Zion, 2008), which is capable of producing a Mw~3 non-DC event. Specific to
the Duvernay, a 200 m length was used as an acceptable estimate for geomechanical modeling of
fracture propagation (Lele ef al. 2017), and ~1 cm fracture apertures are observed when higher
viscosity fluids are used (Maxwell ef al. 2016). The chosen length dimension is at the high end of
hydraulic fracturing cases, where fractures grow up to hundreds of meters in length (Wilson et al.
2018; Davies et al. 2012). In addition, the limited amounts of isotropic components are
disproportional to the CLVD for purely tensile cracks. Therefore, the above explanation may only
partially explain the consistent CLVD, specific to the anticipated shearing motion of ~3 ¢cm on a

~1 km? fault in connection with a Mw~4 strike-slip event.
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Alternatively, the minor DCs show consistent NW-SE aligned normal faults. In other words,
minor faults could have slipped as a part of an extensional duplex connecting the dextral N-S (and
subvertical) shear slips (Figure 5.5b). The averaged magnitude difference between major and
minor DCs is 0.8: assuming both the major and connecting (minor) faults share similar rupture
distances, this corresponds to a tenfold fault length difference (Hanks & Kanamori, 1979). A
strike-slip fault system with transtensional flower structure has been supported by geological
evidence (Wang et al. 2016; Berger & Davies 1999), as well as by recent seismic imaging at the
basement depth in the Fox Creek area (Corlett et al. 2018; Chopra et al. 2017). It is highly possible
for transtensional faults to develop within the limited zone between en echelon fault strands
(Sylvester 1988). For matured complex fault zones, the connecting segments usually contain both
thrust and normal faults (depends on their orientations and develop history), which deviate from
simplified textbook examples. Interestingly, these fault structures are often related to vertical fluid

flow (Cox 2016; Davies & Smith 2006) — a condition required for induced seismicity.

In summary, the orientation of CLVD components for hydraulic-fracturing induced earthquakes
offers tangible evidence for either crack opening or co-slipping on a transtensional fault system
(see Figure 5.5b). The former explanation is typically favored by microseismicity/geothermal
induced events, while the latter mechanism is common for natural events under tectonic
environments (Frohlich 1994). Because induced earthquakes may be treated as a mix of these two
classes of seismicity, I cannot rule out the possibility that both interpretations may be valid for the

earthquakes in central Alberta.

5.4.3 The non-DC component: prevalence and implications

The non-DC components provide details on how fluid injection/extraction reactivates (more
realistic) faults, with multiple physical explanations. However, improperly constrained non-DC
components could lead to confounding reasoning or misinterpretation (Vavrycuk et al. 2008).
Many factors, including hypocentral location, station coverage, and velocity model, may affect the
resolution and amount of non-DC contributions. For example, a large non-DC may be introduced
due to insufficient coverage during bore-hole monitoring (Eyre & van der Baan 2017). Insufficient
station coverage is particularly concerning for focal mechanism solutions of natural earthquakes

in the WCSB, especially those before 2010. To mitigate undesired hypocentral and structural
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effects, I carefully compare and select input hypocenter locations from multiple sources and use
industry-verified depths (see supplementary material of Wang et al. 2018). I also examine the
potential relationship between my observed amounts of non-DC in western Canada with
earthquake depth and magnitude and found no clear relationships (Figure 5.6). This may be

attributable to the variations in the amounts of non-DC components.
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Figure 5.6: Percentage of DC components v.s. moment magnitude for the studied earthquake

catalogs.

The statistics of the decompositions of the collected datasets show comparable amounts of non-
DC among six independent categories (Figure 5.7a). This result raises questions about the
effectiveness of using non-DC as a reliable metric in identifying an induced event (e.g., Zhang et
al. 2016; Dahm et al. 2013). On the one hand, I observe very limited (~3%) isotropic components
from induced events in the WCSB, which differ greatly from fluid induced earthquakes during
geothermal (i.e., Martinez-Garzon ef al. 2017) and mining-related (Cesca ef al. 2013) activities.
Figure 5.7b shows a 2-D Hudson’s plot, which partitions a full moment tensor of an earthquake
into DC, CLVD and isotropic components (Hudson ez al. 1989). Most of the induced events in
the WCSB are located within the 4th quadrant of Hudson’s plot, which corresponds to tensile crack
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opening with a limited volume increase. In contrast, events located in Germany (mostly mining
induced) are more randomly distributed in all four quadrants, showing greater isotropic
components. The results suggest that the volume changes during hydraulic fracturing are only
responsible for an isotropic component less than 10% of the total moment during an Mw3
earthquake (i.e., Mw2.4), a value considerably smaller than those previously proposed for events
in the WCSB (Zhang et al. 2016). Natural and induced intraplate events in western Canada exhibit
comparable amounts (29% vs. 20% on average, respectively) of CLVD as well as substantial
variations (see Figure 5.7a). Large variations in the CLVD components are also observed for both
types of earthquakes in central United States; unfortunately, their isotropic components have been
preset to zero during moment tensor solutions (Global Centroid Moment Tensor solutions).
Overall, due to the marginal differences among the various earthquake types, I suggest that the
proper determination of the nature of an event (induced or natural) should rely more on the
background seismicity and the spatiotemporal correlation to industry activities rather than its focal

mechanism.
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Figure 5.7: Decompositions of the collected dataset. a) Averaged percentages (shaded bars) and
standard deviations (black error bars) of the DC, CLVD, and isotropic components (ISO). b)
Hudson’s plot summarizing the decomposed moment tensors for the listed regions. Geothermal
induced events (purple bars) in the western U.S. are only presented in Figure a (moment tensor
values are unavailable). For both plots, tectonic events (labeled with ‘N’) are shown in grey scale,

and induced events (labeled with ‘I’) are shown in color.

Given the apparent lack of distinction between non-DC components for natural and induced
events, | further speculate on the implications for natural events. In western Canada, the intraplate
events vary substantially in location and possibly also involve slippages on en echelon faults other
than the major mapped faults. For example, nonplanar faulting systems are common for large-
scale natural events with significant non-DC components, as evidenced by vertical CLVDs
(“eyeballs™) observed in volcanic regions (e.g., Shuler et al. 2013; Minson et al. 2007) and
horizontal CLVDs (“baseballs”) near mid-ocean ridges (e.g., Miller et al. 1998; Frohlich 1994).
Regardless of the nature of an earthquake, complex regional fault systems can produce CLVD
components via similar mechanisms. Assisted by dynamic triggering stresses (Wang et al. 2015),
the fluid-fault interaction (Cox 2016) rationale can also be responsible for the slippages of
critically stressed faults that produced natural earthquakes. For the isotopic component, mass

perturbation due to injection/extraction does not ensure a larger volume change in each of related
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earthquake and therefore may be case specific (e.g., hydraulic fracturing and volcanic earthquakes

may contain lower isotropic components than previous suspected). Taken together, both the

uncertainties and complex source physics can lead to the indistinguishable amounts of non-DC

between natural and induced events at regional scales.

5.5 Summary

This chapter presents our first and preliminary collection of focal mechanisms from several key

regions with human-induced earthquakes (and their interpretations). My integrated evaluation of

recent intraplate earthquakes in western Canada, as well as several worldwide clusters, leads to

the following conclusions:

The focal mechanisms of the induced earthquakes in the WCSB can be separated into
strike-slip events within central Alberta and thrust faulting events along the Canadian
Rockies, similar to tectonic earthquakes.

Events in Fox Creek contain minimal isotropic components while sharing highly consistent
CLVD components with P-axis orientated along NE-SW. I interpreted this as a
consequence of tensile crack opening and/or en echelon faults co-slipping.

Induced events in western Canada have comparable non-DC components to those of
natural and induced earthquakes elsewhere, leaving their focal mechanisms
indistinguishable. 1 speculate that this may mean fluid-fault interactions or complex fault

architectures play an important role in natural intraplate events too.
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6 Conclusions and Future Work

6.1 Conclusions

The increasing seismic rate in the WCSB raises many critical questions pertaining to the seismic
hazard assessment of shale gas development. Whereas examination of the nature of surrounding
earthquakes relies on the accurate determination of the source locations as well as their temporal
relationship to nearby industrial activities. To understand the relationships between earthquakes,
industrial activities, and the local geological framework, other evidence from source parameters
are also critical. In this thesis, [ examined seismicity in and around the WCSB recorded in the past
decade, with special interest in their source parameters. Chapter 1 presents the seismicity and
industrial background and chapter 2 introduces the key methods adopted in this thesis. My findings

are presented in chapters 3-5 in detail.

The first ML>4 induced earthquake in Alberta occurred on June 13, 2015. Chapter 3 focus on this
first red-light event and point out the potential fault orientations (N-S or E-W) with various tests
on velocity model and source location to prove the robustness of the resolved focal mechanism.
My moment tensor inversions lead to a moment magnitude of 3.9, smaller than the reported ML of
most agencies. The potentially related HF wells are also listed based on improved location through
our grid search. This chapter was published as one of the earliest papers on the HF-induced events
in western Canada, a study region that attracted significant scientific interest (to date, with three

publications in Science).

The seismic rate continued to grow with the HF activities on the Duvernay formation, and the
largest HF induced earthquake in Alberta occurred on January 12, 2016. Chapter 4 inherited the
analysis of source parameters for the first M >4 HF induced event and adopted the local array to
detect, locate and analyze the associated cluster of this second “red-light” event. Whereas similar
fault solutions are found, my detected cluster prefers the N-S fault orientation. I proposed the
positive flower type of fault system to explain the strike-slip events in 2016-2017 around Crooked

Lake/Fox Creek, Alberta. With the growing seismic monitoring network, future work could
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expand such comparison by including more case studies and filling the magnitude gaps (i.e.,

between Mw0-3), which would enhance our understanding and regulation of induced seismicity.

In chapter 5, I switch the scope from case-studies of HF-induced seismicity to all types of events
worldwide, with a specific focus on the non-double-couple components within the shallow
intraplate earthquakes. I first show that recent Mw~4 induced earthquakes in western Canada can
be categorized into strike-slip and reverse-faulting regimes, similar to tectonic ones. Using over
100 full moment tensors collected all over the world, I show that induced earthquakes exhibited
indistinguishable amounts of non-DC components from tectonic earthquakes.  Furthermore,
consistent CLVD components observed from the HF-induced earthquakes in central Alberta may
reflect fault/fracture growth or en echelon faults slipping. This fluid-fault interaction is consistent
with the physics behind natural volcanic earthquakes, which encourage future studies focusing on

the similarity between natural and induced earthquakes.

By utilizing techniques normally employed for the analysis of active source data and global
seismology, my research aims to provide insights into both the regional structures and complex
source properties. Understanding the occurrence of regional (especially induced) seismicity is the
knowledge foundation for decision-makers. For instance, one may prevent/minimize induced
earthquakes by optimal the injection strategies. Overall, the outcomes of the proposed integrated
analysis will assist researchers and regulators to assess the seismic hazard in western Canada,

central U.S. as well as other regions with increasing seismicity.

6.2 Future work

This thesis provides fundamental analysis on the ones in the WCSB. For the hydraulic-fracturing
induced events in central Alberta, future work could base on the on-hand packages as well as
geological knowledge: on the one hand, both the threshold of event detection (i.e., M&L, hypoDD)
and moment tensor inversion (i.e., TDMT INV, gCAP) could be reduced even further with the
growing seismic network. My cluster analysis is conducted only for a few local regions due to the
data-driven nature of this research. Future work may consider applying similar methods to
different clusters (e.g., natural earthquakes in and around Peace River region and mining blasts

within the Rocky Mountains). On the other hand, anisotropy, heterogeneity could be considered
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in a 3D velocity model to improve the resolution as well as counter-balance the raising standard

requirement for high-frequency ranges or lower event magnitude threshold.

Another issue left unsolved is related to the mining-blasts: waveform-based analysis in both time
and frequency domain failed to tell earthquakes and mining blasts apart, mainly attributable to low
SNR and complex structure within the mountains. It is worth noting that the studied mining-
related activities were recorded between 2006 and 2010 - a period with much lower station
coverage than the present day. Despite the challenges, it is highly likely that a few earthquakes
were categorized as mining blasts) within this period and potentially more mis-determined cases
exist after 2010. Even though open-pit mines are less likely to induce earthquakes, the outliers
within the mining dataset worth careful examination. A robust determination may rely on access
to industrial blasts records and/or waveform-based discrimination methods. Furthermore, those
repeating mining-blasts can be utilized as regional sources to investigate the Moho structure below
the mountains, as stations within a few hundreds of kilometers toward the east of the Rocky

Mountains show clear Pp arrivals.

In short, this thesis only provides basic answers to the occurrences of induced earthquakes in
western Canada from the source property aspects. To fully understand their origins and provide
effective risk assessment, one needs to gain access to the industry owned catalog or event records
from the dense monitoring network, incorporate the geologic factors in the seismic hazard
prediction and aim for a site-based probability seismic hazard analysis. Recent fashion of applying
machine learning techniques to seismology have made significant progress on event detection as
well as identifying key industrial factors (e.g., injection volume, depth, pressure) for induced
earthquakes (e.g., Pawley ef al. 2018; Holtzman et al. 2018). The data sharing, close monitoring,
and collaboration between industry, regulators and academic institution are the foundations for
future analysis of induced seismicity (Eaton, 2018; Karimi et al. 2018). In addition, one should
not be limited to the current target of finding and understanding the induced seismicity only. Both
natural earthquakes and mining blasts data are valuable datasets for the overall understanding of

both regional tectonics and seismic hazard.
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A Appendix

Al. Input parameter and velocity model set up for moment tensor

inversion

The locations of the induced earthquakes are selected from multiple reporting agencies:
Earthquake Canada, Nanometrics Athena, and the Alberta Geological Survey (Table Al). For
induced events, the hypocenters are further refined by relocation, and their focal depths are verified
with known injection depths. In addition, I refine the sedimentary velocity model for various
events and reduce the effect of heterogeneity and anisotropy by allowing additional shifts for
individual components and frequencies (Figure A26-27 and Dataset S1; also see Wang et al. 2017a
for details).

I find that even though the DC components are highly stable, the non-DC component trade-offs
with event depth as well as the structure of sedimentary layers (Figure A24). The velocity model
factor may explain the different amounts of non-DC resolved by this and Zhang et al. (2016),
which found significantly larger non-DC from eight suspected Mw~4 induced events than an
MwS5.1 tectonic earthquake. Given model uncertainties and limited resolution, Fischer & Guest
(2011) justified the existence of significant non-DC, especially at shallow depths and/or over-
pressured reservoirs. In our case, it is encouraging that the highly consistent events are all shallow
earthquakes within the over-pressured Duvernay Formation. A series of synthetic tests were
conducted to evaluate the effect of noise and station distribution. I conclude that the non-DC
components have been constrained reliably using the available data and structural model in this

study.

Al.1 Hypocenter locations and synthetic tests setup

My hypocenter locations of the earthquakes are well-determined for two reasons. First, my source
locations are selected from values reviewed and provided by multiple agencies and overlap with

the location of corresponding hydraulic-fracturing wells (Schultz ef al. 2017). Second, the source
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mislocation has less effect on the moment tensor inversion than mismodelling (Sileny et al. 2009).
Based on these considerations, I believe that the selected source location is constrained to errors

less than 1 km and has a negligible effect on my moment tensor inversion results.
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Figure A.1: Station distribution for the synthetic tests. The red star denotes the location of

earthquake hypocenter (depth = 4 km).

With the confidence in the source location and depth, I believe four three-component stations
(Figure A1) are sufficient to resolve the non-DC components. | have conducted multiple synthetic
tests to examine the effects of two key factors: 1) velocity model (section Al1.2) and 2) SNR
(section A1.3). First, I computed synthetic seismograms using a hypothetical source that combines
two double-couples (Table A1). Then I inverted and decomposed the moment tensors in all cases.
The inversion metric is also same as my real-data processing: the data, Green’s function, and noise
are fitted in two frequency ranges: 0.05-0.1 Hz and 0.08-0.4 Hz. The lower frequency range is
processed with a weight of 5 to ensure similar contribution during the inversion procedure. For
near source stations, both frequency ranges contain all phases (body and surface waves) while only
first arrivals (mainly body waves) are fitted for recordings from far source stations (> 100 km).

The variance reduction (VR) and decomposed results are summarized in Table A2 and Table A3.
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Results of all waveform fitting and associated parameters are presented in Figures A5-22. Finally,

the waveform matching of real data and summaries of my findings are presented in section A1.4.

Input strike rake dip Mo Mw
(dyne-cm)

Major DC 183.2 171.7 87.7 4.48e20 3.06

Minor DC 326.5 -78.9 41.2 4.48¢e19 2.40

Isotropic (ISO) - 0 0.00

Table A.1: Input moment tensor for the synthetic test

This super-imposed source produces the following full moment tensor:

0.6787 —4.1770 —0.2921
Mg, = |-4.1770 —0.2925 0.6216 [ x 1e*°
—0.2921 0.6216 —0.3862
Note that moment magnitude of My, is 3.1 and the trace of M, is zero, indicating no ISO
component. A noise free synthetic test was conducted to ensure the output is equivalent to my
input (Figure A2), where the fault angles for the major and minor DCs correspond to the input

moment tensor (Table AT).
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Figure A.2: Decomposition of zero-noise recovered moment tensor. The isotropic (ISO) part is
zero (0%), and the deviatoric part can be decomposed into 1) DC (80%) and CLVD (20%) or 2)
major (M=3.1) and minor (M=2.4) DCs.

A1l.2 Velocity model test

My velocity model test is conducted for five cases (Table A2) based on reference (input) weights

of DC/CLVD/ISO = 80/20/0.

Velocity change VR Decomp (DC/CLVD/ISO) Figures
20% decrease 30.9 79/14/7 S3 & S5
10% decrease 83.4 90/9/1 S3 & S6
10% increase 85.4 78/19/3 S3 & S7
20% increase 48.0 87/9/4 S3 & S8
<10% random 95.1 83/16/2 S4 & S9

Table A.2: Summary of velocity model tests
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Figure A.3: Outcomes of the change on my preferred 14-layer model (solid lines) for £10% (dot-
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Figure A.5: Waveform fitting using synthetic data and model with decreased velocity by 20%. The
Zcorr are relative shifts and are all negative in this case. The solid lines show the input (simulated)
waveforms and the grey dashed lines show the outcomes of the moment tensor inversion. The

definitions are consistent for subsequent plots of A6-9.
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Figure A.6: Waveform fitting using synthetic data and model with decreased velocity by 10%. The

Zcorr are relative shifts and are all negative in this case.
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Figure A.7: Waveform fitting using synthetic data and model with increased velocity by 10%. The

Zcorr are relative shifts and are all positive in this case.
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Figure A.8: Waveform fitting using synthetic data and model with increased velocity by 20%. The

Zcorr are relative shifts and are all positive in this case.
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Figure A.9: Waveform fitting using synthetic data and model with randomly permutated (<10%)

velocity (relative to the preferred model, also see Figure A2).

A1.3 SNR test

Similar to section Al.2, I added two types of noise into my synthetic data and repeated the
inversion for various levels of noise (Table A3). The corresponding waveforms are presented in
Figures A10-21. The random noise is generated with FUNGEN in SAC (Seismic Analysis Code).
To ensure comparable spectrum, Ie also repeat my SNR test by adding real noise randomly cut
from the one-day data (June 1, 2017) of the four stations (Figure Al). The VR lowers with
increasing noise level, and most of the tests successfully recover the input focal mechanisms. My
tests indicate that the inversion outcomes may be less stable when the noise level is above 25%

(random) or five times (real). However, after removing the noisy stations with relatively low SNR,
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I can still retrieve a reasonable full moment tensor with an input noise level as high as eight times

the observed values at the seismic stations (Figure A22).

Noise level Noise type VR Decomp (DC/CLVD/ISO)
10% of T* amplitude Random (Gaussian)  95.8 73/27/0
15% of T amplitude Random (Gaussian)  90.8 69/30/0
20% of T amplitude Random (Gaussian)  86.4 66/34/1
25% of T amplitude Random (Gaussian)  77.6 62/37/1
30% of T amplitude Random (Gaussian)  70.3 59/40/1
1x Real 96.8 76/22/2
2% Real 95.0 80/19/1
3x Real 83.8 79/20/1
4x Real 76.3 81/18/1
5% Real 62.6 53/33/14
6% Real 58.7 70/28/1
7% Real 50.4 55/37/8
8x Real 222 34/41/25
8x (but only two stations) 68.8 78/15/7

Table A.3: Summary of SNR tests.

*: T for transform component, which contains the largest amplitude for a strike-slip event received

by my designed station coverage.
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Figure A.10: Synthetic waveforms (solid lines) fitted with 10% random noise added (dashed lines).

136



SNUFA

SNUFA

BRLDA

BRLDA

EGLEA

BDMTA

Figure A.11: Synthetic waveforms (solid lines) fitted with 15% random noise added (dashed lines).

Tangential Radial Vertical

VA N

I
Distance 229 km Azimuth = 348 Max Amp = 1.30e-04 cm Zcorr = 0 VR =99 1000 see

10.00
Distance = 29 ki Azimuth = 348 Max Amp = 1.86e-04 cm Zcorr =0 VR =88 g

10.00
km Azimuth = 176 Max Amp = 1.27e-04 cm Zcorr =0 VR =99 00 see

V 10.00
Distance = 37 kmVAzimuth = 176 Max Amp = 1.82e-04 cm Zcorr=0 VR =82 00 sec

Distance = 105 km Azintith \295 Max Amp = 3.126-05 cm Zeorr=0 VR = 91 10.00:5e6

137

page 1 of 1

Depth = 4

Strike = 184 ; 274
Rake =173 ;1

Dip =89 ;83

Mo = 4.10e+20

Mw = 3.01

Percent DC = 69
Percent CLVD = 30
Percent ISO =0
Variance = 8.64e—11
Var. Red. =90.8
RES/Pdc = 1.25e-12




page 1 of 1

Tangential Radial Vertical
SNUFA \/\/\_, _/’\/"\_,_v Depth = 4
‘ | Strike = 184 ; 274
Distance 229 km Azimuth = 348 Max Amp = 1.30e-04 cm Zcorr =0 VR = 99 10,00 sec Rake = 173 ; 1
Dip =89 ;83

SNUFA

i A Mo = 4.10e+20
Annps e Aflaf o =301
b

e Percent DC = 66
Distance = 29 ki v Azimuth = 348 Max Amp = 1.76e-04 cm Zcorr=0 VR =81 Percent CLVD = 34

Percent ISO =1
Variance = 1.54e-10

BRLDA S~ T TN SN
Var. Red. = 84.6
10.00
km Azimuth = 176 Max Amp = 1.27e-04 cm Zcorr =0 VR =98 00 see
BRLDA
/ ; 10.00
Distance = 37 kmVAzimuth = 176 Max Amp = 1.79e-04 cm Zcorr =0 VR =71 00 sec
BELEA APAAMMNNIY o pann A o,
| |
Distance = 65 km Azimuth =\86 Max Amp = 9.77¢-05 cr Zcorr =0 VR = 80 1000 see
BDMTA

Distance = 105 km Azir\ith 21295 Max Amp = 3.19e-05cm Zcorr=0 VR =85

Figure A.12: Synthetic waveforms (solid lines) fitted with 20% random noise added (dashed lines).
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Figure A.13: Synthetic waveforms (solid lines) fitted with 25% random noise added (dashed lines).
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Figure A.14: Synthetic waveforms (solid lines) fitted with 30% random noise added (dashed lines).
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Figure A.15: Synthetic waveforms (solid lines) fitted noise equal to the observed value at each

station (dashed lines).
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Figure A.16: Synthetic waveforms (solid lines) fitted with 2 times of real noise added (dashed

lines).
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Figure A.17: Synthetic waveforms (solid lines) fitted with 3 times of real noise added (dashed

lines).
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Figure A.18: Synthetic waveforms (solid lines) fitted with 4 times of real noise added (dashed

lines).
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Figure A.19: Synthetic waveforms (solid lines) fitted with 5 times

lines).

Tangential Radial Vertical
I |
Distance 229 km Azimuth = 348 Max Amp = 1.336-04 cm Zcorr =0 VR = 97 10,00 sec

10.00
Distance = 29 ki Azimuth = 348 Max Amp = 2.246-04 cm Zcorr =0 VR =73 g

10.00
km Azimuth = 176 Max Amp = 1.27e-04 cm Zcorr =0 VR =98 00 see

10.00
Distance = 37 kmUAzimuth = 176 Max Amp = 1.82e-04 cm Zcorr=0 VR =86 00 sec
| /\N\/\/U\/U\/ ‘ l
Distance = 65 km Azimuth = 86 Max Amp = 1.06e-04 cm Zcorr = 0 VR = 33 1000 see

Distance = 105 km Azimuth = 295 Max Amp = 5.34e-05 cm Zcorr=5

145

page 1 of 1

Depth = 4

Strike = 177 ; 267
Rake =170 ;1

Dip =89 ; 80

Mo = 3.80e+20

Mw = 2.99

Percent DC =53
Percent CLVD = 33
Percent ISO = 14
Variance = 2.98e-10
Var. Red. = 62.6

of real noise added (dashed



page 1 of 1

Tangential Radial Vertical

Depth = 4
j I Strike = 273 ; 183
10,00's0c Rake =6;175
Dip=85:84
Mo = 4.00e+20
Mw = 3.01

[ Percent DC =70

Distance = 29 ki Azimuth = 348 Max Amp = 2.18e-04 cm Zcorr =0 VR = 59 e Percent CLVD = 28
Percent ISO =1
Variance = 3.61e-10

SNUFA

SNUFA

BRLDA —— N T—
Var. Red. = 58.7
10.00
km Azimuth = 176 Max Amp = 1.32e-04 cm Zcorr =0 VR =99 00 see
BALDA A APAANSAN A ANANAS
10.00
Distance = 37 km" Azimuth = 176 Max Amp = 1.90e-04 cm Zcorr=0 VR =83 00 sec
! i | |
Distance = 65 km Azimuth =\86 Max Amp = 1.19e-04 cm Zcorr =0 VR = 45 10.00 sec
BDMTA

10.00
Distance = 105 km Azimuth /295 Max Amp = 8.31e—05 cm Zcorr = 37 VR =10 ENISEE

Figure A.20: Synthetic waveforms (solid lines) fitted with 6 times of real noise added (dashed

lines).
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Figure A.21: Synthetic waveforms (solid lines) fitted with 6 times

lines).
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Figure A.22: Synthetic waveforms (solid lines) fitted with 8 times of real noise added (dashed

lines): (a) use all four stations and (b) use only two stations with high SNR.
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Figure A.23: Synthetic waveforms (with 15% noise) fitted with the randomly perturbed model

(relative to the preferred model, see Figure A2). The result resembles my input focal mechanism.

A1l.4 Real data fitting and conclusions

From the above synthetic tests, I show that the waveforms can be matched well and the recovered
non-DC components are highly stable (Figure A23). My source locations are strongly correlated
with those of industrial activities (chapters 3 and 4). My preferred velocity model is adopted by
colleagues and researchers in their related studies of the WCSB (Chen et al. 2015; Wang et al.
2016; Schultz et al. 2017; Clerc et al. 2016; Farrugia et al. 2017).
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I show that my choice of hypocenter location, velocity model, and station distribution are sufficient
to provide trustworthy full moment tensor inversions. When the noise level is high (e.g.,
comparable to or even higher the amplitude of signal; station EGELA in Figure A22, a), removing
low SNR stations and inversion with only two stations (see Figure A22, b) can provide the identical

result to the true solution (Table A2). The surprisingly stable results benefit from:
1) the adoption of multi-phases and multi-frequency ranges
2) the availability of near-source three-component stations

3) detailed 14-layer crustal model (see chapter 2)

A2. Related software
name use reference
GMT Figure making Wessel et al. 2013
SAC Seismograph processing Goldstein & Snoke 2005
Taup Phase arrival & ray path calculation Crotwell et al. 1999
M&L Events detection & location Zhang & Wen, 2015
hypoDD Events location Waldhauser & Ellsworth 2000
TDMT_INV Time domain moment tensor inversion Dreger 2003
FKPRROG Green’s function generation Saikia ef al. 1994

Table A.4 List of used software for this thesis
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