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Abstract Hydraulic fracturing (HF) is a technique that is used for extracting petroleum resources from
impermeable host rocks. In this process, fluid injected under high pressure causes fractures to propagate.
This technique has been transformative for the hydrocarbon industry, unlocking otherwise stranded
resources; however, environmental concerns make HF controversial. One concern is HF‐induced seismicity,
since fluids driven under high pressure also have the potential to reactivate faults. Controversy has
inevitably followed these HF‐induced earthquakes, with economic and human losses from ground shaking
at one extreme and moratoriums on resource development at the other. Here, we review the state of
knowledge of this category of induced seismicity. We first cover essential background information on HF
along with an overview of published induced earthquake cases to date. Expanding on this, we synthesize the
common themes and interpret the origin of these commonalities, which include recurrent earthquake
swarms, proximity to well bore, rapid response to stimulation, and a paucity of reported cases. Next, we
discuss the unanswered questions that naturally arise from these commonalities, leading to potential
research themes: consistent recognition of cases, proposed triggering mechanisms, geologically susceptible
conditions, identification of operational controls, effective mitigation efforts, and science‐informed
regulatory management. HF‐induced seismicity provides a unique opportunity to better understand and
manage earthquake rupture processes; overall, understanding HF‐induced earthquakes is important in
order to avoid extreme reactions in either direction.

Plain Language Summary Earthquakes can be induced by a number of anthropogenic sources.
One category of induced earthquake is caused by hydraulic fracturing (HF)—a technique used by industry to
produce petroleum from normally impermeable rocks. The widespread use of HF has resulted in a significant
increase in induced earthquakes. In this paper, we provide a review of all the reported cases of HF‐induced
earthquakes: in Canada, the United States, the United Kingdom, and China. Some of these cases are
exceptional, having events as large as 5.7ML or earthquakes triggered up to 1.5 km away. That said, there are
common themes that are repeated in all of the cases: similar waveforms, swarm‐like sequences, proximity to
HF stimulation in time and space, and that only the small minority of HF wells induced earthquakes. Likely,
these common themes are related to the physics of HF stimulation and the geology of the target formations.
Many of the proposed interpretations are still open‐ended research areas, such as consistent recognition of
cases, proposed triggering mechanisms, geologically susceptible conditions, identification of operational
controls, effective mitigation efforts, and science‐informed regulatory management. Overall, a better
understanding of these earthquakes will allow for adequately balanced management of their risks.

1. Background

In the past, fine‐grained organic‐rich sediments were regarded by the petroleum industry as only hydrocar-
bon source rocks; their low permeability renders these types of rocks uneconomical as a hydrocarbon reser-
voir (see the glossary for a definition of terms). Instead, conventional oil and gas operations have targeted
higher permeability hydrocarbon reservoirs, trapped by less permeable geological structures. However,
the advent of hydraulic fracturing (HF) has made it possible to economically produce hydrocarbons directly
from these low‐permeability formations, unlocking their vast reserves (U.S. Energy Information
Administration, 2013). During HF stimulation, fluid is pumped into the subsurface at high pressure, increas-
ing pore pressure until it exceeds the fracture gradient (Figure 1). After this point, hydraulic fractures and
shear failures propagate throughout the rock matrix (Detournay, 2016; Hubbert & Willis, 1972;
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King, 2010). The intention of this process is to create a permeable fracture network that facilitates fluid
migration into the well bore (Gale et al., 2014; Rinaldi & Rutqvist, 2019). Since the initial hydraulic well
stimulation test in Kansas during 1947 (Montgomery & Smith, 2010), HF technologies have become more
sophisticated. Technological developments have included horizontal drilling (King, 2010), slickwater
fracturing (Palisch et al., 2010), the inclusion of chemical additives, proppant design (Liang et al., 2016),
completion schema (Rafiee et al., 2012), and optimization of completion productivity (Gale et al., 2014;
Lecampion et al., 2015; Weng et al., 2011).

While HF has driven considerable economic growth, there have also been concerns regarding the environ-
mental challenges associated with this technique (Campbell et al., 2020): including groundwater contamina-
tion (Myers, 2012), overuse of freshwater (Chen & Carter, 2016), and management of produced brines
(Gregory et al., 2011). Commonly, brine management has focused on disposal into subsurface formations.
It has been well documented that subsurface disposal has the potential to induce earthquakes
(Ellsworth, 2013; Healy et al., 1968). In fact, various anthropogenic activities have the ability to cause
induced earthquakes (Foulger et al., 2017; Grigoli et al., 2017; Keranen & Weingarten, 2018; McGarr
et al., 2002; Nicholson & Wesson, 1990, 1992). Underground mining, deep artificial water reservoirs, oil
and gas extraction, geothermal power generation, and wastewater disposal have all resulted in cases of
induced seismicity. As elaborated in this review, induced earthquakes have also been documented as being
caused directly by HF stage stimulation (e.g., Atkinson et al., 2020).

In this review paper, we present a comprehensive overview of the history of HF‐induced earthquakes
(Figure 2). We summarize our understanding of this category of earthquake: documented cases (section 2),
findings from previous studies, common themes observed throughout these cases (section 3), and their impli-
cations for triggering andmanagement (section 4). For convenience to the reader, we have organized the writ-
ing within subsections to be independent of the others (or to clearly reference prerequisite subsections).

2. Summary of Documented Cases

The objective of HF stimulation is to enhance the flow of fluids through impermeable strata (King, 2010).
This process causes tensile failures and shearing along natural fractures (Rinaldi & Rutqvist, 2019). Under
normal circumstances, HF stimulation is accompanied by small‐scale fracture events, which are often
termed “microseismic” due to their small magnitudes (Mw < 0) (Eaton et al., 2018; Li, Tan, et al., 2019;

Figure 1. Schematic diagram of a hypothetical HF operation. (a) Map view of a four‐well (black lines) pad with
16 completed stages (gray vectors); the northern wells were stimulated sequentially from “toe” to “heel” (see text
annotations), while the southern wells use a “zipper frack” completion schema. (b) Cross‐sectional view showing a well
lateral (black line) and four‐stage stimulations (gray vectors) that fractured the target formation (darkest brown strata);
only the two furthest right stages are hydraulically connected to a basement rooted fault (dark gray lines). Inset
diagram shows hydrocarbons (orange arrows) entering the perforated wellbore (black/gray cylinder), via fractures in
the target formation.
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Warpinski et al., 2012). However, there has been a growing interest in characterizing exceptional cases in
which HF causes reactivation of preexisting faults, resulting in induced seismicity (Atkinson et al., 2020;
Davies et al., 2013). In this situation, HF tips the frictional balance between the effective normal and
shear stresses on a fault toward the failure condition, similar to other injection‐related induced
earthquakes (Healy et al., 1968; Segall & Lu, 2015). A few exceptional cases were recognized early in the
development of unconventional hydrocarbons, usually during microseismic monitoring (Kanamori &
Hauksson, 1992; Maxwell et al., 2009; Nicholson & Wesson, 1990; Wolhart et al., 2006).

The following subsections focus on documented cases of HF‐induced seismicity, as of this writing (Figure 3).
We summarize cases by their host basins, covering aspects related to the geology of the target formation, HF
development, documented cases of HF fault activation, the findings of all relevant studies, and regulatory
requirements. Sections are ordered chronologically, as individual cases of HF‐induced earthquakes became
well recognized. We note that there are likely cases of seismogenic HF plays that are currently undocumented.

2.1. The Muskwa Shale in the Horn River Basin, Canada

The first documented case of multiple earthquakes induced by HF occurred in the Horn River Basin, which
straddles the border between the Northwest Territories and British Columbia (BC), in northwestern Canada
(Figure 4a). The western boundary of the Horn River Basin is marked by the Bovie Fault, a fault system with

Figure 2. The learned architecture of hydraulic fracturing‐induced seismicity. This figure is a graphical table of contents
for our review paper; sections are represented as layers, individual subsections are represented as neurons, and
subsection interdependencies are linked lines.There is full connectivity between the subsections within sections 2
(Cases) and 3 (Common Themes). There is limited connectivity between the subsections within sections 3 (Common
Themes) and 4 (Interpretations).

Figure 3. Global cases of reported HF‐induced seismicity. (a) Cases of well‐recognized seismogenic HF plays (red circles) are annotated with their play name
and their largest documented earthquake. (b) Cumulative number of HF wells completed within a basin or political area (colored lines). Data for this panel
are from FracFocus (www.fracfocus.org), an industry self‐reporting database that is known to be incomplete.
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complex history of tectonic activity (MacLean &Morrow, 2004). The Horn River Basin hosts theMiddle‐Late
Devonian Horn River Group, composed of three organic‐rich shale units (Evie, Otter Park, and Muskwa
Formations) with a net thickness >300 m (British Columbia Oil and Gas Commission, BC OGC, 2012).
With an estimated marketable dry gas resource of more than 70 trillion cubic feet (2.0 × 1012 m3)
(Johnson et al., 2011), the Horn River Basin represents one of the largest shale gas plays in North
America. Industry operations to assess and develop the shale gas resources within the Horn River Basin
commenced in November 2006 and peaked in 2011 but have since been suspended, largely due to the low
North American prices for dry gas and the great distance of the Horn River Basin from markets. The
Horn River Basin is notable for being the first global resource play with a multitude of documented cases
of seismicity induced by HF (BC OGC, 2012).

An investigation by the BC Oil and Gas Commission (2012) documented 38 seismic events up to 3.8ML that
were detected within the Horn River Basin by the Canadian National Seismograph Network, from 2009–
2011. Seismicity catalogs derived from local seismograph arrays operated by industry contained more than
200 induced events associated with HF operations during the same time period (BC OGC, 2012).
Although the national earthquake catalog contained only a single Horn River Basin event (15 February
2004, 2.4 ML) before the start of shale gas development, subsequent analysis showed that the paucity of
reported seismicity was partly due to the previously sparse seismograph network coverage (Farahbod,
Kao, Walker, & Cassidy, 2015). By applying a single‐station location method to continuous data from the
Station FNBB during a predevelopment 1‐year time interval, Farahbod, Kao, Walker, and Cassidy (2015)
detected 24 events with magnitudes ranging from 1.8–2.9 ML. Their entire catalog yielded an overall b value
of 1.21 (a parameter that defines the proportion of small to large events), including both predevelopment
(background) seismicity and induced seismicity. Farahbod, Kao, Cassidy, and Walker (2015) found that total
injected volume from HF had a greater effect than injection pressure on the pattern of local seismicity. They
also found that relatively large seismic moment release (>1014 Nm) within the Horn River Basin occurred only
whenmonthly injected volume exceeded ~150,000m3, summed over all operations in the basin (Figure 4b). As
a regulatory response, additional broadband stations were installed within the newly created Northern British
Columbia (NBC) seismograph network (Figure 4a). Partly due to a decline of development in the Horn River
Basin since 2011, no further regulatory controls on HF‐induced earthquakes were enacted in this basin.

Figure 4. Locations and timings of Horn River Basin HF‐induced events. (a) Regional map of the Horn River Basin (orange area) showing seismicity (red circles)
detected to the end of 2016. Triangles show broadband seismograph stations, of which only FNBB was operational during shale gas development that peaked in
2011. Events detected by Farahbod, Kao, Walker, and Cassidy (2015) using the single‐station method are not plotted. (b) Time series of cumulative monthly
seismic moment (M0) and monthly injected volume for all operations in the HRB. See Farahbod, Kao, Cassidy, and Walker (2015) and Farahbod, Kao, Walker,
and Cassidy (2015) for more details.
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2.2. The Bowland Shale in the United Kingdom

Marine shales were deposited in a complex series of tectonically active basins during the Carboniferous
(ca.347–318 Ma). These depositions have resulted in the Bowland‐Hodder shale gas play across a large area
of central Britain (Andrews, 2013). Shale thicknesses are up to 5,000 m in the Bowland, Blacon,
Gainsborough, Widmerpool, Edale, and Cleveland basins (Figure 5) and contain sufficient organic matter
to generate considerable amounts of hydrocarbons. While a large in‐place volume of gas has been identified
in the shales beneath central Britain, the recoverable amount remains unknown. To date, there have only
been three HF wells completed in the United Kingdom.

In 2011, HF of the first dedicated shale gas well in the United Kingdom, Preese Hall 1 (PH‐1) near Blackpool,
Lancashire, led to felt seismicity (Clarke et al., 2014), the suspension of HF operations, and inquiries into
induced seismicity and associated risks (de Pater & Baisch, 2011; Royal Society and Royal Academy of
Engineering, 2012). The largest seismic event, on 1 April 2011, had amagnitude of 2.3ML and was felt locally
at an intensity of 4 EMS (European Macroseismic Scale; Grünthal, 1998). de Pater and Baisch (2011) con-
cluded that the earthquake activity was caused by fluid injection directly into a nearby fault zone, which
reduced the effective normal stress on the fault and causing it to fail repeatedly in a series of small earth-
quakes. Clarke et al. (2014) identified a possible causative fault following a detailed 3‐D seismic reflection
study and also used waveform cross correlation (e.g., Shelly et al., 2013) to show the strong similarity
between events and to infer locations and mechanisms (Figure 5b). The seismicity starts soon after the
operations begin and continues for some hours after operations stop (Figure 5e). In Stages 2 and 4 the

Figure 5. Map of HF‐induced earthquakes in the United Kingdom. (a) Seismicity recorded during operations at Preese Hall in 2011 (pink circles) and at Preston
New Road in 2018 (orange circles) and 2019 (red circles). Locations of Preese Hall (PH‐1) and Preston New Road sites (PNR‐1Z and PNR‐2) are shown by
gray squares, and gray triangles show locations of surface seismometers. The shaded area in the inset depicts regions of shale gas across North England. Red
rectangle shows area of larger map. (b) The focal mechanisms for the magnitude −0.2 ML event at Preese Hall on 2 August 2011 (Clarke et al., 2014). (c and d)
Focal mechanisms calculated for selected events during operations at Preston New Road in 2018 and 2019, respectively. (e) HF stage completion volume
(blue line) and induced seismicity (pink circles) for HF Stages 2, 4, and 5 at Preese Hall, Blackpool (PH‐1). (f–h) HF stage completion volume (blue lines) and
histograms of the number of events per hour recorded by downhole microseismic arrays during operations in PNR‐1Z in October 2018, PNR‐1Z in December 2018,
and PNR‐2 in August 2019.
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largest earthquakes occurred approximately 10 hr after the start of injection, while the well was shut‐in and
under high pressure. No seismicity was observed during Stages 1 and 3, and only very weak seismicity
occurred during Stage 5. de Pater and Baisch (2011) attribute the lack of seismicity in Stage 3 to the smaller
pumped volume and the use of flowback (fluid returned to the surface within a specified period of time after
HF has stopped). The pumped volume in Stage 5 was similar to Stages 2 and 4, but there was also flowback.

Subsequently, the U.K. Department for Energy and Climate Change (DECC, 2013) published regulations for
HF that contained specific measures for mitigating induced seismicity, including using a traffic light protocol
to control whether injection can proceed. This traffic light protocol requires operators to suspend HF opera-
tions, reduce pressure, and monitor earthquakes if an event larger than 0.5 ML occurs during operations.

In late 2018, HF of the Bowland Shale was carried out at the Preston New Road 1Z horizontal well (PNR‐1Z),
approximately 4 km south of Preese Hall. The PNR‐1Z well targets the Bowland shale at a depth of approxi-
mately 2,300 m and runs approximately east‐west for 700 m horizontally through the unit. A total of 16
stages was stimulated between 16 October and 17 December 2018 with a maximum (per stage) injected
volume of 431 m3. No HF was carried out between 3 November and 4 December, the period when flowback
from the well took place.

Operations in the PNR‐1Z well were accompanied by seismicity (Clarke et al., 2019) that was recorded by
both a dense network of surface sensors and by a downhole geophone array in the adjacent PNR‐2 well.
The largest event had a magnitude of 1.6 ML and was felt by a small number of people near the epicenter.
Seismicity is observed to move from west to east, corresponding to different stages of operations. Focal
mechanisms (Figure 5c) show predominantly strike‐slip faulting along near vertical NW‐SE or NE‐SW
planes, which is consistent with observed mechanisms for most tectonic earthquakes in the British Isles
(Baptie, 2010). Event rates increase when injection starts and decays rapidly after injection stops but there
is considerable variation in event rates between individual stages of operations, with some showing rela-
tively high activity rates (Figures 5f and 5g). Stages close to the heel (east) end of the horizontal well show
higher levels of seismicity than those at the toe (west) end, despite similar stimulation volumes.

HF operations in the PNR‐2 well at Preston New Road, Lancashire, started on 15 August 2019 and were also
accompanied by seismicity. The horizontal PNR‐2 well runs roughly parallel to the PNR‐1Z well that was
stimulated in October–December 2018 and is offset by approximately 200 m. The largest of these events
was 2.9 ML and occurred on 26 August 2019 at 07:30 UTC, almost 72 hr after a HF stage on 23 August.
Seismicity is again observed to move from west to east, corresponding to different stages of operations with
similar focal mechanisms to PNR‐1z (Figure 5d).

Figure 5h shows the seismicity rate as a function of time, during the completion of PNR‐2 in August 2019.
Full operational parameters were not available at time of writing; however, the published Hydraulic
Fracture Plan states that the approach was similar to PNR‐1Z, with a planned maximum injected volume
of 765 m3 in any single stage. The events initially show strong temporal association with HF stages, as there
are relatively few events outside these periods—suggesting that the event rates decay rapidly with time after
stimulation stops. After 21 August 2019, the event rate decays more slowly with time and a number of larger
trailing events are observed outside of periods of operation. The last stage was stimulated on 23 August 2019,
with trailing events continuing to occur in the following few days: a 2.1ML event on 22:01 (UTC) 24 August
2019 (~40 hr after the last HF stage) and a 2.9 ML on 26 August 2019, 07:30 UTC (~72 hr after the last HF
stage). The latter is the largest HF‐related earthquake recorded in the United Kingdom to date, and it was
strongly felt at distances of up to a few kilometers from the epicenter with maximum intensities of 6 EMS.
This led to a premature end to operations in the PNR‐2 well with only 7 (out of 47 HF) stages completed. The
U.K. government subsequently announced an immediate moratorium on HF, due to the possibility of unac-
ceptable impacts on local communities.

2.3. The Wabamun/Exshaw/Banff Formation in the Alberta Basin, Canada

In southern Alberta, Canada, the Big Valley and Stettler carbonates, Exshaw dolomitic siltstones, and Banff
shales collectively comprise an unconventional oil resource (Zaitlin et al., 2010). These
Devonian‐Mississippian aged formations have been recognized as a source rock for heavy oil and bitumen
and are stratigraphically equivalent to the Bakken Formation in North Dakota, which has undergone wide-
spread development. Rokosh et al. (2012) estimate median quantities of in‐place oil within the Exshaw at
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24.8 billion barrels (4.0 × 109 m3). This formation was not well developed by industry, as only ~40 horizontal
wells were drilled (Galloway et al., 2018). This section focuses on a single horizontal well completed in
December 2011 in the Ninastoko Field, developed to exploit the Exshaw shale oil. This well was
completed in 10 stages, with an average volume of 716 m3 per stage (Schultz, Mei, et al., 2015).

More than 60 small earthquakes (up to 3.0 ML) with similar waveforms were detected from December 2011
to March 2012 north of Cardston, Alberta (Figure 6). This area had no prior documented seismic activity of
comparable magnitude or frequency. The timing of these earthquakes followed the fifth stage of stimulation,
and it was concluded that they were induced by the contemporaneous HF well completion (Schultz, Mei,
et al., 2015). Further study (Galloway et al., 2018) demonstrated the presence of a basement‐rooted fault that
intersected the target formation. Evidence of paleokarst and collapse brecciation at the stimulation level
(near the reactivated fault) indicated a permeable conduit that could allow pore pressure to rapidly diffuse
down into the crystalline basement, where the earthquakes occurred (Galloway et al., 2018). To date, this
is the only documented case of HF‐induced earthquakes in this play. The development of the Exshaw
Formation as an unconventional play was soon abandoned, as it was deemed to be uneconomical. Due to
this, no regulation was developed to manage HF‐induced earthquakes in this area.

2.4. The Duvernay Formation in the Alberta Basin, Canada

The Late Devonian Duvernay Formation is an organic‐rich, fine‐grained carbonaceous unit that is stratigra-
phically equivalent to theMuskwa Formation in the Horn River Basin (Switzer et al., 1994). Multiple deposi-
tional cycles occurred over a large area (Figure 7), coeval with the growth and development of extensive
carbonate reef complexes of the Leduc Formation (Stoakes, 1980). The Leduc and other reef complexes in
Alberta are interpreted to have nucleated along paleobathymetric highs that separated reefs from the sur-
rounding shale subbasins (Eaton et al., 1995). Like the Montney Formation, the Duvernay Formation con-
tains vast hydrocarbons resources, with median estimates of shale‐hosted oil and natural gas liquid volumes
at 61.7 and 11.3 billion barrels (9.8 and 1.8 × 109 m3), respectively (Rokosh et al., 2012). Initial development
of the Duvernay resource play began in 2010, with the first reported cases of induced seismicity in 2013
occurring near Fox Creek, Alberta (Schultz, Stern, et al., 2015; Schultz et al., 2017). To date, there have been
more than 1,000 HF wells completed in the Duvernay Formation from 2010–2020 (Schultz & Pawley, 2019).
Typical stage, well, and pad completions use volumes of ~1,500, ~20,000, and ~50,000 m3, respectively
(Schultz et al., 2018).

Central Alberta has experienced numerous cases of induced seismicity (Stern et al., 2013) related to second-
ary hydrocarbon recovery starting in the 1970s (Baranova et al., 1999; Wetmiller, 1986) and wastewater dis-
posal starting in the 1990s (Schultz et al., 2014). Earthquakes induced by HF in the Duvernay play are some
of the most well‐studied cases worldwide (Figure 7). Using regional seismograph networks (Schultz

Figure 6. Locations and timings of Exshaw HF‐induced events. (a) Regional map of the Exshaw well (black tadpole) alongside locations earthquakes (red circles).
(b) Time series of the earthquake magnitudes (red circles) and individual stage completions (gray area). See Schultz, Mei, et al. (2015) for more details.
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et al., 2017; Wang et al., 2017) and local arrays (Bao & Eaton, 2016; Eaton et al., 2018), seismological studies
of induced seismicity in the Duvernay play consistently show that induced events exhibit strong
spatiotemporal association with nearby HF operations, with dominantly strike‐slip focal mechanisms (R.
Wang et al., 2016, 2017, 2018; Zhang et al., 2016). The focal depths of induced events are systematically
shallower than natural seismicity (Zhang et al., 2016) and, over a broad area, the rate of induced
seismicity surpasses the rate of tectonic earthquakes (Atkinson et al., 2016)—appreciably changing the
seismic hazard in the region (Ghofrani et al., 2019; Schultz & Nanometrics, 2019).

These induced earthquakes have been interpreted as reactivation of basement‐rooted transtensional
strike‐slip faults (R. Wang et al., 2017), which is consistent with fault inferences from 3‐D reflection seismic
data (Chopra et al., 2017; Corlett et al., 2018; Eaton et al., 2018) and the present‐day tectonic stress field
(Shen, Schmitt, & Haug, 2019; Shen, Schmitt, & Schultz, 2019; H. Zhang, Eaton, et al., 2019). Notably, fore-
shock microseismicity detected using a dense local network appears to show fault activation processes lead-
ing up to the mainshock (Eyre, Eaton, Zecevic, et al., 2019), including inferred aseismic slip (Eyre, Eaton,
Garagash, et al., 2019). HF‐induced seismicity in this region exhibits variable persistence, with activity in
some clusters continuing for at least several months after the mainshock (Bao & Eaton, 2016; Schultz
et al., 2017). Faults in this region have been inferred to be near critically stressed (i.e., in a state of incipient
failure), due to inferred dynamic triggering from teleseismic surface waves (B. Wang et al., 2015, 2019).

Moment tensor analysis indicates that minor non‐double‐couple source components of induced events could
be linked to tensile fracture growth, multiple intersecting fractures, dilatant jogs created at the overlapping
areas of multiple fractures, or nonplanar preexisting faults (R. Wang et al., 2018; Zhang et al., 2016). Studies
on these events have been diverse, covering topics related to crustal anisotropy (T. Li, Gu, et al., 2019), stress
drop (Clerc et al., 2016; Holmgren et al., 2019, 2020), ground motions (Atkinson & Assatourians, 2017; Kaski
& Atkinson, 2017; Rodríguez‐Pradilla & Eaton, 2019), and site amplification (Farrugia et al., 2017, 2018).
Ongoing analysis of these events has included incorporating them in processed ground motion databases,
for use in earthquake hazard studies (Assatourians & Atkinson, 2020). Initially, the induced events were
restricted in their spatial location to the Kaybob portion of the Duvernay play but have followed drilling
development more than 300 km away into the East Shale Basin portion of the Duvernay, near Red Deer
(Schultz & Wang, 2020).

Statistical analysis comparingHF operational parameters and seismicity response shows that operations that
injected larger completion volumes (>104 m3) tended to be more seismogenic, and that the productivity of
induced earthquakes scales linearly with stimulation volume in susceptible areas (Schultz et al., 2018).

Figure 7. Locations and timings of Duvernay HF‐induced events. (a) Regional map of the Duvernay Formation
(light purple area) alongside earthquakes (circles). Likely tectonic earthquakes are colored gray, disposal induced are
blue (Schultz et al., 2014), secondary recovery induced are orange (Wetmiller, 1986), Montney HF induced are purple,
and Duvernay HF induced are red. Focal mechanisms of the four largest events are shown, from left to right: 12 January
2016, 4.1 Mw; 23 January 2015, 3.6 Mw; 13 June 2015, 3.9 Mw; and 4 March 2019 3.7 Mw. (b) Time series of the
cumulative number of events above the detection threshold (filled area), color coordinated with the left panel.
See Schultz et al. (2017) and Schultz and Wang (2020) for more details.
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Corroborating work showed that induced events in Alberta related to Duvernay HF, wastewater disposal
(Schultz et al., 2014), and secondary recovery (Baranova et al., 1999; Wetmiller, 1986), preferentially occur
in locations close to the margins of a near‐basement carbonate reef platform (Ghofrani & Atkinson, 2016;
Schultz et al., 2016)—a potential proxy indicator of faults that host fluid flow (G. R. Davies &
Smith, 2006). In some areas that are undergoing rapid development, the Duvernay is overpressured (i.e.,
pore pressure significantly above hydrostatic), and there is evidence to suggest that the susceptibility to
induced seismicity is greater in overpressured zones (Eaton & Schultz, 2018). A recent analysis using
machine learning methods indicates that proximity of the injection zone to basement, in situ stress, forma-
tion overpressure, proximity to fossil reef margins, lithium concentration (indicative of basement fluids and
therefore fault conduits), and rate of natural seismicity are among the strongest predictors of geological sus-
ceptibility to induced seismicity in the Duvernay play (Pawley et al., 2018; Schultz & Pawley, 2019).

Following one of the first widely felt events in the Kaybob area (23 January 2015ML 4.4), the provincial reg-
ulator enacted a traffic light protocol with thresholds set at 4.0 ML and 2.0 ML for red and yellow lights,
respectively (Alberta Energy Regulator, AER, 2015). Under this regulatory order, operators are required to
perform a preoperation hazard assessment, independently monitor nearby events above the yellow light
magnitude level, self‐report, and enact mitigation strategies following any yellow light earthquakes within
5 km, and immediately suspend operations after a red light (Kao, Visser, et al., 2018; Shipman et al., 2018).
Following the first widely felt event in the East Shale Basin of the Duvernay Formation (4 March 2019, 4.2
ML), the provincial regulator enacted another traffic light protocol with thresholds set at 3.0 ML and 1.0 ML

for red and yellow lights, respectively (AER, 2019). In response to the ongoing earthquakes in Alberta and a
greater need for understanding their mechanisms, the Scientific Induced Seismicity Monitoring Network
(SCISMN) was established as a platform for publicly sharing and disseminating industry waveform data col-
lected for regulatory mandates (Schultz, Yusifbayov, & Shipman, 2020).

2.5. The Montney Formation in the Western Canada Sedimentary Basin, Canada

The Montney Formation is a Lower to Middle Triassic, siltstone‐dominated clastic unit with a subsurface
extent of approximately 130,000 km2, spanning the border between BC and Alberta in western Canada
(Figure 8). It was deposited in an open shelf marine environment and forms a westward thickening wedge,
exceeding 300 m in thickness (Edwards et al., 1994). Prior to 2005, conventional oil and gas extraction
focused on localized, high permeability sandstone units deposited in a shallow marine environment,
whereas subsequent development deployed horizontal drilling and HF methods to develop the vast uncon-
ventional resource play (BC OGC, 2014a). Estimates of natural gas (449 trillion cubic feet, 12.7 × 1012 m3),
natural gas liquids (14.5 billion barrels, 2.3 × 109 m3) and oil (1.1 billion barrels, 0.2 × 109 m3) indicate that
the Montney Formation is potentially one of the most productive resource plays in North America (National
Energy Board, 2013). There have been more than 7,000 HF wells completed in the Montney Formation from
2007–2020 (from geoSCOUT). As unconventional oil and gas development in the Horn River Basin pro-
gressed and caused HF‐induced earthquakes (Figure 4), the installation of eight new seismograph stations
in northern BC enhanced seismicity monitoring within the northern Montney play. An investigation by
the provincial regulator (BC OGC, 2014b) showed that, over a period from August 2013 to October 2014,
231 seismic events ranging from 2.4–4.4 ML were attributed to oil and gas operations in the Montney. Of
these, 38 events were inferred to be induced by wastewater disposal, while 193 were linked to HF operations
based on a spatiotemporal association filter. The onset of Montney Induced Seismicity resulted in a signifi-
cant change in regional seismicity rate (Figure 8).

Figure 8a shows a map of seismicity for the period October 2006 to September 2017, based on a compilation
of catalogs in BC (Babaie Mahani et al., 2017, 2019; Babaie Mahani & Kao, 2018; Visser et al., 2017) and
Alberta (Stern et al., 2013). As indicated by numbered labels, the seismicity distribution during this period
is characterized by conspicuous clusters that include induced seismicity within the Horn River Basin (1),
northern Montney (2), Kiskatinaw area (3), and Fox Creek area (5). One cluster (4) is associated with blast-
ing for coal mining. Since the Fox Creek cluster is linked to development of the deeper Duvernay zone (sec-
tion 2.4), it is clear that virtually all of Montney induced seismicity is spatially limited to the BC portion of
this resource play. Two prominent zones of seismicity in BC, the northern Montney (Babaie Mahani
et al., 2017) and the Kiskatinaw area (Yu et al., 2019), are characterized by distinct patterns of activity (BC
OGC, 2014b). In particular, the northern Montney area is characterized by a b value of ~1.0–1.3 and a
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time lag of up to 2 days following the end of HF operations, while the Kiskatinaw area south of Fort St. John
has a b value of ~1.5 (indicative of a greater proportion of low‐magnitude events), and seismicity tends to
occur during or immediately following injection (Babaie Mahani et al., 2017; BC OGC, 2014b; Igonin
et al., 2018). The largest event (27 August 2015, 4.6 Mw) was observed in the northern Montney area
(Babaie Mahani et al., 2017, 2019). In both regions of Montney, induced earthquakes tend to show reverse
and strike‐slip mechanisms (Babaie Mahani et al., 2020).

In response to increased levels of seismicity, the provincial regulator (B.C. Oil and Gas Commission) intro-
duced new permit conditions in 2016 that required ground motion monitoring, reporting of ground motions
within 30 days after operations, and suspension of HF in the event of an induced earthquake above 4.0 ML

within 5 km of operations (Kao, Visser, et al., 2018). In 2018, the regulator issued a Special Project Order for
the Kiskatinaw region, with additional conditions that included notifying nearby residents, deploying an
accelerometer within three km of the common drilling pad, and reduction of the magnitude threshold to
3.0 ML for suspension of operations.

2.6. The Utica and Marcellus Shales in the Appalachian Basin, United States

In the northern Appalachian Basin in the eastern United States, the organic‐rich Ordovician Point
Pleasant‐Utica Shale and Middle Devonian Marcellus Shale are some of the most developed unconventional
plays in the world and represent a significant component in the United States energy market (e.g., Carr
et al., 2013). The Appalachian Basin is currently the largest natural gas producing area in the United
States with over 18,000 cubic feet/day (500 m3/day) in 2019 (Energy Information Administration,
EIA, 2019a). The Marcellus and Point Pleasant Utica extend from New York to Kentucky, with prospective
areas of 190,000 and 220,000 km2, proven reserves of 135 and 24 trillion cubic feet (3.8 and 0.7 × 1012 m3) of
natural gas, and 345 and 210 million barrels (54.8 and 33.4 × 106 m3) of oil, respectively (EIA, 2019c). The
Marcellus Shale consists primarily of shale and lesser amounts of bentonite, limestone, and siltstone overly-
ing the Middle Devonian Mahantango Formation with a thickness up to 300 m, while the Utica and

Figure 8. Locations and timings of Montney HF‐induced events. (a) Map of showing seismicity (red circles), HF wells (black dots) completed in the Montney
Formation (blue area), alongside labeled municipalities, and the Alberta BC border (black line). Larger seismicity (ML ≥ 2.5) plotted in this map covers the
time period from October 2006 to September 2017 and is taken from earthquake catalogs provided by AER and BC OGC. Numbers indicate seismicity clusters:
1 = Horn River Basin (HRB), 2= northern Montney, 3 = Kiskatinaw, 4 = quarries, and 5 = Fox Creek (Duvernay). (b) Graphs showing cumulative seismicity in
BC (upper panel) and horizontal HF wells in the Montney Formation in BC (lower panel). The cumulative seismicity graph indicates apparent changes in
seismicity rate corresponding from background rate to development of the HRB and then development of the Montney play. Hydraulically fractured wells in the
Montney (BC) show a relatively steady rate starting in 2010.
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underlying Point Pleasant Formation are calcareous, organic‐rich shales that overly the Trenton Limestone
with a combined thickness up to 100m. A rapid increase in drillingHFwells targeting theMarcellus began in
2009, with the Utica drilling accelerating since 2011. To date, there have been more than 11,000 HF wells
completed in the Appalachian Basin (www.fracfocus.org). This coincided with a significant increase in
seismicity rate linked to two processes: wastewater disposal and HF (Figure 9a) (Brudzinski & Kozłowska,
2019). For example, wastewater disposal near Youngstown was responsible for inducing a 3.9 Mw
earthquake (W. Y. Kim, 2013; Skoumal et al., 2014). The seismicity here has not been as pervasive as other
areas of North America, such that the cases have been typically isolated and provided opportunities to study
the seismogenic process in detail.

The observed seismicity is concentrated in a corridor that extends north‐south in eastern Ohio, westernmost
Pennsylvania and into central West Virginia (Figure 9a), perhaps due to differences in operational targets
and geological variations. Ohio appears to have a higher prevalence of seismicity induced by wastewater dis-
posal than surrounding states, likely influenced by the relatively large number of wells disposing of fluids in
proximity to the Precambrian basement in the state (Skoumal, Brudzinski, & Currie, 2018). Ohio also has an
order of magnitude higher prevalence of seismicity induced by HF than surrounding states, and prior work
has suggested this is due to the targeting of the deeper Utica‐Point Pleasant Shale formation in Ohio that is
closer to basement rocks than the Marcellus Shale formation in West Virginia or Pennsylvania (Homman,
2015; Skoumal, Brudzinski, & Currie, 2018). So far, the only case to occur in neighboring Pennsylvania
was in 2016, when operators targeted the Utica instead of the Marcellus. This is similar to a set of Utica wells
in Poland Township, Ohio that induced seismicity in 2014 (Skoumal et al., 2015a). The only case to occur in
West Virginia was a well that stimulated the Marcellus in July–August 2013 causing earthquakes up to 2.7
ML. This case was exceptional in that it occurred along the eastern edge of the Rome Trough, where faults
have offset strata above the basement (Skoumal, Brudzinski, & Currie, 2018).

The earliest reported case of HF‐induced seismicity in Ohio occurred in Harrison County and this area has
produced several other cases in which nearby well pads were stimulated (Figure 9b) (Friberg et al., 2014;

Figure 9. Locations and timings of Appalachian Basin HF‐induced events. (a) Map showing the location sequences of
cataloged (M > 2.0) seismicity in Ohio and neighboring states from 2010–2017. Blue triangles show earthquake
sequences induced by wastewater disposal, while red squares are HF induced; pink squares and cyan triangles show the
remaining horizontal and wastewater disposal wells in the area, respectively. Circles are earthquakes of probably
natural origin. (b–e) Temporal distribution of HF‐induced seismicity for four cases in Harrison County (Kozłowska
et al., 2018), showing magnitudes of seismic events (red circles) together with timings of HF stage stimulations (red bars).
Figure modified from Brudzinski & Kozlowska, (2019) and Skoumal et al. (2015b).
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Kozłowska et al., 2018; Skoumal et al., 2016). In areas where HF has induced seismicity, the percentage of
stimulated wells that produced detectable seismicity is approximately 10–33%. Detailed studies of induced
seismicity via double difference relocation and focal mechanism analysis have revealed a series of linear
strike‐slip fault segments, none of which correspond to previously mapped faults. Yet the remarkable coher-
ence in their orientation suggests these faults were preexisting, critically stressed, and optimally oriented in
the regional stress field. The strongest HF‐induced earthquakes appear to have occurred in the Precambrian
basement, with several events reaching the ~3.0ML level and the largest (3.7ML) occurring on 3 June 2017 in
Noble County, Ohio due to HF completions in the Utica Formation (Brudzinski & Kozłowska, 2019).

State regulations concerning seismic monitoring and traffic light protocol for HF wells operations were
implemented by the Ohio Department of Natural Resources (ODNR) Division of Oil and Gas Resources in
2014 after the Poland Township sequence with seismicity up to 3.0 ML (Skoumal et al., 2015a;
ODNR 2017). HF operators are required to monitor potential seismicity if the permitted well is located
within 3 miles (~4.8 km) from a known fault or previously cataloged seismicity. If a 1.5 ML or higher earth-
quake occurs during HF, direct communication between the operator and ODNR is required. Modification
of operation is required if 2.0–2.4ML occurs, a temporal halt of operation after a 2.5ML occurs, and suspen-
sion of the whole pad completion until an approved plan is submitted by operator if an event larger than 3.0
ML occurs. These regulations have halted the whole pad in the Poland Township and Noble County cases
and HF has not resumed.

2.7. The SCOOP and STACK Plays in the Anadarko and Arkoma Basins of Oklahoma, USA

In Oklahoma, there have been several areas of unconventional shale targets (e.g., Cardott, 2012). Vertical
well stimulations intensified after 2006 and horizontal well drilling became more common by 2012. The
STACK play is an area of the Anadarko Basin derived from “Sooner Trend (oil field), Anadarko (basin),
Canadian and Kingfisher (counties).” The SCOOP play is immediately south of the STACK and is derived
from “South Central Oklahoma Oil Province.” It encompasses areas of the Anadarko, Ardmore, and
Marietta Basins. Unlike other plays, these are not a specific geological formation but a geographic area. In
contrast, the Arkoma Basin has been a long‐standing target for dry gas but increased in activity with uncon-
ventional technologies. Although the organic, silica‐rich Late DevonianWoodford Shale is a common target
for HF in each of these plays, the wide range of basin depths has made a variety of formations economic tar-
gets. One example is theMississippi Lime, aMississippian‐aged low‐permeability carbonate limestone that is
sourced by the Woodford Shale. There have been at least 12,000 HF wells completed in Oklahoma from
2013–2020 (www.fracfocus.org).

One of themost dramatic increases in seismicity in the Central and Eastern United States occurred in central
and northern Oklahoma (e.g., Ellsworth, 2013). Historically, an average of approximately one to two earth-
quakes per year (ML≥ 3.0) occurred in Oklahoma, but the number of earthquakes withML≥ 3.0 rose to over
900 earthquakes in 2015. While the seismicity rate began to decline in 2016, the yearly total seismic moment
in Oklahoma remained high due to three Mw ≥ 5.0 earthquakes, including the 3 September 2016 Pawnee
earthquake (5.8 Mw), the largest earthquake ever recorded in Oklahoma. The seismicity rate increase has
generally been interpreted to be due to the disposal of large volumes of produced water into the Arbuckle
Group, a Cambrian‐Ordovician formation composed primarily of dolomitized carbonates, which is proximal
to the Precambrian basement (e.g., Haffener et al., 2018; Keranen et al., 2014; Walsh & Zoback, 2015). The dis-
posal of produced water is likely associated with the 5.7 Mw 5 November 2011 Prague (Keranen et al., 2013;
Sumy et al., 2014), 5.1 Mw 13 February 2016 Fairview (Goebel, Weingarten, et al., 2017; Yeck et al., 2016),
5.8 Mw 3 September 2016 Pawnee (Barbour et al., 2017; X. Chen et al., 2017), and 5.0 Mw 7 November 2016
Cushing earthquakes (McGarr & Barbour, 2017; McNamara, Hayes, et al., 2015). The increase in seismicity
rate raised public concern due to the growing seismic risk to local populations and infrastructure
(McNamara, Rubinstein, et al., 2015). During the peak seismicity rates, seismic hazard assessments of
Oklahomawere comparable to those in California or NewMadrid (Ellsworth et al., 2015; Petersen et al., 2017).

Initially, there were two individual reported cases of HF‐induced seismicity in Oklahoma (Darold et al., 2014;
Holland, 2011, 2013). These two documented examples occurred in southern Oklahoma and had seismicity
with up to ~3.0ML. A recent Oklahoma study identified 274 HF wells correlated to seismicity over a broader
spatial scale, with the largest event (3.5 ML) occurring on 14 July 2015 (Figure 10) (Skoumal, Ries,
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et al., 2018). This included ~130 HF wells within the SCOOP/STACK play between 2010 and 2016 that
correlated with ~700 earthquakes of ML ≥ 2, which the state regulator (Oklahoma Corporation
Commission, OCC) established as the magnitude threshold for an operator response in 2018 (OCC, 2018).
In the 16 regions identified, ≥75% of the seismicity correlated with reported HF wells. In some regions,
>95% of seismicity correlated with HF wells and >50% of the HF wells correlated with seismicity. The
majority of HF‐induced seismicity cases occurred in the SCOOP/STACK plays (within the Anadarko,
Ardmore, and Marietta Basins), but there were also prominent cases in the Arkoma Basin. An additional
43 HF wells near the edge of the Anadarko Platform demonstrated evidence for both wastewater disposal
and HF‐induced seismicity.

In 2016, the OCC implemented mandatory submission of HF Notices and established operator protocols
related to seismicity. Between 2016 and 2019, the OCC cross‐referenced HF Notices with seismic events
and identified when earthquakes occurred within 5 km of a well and between the start of HF and 7 days after
flowback (Shemeta et al., 2019). This study identified 7.7% of HF wells had seismicityML ≥ 2, but areas such
as McClain county had 19.5% of HF wells with ML ≥ 2. There were 960 earthquakes with ML ≥ 2 and the
largest HF‐induced earthquake in this data set occurred on 25 July 2019 in Kingfisher County (3.9 ML, 3.6
Mw). The rate of HF‐induced seismicity has been relatively constant over both studies, but the number of
ML ≥ 3 earthquakes jumped from 8 in 2010–2016 to 57 in 2016–2019.

There has been no detailed focal mechanisms study of HF‐induced seismicity in Oklahoma, but studies of
wastewater disposal‐induced seismicity in central Oklahoma have shown coherent patterns of
right‐lateral and left‐lateral strike slip faulting consistent with the regional stress field (McNamara, Benz,
et al., 2015). The largest HF‐induced earthquake on 25 July 2019 had a similar strike slip mechanism.

Starting in December 2016 and then updated in February 2018, the OCC issued seismicity guidelines for
operators working in the SCOOP/STACK area of interest (Figure 10a) (OCC, 2018). Within this area of inter-
est, any well that is associated with anomalous seismic activity within a 5 km radius of the wellbore is subject
to a traffic light protocol. If a 2.0ML earthquake occurs, the operator is contacted by the OCC and implemen-
tation of a mitigation plan is commenced. At or above 2.5 ML, the operator must pause completion opera-
tions for a minimum of 6 hr and must initiate a technical conference with the OCC to discuss mitigation
procedures. At or above 3.0 ML, the operator must follow the procedures of the previous level and receive
permission from the OCC to resume HF. At or above 3.5 ML, the operator must immediately suspend all
HF and meet in person with OCC to determine under what circumstances the operator can safely resume.
When a link between HF and seismicity is established, the mitigation strategies may include pausing HF,
skipping stages in areas of concern, reducing the fluid injection rate and/or fluid volumes, changing fluid

Figure 10. Locations and timings of central Oklahoma HF‐induced events. (a) Map of seismicity catalog (blue circles) with HF‐induced events from Skoumal,
Ries, et al. (2018) (red circles) and Shemeta et al. (2019) (orange circles). The purple line outlines the SCOOP/STACK plays. (b) Magnitude versus time for
earthquakes correlated with HF Skoumal, Ries, et al. (2018) (red circles) and Shemeta et al. (2019) (orange circles).
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types, or modifying from multiwell zipper frack completions to single‐well operations (Ground Water
Protection Council and Interstate Oil and Gas Compact Commission [GWPC & IOGCC], 2017). Within the
SCOOP/STACK area of interest, operators are required to disclose a seismic monitoring plan, whether they
are deploying a private seismic array or utilizing publicly available stations. HF Notices also need to be filed
48 hr prior, providing the well surface and bottom‐hole location, anticipated number of stages, average fluid
volume per stage, scheduled start and end dates of operation, and initiation date of well flowback.

2.8. The Fayetteville Formation in the Arkoma Basin of Arkansas, USA

TheMississippian age Fayetteville Formation of Arkansas (Handford, 1986) became an early target for shale
gas development following the successes in the Barnett Shale of the FortWorth Basin, Texas. This unconven-
tional play runs east‐west across north central Arkansas for approximately 150 km (Browning et al., 2014)
(Figure 11). By 2005, horizontal well completions in the middle to lower organic rich facies at depths typi-
cally between 1 and 2 km were coming online, and by 2009 0.5 trillion cubic feet (14 × 109 m3) of gas was
being produced per year (Browning et al., 2014; Harpel et al., 2012). To date, there have been more than
1,000 HF wells completed in Arkansas (www.fracfocus.org).

Within Arkansas, low‐level seismicity occurs throughout with magnitudes approaching 5.0 Mw. The most
intense activity in recent decades is in the New Madrid Seismic Zone of northeastern Arkansas. Within the
footprint of the Fayetteville shale play, natural seismic swarms struck near the town of Enola in 1982 and
2001 with maximum magnitudes of 3.8 Mw and 4.4 Mw, respectively (Chiu et al., 1984; Rabak et al., 2010).
Focal depths for well‐located earthquakes ranged between 3 and 7 km, placing them in Cambrian carbonates
and the Precambrian basement. Seismicity lingered for several years in the region, following the 2001 swarm.
Scattered seismicity occurred during the development of the shale play, withmagnitudes up to 2.8ML between
2004 and 2009 (Figure 11). Horton (2012) observed a spatial association between minor seismicity predomi-
nantly to a wastewater disposal well near the towns of Guy and Greenbrier.

On 23 September 2010 an intense seismic swarm began near Guy and continued until late 2010, with mag-
nitudes approaching 5.0Mw. Precise hypocenters determined by Horton (2012) showed that the activity was
hosted by a basement strike‐slip fault, now named the Guy‐Greenbrier Fault (Figure 11). Activity jumped
south in February 2011, enlarging the activated segment of the fault to 13 km. Following the largest earth-
quake (28 February 2011, 4.7Mw), concerns about the potential for larger earthquakes led to an emergency
shutdown order for injection by the Arkansas Oil and Gas Commission. Analysis of the seismicity, injection
patterns and pore pressure diffusion built a strong case for the activation of the Guy‐Greenbrier Fault by
wastewater disposal (Horton, 2012; Ogwari et al., 2016; Ogwari & Horton, 2016; Park et al., 2020). In the
neighboring states of Oklahoma and Texas, wastewater disposal by injection is understood to be the primary
driver of induced seismicity (Ellsworth, 2013; Frohlich, 2012; Keranen et al., 2013). However, HF of the pro-
duction wells can also induce earthquakes.

Figure 11. Locations and timings of Fayetteville HF‐induced events. (a) Map showing seismicity (red circles), the 4.7 M, 27 February 2011 event (red star),
HF pads (black triangles), HF laterals (black lines), and disposal wells (blue triangles) alongside municipalities (gray boxes) and known faults (gray lines) in
the Guy‐Greenbrier area in central Arkansas (inset box). (b) Back azimuth shifted locations of induced earthquakes (circles) near two HF pad completions;
individual stages (colored lines) and earthquakes are colored according to time of occurrence. (c) Magnitudes of individual earthquakes (red circles) are shown
as a function of time, alongside well completion schedules (purple areas). Figure modified from Yoon et al. (2017).
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It is difficult to draw a simple conclusion about HF‐induced seismicity within the entire Fayetteville shale
play due to the sparse seismic station coverage during the development years of the field. However, installa-
tion of three stations near Guy and Greenbrier in May and June 2010 permitted a close examination of seis-
micity there in the three months leading up to the initiation of the intense swarm on the Guy‐Greenbrier
Fault in late September 2010. Yoon et al. (2017) use Fingerprinting and Similarity Thresholding (FAST)
and template matching to detect over 14,000 earthquakes with magnitudes −1.5–2.9 ML on a single station
(Figure 11). The largest 1,740 of those were located and found to form 16 spatially compact clusters. Most of
these clusters were temporally and spatially associated to public records of HF operations (Yoon et al., 2017),
with about one third of the wells stimulated at this time being associated with seismicity. Significantly, seis-
micity continued for days and weeks following the completion of HF pads, with the largest magnitude event
(2.9 ML) occurring on June of 2010.

The detailed public records permitted Yoon et al. (2017) to separate events induced by HF from those
induced by wastewater disposal. The presence of two industrial drivers—HF and wastewater disposal—
and natural seismicity in the immediate vicinity of the shale play presented challenges for operational deci-
sion making. Given the limited technical resources available at the time as well as the undeveloped state of
our understanding of the hazards posed by either HF or wastewater disposal, it is noteworthy that the reg-
ulator acted quickly to protect the public by halting wastewater injection into the wells most likely to be
involved. In retrospect, the value of high‐resolution seismic data affirms that decision while also revealing
the ease with which HF operations also triggered seismicity. The possibility of enacting a traffic light proto-
col was considered during the peak induced seismicity in Arkansas but was postponed due to the decline in
Fayetteville development.

2.9. The Eagle Ford Shale Play in the Western Gulf Basin of Texas, USA

South Texas has a history of active oil and gas production, HF, wastewater disposal, and seismicity, some of
which occurs within or near areas of pervasive faulting (Figure 12a) (Ewing, 1990; Frohlich et al., 2016).
With the advancements in horizontal drilling and HF, the Eagle Ford shale play has focused on hydrocarbon
production of the Upper Cretaceous Eagle Ford Formation and the Austin Chalk Formation directly above
since 2008 (Frohlich & Brunt, 2013; Martin et al., 2011; Pearson, 2012; Railroad Commission of Texas
[RRC], 2019). Since 2012, the Eagle Ford has produced the second largest amount of oil in the United
States, averaging 1.3 million barrels per day (0.2 × 106 m3/day) (EIA, 2019a). To date, there have been more
than 19,000 HF wells completed in the Eagle Ford Shale play (www.fracfocus.org).

Eagle Ford seismicity has been largely attributed to increases in hydrocarbon production with a few cases
related to wastewater disposal since 1973 (Davis et al., 1995; Frohlich & Brunt, 2013; Frohlich &
Davis, 2002; Olson & Frohlich, 1992; Pennington et al., 1986). The largest earthquake in south Texas (4.8
Mw) occurred in 2011 and has been interpreted to be induced by fluid extraction (Frohlich & Brunt, 2013).

In 2018, the rate ofML≥ 3.0 earthquakes in the Eagle Ford grew to 33 times higher than background levels (3
per 10 years during 1980–2010, Figure 12b inset). Fasola et al. (2019) investigated seismicity since 2014 and
identified how HF contributed to seismicity by comparing times and locations of HF with a catalog of seis-
micity extended with template matching. More than 85% of the seismicity was spatiotemporally correlated
with HF, and there were 94 ML ≥ 2.0 earthquakes correlated to 211 HF well laterals. There was no spatio-
temporal correlation between wastewater disposal and seismicity, with few wastewater disposal wells hav-
ing injection rates more than 300,000 barrels per month (47,700 m3/month) (Figure 12a). As of March
2020, the 4.0 Mw 1 May 2018 earthquake is the largest HF‐induced earthquake documented in the United
States (as opposed to other earthquakes mentioned above induced by the wastewater disposal process). It
appeared to occur on a mapped Karnes Trough normal fault (Figure 12a), which also hosted the largest
regional earthquake (4.8Mw) in 2011 ~10 km away, indicating operational activities in this area are capable
of producing felt and potentially damaging earthquakes. Considering all of the correlated cases, the effective
injection rate (volume per day per area) had the strongest influence on the probability of seismicity (Fasola
et al., 2019). Cases where multiple laterals were stimulated concurrently (e.g., alternating stages between lat-
erals) tripled the probability of seismicity relative to a single lateral stimulated in isolation. No regulatory
controls on HF‐induced earthquakes have been implemented as of May 2020 in the Eagle Ford Shale play,
or anywhere in Texas.
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2.10. The Wolfcamp and Bone Spring Formations in the Delaware Basin of Texas, USA

The Delaware Basin, a subbasin located in the western extent of the Permian Basin, is located in western
Texas and southeastern New Mexico (Figure 13a). The Bone Spring Formation lies beneath the Delaware
Mountain Group and is composed of calcareous, siliciclastic, and carbonaceous deposits (EIA, 2019b).
Historically, the Bone Spring Formation was produced from conventional wells targeting sandy layers
within the interval, but over the past decade it has been developed predominantly as an unconventional
play. The Bone Spring Formation consists primarily of interbedded shale and carbonates. Beneath the
Bone Spring Formation, the Wolfcamp Shale is a prolific tight oil and gas bearing formation. Together,
the Bone Spring and Wolfcamp Formations are estimated to contain more than 33 billion barrels
(5.2 × 109 m3) of oil, 48 trillion cubic feet (1.4 × 1012 m3) of natural gas, and 3.9 billion barrels
(0.6 × 109 m3) of natural gas liquids (Gaswirth et al., 2016, 2018). There have been at least 7,900 HF wells
completed in the Texas portion of the Delaware Basin from 2011–2019.

Figure 12. Locations and timings of Eagle Ford HF‐induced events. (a) Map showing earthquakes (crosses) and focal mechanisms (beach balls) since 2017 from
the Texas Seismological Network. HF wells are indicated by black circles (FracFocus). Correlated earthquakes and HF wells are red and green, respectively.
Black diamonds show 2009–2011 earthquakes (Frohlich & Brunt, 2013). Purple square shows the seismic station (735B) used for template matching. Wastewater
disposal wells are teal triangles sized by median monthly volumes. Arrows show regional SHmax orientation (Lund Snee & Zoback, 2016). Faults (Ewing, 1990)
are in yellow. (b) Magnitude versus time for earthquakes (crosses) detected in the area shown in (a). Events are colored when correlated with HF. Inset
shows cumulative number of earthquakes (M ≥ 3.0) for this area from the USGS Comprehensive Catalog. Figure modified from Fasola et al. (2019).
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Since hydrocarbon production began in the 1930s, the majority of earthquakes in the Permian Basin are
interpreted to be induced (Frohlich et al., 2016). These induced earthquakes include events near the town
of Snyder that were associated with secondary recovery during 1974–1982 (Davis & Pennington, 1989)
and injection of supercritical CO2 during 2006–2011 (Gan & Frohlich, 2013). Much of the recent seismicity
has been located within the extent of the Delaware Basin (Figure 13a). The seismicity rate in the Delaware
Basin has increased orders of magnitude over the past decade, particularly in the southern portion of the
Basin (Frohlich et al., 2019; Skoumal et al., 2020). No earthquakes greater than 3.0 M had been detected
in this area prior to 2015; during 2015–2020, more than 67 earthquakes (M > 3) occurred, with the largest
event being a 5.0Mw. The majority of the earthquakes have been suggested to be induced by wastewater dis-
posal, with ~5% of seismicity (of 1,850 earthquakes) induced by HF (Skoumal et al., 2020), although another
study has suggested HF as a primary factor for inducing many of these events (Lomax & Savvaidis, 2019).
This discrepancy highlights potential difficulties of spatiotemporal association to HF stimulation, especially
in areas with ongoing earthquakes. Themost apparent cases of HF‐induced seismicity is in the southwestern
portion of the Basin (Lomax & Savvaidis, 2019; Skoumal et al., 2020), an area where limited wastewater dis-
posal is occurring (Figures 13b and 13c). To date, the largest magnitude event (3.0M) associated with HF in
the Delaware Basin occurred in May 2018 (Skoumal et al., 2020). The true extent of HF‐induced seismicity
may be much larger, but confident assessments are limited by high seismicity rates (associated with waste-
water disposal and/or hydrocarbon production) and the absence of HF stimulation details in public records
documenting stimulation activities. To date, no regulatory controls on HF‐induced earthquakes have been
implemented in the Delaware Basin.

2.11. The Wufeng‐Longmaxi Formation in the South Sichuan Basin, China

The Upper Ordovician Wufeng Formation and Lower Silurian Longmaxi Formation are interbedded,
organic‐rich mudstones/shales with a basal carbonaceous interval. Mineral composition is dominated by

Figure 13. Locations and timings of Permian Basin earthquakes. (a) Map of seismicity (red circles) in the region near the Permian Basin (green polygon). The
Delaware Basin (brown polygon) contains the Bone Spring and Wolfcamp Formations (blue and pink polygons, respectively; formation extents defined by
EIA, 2019b). (b) Map of HF‐induced seismicity examples with earthquakes (circles), well pads (triangles), and horizontal well laterals (lines). Colored wells are
associated with induced earthquakes. Earthquake symbols are sized by the number of detected events (between 1 and 51 earthquakes), which template matching
identified. (c) Time series of earthquakes (circles) and times of HF stimulations (bars) that are shown in (b). Figure modified from Skoumal et al. (2020).
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clays, quartz, and feldspar (C. Liang et al., 2014). The fault‐bounded Sichuan Basin covers an area of
260,000 km2 in southern China, with tectonic controls from the Changning anticline creating a key area
for shale gas development. In particular, these structural traps provide a means for overpressure accumula-
tion—an important factor for increasing well productivity (Dong et al., 2018). Since 2008–2012, these forma-
tions have been the target of intensive shale gas development in the South Sichuan Basin of China, with HF
stimulation beginning in 2014 (Dengfa et al., 2019). By 2017, there have been more than 500
Wufeng‐Logmaxi HF wells drilled in the basin (Dong et al., 2018).

Following petroleum development of the Wufeng‐Longmaxi Formations, exceptional increases in earthquake
rates in the Zhaotong and Changning shale gas fields (Figure 14) have been noted (Lei et al., 2017; Meng
et al., 2019). Seismicity in this region was relatively quiescent, with only ~60 earthquakes (ML > 2.5) observed
prior to HF development (1970 to October 2008) (Lei et al., 2017). The timing and proximity of these earthquake
sequences with HF multiwell stimulation (coupled with the absence of nearby production and disposal opera-
tions) contributed to their interpretation as being induced by HF. More focused studies have linked induced
events to pore pressure propagation from HF stimulation (Tan et al., 2020), with cumulative injected volume
being particularly important for triggering events (F. Zhang, Yin, et al., 2019). One of the larger events (28
January 2017, 4.7Mw) was noteworthy, as it occurred nine days after the completion of the HF pad. This event
was superseded by a larger 5.7ML earthquake on 16December 2018 near XingwenCounty (Lei et al., 2019). All of
these earthquakes had either reverse or strike‐slip sense of motion on their faults and are predominantly located
within the dolomitic strata, between the target formations and the crystalline basement (Lei et al., 2019; Tan
et al., 2020). The HF‐induced earthquakes in this basin are exceptional cases, as they have been the largest in
the world to date and have caused groundmotions intense enough to be felt, triggered landslides, caused ¥50mil-
lion ($7 million USD) in direct economic losses, injuries, and resulted in the first fatalities (Lei et al., 2019). The
development of shale gas resources is expected to continue accelerating in the South Sichuan Basin (Dong
et al., 2018). To date, there is no publicly reported regulation controlling HF‐induced earthquakes in this play.

Figure 14. Map view of HF wells and earthquakes near Changning shale gas block in the Sichuan Basin, China. Earthquakes relocations (circles, colored by time)
are shown alongside focal mechanisms of larger events (beach balls), stimulated HF pads (red polygons), producing HF wells (black polygons), disposal wells
(pink polygons), known faults (red lines), and recording stations (triangles). Earthquake relocations are from two periods: 1 January 2016 through February 2017
(Lei et al., 2017) and 1 January 2018 through January 2019 (Lei et al., 2019). The inset maps provide geographical context with major fault systems.
Figure reproduced from Lei et al. (2019).
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3. Common Themes

In this section, we identify themes and commonalities that are shared between most (or all) of the documen-
ted cases of HF‐induced seismicity, to date. These common themes reflect both the uniqueness of the HF
injection physics and the characteristics of the underlying geology for this category of earthquake.
Interpretations of these common themes are then elaborated on in section 4.

3.1. Earthquake Similarity and Swarms

Common among the observed cases to date, HF‐induced earthquakes are spatially clustered around their
causal pad (Bao & Eaton, 2016; Meng et al., 2019; Schultz et al., 2017; Skoumal et al., 2015a; Tan et al., 2020).
In cases where high‐resolution locations have been determined, hypocenters tend to form clear fault plane
delineations (Eaton et al., 2018; Eyre, Eaton, Zecevic, et al., 2019; Friberg et al., 2014; Yoon et al., 2017).
Supporting this, HF‐induced earthquakes within a cluster often show significant waveform similarity
(Figure 15). Highly clustered earthquakes with the same focal mechanism will produce nearly identical seis-
mograms when hypocentral distances are within a quarter wavelength of each other (Geller &
Mueller, 1980; Poupinet et al., 1984). Consequently, waveform similarity only implies proximity, not repeti-
tion of the source, as is sometimes assumed. Indeed, similar earthquakes have been documented in many
contexts (Ellsworth, 1995), including fluid‐related volcanic processes (Uchida & Bürgmann, 2019) and
enhanced geothermal systems (Majer et al., 2007). In the induced seismicity context, these similar events
are often interpreted as resulting from the repeated stimulation of a fault to failure conditions (Goertz‐
Allmann & Wiemer, 2012). Due to this interpretation, waveform similarity is often leveraged for the identi-
fication of additional events during matched filtering analysis (Skoumal et al., 2016; B. Wang et al., 2015).
Additional analysis on various HF cases would be helpful to better discern the role and importance of repeat-
ing events for this category of induced earthquake.

In addition to the observation of similar events, HF‐induced clusters appear to have a consistently
swarm‐like nature (Kothari, 2019; Lei et al., 2017; Skoumal et al., 2015b). In this sense, the temporal evolu-
tion of earthquake swarms does not tend to follow traditional fore/main/aftershock patterns (Hill, 1977;
Mogi, 1967). This swarm‐like character is in accord with closer assessments of HF‐induced earthquakes,
where interevent times follow a nonhomogeneous Poisson distribution (Hajati et al., 2015) with smaller con-
tributions from earthquake interactions (Catalli et al., 2016; Kettlety et al., 2019; Maghsoudi et al., 2018).
This is not surprising, as stage‐by‐stage stimulation can sequentially illuminate faults. One example of this
can be seen during HF in Guy, Arkansas (Yoon et al., 2017). Building on this observation, swarms of

Figure 15. An example of similar earthquake waveforms caused by HF. Four clusters of earthquakes in the Duvernay
Formation, aligned on their S arrival, are compared for waveform similarity in their beam average (black lines), and
individual traces (colored lines). Counts of traces within the cluster and their cross‐correlation coefficient are annotated.
See also Schultz et al. (2017) for more details.
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earthquakes are often associated with specific geological conditions. For example, swarms are widely
observed in volcanic environments (Roman & Cashman, 2006), along transform faults (Roland &
McGuire, 2009), and within hydrothermal systems where pore pressure is elevated (Cox, 2016;
Špičák, 2000). By both design and intent, the target formations for HF are highly impermeable and often
overpressured (Eaton & Schultz, 2018).

3.2. Proximity to Well Bore and Basement

The majority of HF‐induced earthquakes (with high‐precision hypocenters) tend to locate within a few well-
bore dimensions from their causal HF pad (Skoumal et al., 2020). In lower‐resolution regional studies, nearly
all of the clusters' error ellipsoids tend to encompass their causal pad location (Babaie Mahani et al., 2017;
Lei et al., 2019; Schultz et al., 2017). In several higher‐resolution examples, seismicity illuminates fault struc-
tures that intersect the target formation or are within a few hundreds of meters to the well bore laterals
(Eaton et al., 2018; Eyre, Eaton, Zecevic, et al., 2019). These are plausible distances for stimulated fracture
growth to hydraulically connect with the illuminated fault (R. J. Davies et al., 2012; Wilson et al., 2018)
and to sufficiently increase fault pore pressure toward failure (Shen, Schmitt, & Schultz, 2019). This interpre-
tation is consistent with the impermeable nature of HF target reservoirs impeding the diffusion of pore pres-
sure through the matrix and the transient nature of HF pad completions (weeks to a month).

However, there are other cases with larger spatial separation between well and seismicity. For example, the
Cardston, Alberta (Galloway et al., 2018; Schultz, Mei, et al., 2015) and Poland Township, Ohio cases
(Kozłowska et al., 2018; Skoumal et al., 2015a) both situate earthquakes about 1 km deeper than the target
formation, within the crystalline basement. As well, the Kaybob Duvernay observed induced seismicity up to
a distance of more than 1 km from the HF stimulation (Bao & Eaton, 2016). We provide a cautionary remin-
der that event relocations tend to become shallower as receiver geometry becomes closer and velocity models
are increasingly refined. Other examples from Red Deer, Alberta (Schultz & Wang, 2020) include earth-
quakes (~1.5 km) laterally offset from the nearest HF stage. In these cases, epicenters are well resolved
and depth uncertainty plays no role in the apparent offset discrepancies. Such lateral offsets are well beyond
the plausible extent of HF growth, rendering the earthquake triggering mechanism less obvious.

HF operations that induce earthquakes tend to be preferentially associated with deeper target formations
(Pawley et al., 2018; Skoumal, Brudzinski, & Currie, 2018)—in many cases, Paleozoic formations that lie
within hundreds of meters from crystalline basement. With respect to hypocenter depth, induced earth-
quakes range from just above the target formation (Eyre, Eaton, Zecevic, et al., 2019; Poulin et al., 2019)
to well within the crystalline basement (Lei et al., 2017, 2019). Corroborating this observation, HF earth-
quakes have been interpreted by some as associated with basement rooted faults (Anderson &
Underhill, 2020; Chopra et al., 2017; Corlett et al., 2018; Galloway et al., 2018; Kozłowska et al., 2018). In
cases where earthquakes were located just above the target formation, there is a correspondence to the sedi-
mentary termination of basement‐rooted faults (Eaton et al., 2018). However, identification of
basement‐rooted faults, particularly those with steep dips, remains a daunting technical challenge.

3.3. Temporal Relationship to Stimulation and Delays in Occurrence

One criterion used to classify earthquakes as induced is a temporal correlation to the suspected anthropo-
genic activity (Davis & Frohlich, 1993; Schultz & Telesca, 2018). Due to the transient nature of HF comple-
tions (weeks to a month), HF‐induced earthquakes are relatively straightforward to identify. In the majority
of cases, earthquake rates peak during the stimulation of their associated HF pad (Lei et al., 2017; Schultz,
Mei, et al., 2015; Yu et al., 2019). In many cases, ~90% of induced events occurred during the stimulation
window (Figure 16) (e.g., Schultz et al., 2018). Usually, earthquake rates return to background within a
few days. However, in other cases, the tapering of earthquake activity after HF completion can persist for
months before returning to background levels (Atkinson et al., 2016; Ghofrani & Atkinson, 2020;
Kozłowska et al., 2018). Furthermore, some of the largest magnitude events have occurred after completion
of HF operations (Meng et al., 2019; Schultz et al., 2017).

In terms of rate‐controlling factors, a study in the Duvernay play indicates that more than 96% of the varia-
bility in earthquake rate (in susceptible areas) is controlled by volume on a single pad (Schultz et al., 2018).
Similar results have been found in a number of other basins (Fasola et al., 2019; Langenbruch &
Zoback, 2019). Rarely, networked communication occurs between multiwell pads (i.e., multiple pads
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causing a single sequence of events). For example, in the Duvernay near
Fox Creek only one nearby HF pad appears to have had some limited
effect on a neighboring earthquake cluster (Bao & Eaton, 2016;
Schultz et al., 2017). To a first order, controls on HF‐induced earthquake
cluster rates are isolated to just the completions of their associated pad.

Scaling down from the regional perspective to a multiwell pad level,
similar observations are apparent. Admittedly, these observations are
often obscured because of the narrowing gap in between stage simula-
tions from increasingly fast completion pacing and styles (e.g., zipper
fracks). However, there are noteworthy cases during the initial develop-
ment of HF where simpler and slower completions caused earthquakes
(Friberg et al., 2014; Kettlety et al., 2019). For example, in December of
2011 near Cardston, Alberta (Schultz, Mei, et al., 2015) a single‐well pad
was completed with ~24 hr between stages. In this case, earthquakes
were more easily associated with discrete stages: where the first four
were aseismic and the following six were seismogenic (Figure 6).
Similar results can also be noted in more complex HF completions,
where sufficiently close monitoring is available (Clarke et al., 2019;
Eaton et al., 2018; Yu et al., 2019). In these cases, there tends to be clear
and nearly immediate response (a few hours) between stage stimulation
and resultant earthquakes (Kettlety et al., 2019; Kwiatek et al., 2019). As
well, there is often a proximal association between these seismogenic

stages and illuminated faults. Similar to what was discussed in section 3.2, there are also noteworthy cases
where all stages appear to illuminate distant fault strands (up to a few km), regardless of proximity (H.
Chen et al., 2018; Schultz & Wang, 2020; Yang & Zoback, 2014).

3.4. Paucity of Reported Cases

Many basins with unconventional petroleum resources have low to very low levels of historical seismicity.
As a consequence, when HF induces earthquakes they dominate those of tectonic origin. Despite this, HF
induces seismicity very rarely—approximately less than 1% of HF wells are associated with earthquakes
(Atkinson et al., 2016; Ghofrani & Atkinson, 2020; Skoumal et al., 2015b). Some basins, such as the
Williston Basin in north central United States, have no cases of induced seismicity despite similar amounts
of HF activity (Figure 3). In basins with induced seismicity, HF wells that induce earthquakes tend to be spa-
tially localized. Wells in areas more susceptible to inducing earthquakes exhibit association proportions
around tens of percent, up to as large as 60% (Schultz et al., 2018; Skoumal, Ries, et al., 2018). This spatial
localization persists, even after accounting for heterogeneities in regional detection capabilities. One of
the factors best associated with this spatial localization appears to be depth of operation: deeper HF opera-
tions (i.e., closer to crystalline basement) are more likely to induce earthquakes (Pawley et al., 2018;
Skoumal, Brudzinski, & Currie, 2018). In addition, areas where HF‐induced earthquakes occur have been
correlated with numerous geological factors such as proximity to carbonate reefs (Schultz et al., 2016),
degree of target formation overpressure (Eaton & Schultz, 2018), or inferred ancient fluid flow along faults
(Galloway et al., 2018). Even on a pad scale, localizations of seismicity are observed where induced events
are asymmetrically distributed along only one side of the well laterals (Eyre, Eaton, Zecevic, et al., 2019).
Interpreting this spatial bias in susceptibility as related to favorable subsurface conditions seems intuitive
and similar to microseismic observations (Gale et al., 2014; Rutledge et al., 2004; Rutledge &
Phillips, 2003). However, we defer our elaboration upon these ideas for the following section.

4. Interpretations and Research Questions

In summarizing the common themes observed among cases, questions come to light as to the physical pro-
cesses controlling these commonalities. In this section, we discuss some interpretations of these commonal-
ities, present competing models, and delineate unresolved research questions. Many of the subsections pull
observations from prior subsections and overlap in presented ideas.

Figure 16. Histogram of earthquake percentages during stimulation. The
fraction of earthquakes that occur before the HF pad was completed (bars)
and the earthquake‐count weighted average (dashed line) are depicted for
clusters caused by mostly by Duvernay HF, with additions from the Exshaw,
Arkansas, Ohio, and Oklahoma HF.
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4.1. Challenges in Consistent Detection, Identification, and Reporting

OftenHF‐induced earthquakes have gone on unnoticed, taking years before being recognized inmany cases.
Here we discuss the merits and limitations of the techniques/data needed to detect, identify, and report cases
of HF‐induced seismicity. Ongoing research and improvements into these methods could help to better elu-
cidate HF‐induced earthquakes. This subsection discussion will pull in information from sections 3.1–3.4.

Since the initial hydraulic well stimulation test in Kansas in 1947 (Montgomery & Smith, 2010), the applica-
tion of HF has grown considerably; there are now vastly more horizontally drilled HF wells being developed
than conventional wells in the United States (Cook et al., 2018). Despite this proliferation, before 2012 only
five basins were reported to have HF‐induced seismicity worldwide (BC OGC, 2012; Clarke et al., 2014;
Holland, 2013; Kanamori & Hauksson, 1992; Schultz, Mei, et al., 2015). To understand this discrepancy
between pervasive HF stimulation and rarely reported induced earthquakes, it was initially suggested that
the lower volumes of HF relative to wastewater disposal might be the cause (National Research Council
(NRC), 2012; Rubinstein & Mahani, 2015). While volume does appear to influence the likelihood of earth-
quake occurrence (Schultz et al., 2018), we now know the dominant cause for this discrepancy was a com-
bination of sparse seismic instrumentation, small induced magnitudes (M < 3) during HF stimulation,
restricted access to stimulation records, and an underappreciated potential of this type of induced seismicity.
For example, HF‐induced events in Arkansas occurred in 2010 but were only disentangled from disposal
related events by 2017 (Yoon et al., 2017). To determine the pervasiveness of HF‐induced seismicity, large
amounts of seismological and operational data had to be obtained and processed, with many such efforts
only starting to become practical around 2015 (López‐Comino et al., 2018). Recent advances in earthquake
detection techniques have been instrumental in enriching catalogs and adaptation of clustering/association
methods have helped to better identify the HF‐induced cases.

4.1.1. Detection of Seismic Events
As fluid induced seismicity commonly occurs in a swarm‐like manner (section 3.1), the similar nature of
these sequences can be exploited to detect earthquakes commonly missed by traditional seismological pro-
cessing methods. Given the sparse instrumentation and small magnitude events, several new approaches
have proven to be effective for the investigation of HF‐induced seismicity.

Template matching, also referred to as a matched filter detector, is an important technique for the character-
ization of similar seismic sources (Schaff & Waldhauser, 2010). A predetermined waveform (a template) is
cross correlated against continuously recorded seismic data. In this process, previously undetected earth-
quakes similar to the template event can be detected. The results of template matching are dependent on
many factors that include the nature of the source, network configuration, station quality, data bandwidth,
and parameter selection. This technique commonly increases the number of detected earthquakes by
roughly an order of magnitude (e.g., Schaff & Waldhauser, 2010). However, it is important to note that
HF‐induced seismicity sequences without a preidentified template event would go undetected. Because of
this, template matching increases the number of detected earthquakes, but it does not improve the regional
magnitude of completeness (Skoumal et al., 2020). Other, more general algorithms must be developed for
this purpose. Despite this limitation, template matching has been successfully used to improve catalogs
for individual HF‐induced seismicity case sequences (Schultz, Mei, et al., 2015; Skoumal et al., 2015a) in
addition to generating regional‐scale catalogs to aid the identification of HF‐induced seismicity across sedi-
mentary basins (Schultz et al., 2017; Skoumal, Ries, et al., 2018).

Of these template matching approaches, the Repeating Signal Detector algorithm was created to detect simi-
lar earthquakes without the need for a starting earthquake catalog (Skoumal et al., 2016). By clustering sig-
nals of interest (most of which are expected to be noise) according to their frequency and time domain
characteristics, families of repetitive events are identified. These families are stacked to improve the
signal‐to‐noise ratio, and the resulting stacked signals are then used as templates in a template matching
routing. Repeating Signal Detector has been used to detect HF‐induced seismicity on both local (<5 km)
and regional (~50 km) scales in the United States and Canada (Chiorini, 2019; Skoumal et al., 2016).
Huang and Beroza (2015) used template matching to a single station to the Guy‐Greenbrier, Arkansas earth-
quake sequence creating over 460,000 detections, more than 100 times the number of earthquakes in the
ANSS catalog. However, the false positive rate was high (Yoon et al., 2017), which is a shortcoming of the
template method as there is no fixed value for waveform similarity.
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FAST generalizes this approach, by detecting earthquakes without a starting catalog or templates (C. E.
Yoon, O'Reilly, et al., 2015). FAST conducts an unsupervised search using a highly efficient algorithm to
identify similar waveforms in continuous data. FAST utilizes locality‐sensitive hashing, and similar wave-
forms are grouped together in hash buckets based on the discriminative features of the signals. To date,
FAST has only been applied to detect HF‐induced seismicity at the Guy‐Greenbrier Arkansas sequence
using a single seismometer ~10 km away (Yoon et al., 2017), but it has been demonstrated to detect natural
seismicity more than 500 km from a multistation network (Yoon et al., 2019). A direct comparison between
template matching (Huang & Beroza, 2015) and FAST (Yoon et al., 2017) for the initial 3 months of the
Guy‐Greenbrier sequence achieved comparable results. FAST found 658 events missed by template match-
ing while missing 1,578 that template matching found. Both methods result in superior catalogs to tradi-
tional network processing methods such as short‐term average/long‐term average (STA/LTA) detection.

Rapid progress in the application of machine learning methods to event detection, timing, association, and
location is transforming the analysis of both natural and induced seismicity (Bergen et al., 2019; Mousavi
et al., 2019). New machine learning algorithms for automatic detection and picking of P and S wave arrivals
in continuous data are beginning to achieve results comparable to template matching and superior, in some
cases, to traditional methods (Liu et al., 2020). For example, Park et al. (2020) applied the PhaseNet picker
(Zhu & Beroza, 2018) to the entire Guy‐Greenbrier, Arkansas, sequence to detect over 280,000 events (single
station) and located almost 90,000 events, compared to fewer than 2000 reported by Horton (2012) using stan-
dard network procedures or 13,000 found by FAST. ConvNetQuake, a convolutional neural network, has been
applied to detect induced seismicity in Oklahoma (Perol et al., 2018). Applications of these types of detection
algorithms to HF‐induced seismicity are just beginning (Dokht et al., 2019), with significant potential for these
algorithms to improve the detection of HF‐induced sequences. While we have focused on detection of events,
we acknowledge that advancements in the earthquake location procedure have also been important for dis-
cerning cases of induced earthquakes (Cesca & Grigoli, 2015; Grigoli et al., 2017; Kwiatek et al., 2013; Li, et al.,
2020; Niemz et al., 2020; Waldhauser & Ellsworth, 2000). As HF‐induced seismicity frequently demonstrates
strong spatiotemporal correlations with well operations, improving the seismic catalog can significantly
increase the confidence in determining whether an earthquake sequence is associated with well operations.
4.1.2. Associating Earthquakes With HF
Several approaches have proposed to associate earthquakes with HF. Due to the aforementioned improve-
ments in detection capabilities, many association approaches have focused on quantifying temporal and spa-
tial relationships. For example, windowed spatiotemporal associations have been used to initially screen
potential cases of HF‐induced seismicity (Atkinson et al., 2016). Using simple space‐time windows, HF wells
are flagged if there is seismicity within a specified distance (e.g., 5 km) and time window during/after the
stimulation interval (e.g., during stimulation and up to one month after). These screening criteria are often
based on spatiotemporal associations noted in prior cases (sections 3.1 and 3.2). Using these flagged cases,
further manual inspection remains the best current approach to identify cases of HF‐induced seismicity.
These spatiotemporal associations are a simple and effective approach to reduce the number of earthquakes
and wells to inspect, but they provide limited statistical means to validate the strength of associations.
Moreover, spatiotemporal associations are ineffective at distinguishing from natural seismicity or induced
seismicity from other sources (e.g., wastewater disposal) which may occur in close proximity to HF opera-
tions. In these cases, additional criteria that account for the background seismicity and local geology are
required to evaluate whether a sequence was induced by HF (Davis & Frohlich, 1993; Verdon et al., 2019).

Building on these windowing associations, the causal relationship of potential HF‐induced seismicity cases
has been investigated using a likelihood association between earthquakes and wells (Lomax &
Savvaidis, 2019). Earthquake‐well spatiotemporal window differences are weighted by a Gaussian taper.
Earthquakes that exceed a cutoff threshold are relocated by constraining its hypocenter at a point along
the HF well, and the phase residuals are used to determine ground truth station corrections. This has been
applied to investigate HF‐induced seismicity in the Permian Basin inWest Texas (Lomax & Savvaidis, 2019).

Other measures have also been proposed for the identification of HF‐induced seismicity. In the ΔEQrate

approach, the earthquake rate during stimulation is compared to rates before and after the stimulation
(Skoumal, Ries, et al., 2018; Skoumal et al., 2019). This approach provides a simple means to sort wells in
a basin based on their degree of seismicity rate change. To determine a statistically significant ΔEQrate
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threshold, earthquake origin times are randomly shuffled in a bootstrap process. This approach has been
applied to identify HF‐induced seismicity using large‐scale template matching catalogs in both Oklahoma
and Texas (Skoumal, Ries, et al., 2018; Skoumal et al., 2019).

Similarly, the robustness of the association between HF and seismicity has been determined using the algo-
rithm ReshuffleCorr (Schultz & Telesca, 2018). With this approach, two time series (HF stimulation volume
and binned earthquake counts within a cluster) are cross correlated to determine the strength of association
and potential delays. Monte Carlo approaches randomly reshuffle the spectral phase information of
cross‐correlation functions to test for spurious correlations and statistical significance (Schultz &
Telesca, 2018). ReshuffleCorr has been used in a number of induced earthquake cases to discern the statis-
tical significance (e.g., >99.7%) of temporal associations (Schultz, Mei, et al., 2015; Schultz et al., 2014;
Schultz, Stern, et al., 2015).

The four HF‐induced seismicity association approaches listed above are intended to aid in identifying HF
operations that caused earthquakes. In the majority of cases, spatiotemporal associations can be used to con-
fidently identify which clusters of earthquakes were induced by HF (Davis & Frohlich, 1993; Verdon
et al., 2019). On the other hand, many of these approaches struggle to confidently recognize HF cases when
occurring contemporaneously to other sources of seismicity, either natural or induced. As well, poorer earth-
quake catalog resolutions can be detrimental to associating induced earthquakes with HF pads. Advances in
the algorithms used to identify and associate earthquake sequences to HF completions would benefit from a
focus on these drawbacks. While the listed approaches have varying degrees of sophistication and limita-
tions, all of these approaches are similar in that they require detailed information of HF stimulation times
and locations.
4.1.3. Limitations of HF Reporting
One of the greatest factors currently inhibiting the scientific investigation of HF‐induced seismicity is the lim-
ited extent of public reporting of HF operations, specifically where and when individual stages are stimulated
with how much fluid and pressure. In some jurisdictions, such as Canada and the state of Arkansas, the sub-
mission of HF stimulation reports is required by the regulators. However, in many required submission cases,
these data are in inconvenient hardcopy formats, although third‐party commercial vendors (e.g., AccuMap and
GeoScout) have been providing increasingly convenient and complete digital formats with time. As well,
recent developments in regulations in Alberta, Canada, have begun the mandated submission of seismological
data collected as part of HF earthquake‐related regulations. For example, the SCISMN is a repository on the
Incorporated Research Institutions for Seismology (under the Network Code 2K_2014) that houses seismolo-
gical data submitted to the regulator (Schultz, Yusifbayov, & Shipman, 2020). The traffic light protocol near
Red Deer, Alberta, requires that industry submitted data are collected in real time and publicly released after
a 1‐year embargo (AER, 2019). In studies where stimulation reports have been supplemented with
industry‐derived seismological data, more confident assessments of the extent of HF‐induced seismicity and
the underlying mechanics have been made (Eaton et al., 2018; Eyre, Eaton, Zecevic, et al., 2019).

That said, the degree of access to this information can vary strongly by jurisdiction. For example, in the
United States, most HF‐induced seismicity research has relied on operators self‐reporting to FracFocus
(https://fracfocus.org/). While the investigation of HF‐induced seismicity is not the intended purpose of
FracFocus (a chemical composition repository), this is often the only publicly available source that includes
an approximate spatiotemporal record of HF stimulations. Reported operational times are in the form of an
approximate start and end date of stimulation activities at a well, with no information regarding the number,
timing, or duration of individual stimulation stages disclosed. Several states began requiring reports to
FracFocus beginning around 2012. However, even in states where reporting is mandatory, the accuracy
and completeness are still suspect; in Oklahoma, ~8% of HF operations were not reported to FracFocus even
after state reporting regulations went into effect (Skoumal, Ries, et al., 2018).

4.2. b Values Larger Than 1.5?

Many cases of HF‐induced seismicity have encountered recurrence statistics that are atypical of natural
earthquake sequences, especially near microseismic magnitudes (Mw< 0). This is intriguing from an energy
release perspective, since b values larger than 1.5 predict a nonphysical infinite energy release. Here, we dis-
cuss some of the interpretations of these anomalous recurrence statistics. This subsection discussion will pull
in information from sections 3.1 and 3.2.
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The Gutenberg‐Richter relationship provides a fundamental statistical description of seismicity within a
given region (Gutenberg & Richter, 1944), which is critical for estimating the likelihood of larger earth-
quakes from an initial set of smaller events (Weichert, 1980). This relation defines the
frequency‐magnitude distribution as log10 NM= a− bM,whereNM is the cumulative number of earthquakes
larger thanM, the a value characterizes the overall rate of seismicity, and the b value quantifies the propor-
tion of large to small events. As in many self‐similar distributions in nature, there is evidence for a long‐term
constant and universal b value of 1.0 (Burridge & Knopoff, 1967; Kagan, 1999). However, deviations from
this value are thought to represent a wide range of physical phenomena (El‐Isa & Eaton, 2014;
Scholz, 1968; Schorlemmer et al., 2005). In particular, studies in areas where underground fluid injection
is performed have associated changes in b value with changes of pressure gradient (Bachmann et al., 2012;
Mousavi et al., 2017) or resolved shear stress (Dempsey et al., 2016). However, the ultimate importance of
characterizing b values is that it is useful for forecasting the likelihood of larger events. For example, lower
b values indicate more larger events relative to a typical population (i.e., 1.0) and hence a larger hazard.

Microseismicity studies have typically found that seismicity during injection is characterized by lower event
magnitudes (Mw< 0.0) and higher b values (often ~2) but then can increase in magnitude or drop to b values
that are more typical of natural seismicity (~1.0) between stages or after the end of pumping (Eaton
et al., 2014; Maxwell et al., 2009; Wessels et al., 2011; Wolhart et al., 2006). Based on the locations and focal
mechanisms of the different groups, a high b value seismicity is associated with activation of fracture net-
works while the low b value seismicity occurred on a preexisting fault outside the treatment zone. There
are several potential explanations for why microseismic fracturing has a high b value; one hypothesis posits
that, in the absence of activation of a large‐scale fault system, the magnitude distribution of microseismicity
is tapered at high magnitudes, following a form of the magnitude‐frequency distribution such as described
by Kagan (2010). A tapered magnitude distribution could result from the existence of an upper limit on
source dimensions; this scenario is expected, for example, where microseismicity is linked to reactivation
of a stratabound fracture network (Eaton et al., 2014). In the case of a tapered magnitude‐frequency distri-
bution, if the slope is measured within the tapered part of the distribution, it will always be greater than
the slope of the main part of the distribution (Eaton & Maghsoudi, 2015). This scenario could occur if rup-
ture dimensions of observedmicroseismicity approach themaximum fracture size (Eaton et al., 2014); in this
case, only the tapered part of the distribution is observed, thus leading to an unusually high apparent b value.

Analysis of larger HF‐induced seismicity in Ohio also found two groups of seismicity with higher (>1.5) and
lower (<1.0) b values (Kozłowska et al., 2018). In this case, the depth distribution revealed the higher b value
seismicity occurred within Paleozoic sedimentary rocks about 400 m below the target interval and lower b
value seismicity occurred about 600 m deeper than the first group in the Precambrian basement. The seismi-
city appeared to occur on a single fault system originating in the Precambrian basement and continuing into
Paleozoic strata. Subsurface stratigraphic mapping and seismic reflection data reveal basement‐involved
faults in eastern Ohio have experienced multiple periods of deformation throughout the Paleozoic, indicat-
ing fault zones would be more mature lower in the stratigraphic section, with the highest degree of maturity
in the Precambrian basement (e.g., Baranoski & Riley, 2013). Recent lab and field results suggest fault
maturity plays a key role in the frequency‐magnitude distribution observed, with smoother faults allowing
for larger events and lower b values (Goebel, Kwiatek, et al., 2017; Savage & Brodsky, 2011). This would sug-
gest that the older, more mature Precambrian faults would have a smoother surface, which would promote
larger slip and lower b values than younger, less mature, and thus more rough Paleozoic faults. This hypoth-
esis is similar to the previous one, inasmuch as the magnitude distribution may exhibit a scale‐dependent
upper bound due to scale dependence of slip surfaces on immature faults.

Using a microseismicity data set from the Fox Creek area of Alberta, Igonin et al. (2018) also found signifi-
cant spatial and temporal variability in b value within a single‐well pad. The frequency‐magnitude distribu-
tion showed a bilinear pattern with the intersection atM ~ 1, separating b values of 1.6 and 0.6 at small and
largemagnitudes, respectively. This was due to a superposition of clusters with b values close to 2.0 and other
clusters withmuch lower b value. The event distribution further showed b value was influenced by the orien-
tation and depth expression of the faults. In particular, seismicity clusters were associated with relatively low
b values if they were characterized by narrow bands in focal depth and if they delineated fault planes that
were well oriented for slip in the present‐day stress field. Conversely, seismicity clusters that exhibited a
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wider depth range and defined structures that were not well oriented for slip and appeared to be associated
with higher b values.

In addition, several recent studies of HF‐induced seismicity identified departures from the expected log lin-
ear power law relationship between frequency and magnitude. In some cases, the relationships appeared to
taper with a curvature that produces fewer larger events relative to what is expected for a linear relationship
(Eaton et al., 2014; Kozłowska et al., 2018). Similarly, tapered frequency‐magnitude distributions have been
found in disposal‐induced seismicity (Huang & Beroza, 2015), and the cumulative injected volumes have
provided a good constraint on the seismic moment, consistent with the idea that the finite size of the stimu-
latedmedium limited earthquake source volumes (Shapiro et al., 2011). For both HF and disposal events, the
tapering tends to disappear after injection ends, suggesting that postinjection earthquakes reflect the activa-
tion of a larger fault system (see above) or are triggered by remaining stress concentrations away from the
injection point (Segall & Lu, 2015).

The other cases of departure (from the expected log‐log power law relationship) are distributions that follow
a nonlinear trend with a curvature that produces more large events relative to what is expected for a linear
frequency‐magnitude relationship (Igonin et al., 2018; Kozłowska et al., 2018)—similar to some cases of
disposal‐induced seismicity (Skoumal et al., 2015c). These outliers have primarily occurred in the later
stages, presumably when faults were being restimulated. This suggests that the activation of larger fault
patches is influenced by the time and volume of fluid injected into the system and that the earlier, weaker
seismicity occurred during fault loading. This pattern may be related to the characteristic earthquake model
(Igonin et al., 2018), which hypothesizes that earthquake rupture occurs episodically on fault patches that
are a large fraction of the total fault area, or the runaway rupture model (Galis et al., 2017), which hypothe-
sizes that ruptures extend beyond the perturbed region of a fault (these two models are not mutually exclu-
sive). For such systems, the larger characteristic earthquakes occurmore frequently thanwould otherwise be
predicted from frequency‐magnitude distributions sampled during the interseismic time interval
(Wesnousky, 1994).

4.3. Earthquake Triggering Mechanisms

One of the most important questions to discuss is the physical mechanism that allows earthquakes to nucle-
ate in response to HF. In general, it is well established that induced earthquakes preferentially occur on
faults that are close to failure in the prestimulation tectonic stress field; in other words, they occur on criti-
cally stressed/oriented faults. However, the means of perturbing stress on the fault is more contentious, as
there are multiple proposed mechanisms to communicate stress changes (Figure 17). This subsection discus-
sion will pull in information from sections 3.2 and 3.3.

The first proposed mechanism is also the oldest explanation for injection‐induced seismicity (Hubbert &
Rubey, 1959; Healy et al., 1968): Slip initiation is related to increased pore pressure within the fault, reducing
the effective normal stress until reaching the point of failure. In the cases (section 3.2) where seismogenic
faults are within proximity of stimulated fractures, pressure can plausibly migrate to the fault through con-
ductive channels. HF stage stimulation propagates fractures that can intersect the hydraulically conductive
damage zone of a fault (R. J. Davies et al., 2012;Wilson et al., 2018). Pore pressure propagates along this path-
way, initiating slip on the weakest segment of the fault. In fact, cases that have accounted for the complete
state of stress (Shen, Schmitt, & Haug, 2019) have found that slip initiation is guaranteed for most fault
orientations under reasonable HF stimulation pressures (Shen, Schmitt, & Schultz, 2019; Lei et al., 2019),
thus relaxing the requirement for a fault to be optimally oriented.

However, these arguments become less convincing (or more interesting) as we begin to consider cases with
distant communication (Holland, 2013; Schultz & Wang, 2020). These distant but rapid earthquake
responses would require preferential pathways for pressure migration to channel along. These ad hoc argu-
ments are reinforced by the localization of HF‐induced earthquakes (section 3.4) to geologically exceptional
areas (Pawley et al., 2018). For example, many cases of HF‐induced earthquakes are related to transtensional
or transpressional flower structures (Chopra et al., 2017), a fault architecture especially conducive to fluid
flow (Cox, 2016). Furthermore, inferential evidence of paleo fluid flow along a fault (resulting in karst col-
lapse and brecciation) has also been associated with HF‐induced earthquakes (Galloway et al., 2018).
Cases have been observed where large changes in water production are observed after encountering
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induced seismicity (Kozłowska et al., 2018). Supporting this, anecdotal stories of “frack hits” (cases where
fluid/pressure communication is observed between wells) have been noted at distances of up to 1–2 km.
Specifically, a comprehensive study of well pressures, radioactive tracers, and microseismic data during
“frack hits” in the Horn River Basin suggested that fluid connectivity occurs along fault pathways at
distances of up to 1.2 km (Fu & Dehghanpour, 2020). Based on these findings, it seems that the role of
fluid flow along fault damage zones is an important aspect to better understanding HF‐induced
earthquakes (Guglielmi, Elsworth, et al., 2015; Shapiro & Dinske, 2009).

The second proposed mechanism introduces the concept of poroelastic stress transmission (Segall &
Lu, 2015). In this constitutive framework, fluid pressure within pore space is coupled with elastic stresses
of the rock frame. This concept provides a reasonable means to account for shut‐in phenomenon such as
increases in earthquake rate or the occurrence of the largest‐magnitude event after HF completion. It can
also help with cases where seismicity initiates ~1 km from injection within 2–3 hr, implying hydraulic dif-
fusivities more than an order of magnitude larger than diffusion‐triggered estimates (Kozłowska et al., 2018;
Shapiro & Dinske, 2009). Furthermore, poroelasticity allows for distant communication, without any special
considerations for fault architecture—this interpretation is especially enticing in cases where all stages
appear in communication with the seismogenic fault (section 3.2). Poroelastic contributions have been pro-
posed as the triggering mechanism at large distances from waste water disposal wells (Goebel &
Brodsky, 2018; Shirzaei et al., 2016; Zbinden et al., 2019). Similarly, numerical simulations have suggested
poroelastic effects are consistent with inferred values of stress changes needed to induce slip during HF
(Deng et al., 2016). However, these models have also been criticized for their handling of how stimulated
fracture propagation, fault slip, and fault architecture influence permeability and stress transmission (Lele
et al., 2017). As well, poroelasticity is potentially problematic for explaining HF cases where only certain
stages are seismogenic, since it is not generally clear how the poroelastic model could be stage selective,
unless the stage locations relative to the fault vary enough for the orientation of stress applied to the fault
to change substantially. Likely, disentangling the relative contributions of pore pressure and poroelasticity
will require adequate modeling of how fracture propagation and fault architecture influence fluid and stress
transmission (Faulkner et al., 2010; Gale et al., 2014; Haddad & Eichhubl, 2020; Ortiz et al., 2019; Zbinden
et al., 2020). In this case, the application of expertise from disciplines outside of seismology, such as geome-
chanics and rock mechanics, may be useful to constrain the problem and models from a different perspec-
tive. As well, this area would likely benefit from contrasts against slower injection‐induced seismicity,
such as disposal‐related cases.

Figure 17. Conceptual diagram of HF earthquake triggering mechanisms. Three proposed mechanisms are displayed
from left to right: direct pore pressure communication, poroelastic stress transmission, and pore pressure causing
aseismic slip. Figure reproduced from Eyre, Eaton, Garagash, et al. (2019).
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A third possible mechanism is a hybrid model wherein fault loading occurs through a combined process of
pore pressure change and aseismic slip. Here, fluid flow along fractures is still suggested to intersect faults;
however, the slip at this portion of the fault is postulated to initiate aseismically, with creep along the fault
outpacing the pore pressure migration front (Bhattacharya & Viesca, 2019; Guglielmi, Cappa, et al., 2015).
This model is consistent with in situ and laboratory experiments, suggesting that fine‐grained rocks that
are clay rich and/or organic rich exhibit velocity‐strengthening behavior, in accordance with rate‐state fric-
tion theory (Cappa et al., 2019; Kohli & Zoback, 2013; Scuderi & Collettini, 2016, 2018). Heimisson
et al. (2019) found theoretical evidence for the generation of slow slip pulses on mildly rate‐strengthening
faults in response to pressure perturbation through poroelastic effects. The existence of aseismic fault slip
during injection has support in the observation that moment released from the injection process is aseismic
deformation and strain, with only minor proportions from seismic sources (De Barros et al., 2018;
Goodfellow et al., 2015; Kwiatek et al., 2018). In this model, dynamic rupture may then initiate after creep
propagates along a stable (velocity‐strengthening) segment of a fault. Hydraulic communication could be
slightly restricted in extent, only causing nearby aseismic slip that subsequently triggers more distant seismic
slip (Eyre, Eaton, Garagash, et al., 2019). Anecdotal evidence of well bore shearing and deformation could be
related to this mechanism (Mohammed et al., 2019). However, asserting or refuting this conjecture will
require pad‐scale in situ measurements of strain and displacement, complemented by lab experiments using
pressures above the fracture gradient (Gischig et al., 2019). Overall, scrutinizing the unique high‐pressure
stimulation operations causing HF‐induced earthquakes could help yield a better understanding of the pro-
cesses responsible for earthquake nucleation and the dynamics of slip behavior.

4.4. Geological Susceptibility to HF‐Induced Earthquakes

In this section, we introduce the concept of geological susceptibility: an interpretation suggesting that sub-
surface conditions control the likelihood of where HF‐induced earthquakes are observed (or not). This sub-
section discussion pulls in information from sections 3.2 and 3.4.

Cases of HF stimulation‐inducing earthquakes are typically rare, less than 1% at a basin scale (Atkinson
et al., 2016; Ghofrani & Atkinson, 2020; Skoumal et al., 2015b). In smaller regions, this proportion increases
(section 3.4) to upward of tens of percent (Schultz et al., 2018; Skoumal, Ries, et al., 2018). One of the clearer
factors associated with this localization appears to be depth of the HF operation; deeper stimulations are sig-
nificantly more likely to encounter HF earthquakes (Pawley et al., 2018; Skoumal, Brudzinski, &
Currie, 2018). Often, the association made here is that proximity to crystalline basement increases the like-
lihood of encountering basement‐rooted faults with depth (Anderson &Underhill, 2020; Chopra et al., 2017;
Corlett et al., 2018). In this sense, depth is utilized as a proxy for a geological factor that is conducive to
induced seismicity. As well, the depositional history of basins has been inferred as a proxy for fault structure
(Corlett et al., 2018; Schultz et al., 2016) and fluid flow along wrench faults (Cox, 2016; G. R. Davies &
Smith, 2006). Again, tectonic and hydrological proxies are noted in cases where karst collapse (related to
fluid flow along faults) is another proxy for susceptible regions (Galloway et al., 2018), similar to microseis-
mic studies noting prevalence of stimulated events coincident with low‐impedance flow paths (Rutledge &
Phillips, 2003).

Geomechanical factors such as target formation overpressure have been statistically linked to HF‐induced
earthquake locations (Eaton & Schultz, 2018) and interpreted as a proxy for slip potential and fault‐valve
processes (Sibson, 2020). Certainly, the state of in situ stress has a strong influence on which faults can host
slip (Shen, Schmitt, & Haug, 2019; Shen, Schmitt, & Schultz, 2019; Zoback & Lund Snee, 2018). In many
basins, the regional state of stress has been quantified (Lund Snee & Zoback, 2016, 2018), allowing for an
indication of which faults may potentially host slip (Hennings et al., 2019). A tectonic factor controlling
HF‐induced earthquakes locations has been proposed in Alberta and BC based on the correlation between
regions of higher tectonic strain rate and the intensity of HF‐induced seismicity (Kao, Hyndman, et al., 2018).
However, HF seismicity is also abundant in the central United States where the tectonic strain rates are
much lower than the low strain rate and relatively aseismic areas in Canada (Calais et al., 2016; Ellsworth
et al., 2015). Release of stored tectonic strain on favorably oriented and critically stressed faults would appear
to be the critical factor in areas such as Oklahoma.

Overall, interpreting this spatial localization of susceptibility as related to proxies for favorable subsurface
conditions seems intuitive. Based on this success with proxies, a machine learning approach was
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developed that systematically ranked the importance of all (publicly available) proxies and simultaneously
estimated the geological susceptibility (Pawley et al., 2018; Schultz & Pawley, 2019). This ranking of proxy
importance allows for prioritizing areas of further research or identifying new factors that were previously
overlooked. Similar statistical approaches have been taken in other plays, like the South Sichuan Basin
(Hu et al., 2018). Similar localizations of disposal‐related earthquakes have been observed in Oklahoma
(Langenbruch et al., 2018).

Much of the previous discussion has revolved around the use of statistical methods and proxies for tectonic,
geomechanical, hydrological, or geological conditions to infer susceptible regions. Understandably, much of
this impetus has been related to practical difficulties in reliably imaging subtle (often strike‐slip) fault struc-
tures on the order of 1 km (or less) a priori. In addition to this, HF pads are almost always new stimulations
in new locations, so characterizing undiscovered fault systems is usually an ongoing challenge. Even in cases
where 3‐D reflection seismic data are available, difficulties arise in both identifying the existence of all faults
and then correctly assigning which are likely to be seismogenic (Eaton et al., 2018). Unfortunately, it would
seem that fluid injection (coupled with monitoring of earthquakes) is one of the best techniques for locating
seismogenic faults. That said, there is likely room to integrate more physics‐based approaches (Maxwell
et al., 2015; Rutqvist et al., 2015; Walsh & Zoback, 2016; J. S. Yoon, Zimmermann, et al., 2015) into under-
standing geological susceptibility.

4.5. Operational Controls, Forecasting Methods, and Mitigation

The imposition of regulations and traffic light protocols around HF‐induced earthquakes has driven recent
research toward forecasting and mitigation of induced earthquakes. Important to answering this question is
better understanding the controls that HF operators have at their command. This subsection discussion will
pull in information from sections 3.1 and 3.3.

Given HF stimulation in a susceptible area, observations of HF‐induced earthquakes have suggested that
their sequences are dominantly swarm like with limited amounts of aftershock productivity (section 3.1).
Thus, volume‐based metrics are anticipated to control earthquake rates, especially considering their success
in modeling other induced seismicity cases (Shapiro & Dinske, 2010). Accordingly, completion volume has
been shown as one of the most significant operational controls on HF‐induced seismicity (F. Zhang, Yin,
et al., 2019; Fasola et al., 2019; Langenbruch & Zoback, 2019; Schultz et al., 2018). Based on these concepts,
statistical volume‐based forecasting approaches have been developed (Karimi & Baturan, 2018; Mignan
et al., 2017). For example, the case at Preston New Road (PNR‐1Z), the United Kingdom implemented a
real‐time forecasting approach to keep HF seismicity within levels deemed acceptable by the local regulator
(Clarke et al., 2019). However, Clarke et al. (2019) had to retrospectively alter the approach to account for a
previously unidentified fracture zone and themethod did not performwell for the second operation (PNR‐2).
The post mortem analysis of the Pohang enhanced geothermal system successfully determined
risk‐informed shut‐in thresholds (Langenbruch et al., 2020). Moreover, epidemic‐type aftershock sequence
(ETAS) approaches have been applied to model seismicity rates, as a function of injection rates
(Bachmann et al., 2011; Lei et al., 2017). Likely, forecasting approaches developed for enhanced geothermal
systems could be easily adapted here as well (Gaucher et al., 2015).

On the other hand, there has been mounting evidence that volume does not entirely control the maximum
magnitude of HF‐induced earthquakes (Atkinson et al., 2016). In particular, the 5.5 MW Pohang, South
Korea, earthquake injected only 1/500 of the volume expected for an earthquake of this magnitude, accord-
ing to somemodels (Ellsworth et al., 2019; Woo et al., 2019). Instead, tectonic factors such as fault length and
slip area ultimately constrain the maximum magnitude earthquake any given fault can host (Aki &
Richards, 2002; Zoback &Kohli, 2019). With these tectonic considerations, the statistical nature of seismicity
can be factored into the temporal evolution of maximum magnitude (van der Elst et al., 2016).

Despite these understandings, the decision‐making process and quantification of effective mitigation have
been sparsely published (CAPP, 2019). Likely, much of this information is kept proprietary by the operators.
As well, the complexities of disentangling geologically susceptible conditions from operational response
remains very challenging (section 3.3). On the other hand, there are general mitigation approaches that
can be grouped into two categories: reactionary mitigation strategies and longer‐term planning/avoidance
strategies. For the reactionary mitigation strategies, there is a general suite of approaches that are often
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applied (CAPP, 2019): rate/pressure/volume reduction, stage pausing, stage skipping, and as a last resort
well/pad abandonment. For example, reductions in stage rate/pressure/volume in response to earthquakes
during geothermal stimulation were employed to mitigate against a disruptive red light event (Kwiatek
et al., 2019). For the longer‐term planning and avoidance strategies, there is also a general suite of
approaches (CAPP, 2019): these include earthquake monitoring, stress measurement, geophysical hazard
preassessments, stimulation fluid design, well/pad orientation, stage spacing, and completion schemas
(e.g., single wells and zipper fracks). Here, learnings from these data sets inform longer‐term HF completion
planning. For example, both quicker HF completion schemas and multiwell pads have been found as more
likely to encounter induced earthquakes (Fasola et al., 2019). As well, unique stage completion strategies
could be tailored to minimize induced earthquakes while simultaneously allowing for permeability
enhancement (Zang et al., 2013). There are currently no guarantees; however, as a similar cyclic pumping
strategy employed during long‐term injection in the Paradox Valley Project in Colorado (King et al., 2016)
did not prevent a 4.5 Mw earthquake in 2019. Further discoveries on the conditions that trigger HF earth-
quakes would be invaluable to developing more effective mitigation strategies. Verification of these results
from hydrogeomechanical modeling studies (Jeanne et al., 2014; Maxwell et al., 2015; Rutqvist et al., 2015)
will also be invaluable to ascertain the physical mechanisms involved in mitigation. These types of studies
have been sparse in the HF earthquake literature; however, the modeling approaches from enhanced
geothermal systems will likely be portable to HF‐induced earthquakes (Rathnaweera et al., 2020).

4.6. Effective Regulation and Traffic Light Protocols

With these HF‐induced earthquakes comes a need to manage their hazards, risks, and nuisances. Here, reg-
ulatory agencies are responsible for designing a rule set that enforces a tolerable amount of risk to the public
and industry—these rules are then imposed on operators, who must mitigate to stay within the prescribed
boundaries. This subsection discussion pulls in information from sections 3.2–3.4.

Traffic light protocols are the de facto rule set choice used tomanage induced earthquakes (Baisch et al., 2019;
Kao et al., 2016; Wong et al., 2015; Walters, et al., 2012). Within most traffic light protocols, an operator is
allowed to complete their wells unrestricted during a green light, must begin reactionary mitigation strate-
gies after the yellow light, and must suspend operations after a red light. Traffic light protocols have been
implemented in many of the basins that have encountered HF‐induced seismicity: including in the
United Kingdom (Clarke et al., 2019), Alberta (AER, 2015; 2019), BC (Kao et al., 2016), Ohio (Wong
et al., 2015), and Oklahoma (OCC, 2016). We note, however, that not all jurisdictions have subscribed to
the same philosophy of traffic light management. For example, the red light threshold (0.5 ML) in the
United Kingdom only requires that operators temporarily suspend their operations. Mixing prescribed miti-
gation into a regulation carries some burden, as it stymies the development of more effective mitigation stra-
tegies. On the other hand, some jurisdictions encountering HF‐induced earthquakes have neglected
regulatory controls. Scientific developments and risk‐based recommendations on traffic light protocol
design will be required to bring greater credibility and transparency to these rule sets (Schultz, Beroza,
et al., 2020).

From a regulatory perspective, traffic light protocols must encourage simple and robust risk‐reducing deci-
sions with limited information (Kao et al., 2016; Schultz, Beroza, et al., 2020; Shipman et al., 2018). For
example, local magnitude‐based thresholds (ML) have been implemented to delineate traffic light thresholds
in virtually all jurisdictions, likely due to its simplicity in computation—although there are considerations to
make here about suitable magnitude calibrations. BecauseML does not have physical units and depends on
local wave propagation characteristics, it is important to set the scale in a consistent manner, typically by
reference to Mw. This requires calibration, which can be done empirically once activity is detected
(Babaie Mahani & Kao, 2019; Butcher et al., 2017; Yenier, 2017) but may also be done using knowledge of
crustal structure before seismicity occurs (Al‐Ismail et al., 2020). Along the lines of emphasizing simplicity,
spatiotemporal relationships (e.g., all contemporaneous earthquakes within 5 km) are used to rapidly eval-
uate if a HF pad stimulation induced an earthquake (Davis & Frohlich, 1993; Skoumal et al., 2019). Due to
prior observations of earthquakes in spatiotemporal association with the HF pad (sections 3.2 and 3.3), this
approach works reasonably well. As well, the spatial localization of HF‐induced seismicity susceptibility
(section 3.4) has often been utilized to restrict traffic light protocols to just the seismogenic formations
and regions. Recently, efforts have been made in Alberta to begin collecting industry seismological data in
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real time and release it publicly after a 1‐year embargo (AER, 2019; Schultz, Yusifbayov, & Shipman, 2020).
Despite these understandings, little work has been done to rigorously quantify the impacts of traffic light
protocols designs and effective performance management (Kao, Visser, et al., 2018; Schultz, Beroza,
et al., 2020; Shipman et al., 2018). Likely, findings from other induced earthquake cases, such as enhanced
geothermal systems, could be adapted to HF‐induced earthquakes (Baisch et al., 2019; Mignan et al., 2015).
For example, by utilizing ground motion thresholds and distance‐magnitude scaling relationships to inform
better magnitude threshold choices (Bommer et al., 2006; Rodríguez‐Pradilla & Eaton, 2019). To date, the
only HF‐oriented studies on this subject has been directed toward the impacts/risks on critical infrastructure
(Atkinson, 2017) and developing risk‐informed choices on nuisance and damage for choosing magnitude
thresholds (Schultz, Beroza, et al., 2020).

5. Summary

Induced seismicity caused by HF has grown in recognition in recent years. In this paper, we have reviewed of
all the currently documented cases of HF‐induced earthquakes worldwide: within Canada, the United
Kingdom, the United States, and China. We have noted cases where HF has induced events as large as 5.7
ML, earthquakes are triggered up to 1.5 km away from their causal pad, and red light thresholds that have
been set as low as 0.5ML. In examining these disparate cases, we also identified themes in common: similar-
ity of waveforms, swarm‐like clustering, proximity to causal pad, temporal relationship to stimulation, and
rarity of occurrence. We expanded upon these commonalities by presenting the previously established inter-
pretations. For example, in discussing the possible triggering mechanisms, the factors control the localiza-
tion of HF‐induced earthquakes, the operational controls influencing the rate of events, and effective
management via traffic light protocols. Ultimately, a better understanding of these key features of
HF‐induced earthquakes will facilitate informed management of their associated risks.

Glossary

Breccia A rock composed of other broken rock fragments, often cemented together.
b value A metric used to measure the relative proportion of small to large

earthquakes.
Completion In industry jargon, completion is the series of processes after drilling to bring

a well into production. HF is a part of completion in many unconventional
wells.

Critically stressed A description of the state of stress on a fault, where it is nearly ready to
produce earthquake slip. To be critically stressed, a fault has to have the
proper orientation in the present‐day stress field.

Damage zone A region around a fault core that is intensely fractured and therefore
permeable, allowing for fluid flow.

Enhanced geothermal system A system process designed to extract heat energy from the subsurface. Wells
are drilled and HF stages stimulation is used to enhance the permeability of
hot and deep rocks. Due to the use of HF in this process, enhanced
geothermal systems often encounter induced earthquakes similar to
petroleum development HF cases.

Epicenter The location of the point of initiation of an earthquake, projected to the
Earth's surface.

Fractures A planar discontinuity in a medium. Fractures that lack shear offset are
called joints. Fractures can accommodate fluid flow along the spaces
between the rocks.

Fault Similar to a fracture, but larger. A discontinuity in a rock that has hosted
earthquake slip in the past. In the context of HF‐induced seismicity, this is
often distinguished from fractures that are intentionally stimulated for
resource production and faults that are accidentally reactivated to cause
earthquakes.
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Flowback The process of flowing stimulation fluids back to the surface after HF com-
pletion.

Frack hits Adjacent wells may encounter circumstances where fluid/pressure
communication is established between two or more wells during
completion. Typically, this is not intended and has detrimental
consequences for productivity. Synonymously, it is also called well
interference.

Heel The horizontal section of a well just after it deviates from vertical into
horizontal.

Horizontal well A well that is drilled vertically, until reaching the target formation where it
is deviated into a horizontal orientation. The section where the transition
from vertical to horizontal occurs is called the “heel” and the end of the
horizontal portion is called the “toe” (Figure 1). Typically, horizontal
sections are up to 2 km in length.

Hydraulic fracturing (HF) A technique in which fluid is pumped into the ground at pressures higher
than the smallest principal stress. Doing so causes fractures to slip, open,
and propagate. These stimulated fractures enhance the permeability of the
target formation. See King (2010) for a history of HF completion
technologies, from a petroleum operator's perspective.

Hypocenter The location (in the subsurface) where an earthquake initiates rupture.
Induced seismicity A type of earthquake activity that is caused or accelerated by human

activities. Sometimes, these earthquakes are distinguished into either
triggered or induced, depending on the degree of human influence. In this
paper we make no distinction and refer to both types as induced.

Karst A sinkhole caused by the dissolution of soluble rocks, such as limestone,
dolomite, or anhydrites.

Microseismicity Stimulation of fractures during HF causes earthquake‐like shear/tensile slip
called microseismicity. Some authors ascribe this term to events below a
specific magnitude level (Eaton, 2018).

Minifrack Adiagnostic injection test performed in well bores to determine information
about the state of in situ stress and permeability by performing a small HF
stimulation. This can be used to determine the magnitude of the least
principal stress. Synonymously, it is called diagnostic fracture injection tests.

Mitigation Procedures enacted by the HF operator to reduce the likelihood and severity
of induced seismicity.

Pad A surface location where horizontal well(s) are drilled by an operator. Pads
may have a single well or multiple wells, sometimes as many as 10 at a single
location (Figure 1).

Perforation One of the initial steps in a single stage completion is to perforate the nearby
well bore and formation, often using shaped explosive charges.

Permeability The capacity for rocks to allow or resist fluid flow. A measure of the ease
with which a fluid can pass through a porous medium.

Play A term used to denote the extent of a target formation (or a package of
formations) exploited by HF. For example, the Duvernay play in Alberta is
HF completions targeting the Duvernay Formation.

Porosity The proportion of filled space to empty space in a rock.
Operator The company who owns the HF pad and is responsible for completion.
Regulator The institution responsible for the oversight of responsible operator

development.
Secondary recovery A hydrocarbon recovery technique that uses the injection of fluids (e.g.,

water or CO2) into a formation, with the intent to maintain or enhance
reservoir pressure.
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Shale A term often used loosely in association with HF, sometimes as a synonym
for play. Technically, shales are fine‐grained sedimentary rocks deposited in
laminations; often, they are highly impermeable. Shales may contain
organic matter, which matured into petroleum, and are thus a primary tar-
get for HF.

Stage HF wells are completed in multiple stages, with up to many tens of stages
per well (Figure 1). Stages are an isolated potion of the well, where HF
stimulation occurs. Multiple stages along a well are completed sequentially.

Stimulation A term used to describe fluid pumping to enhance permeability via HF.
Stimulated fractures enhance the permeability of a target formation.

Toe The horizontal section of a well furthest from the vertical section.
Traffic light protocol A regulatory framework intended to reduce the hazards and risks of induced

seismicity. Often, magnitude values are chosen at green, yellow, and red
thresholds, respectively, marking points to proceed, mitigate, and stop.

Vendor Companies hired by operators to provide services, in aid of HF completion.
Zipper frack A completion schema used by HF operators in which stages are completed

alternatingly between multiple wells, forming a zipper‐like pattern
(Figure 1).

Data Availability Statement

Data were not used nor created for most of this research. Case study figures use data from prior works
(Brudzinski & Kozłowska, 2019; Clarke et al., 2014; Farahbod, Kao, Cassidy, & Walker, 2015; Farahbod,
Kao, Walker, & Cassidy, 2015; Fasola et al., 2019; Kozłowska et al., 2018; Lei et al., 2017, 2019; Schultz
et al., 2017, 2018; Schultz, Mei, et al., 2015; Schultz, Stern, et al., 2015; Schultz & Wang, 2020; Shemeta
et al., 2019; Skoumal et al., 2015b, 2020; Yoon et al., 2017) and are also cited in their respective figure cap-
tions. HF well counts in Figure 2b were obtained from FracFocus (www.fracfocus.org).
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