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Foreword

The Minerals & Petroleum Branch (MAPB) of the Department for the Economy (DfE) of Northern
Ireland, the body responsible for administering petroleum licensing onshore Northern Ireland,
asked the Geological Survey of Northern Ireland to carry out a review on the potential risks of
induced seismicity from high volume hydraulic fracturing (HVHF) for shale gas or oil, with
respect to Northern Ireland. The purpose of the review is to set out the scientific evidence
relating to HVHF-related induced seismicity in order to inform the evolving DfE policy on
licensing of petroleum exploration and production in Northern Ireland. The potential risk of
induced seismicity is only one of many factors that will be taken into consideration by DfE in the
development of this policy.
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Figure 1. Schematic showing the main elements of the hydraulic fracturing processing. (a) Plan
view showing four lateral wells from a single well pad (grey square) each with four HF
stages (grey circles). Fractures are expected to open parallel to the maximum horizontal



compressive stress (SHmax). (b) Depth section. During each stage, fluid is pumped into the
well at high pressure, increasing pore pressure in the reservoir creating a permeable
fracture network. (c) Detailed section showing facture held open by proppant allowing fluid
to flow into the well bore. Distances are iNdiCatiVe. ............ccooviiciiiieiiee e 2

Figure 2. Global distribution of notable earthquakes induced by hydraulic fracturing (HF). This
includes documented cases from the USA (Oklahoma, Texas, Ohio), Canada (Alberta, BC),
the UK and China [see Data and Resources for earthquake data]. ..........ccccoveveeeeeiiiiciiinnnnnn. 4

Figure 3. Seismicity and wells database for the WCSB from Ghofrani & Atkinson (2016). Events
of moment magnitude M=3 are shown since 1985 (red circles), from the Canadian
Composite Seismicity Catalogue (www.inducedseismicity.ca); all non-earthquake events
(e.g. blasts) have been removed. Hydraulic fracture (HF) wells are shown with black dots.
Well data obtained from the Alberta Energy Regulator [https://www.aer.ca/data-and-
publications] and the B.C. Oil and Gas Commission
[http://data.bcogc.opendata.arcgis.com]. Earthquake data from the Canadian Composite
Seismicity Catalogue [https:// www.inducedseiSmICIty.Ca]. .......cvveeeiiiiiiiiiiiie e 3

Figure 4. Histograms showing the number of events in 10 minutes windows as a function of time
during injection into various stages of the PNR-1z well, Preston New Road, Lancashire.
Blue lines show the cumulative volume of injected fluid during hydraulic fracturing
operations. The number in the top left of each plot is the stage number. Operational data
from the Oil and Gas Authority [available at https://www.ogauthority.co.uk/exploration-
production/onshore/onshore-reports-and-data/]. ...........ocuviieiiiiiie i 4

Figure 5. (a) Total seismic moment release as a function of injected volume in HF, EGS and
waste water disposal from McGarr (2014) Table 1 as well as data from the PNR-1z (red
cross) and PNR-2 (green cross) wells at Preston New Road. (b) and (c) show cumulative
seismic moment for each HF stage at PNR-1z and PNR-2 respectively, as a function of the
injected volume for that stage. Operational data from Preston New Road published by the
Oil and Gas Authority [available at https://www.ogauthority.co.uk/exploration-
production/onshore/onshore-reports-and-datal]. ..........ccooocciiieiiiie e 5

Figure 6. 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 adapted
from EYre €t al., (2019D).....coiiiiiiieiiiee e 6

Figure 7. (a) Shearing of a jointed block (subjected to normal stress, on , and a shear stress, 7,
with fluid inside the joint at pressure P. Slip along the joint is triggered when the shear
stress ris equal to the frictional strength us on — Pf. (b) Mohr circle diagram showing the
effect of increased fluid pressure on a fault. Normal stress is on the horizontal axis and
shear stress on the vertical axis. The Mohr circle shows the range of stresses acting on a
plane at one location depending on orientation. The maximum and minimum normal
stresses acting in any given location are o1 and ¢3. The failure envelope is shown by a
black line whose slope is equal to the coefficient of static friction. When fluid pressure (P) is
increased, normal stresses are reduced by P, resulting in new normal stresses o1’ and a3,
moving the Mohr circles to the left. This means that the Mohr circle intersects with the
failure envelope allowing slip on suitably oriented faults. ...........ccccceee i, 7

Figure 8. Stereographic plots showing slip tendency (ratio of shear to normal stress) for different
fault orientations in an Andersonian stress field where the magnitudes of the principal
stresses are Sy = 124 MPa, Sy = 84 MPa and Sy, = 65 MPa, and the trend of Sy is 41° for

pore fluid pressures of: (a) P =0 MPa; (b) P =33 MPa; and (c) P =62 MPa.........cc.cccceeeenn. 9
Figure 9. Major geological regions of Northern Ireland (From Mitchell, 2004). Dashed lines
indicate some of the regionally important faults mapped at the surface. ..........cccccceviveeenee 9

Figure 10. Tectonic setting of the Lough Allen Basin (from CSA, 2006). Dotted ellipse indicates
main are of basin. Dashed lines indicate main basin bounding and intrabasinal fault zones.
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Figure 11. Reduced-to-pole aeromagnetic anomaly map, based on Tellus data. The Tow Valley
Fault, forming the SE boundary to the Rathlin Basin, is clearly visible as the NE-SW
trending linear anomaly. GSNI Tellus regional airborne geophysical survey data is published
by OpenDataNI and licensed under OGL (Open Government LiCENCE). ........ccccvvveeriineeennns 12

Figure 12. Historical (a) and instrumentally recorded (b) seismicity in and around Ireland from
the DIAS and BGS catalogues. Symbol size is proportional to magnitude. Blue squares
show historical earthquakes identified by Richardson (1975) that cannot be assigned a
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Figure 13. Frequency magnitude distributions for the PNR-1z (a) and PNR-2 (b) downhole
catalogues. Red and blue squares show incremental and cumulative data. Error bars show
95% confidence limits determined from a x2 distribution with the number of degrees of
freedom specified by the cumulative number of events. The blue dashed lines show the
maximum likelihood estimates of the b-value and activity rate for a completeness magnitude
of -1.0 for the downhole catalogues and -0.5 for the surface catalogues. Confidence limits
are from bootstrap resampling. From Baptie et al. (2020).........ceeeeiiiiiiiiiiiiiieeiiiee e 14

Figure 14. (a) Probability that events with M > 2.5 will occur as a function of injected volume for
different seismogenic indices and a b-value of 1.5. (b) The probability of an event above a
specific magnitude given the total volumes injected at PNR-1z and PNR-2 (3876 and 2564
m3, respectively), b-values of 1.5 and 1.3 and a seismogenic index of -1.0. ...........c.ccocueeee. 15

Figure 15. (a) Earthquakes (red dots) and cumulative injected volume of fluid (blue line) as a
function of time during HF operations in the PNR-1z well near Blackpool, Lancashire. There
was a hiatus in operations between early November and early December. (b) Cumulative
seismic moment as a function of injected volume. Operational data from Preston New Road
published by the Oil and Gas Authority [available at
https://www.ogauthority.co.uk/exploration-production/onshore/onshore-reports-and-data/]. 16

Figure 16. Cumulative log-likelihood timeseries. ETAS models tested on (a) PNR-1z and (b)
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Figure 17. (Left) the probability of exceeding various PGV levels for at least one building (blue
curves) and one important building (red curves) for specific injection volumes of 500, 1000,
5,000, 10,000, 15,000, 20,000, 30,000, 40,000 and 50,000 m3. (Right) the average number
of buildings (blue curves) and important buildings (red curves) at which various PGV levels
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Table 1. Summary of documented cases of hydraulic fracturing induced seismicity reviewed by
Schultz et al. 2020. CRET Cretaceous, PERM Permian, CARB Carboniferous, DEV
Devonian; SIL Silurian; ORD Ordovician. HF Hydraulic fracturing; WWI wastewater
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light system proposed by Bommer et al. (2006). The system is based on three independent
parameters: (1) public response; (2) local magnitude (M.); and, peak ground velocity
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Summary

Hydraulic fracturing (HF) has made it possible to economically produce hydrocarbons directly
from low-permeability reservoirs such as shales by injecting high pressure fluids to create
fracture networks. However, over the last decade the number of observations of induced
earthquakes caused by HF operations around the world has increased as the shale gas industry
has developed. Data from the US and Canada suggest that on average around 1% of HF wells
can be linked to earthquakes with magnitudes of 3 or greater. Earthquakes of this size are large
enough to be felt by people. However, in some areas of the US and Canada the percentage of
wells associated with induced earthquakes is much higher (>30%). This variability is often
explained in terms of geological factors such as proximity to existing faults. In a small number of
cases, HF operations have triggered earthquakes large enough to cause potentially damaging
ground motions. Such earthquakes cannot be confidently predicted in advance of operations.
These observations suggest that the risk from induced seismicity during HF operations is not
negligible.

Earthquakes with magnitudes greater than around 2 result from slip on existing faults that is
triggered by stress changes caused by the injection of fluid during the HF process. The size of
the earthquake will depend on both the area of the ruptured part of the fault and the amount of
slip. Since such faults may extend outside the hydraulically fractured zone, the maximum
magnitude will be controlled by local geology and tectonics, not operational parameters such as
the amount of injected fluid. As a result, the maximum magnitude is highly uncertain.

Induced earthquakes have been observed in wide variety of geological settings and in areas
where there are relatively few tectonic earthquakes. In some areas, the resulting hazard from
induced earthquakes due to HF operations is significantly greater than the hazard from tectonic
earthquakes. As a result, the low hazard from tectonic earthquakes in Northern Ireland does not
guarantee that the hazard from induced seismicity will also be low.

Induced earthquakes are likely to be clustered in space and time around the locus of HF
operations. Hazard is likely to increase with the number of wells and will be highest during or
shortly after HF operations. Hazard may also be a function of total injected volume, with larger
injected volumes leading to more earthquakes and increasing the probability of larger events.
Operations that target shallow formations may pose a higher hazard, since for a given
magnitude, the intensity of ground motions at the surface will be greater. The potential for actual
damage depends on the intensity of motions and both the number and vulnerability of buildings
exposed to ground shaking. As a result, the risk of damage to buildings will be higher in densely
populated urban areas than in rural areas. Risk studies for the UK have shown that cosmetic
and minor structural damage may occur for earthquakes with magnitudes as low as 3.

Higher resolution geophysical data is needed to identify fault structures and depth to basement
in sedimentary basins with hydrocarbon potential in Northern Ireland in order to help mitigate
risk of induced seismicity from hydraulic fracturing. Improved regional seismic monitoring should
also be considered. Similarly, the present-day stress regime and stress state of faults in both
the Lough Allen and Rathlin basins is poorly known. Further work is needed to address this.

Current risk-mitigation strategies have had limited success. There may be insufficient data to
identify geological faults prior to operations and even where high resolution data are available,
there may still be hidden faults. Similarly, traffic light systems based on specific earthquake
magnitude thresholds have often failed. Statistical methods that relate the volume of injected
fluid or the injection rate to induced earthquake activity may allow useful probabilistic forecasts
in the future but may be associated with considerable uncertainties without calibration for local
conditions.



1 Introduction

The Minerals & Petroleum Branch (MAPB) of the Department for the Economy (DfE) of Northern
Ireland, the body responsible for administering petroleum licensing onshore Northern Ireland,
asked the Geological Survey of Northern Ireland to carry out a review on the potential risks of
induced seismicity from high volume hydraulic fracturing (HVHF) for shale gas or oil, with
respect to Northern Ireland. The purpose of the review is to set out the scientific evidence
relating to HVHF-related induced seismicity in order to inform the evolving DfE policy on
licensing of petroleum exploration and production in Northern Ireland. The potential risk of
induced seismicity is only one of many factors that will be taken into consideration by DfE in the
development of this policy.

It is relatively well-known that anthropogenic activity can result in man-made or “induced”
earthquakes. Although such events are generally small in comparison to natural earthquakes,
they are often perceptible at the surface and some have been quite large. Underground mining,
deep artificial water reservoirs, oil and gas extraction, geothermal power generation and waste
disposal have all resulted in cases of induced seismicity. A number of prior review articles and
reports have addressed this issue (e.g., McGarr et al., 2002; Davies et al., 2013; Ellsworth
2013; National Research Council 2012; Grigoli et al., 2017; Keranen and Weingarten, 2018).
These activities all have the potential to change the state of stress, which can induce or trigger
slip on faults within the Earth. The connection between human activity and induced seismicity is
usually based on both a spatial and temporal coincidence, although this is not always clear.

Schultz et al. (2020) summarise the current state of knowledge of induced seismicity associated
with hydraulic fracturing for shale gas and presents some well-documented case studies, as
well as identifying areas for further research. Another recent review by Atkinson et al. (2020)
concluded that hydraulic fracturing can trigger earthquakes large enough to cause potentially
damaging ground motions and that the hazard from earthquakes induced by hydraulic fracturing
might greatly exceed the natural earthquake hazard in regions of low to moderate seismicity.

In a more regional context, reviews commissioned by the UK Government (Royal Society, 2012)
and the Environmental Protection Agency (EPA) of Ireland (Hooper et al., 2016) considered the
wider risks (including induced seismicity) associated with hydraulic fracturing to extract shale
gas in the UK and Ireland, respectively. Both these studies concluded that the risk of induced
seismicity was low. Following the seismicity induced by the first hydraulic fracturing of a shale
gas reservoir in the UK, the Oil & Gas Authority commissioned Green et al. (2012) to review the
activity and suggest measures for future mitigation. A study commissioned by the Scottish
Government (Baptie et al., 2016) considered the levels of induced seismic activity that could be
associated with unconventional oil and gas activities in Scotland and the regulatory and non-
regulatory actions that could be taken to mitigate risks. The current review draws on the findings
of these and other reviews and applies them to the relevant geological settings in Northern
Ireland.

Specifically, this review addresses the following questions:

e Whatis the process of high-volume hydraulic fracturing and how is it used to extract
shale oil and gas?

¢ Whatis the global experience of induced seismicity resulting from the shale oil and gas
industry in general and hydraulic fracturing (HF) in particular? What are the
characteristics of HF-induced seismicity?

e What do we know about the triggering mechanisms for induced seismicity and what
make some areas susceptible and others not?

e What is the natural seismicity of Ireland and how might this relate to the risks of induced
seismicity?

e How might the structural geology of the sedimentary basins in Northern Ireland with
shale gas resource potential impact the induced seismicity hazard?



¢ What can we say about the hazards and risks of induced seismicity from HF given the
global experience to date?

¢ What mitigation measures can be used to reduce the risks of and from induced
seismicity and how successful are they?

The information is then drawn together to give an assessment of the risk from the induced
seismicity hazard in Northern Ireland, including the scientific uncertainties and data gaps that
limit our knowledge of the subject. This review also recognises that perception of risk in the
community may be equally or more important than the quantifiable risk from induced seismicity
but this topic is outside the scope of the review.

2 Hydraulic fracturing of shale reservoirs

While it has long been recognised that many source rocks such as shales still contained
significant amounts of hydrocarbons, these were widely considered uneconomical because of
their low permeability. The advent of hydraulic fracturing (HF) has made it possible to
economically produce hydrocarbons directly from these low-permeability formations, unlocking
their vast reserves and transforming the industry over the last decade or so. In this process,
fluid is pumped into the subsurface at high pressure, increasing pore pressure until it exceeds
the pressure needed to create new fractures in the rock. This causes hydraulic fractures and
shear failures propagate throughout the rock matrix (e.g., Detournay, 2016), creating a
permeable fracture network that allows fluids to flow into the well bore. Accompanying
technological advances such as horizontal drilling and the use of proppants such as sand or
aluminium oxide to hold fractures open (Liang et al., 2016), and the addition of heavy-
molecular-weight polymers to the injected water to reduce drag and reduce energy demand
(Palisch et al., 2010) have increased yields of oil and gas from wells and led to the USA
becoming the largest global oil producer in 2019.

Figure 1 shows a schematic with the main elements of the process. Multiple wells may be drilled
from a single well pad and HF is carried out at discrete points along the horizontal section of
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Figure 1. Schematic showing the main elements of the hydraulic fracturing processing. (a) Plan
view showing four lateral wells from a single well pad (grey square) each with four HF stages
(grey circles). Fractures are expected to open parallel to the maximum horizontal compressive
stress (SHmax). (b) Depth section. During each stage, fluid is pumped into the well at high
pressure, increasing pore pressure in the reservoir creating a permeable fracture network. (c)
Detailed section showing facture held open by proppant allowing fluid to flow into the well bore.
Distances are indicative.



each well, commonly referred to as stages. Each stage may take several hours and a well may
be fracked over a matter of days or weeks. When all the fracture stages have been completed
most of the frack fluid may return up the well to the surface as ‘flowback’ and, at least in the
early stages of production, formation water may also come up as produced fluids. Typically, the
initial flow rate from an individual well may be high but it drops off exponentially so that an
increasing number of wells need to be drilled to maintain production volumes over many years.

There have been widespread concerns regarding the environmental impacts of the technique,
aside from the possibility of earthquakes induced directly by operations. For example, the large
number of wells and the need for large volumes of water has led to concern about both
groundwater contamination (Myers, 2012) and overuse of water resources (Chen & Carter,
2016). Similarly, the management and subsurface disposal of large volumes of produced brines
has also led to fears of both contamination (Gregory et al., 2011) and the potential for induced
earthquakes (e.qg., Ellsworth, 2013). Finally, the escape of methane, a potent greenhouse gas,
as well as the wider need to reduce the greenhouse gas emissions are also widely cited as
arguments against hydraulic fracturing. These factors have provoked strong opposition to the
exploitation of such ‘unconventional’ shale reservoirs, with many countries imposing moratoria
or outright bans on high volume hydraulic fracturing of shales.

3 Global experience of induced seismicity
associated with the shale oil and gas industry

The process of hydraulically fracturing a borehole, as implemented for shale gas recovery, has
previously been considered to pose a low risk of inducing either felt, damaging or destructive
earthquakes (e.g., National Research Council, 2012; Royal Society and Royal Academy of
Engineering, 2012). In the US, where ~1.8 million hydraulic fracturing operations have been
carried out in ~1 million boreholes (Gallegos and Varela, 2014), there are relatively few
published cases of HF induced earthquakes that were large enough to have been widely felt.
Atkinson et al. (2016) states that only ~0.3% of horizontally drilled HF wells in the Western
Canada Sedimentary Basin (WCSB) are associated with earthquakes with magnitudes greater
than 3.0 Mw. Ghofrani and Atkinson (2016) suggest that the probability of earthquakes with M
2 3 within a 10 km radius of HF wells in the WCSB is 0.010 to 0.026. However, there are an
increasing number of published examples of earthquakes in unconventional shale development
areas worldwide that have been strongly felt, and, in some cases, caused damage (Schultz et
al, 2020; Atkinson, 2020). Some of the most notable examples are shown in Figure 2 and listed
in Table 1. These include documented cases from the USA (Oklahoma, Texas, Ohio), Canada
(Alberta, BC), the UK and China. In this section, we present a summary of these cases. For a
more detailed discussion of these, we refer the reader to Schultz et al. (2020) and the
references therein.

The first documented example of larger earthquakes induced by HF operations was in the Horn
River Basin, which lies across the border between the Northwest Territories and British
Columbia (BC), Canada, and is one of the largest shale gas plays in North America. Thirty-eight
earthquakes were detected by the regional seismic monitoring network between 8/4/2009 and
13/12/2011 (BC Oil and Gas Commission, 2012). Twenty-one of the earthquakes had
magnitudes of 3.0 or greater, and the largest event had a magnitude of 3.8 M. This event was
also felt by workers in the area.

The Exshaw Formation in southern Alberta has undergone limited unconventional development,
however, more than 60 small earthquakes (up to 3.0 M.) were detected from December 2011 to
March 2012 north of Cardston, Alberta during HF operations (Schultz et al., 2015). This area
had no prior documented seismic activity of comparable magnitude or frequency. The first four
stimulations were aseismic whereas the following six resulted in earthquakes.
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Figure 2. Global distribution of notable earthquakes induced by hydraulic fracturing (HF). This
includes documented cases from the USA (Oklahoma, Texas, Ohio), Canada (Alberta, BC), the
UK and China [see Data and Resources for earthquake data].

The Duvernay Formation in the Alberta Basin contains vast resources of shale oil and gas.
Development of the play began in 2010 and the first reported cases of induced seismicity in
2013 occurred near the town of Fox Creek (Schultz et al., 2015; Schultz et al., 2017). Almost
200 events with magnitudes of 2.0 M. or greater have been induced by HF operations in this
basin. The largest of these was a magnitude 4.6 Mw earthquake in 2015 (Schultz et al., 2017).
No injuries or property damage were linked to this earthquake and the recorded ground motions
were below the levels typically observed to cause damage to structures. However, the event
triggered an automatic shutdown of a nearby gas plant and precautionary flaring of gas.

The Montney Formation that spans the border between BC and Alberta in western Canada is
considered one of the most productive hydrocarbon plays in North America and there have
been more than 7,000 HF wells completed in the formation from 2007-2020. Induced seismicity
here has led to a significant change in the regional seismicity rate and around 100 events with
magnitudes of 2.0 M. or greater have been induced by HF operations. The largest event was
observed on 17 August 2015 in the northern Montney area with a magnitude of 4.6 Mw (Babaie
Mahani et al., 2017, 2019).

Oklahoma in the United States is more commonly associated with earthquakes induced by
waste-water disposal, with dramatic increases in induced seismicity as a result of long-term
disposal of large volumes of waste-water from both conventional and unconventional
hydrocarbon production in deep boreholes (Ellsworth, 2013; Rubenstein and Mahani, 2015;
Walsh and Zoback, 2016). However, induced seismicity induced by HF has also been observed
in both the SCOOP and STACK plays of the Anadarko Basin. Two of the first examples were
magnitude 2.9 M. and 3.2 M, earthquakes in 2011 and 2014 in Garvin and Carter Counties,
respectively (Holland, 2013; Darold et al., 2014). More recently, Skoumal et al., 2018a)
identified 274 HF wells correlated to seismicity, with the largest a magnitude 3.5 M. event on 14
July 2015. A further 960 earthquakes with M. = 2 were linked to HF between 2016 and 2019,
with the largest a magnitude 3.9 M. event on 25 July 2019 in Kingfisher County.

The Utica and Marcellus Shales of the northern Appalachian Basin in the eastern United States
are some of the most developed unconventional plays in the world. with more than 11,000 HF
wells completed since 2009. This coincided with a significant increase in seismicity rate linked
to both waste-water disposal and HF. The earliest reported case of HF-induced seismicity was
in Harrison County with a magnitude 2.1 M. earthquake in 2014 (Friberg et al., 2014). Another
early example was a magnitude 3.0 ML earthquake near Poland Township (Skoumal et al.,
2015a). The largest recorded event linked to HF in the basin was a magnitude 3.7 M.
earthquake in Noble County, 2017.

There have been more than 19,000 HF wells completed in the Eagle Ford Shale play in South
Texas along with significant increases in seismicity rates. Fasola et al. (2019) found that more
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than 85% of the seismicity in the play and 94 earthquakes with magnitudes greater than 2.0 M.
was correlated with HF. A magnitude 4.0 Mw earthquake on 1 May 2018 earthquake is the
largest HF-induced earthquake documented in the United States.

At least 7,900 HF wells have been completed in the Delaware Basin, Texas, from 2011-2019,
where the Bone Spring and Wolfcamp formations contain significant reserves of unconventional
oil and gas. Seismicity rates have increased significantly over the past decade, although most of
the earthquake activity is thought to have been by wastewater disposal. Skoumal (2020)
suggests that only 5% of seismicity was induced by HF. The largest of these was a magnitude
3.0 M_ event in May 2018.

Lei et al. (2017) report that since the start of hydraulic fracturing operations in December 2014,
there have been rapid increases in seismicity at the Shangluo shale gas site in the Sichuan
Basin, China. The authors provide evidence to suggest that earthquakes with moment
magnitudes up to 4.7 Mw were caused by injection-induced fault reactivation. Lei et al. (2017)
also suggest that the number of induced earthquakes is so high in this area because of: (1)
strong and brittle Pre-Triassic sedimentary rocks; (2) critical regional stress; (3) widely existing
faults; (4) insufficient top and bottom seals and/or no fracturing barrier between the shale
formation and the rocks above and below.

A magnitude 5.7 M, earthquake struck Xingwen County, Sichuan Province, China, on 16
December 2018. A few weeks later, on 3 January 2019, a magnitude 5.3 M, earthquake
occurred 8 km to the west. These were the largest and most damaging events in the Changning
shale gas block and resulted in extensive damage to nearby farmhouses and other structures.
Lei et al. (2019) provide evidence to suggest that the events were induced by nearby hydraulic-
fracturing operations at depths of 2.5-3 km. This evidence includes a strong correlation in both
space and time to operations, the statistical behavior of the seismicity, and the estimated
overpressure required to activate faults that are unfavourably oriented with respect to the
regional stress field.

In 2011, HF of the first dedicated shale gas well in the UK, 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 risks (de Pater and Baisch 2011; Royal Society and Royal
Academy of Engineering, 2012). The largest seismic event, on 1 April 2011, had a magnitude of
2.3 M and was felt locally at an intensity of 4 EMS (European Macroseismic Scale (Grtnthal,
1998)). De Pater and Baisch (2011) concluded 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 caused it to fail repeatedly in a series of small earthquakes.

In late 2018, HF of the Bowland Shale in the PNR-1z well was carried out at Preston New Road,
Blackpool. Operations in the PNR-1Z well were accompanied by seismicity and the largest
event, with a magnitude of 1.6 M., was felt by a small number of people near the epicentre. HF
operations in the adjacent PNR-2 well started on 15 August 2019 and were also accompanied
by seismicity. The largest of these events had a magnitude of 2.9 M. and occurred on 26
August 2019 at 07:30 UTC, almost 72 hours after the last HF stage on 23 August. The
earthquake was strongly felt at distances of up to a few kilometres from the epicenter with
maximum intensities of 6 EMS and led to a premature end to operations in the PNR-2 well with
only 7/47 HF stages completed. The UK government subsequently announced an immediate
moratorium on HF due to the possibility of unacceptable impacts on local communities.



Country Formation or Play Number of wells Year(s) Maximum Significant geological factors & faulting  Traffic

magnitude mechanisms
Canada Horn River Basin, BC Muskwa Shale DEV 11+ 2009-11 Upto 3.8 NO
Canada Alberta Basin Exshaw DEV - CARB ~40 HF wells 2011-12 Upto 3.0 Palaeokarst adjacent to basement-rooted NO
fault
Canada Alberta Basin Duvernay DEV 1000 HF wells 2013-19 Upto4.4 Basement-rooted transtensional strike-slip  Y: 1.0
faults R: 3.0
Canada AB/BC Montney TRIAS >7000 HF wells  2006-20 24-46 Reverse and strike-slip mechanisms R: 4.0
USA OH, PA, VA Marcellus & Utica DEV - CARB >1100 HF 2013 - Upto 3.7 Previously unmapped linear strike-slip fault  Y: 2.5
segments R: 3.0
USA OK; Anadarko & SCOOP & STACK DEV - CARB >13000 HF 2013 - Upto 3.9 Injection into dolomitic carbonates near Y: 2.5
Arkoma Basins wells basement. Strike-slip faulting R: 3.5
USA AR; Fayetteville CARB >1000 HF wells  2004-09; Upto 2.9 Activation of strike-slip basement faulting. No.
2010-11
USA TX; Eagle Ford CRET >19000 HF Upto 4.0 Normal faulting NO
USA TX, NM: Delaware Wolfcamp & Bone PERM >7900 HF wells 2010 - Upto 3.0 NO
Basin Spring (TX)
China South Sichuan Basin Wufeng - Longmaxi ORD - SIL >500 HF wells 2014 - Upto 5.7 Reverse or strike slip movement in NO
dolomitic strata between target and
basement
UK LANC Bowland CARB 2 HF wells 2011; 2.3;16,29 Fluid injection directly into fault Y:0.5
2018-19 R: 2.0

Table 1. Summary of documented cases of hydraulic fracturing induced seismicity reviewed by Schultz et al. 2020. CRET Cretaceous, TRIAS Triassic,
PERM Permian, CARB Carboniferous, DEV Devonian; SIL Silurian; ORD Ordovician. HF Hydraulic fracturing; WWI wastewater injection. Y: yellow or
orange; R: red.



4 Key features

In this section we examine some of the key features of seismicity induced by HF that are
important for subsequent understanding of the hazard and how these features may be
influenced by operational parameters.

Despite huge numbers of HF operations in wells in different basins across the US and western
Canada, only a relatively small percentage of wells can be linked of earthquake activity. Some
basins show no cases of induced seismicity at all despite similar amounts of HF activity and in
basins where there is induced seismicity associated with HF, it is often associated with some
wells but not others.

In the US, where ~1.8 million hydraulic fracturing operations have been carried out in ~1 million
boreholes (Gallegos and Varela, 2014), there are relatively few published cases of HF induced
earthquakes that were large enough to have been widely felt (e.g., Holland, 2013; Friberg et al.,
2014; Skoumal et al., 2015a). Skoumal et al. (2015b) used data from regional seismic networks
to estimate the fraction of HF wells associated with induced seismicity in Ohio, finding that
approximately ~0.35% of ~850 unconventional wells had induced seismicity large enough to be
detected (M >2). Further analysis in Ohio by Brudzinski and Koztowska (2019) increased this to
~2.7%. In Pennsylvania and West Virginia, induced seismicity was associated with ~0.05% and
~0.3% of HF wells, respectively (Skoumal et al., 2018b; Brudzinski and Koztowska, 2019).
Skoumal et al. (2018a) found that ~1.8% of 12,000 HF wells in Oklahoma between 2010 and
2016 were correlated with seismicity.

Atkinson et al. (2016) found that only ~0.3% of horizontally drilled HF wells in the Western
Canada Sedimentary Basin (WCSB) were associated earthquakes with magnitudes greater
than 3.0 Mw. Ghofrani and Atkinson (2016) develop a statistical model of the likelihood that
horizontally fractured wells in the WCSB will trigger earthquakes with M =3 and map how that
likelihood varies spatially (Figure 3). The results show that from 14,046 HF wells with multistage
hydraulic fracture treatments, the regional average probability of earthquakes with M =3 within a
10 km radius of a HF well is 0.010 to 0.026.

However, in some areas the percentage of wells associated with induced earthquakes can be
much higher. Schultz et al. (2018) found that ~15% of HF wells within the Kaybob region of the
Duvernay play (Alberta) were associated with induced seismicity. Koztowska and Brudzinski
(2018) found that between 10% and 33% of HF wells in four ~20 x 20-km regions of Ohio had
induced earthquakes. Skoumal et al. (2018) finds comparable ratios in four regions in
Oklahoma. Shemeta et al. (2019) found that 7.7% of HF wells in Oklahoma were associated
with earthquakes of M. = 2, with rates as high as 19.5% in some areas. In the Bowland Shale
(UK), HF operations have only occurred in three wells, but these have produced events with
maximum magnitudes of M =2.3, 1.6 and 2.9 respectively(Clarke et al., 2014; Clarke et al.,
2019).

The majority of HF-induced earthquakes with well-constrained locations tend to be close to the
well pad where HF has taken place (Skoumal et al., 2020). In a number of cases, seismicity is
observed to lie on linear fault structures that are within a few hundreds of meters of lateral
sections of the well (e.g., Eyre et al., 2019a). These distances seem consistent with the
expected sizes of fracture systems stimulated by operations that might connect with existing
faults and increase fault pore pressure toward failure (Shen et al., 2019). This is also consistent
with a lack of wider pore pressure diffusion due to the low permeability of the reservoir.

However, in other cases the separation between well and seismicity is greater. For example,
earthquakes observed at Cardston, Alberta (Schultz et al., 2015) and Poland Township, Ohio
cases (Skoumal et al., 2015a) were located 1 km below the target formation, within the
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crystalline basement. Similarly, induced seismicity in both the Kaybob Duvernay (Bao & Eaton,
2016) and Red Deer, Alberta (Schultz & Wang, 2020) was laterally offset from the nearest HF
stage by 1.0 and 1.5 km, respectively, well beyond the plausible extent of HF growth (Davies et
al., 2012).
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Figure 3. Seismicity and wells database for the WCSB from Ghofrani & Atkinson (2016). Events
of moment magnitude M=3 are shown since 1985 (red circles), from the Canadian Composite
Seismicity Catalogue (www.inducedseismicity.ca); all non-earthquake events (e.g. blasts) have
been removed. Hydraulic fracture (HF) wells are shown with black dots. Well data obtained from
the Alberta Energy Regulator [https://www.aer.ca/data-and-publications] and the B.C. Oil and
Gas Commission [http://data.bcogc.opendata.arcgis.com]. Earthquake data from the Canadian
Composite Seismicity Catalogue [https:// www.inducedseismicity.ca].

HF induced seismicity typically shows a rapid response to stimulation with earthquake rates
peaking during periods of injection. Schultz et al. (2018) suggest that up to 90% of induced
events occur during stimulation. In some cases, seismicity clearly correlates with individual HF
stages. For example, Clark et al. (2019), Eaton et al. (2018), Schultz et al. (2015) and Yu et al.
(2019). Figure 4 shows histograms of the number of events during each stage along with the
injected volume of fluid during HF of the PNR-1z well at Preston New Road, Lancashire. Event
rates are observed to increase as soon as injection starts and generally reach a peak towards
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the end of the period of injection. After injection stops, the rates decay quickly over the
subsequent hours. Histograms for those stages that show more complex injection histories,
e.g., stages 22 and 30, also show multiple peaks in activity rate that correlate with the observed
periods of injection.

In other cases, a delay of several hours can be observed between stage stimulation and the
largest earthquakes (Kettlety et al., 2019; Kwiatek et al., 2019). The largest earthquakes during
operations at Preese Hall, Lancashire, UK (Clark et al, 2014) occurred approximately eight
hours after injection stopped, while the well was shut-in and under high pressure. Similarly, the
two largest events during operations in the PNR-2 well at Preston New Road, Lancashire, UK,
with magnitudes of 2.1 and 2.9 M, occurred approximately 40 hours and 72 hours after the last
HF stage.

Earthquake rates typically return to background levels within a few days of the cessation of
operations, although in some cases rates have remained elevated for months (Atkinson et al.,
2016; Ghofrani & Atkinson, 2020; Koztowska et al., 2018). However, some of the largest
magnitude events have occurred after completion of HF operations (Meng et al., 2019; Schultz
etal., 2017).

500 300 L L L 500 300 L L L 500 300 500
£ - 400 250 - 400 250 - 400 250 °
£ | 300 200 | 300 200 L 300 200 7 5
s | oo0 1501 00 150 | oo0 1501 ]
£ 100 100 100 3
= - 100 50 - 100 50 - 100 5p E
0 0 -let= ¥ 0 0- L o o £
12 16 20 12 16 20 0
500 300 L L 500 300 L L L 500 300 &
c 14 8 E
£ I 400 250 - 400 250 I 400 250 7 o
o L 300 200 7 - 300 200 L 300 200 7 5
= [ o0 10 [ o0 190 o0 190 ‘ \ :
£ 100 100 100 E
E 100 50 - 100 50 100 50 5
- 0 0 - - 0 0- - o ok =
1 12 16 20
500 300 500 300 L L 500 300 =
c 32 E
g |- 400 250 - 400 250 |- 400 250 p
e L 300 200 7 - 300 290 1 - 300 200 5
= _20015[}— | 500 150 _200150— g
£ 100 100 100 B
E - 100 50 - 100 50 - 100 50 3
o g o wnd . g L o9 oA =
0 08 12 16
500 300 500 300 L L L 500 300 T
£ - 400 250 - 400 250 - - 400 250 Iy
e I 300 200 - 300 200 I 300 200 E
5 _200150_ | 200 150 _200150_ §
2 100 100 100 3
3 100 50 ] - 100 50 | 100 50 8
L o o L o0 oA L o0 o =

08

Figure 4. Histograms showing the number of events in 10 minutes windows as a function of time
during injection into various stages of the PNR-1z well, Preston New Road, Lancashire. Blue
lines show the cumulative volume of injected fluid during hydraulic fracturing operations. The
number in the top left of each plot is the stage number. Operational data from the Oil and Gas
Authority [available at https://www.ogauthority.co.uk/exploration-production/onshore/onshore-
reports-and-data/].

The cumulative volume of injected fluid is often considered to be an important factor in
controlling earthquake rate in some areas susceptible to HF-induced earthquakes. For example,
Schultz et al. (2018) found that injection volume was the key operational parameter correlated
with induced earthquakes in the Duvernay Formation in the Alberta Basin, Canada. In the Horn
River Basin (British Columbia) large seismic-moment release only occurred when the total
monthly injected volume, across the basin, exceeded 150,000m? (Farahbod et al., 2015). In
other areas, such as the Eagle Ford play in Texas, the volume of injected fluid per unit area per



day was seen to be an important factor in the rate of induced seismicity associated with HF
(Fasola et al., 2019).

McGarr (2014) suggested that both the maximum magnitude and the total seismic moment
released of earthquakes induced by fluid injection were limited by the total volume of injected
fluid. Figure 5 (a) shows total seismic moment release for a number of examples of induced
seismicity as a function of injected volume in HF, Enhanced Geothermal System (EGS) and
waste water disposal from McGarr (2014) Table 1. The red and green crosses show PNR-1z
and PNR-2. These are quite different despite similar injected volumes into two wells less than a
few hundred meters apart and into the same geological unit. Although less fluid was injected
into the PNR-2 well, more seismic moment was released. This may suggest that in this case
local heterogeneities in the pre-existing stress field partially determine seismicity. Figure 5 (b)
and (c) show both seismic moment release and the number of recorded events for each HF
stage during operations in PNR-1z and PNR-2. In the case of PNR-2, the in-stage moment
release does not include the largest events, which occurred days after operation stopped.
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Figure 5. (a) Total seismic moment release as a function of injected volume in HF, EGS and
waste water disposal from McGarr (2014) Table 1 as well as data from the PNR-1z (red cross)
and PNR-2 (green cross) wells at Preston New Road. (b) and (¢) show cumulative seismic
moment for each HF stage at PNR-1z and PNR-2 respectively, as a function of the injected
volume for that stage. Operational data from Preston New Road published by the Oil and Gas
Authority [available at https://www.ogauthority.co.uk/exploration-production/onshore/onshore-
reports-and-data/].

Induced seismicity is also observed in basins where there are only limited numbers of wells and
relatively small injection volumes. For example, Preese Hall-1, near Blackpool, was the first
shale gas exploration well in the UK and there were six HF stages in this vertical well (Clarke et
al., 2014). Induced seismicity was associated with Stages 2 and 4 (with the largest injected
volumes) but Stages 1, 3 and 6 (with smaller volumes) were aseismic and Stage 5, where
flowback took place, only weakly seismic. Similarly, the M 5.5 earthquake induced at an EGS at
Pohang, South Korea, is a clear exception, with only 1/500 of the injected volume predicted by
the McGarr (2014) model for an earthquake of this magnitude (Ellsworth et al., 2019).

5 Triggering Mechanisms

While microseismic events related to the creation of fracture networks in an impermeable shale
reservoir are considered a normal part of HF operations, disruptive or even damaging induced
earthquakes require the activation of pre-existing fault systems. This requires operations to
cause a stress perturbation that is sufficient to trigger slip on a fault. In general, the stress
change required to reactivate a fault will depend on the in-situ stress field and the orientation of
the fault and slip is most likely to occur for critically stressed faults that are already close to
failure and only require a small stress change to allow reactivation. In this section we discuss
three of proposed mechanisms by which HF operations could trigger slip on existing faults: pore
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pressure increases; poroelastic stress transmission; and, pore pressure causing aseismic slip.
These are shown graphically in the schematic in Figure 6.
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Figure 6. 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 adapted from Eyre et al.,
(2019Db).

It is well documented that increased pore fluid pressures at depth resulting from fluid injection
can trigger slip on pre-existing faults that are already close to failure, with examples caused by
both waste-water disposal in deep disposal boreholes (Ellsworth, 2013; Rubenstein and
Mahani, 2015) and hydraulic fracturing for shale gas production (Schultz et al., 2017; Yoon et
al., 2017). The Coulomb failure criterion relates the shear stress acting parallel to the fault plane
and the normal stress acting perpendicular to the fault plane and provides a criterion for
frictional sliding of a pre-existing fault:

T= U0, (D

where ris the shear stress, us is the coefficient of internal friction and o, is the normal stress.
Slip will occur if the ratio of shear stress to normal stress equals or exceeds the frictional sliding
resistance. The presence of pore fluid modifies this to:

Tz.us(o-n_Pf) (2)

Where Ps is the pore fluid pressure. Increased fluid pressures decrease the effective normal
stress, which holds faults locked, releasing previously accumulated strain energy (Healy et al.,
1968; Raleigh et al., 1976). The critical conditions can be illustrated by considering the stress
state of a fault of arbitrary orientation with respect to the far-field effective stress (Figure 7 (a)).
Both the normal stress, g,, and the shear stress, 7, acting across and along the fault are a result
of the pre-existing state of stress on the fault. Increasing pore pressure reduces the effective
normal stress, a,, , and slip is triggered when the shear stress 7, equals the frictional strength,

Us (Gn - Pf)
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Figure 7. (a) Shearing of a jointed block (subjected to normal stress, ¢, , and a shear stress, ,
with fluid inside the joint at pressure P. Slip along the joint is triggered when the shear stress ris
equal to the frictional strength (Un — Pf). (b) Mohr circle diagram showing the effect of
increased fluid pressure on a fault. Normal stress is on the horizontal axis and shear stress on
the vertical axis. The Mohr circle shows the range of stresses acting on a plane at one location
depending on orientation. The maximum and minimum normal stresses acting in any given
location are g, and ag5. The failure envelope is shown by a black line whose slope is equal to the
coefficient of static friction. When fluid pressure () is increased, normal stresses are reduced
by P, resulting in new normal stresses g; and g3, moving the Mohr circles to the left. This means
that the Mohr circle intersects with the failure envelope allowing slip on suitably oriented faults.

The addition or removal of mass in the sub-surface can also compress or decompress fluids
within pore spaces without any change in pore fluid content. This effect is known as the
poroelastic response of the rock mass and also causes deformation and change in the stress
state. The injection of fluid during hydraulic fracturing will result in such a poroelastic response,
causing deformation in the surrounding rocks without any direct hydraulic connection to the
stimulated region (e.g., Segall and Lu, 2015), potentially changing the stress on surrounding
faults that may already be close to failure. It has been suggested that this mechanism may be
an important factor in the activation of more distant faults in both waste-water disposal (e.g.,
Goebel et al., 2017) and hydraulic fracturing operations (e.g., Deng et al., 2016).

Where hydraulic fracture fluids intersect a fault, aseismic slip or creep may occur along the fault
(e.g., Bhattacharya and Viesca, 2019). In this model, HF causes slow slip or creep on a
frictionally stable part of a fault close to the stimulated volume that outpaces the pore pressure
migration front. As aseismic slip accumulates, it progressively loads other parts of the fault
system that are frictionally unstable, eventually resulting in rupture of these weaker segments of
the fault. In this model direct hydraulic connection may be restricted in extent, only causing
nearby aseismic slip that subsequently triggers more distant seismic slip (Eyre et al., 2019b).
The aseismic fault slip model is supported by the observation that only a small proportion of the
moment from the injection process is released by seismic events (Goodfellow et al., 2015), and
by laboratory experiments that suggest that frictional resistance in fine-grained, clay or organic
rich rocks increases with slip velocity in accordance with rate-state friction theory (Cappa et al.,
2019).

6 Geological Susceptibility

The occurrence of HF induced seismicity in some areas and not others is often explained in
terms of geological susceptibility. One of the most cited geological factors is the influence of
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basement faults and there is considerable evidence that HF operations in deeper shale
intervals, close to crystalline basement are more likely to induce larger earthquakes (Pawley et
al., 2018; Skoumal et al., 2018a). In some cases, the target formations are within a few hundred
meters of the basement and depths of induced earthquakes range from just above the target
(Eyre et al., 2019a) to within the crystalline basement (Lei et al., 2017). This has led several
authors (e.g., Anderson & Underhill, 2020; Corlett et al., 2018) to suggest that deeper
operations increase the likelihood of interactions between HF and basement-rooted faults. In
cases where earthquakes were located just above the target formation, there appears to be
some correspondence to the sedimentary termination of basement-rooted faults (Eaton et al.,
2018).

Similarly, research by Goebel et al., (2017) and Savage & Brodsky (2011) suggests that fault
maturity may play an important role in the observed frequency-magnitude distribution of induced
earthquakes, with older, more mature Precambrian faults that have smoother surfaces resulting
in larger slip and an increase in the ratio of larger events to smaller ones than younger, less
mature Palaeozoic faults with rougher surfaces.

High in-situ overpressure in shale formations, where the pore pressure is significantly above
hydrostatic, has also been suggested as a controlling factor for earthquakes induced by HF.
Eaton and Schultz (2018) show that earthquakes induced by HF in the Montney and Duvernay
formations are strongly clustered within areas where the pore-pressure gradient exceeds 15
kPa m™, while they are absent elsewhere. Similarly, in the Bowland shale play the PNR-1z well
was interpreted to be significantly over pressured with a pore pressure gradient of 15.61 KPa/m.
As a result, target formation overpressure has been interpreted as a proxy for slip potential
(Sibson, 2020).

If the orientation and magnitude of the principal stresses are known these can be used to
estimate slip tendency (the ratio of shear stress to normal stress) for different fault orientations
and pore pressures. This can be defined as

= U 3)

For a given pore pressure, slip tendency is expected to be highest for those faults that are most
favourably oriented. However, some studies (e.g., Shen et al., 2019) have suggested that many
fault orientations would be unstable under reasonable HF stimulation pressures, thus relaxing
the requirement for a fault to be optimally oriented. An example of this is shown in Figure 8,
which shows stereographic plots of slip tendency calculated for different strikes and dips of fault
in a strike slip stress regime (Sy > Sy > Sp) where the magnitudes of the principal stresses are
Sh =124 MPa, Sy = 84 MPa and Sy = 65 MPa, and the trend of Sy is 41° for three different pore
fluid pressures. Slip tendency is greatest for steeply dipping strike slip faults with strikes that are
either NNW-SSE or ESE-WNW. Left-lateral slip should occur along NNW-SSE faults and right
lateral slip lateral slip should occur along ESE-WNW faults. As pore pressures increase, slip
tendency also increases even for those faults that are not optimally oriented.

Finally, tectonic strain rates have also been suggested as a factor controlling the spatial
distribution of HF-induced seismicity in Alberta and BC (e.g., Kao et al., 2018). However, in
many areas of the central United States and Canada tectonic strain rates are very low (Calais et
al., 2016; Ellsworth et al., 2015) and HF induced earthquakes dominate those of tectonic origin.



8RG

0.000 0.045 0.090 0.135 0.180 0.225 0.270 0.315 0.00 0.06 0.12 0.18 0.24 0.30 0.36 0.42 0.48 0.54 0000240480720961201441681922 16
T/0p T/0p T/0p

Figure 8. Stereographic plots showing slip tendency (ratio of shear to normal stress) for different
fault orientations in an Andersonian stress field where the magnitudes of the principal stresses
are Sy =124 MPa, Sy = 84 MPa and Sy = 65 MPa, and the trend of Sy is 41° for pore fluid
pressures of: (a) P =0 MPa; (b) P = 33 MPa; and (c) P = 62 MPa.

7 Geology and Tectonics of Northern Ireland

Northern Ireland can be divided into four main geological regions distinguished by the age, type
and setting of the rocks contained within them (Figure 9). Areas 1 and 2 are dominated by older
metamorphic (1) and sedimentary (2) rock types, ranging in age from Mesoproterozoic to Lower
Palaeozoic, together with major igneous intrusions. These rocks are not considered to contain
any potential hydrocarbons resources. Areas 3 and 4 both contain younger sedimentary rocks
some of which are considered to potentially contain significant hydrocarbons resources,
including shale oil or gas.
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Figure 9. Major geological regions of Northern Ireland (From Mitchell, 2004). Dashed lines
indicate some of the regionally important faults mapped at the surface.



In the southwest, Area 3 comprises Devonian and Carboniferous rocks and it is dominated by
the Northwest Irish Carboniferous Basin which in Northern Ireland is sub-divided into the
Omagh, Slieve Beagh and Lough Allen Basins (LAB), the last of which extends into the Irish
Republic. The structure and geological history of the LAB has been described in several papers
and reports (e.g. Philcox et al., 1992; Beach, 2006; CSA, 2006; Worthington & Walsh, 2011).
Other studies have looked at tectonism in different geological periods across Northern Ireland
(e.g., Anderson et al., 2018).

The LAB is bounded by major faults on its north-western (SW-NE trending Ox Mountains Fault),
southern (WSW-ENE Curlew Mountains Fault) and northern (NW-SE Lower Lough Erne Fault)
margins. Internally the basin is bisected by the SW-NE trending Belhavel — Castle Archdale
Fault complex which extends to the northeast as the Omagh Thrust and southwest into County
Mayo (Figure 10). These faults have a long geological history and mark the boundaries of
different basement blocks that underlie the Lough Allen Basin and the areas adjacent to the
basin. At the surface these major bounding and intrabasinal faults may not always be
continuous (e.g., the Clogher Valley Fault in Kelly and Jones, 2020), but appear to be rooted in
the basement.
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Figure 10. Tectonic setting of the Lough Allen Basin (from CSA, 2006). Dotted ellipse indicates
main are of basin. Dashed lines indicate main basin bounding and intrabasinal fault zones.

The main targets for gas exploration in the LAB are the Lower Carboniferous Mullaghmore and
Dowra Sandstones and the Bundoran Shale. The former are tight gas sandstones with low
permeability. Eight wells have been drilled in the NI part of the LAB. In these, the top of the
Bundoran Shale Formation ranges from 625 to 863 metres below surface and the base from
1085 to 1180 metres below surface, with thicknesses varying from 427 metres to 555 metres.
Most wells show there is at least 800 metres of earlier Carboniferous sediments below the base
of the Bundoran Shale Formation. A single well penetrates the pre-Carboniferous basement 810
metres below the Bundoran Shale.

In comparison to most sedimentary basins that have been explored for oil and gas, there is
relatively little exploration data for the LAB. One regional 2D seismic survey has been shot
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across the Lough Allen Basin in 1982, totalling 770 km. Data quality is variable. Faults with a
range of trends can be identified from the data, however, it is often difficult to follow the faults to
the surface as the reflector continuity breaks up within the fault zones. The top of the basement
cannot be interpreted with any great confidence, but there is a variable thickness of sedimentary
rocks between the target Bundoran Shale Formation and the basement. In some areas, this
may be up to 3km thick and consist of early Carboniferous and Devonian rocks.

Additional geophysical surveys such as the Northern Ireland regional gravity survey, the Tellus
airborne aeromagnetic, radiometric and electrical conductivity survey and local magnetotelluric
(MT) surveys also provide some information about the nature of the geological structure and
subsurface geology. Anderson et al. (2018) used Tellus data to show that there had been
kilometre-scale sinistral displacement on NE-SW faults and dextral displacement on NNW-SSE
faults across Cretaceous to Palaeogene aged basaltic dykes that trend in NNW-SSE, NW-SE
and WNW-ESE directions, reflecting post-intrusion strike slip movement (Cooper et al., 2012)

There is relatively little information about the current stress regime in the Lough Allen Basin and
whether or not faults are critically stressed. During flow tests in the Mullaghmore Sandstone it
was observed that this formation was under-pressured by about 200 psi which would reduce the
effective vertical stress component and favour strike slip movement should failure occur along
existing faults. Borehole image logs run in several wells indicate the presence of open fractures
in places and their orientation is consistent with a regional stress regime dominated by NW-SE
compression similar to that found elsewhere in the UK (Baptie 2010).

In area 4, the Rathlin Basin is one a number of Permo-Triassic sedimentary basins in Northern
Ireland, the surrounding offshore areas and southern Scotland. These basins typically have a
polyphase history, with earlier Carboniferous sedimentary rocks preserved beneath the main
Permo-Triassic sedimentary fill. In the offshore areas to the east and in southern Scotland the
basins have a N-S orientation having developed in response to E-W extension. In Northern
Ireland, whilst this N-S orientation is evident in faults that have been active in the Permo-
Triassic and later, the basins have also been largely controlled by pre-existing faults with a NE-
SW Caledonian trend — in the Rathlin Basin this has been the Tow Valley Fault (Figure 11).

The bedrock geology at the surface of the Rathlin Basin is dominated by a thick cover of
Palaeogene basalts of the Antrim Lava Group, overlain by a variable cover of superficial
sediments. The basin takes the form of a half-graben, with Carboniferous to early Jurassic
sedimentary rocks thickening towards the Tow Valley Fault. Geological mapping of the surface
bedrock gives very little indication of the nature of the geological structure within the basin.

The Ballinlea No. 1 well is the only modern oil and gas exploration well in the basin and was
drilled to test conventional Triassic Sherwood Sandstone, Permian Enler and Carboniferous
sandstone reservoir targets. The Carboniferous sequence included gas-bearing coals, an oil-
bearing sandstone and mature organic-rich shales. There is also possible oil and gas potential
within the Carboniferous Coal Measures and the Craigfad and Murlough Shale Formations. The
drilled sequence was found to be normally pressured.

There is little exploration geophysics data for the Rathlin Basin and data quality is poor and sub-
basalt imaging is difficult. The existing 2D seismic data is not of sufficient quality to allow
detailed interpretation to be carried out with any confidence. As a result, the detailed structure
within the basin is poorly known. With the exception of the Tow Valley Fault, it is not known
which other faults may be rooted in the basement. Gravity modelling has been used to produce
structural models, but these do not have the resolution of good seismic data, and the models
are non-unique with limited well control to calibrate them. The gravity models suggest that the
Carboniferous unconventional reservoir targets may be of the order of 500 — 1000 metres above
the basement.

High resolution Tellus airborne geophysics (magnetics, radiometrics and conductivity), airborne
full tensor gravimetry and magnetotellurics (MT) surveys have all been used to help reveal the
nature of the subsurface geological structure in the Rathlin Basin (Figure 11). The aeromagnetic
anomaly data is dominated by the signal from the highly magnetic Antrim basalts and they
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clearly pick out faults and other discontinuities that cut the basalt outcrop whereas the gravity
data can be interpreted in terms of differences in rock densities and can provide information
about sedimentary thicknesses and faults.
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Figure 11. Reduced-to-pole aeromagnetic anomaly map, based on Tellus data. The Tow Valley
Fault, forming the SE boundary to the Rathlin Basin, is clearly visible as the NE-SW trending
linear anomaly. GSNI Tellus regional airborne geophysical survey data is published by
OpenDataNI and licensed under OGL (Open Government Licence).

7.3 TECTONIC EARTHQUAKE ACTIVITY IN IRELAND

The historical seismicity of Ireland has been studied by a number of researchers including
Davison (1924) and Richardson (1975) and a review of published data (Baptie et al., 2016)
confirmed that earthquake activity is very low. Historical accounts reveal only 26 events in the
period 1500 to 1970, which can be deemed credible. Half of these accounts can be attributed to
earthquakes that occurred outside Ireland, in England, Scotland or Wales, where there is
substantial evidence of widely felt and occasionally damaging earthquakes stretching back
many hundreds of years. These were nearly all events of around magnitude 5 M. or above that
occurred in the western part of Britain and were widely felt across Britain and Ireland. The other
thirteen events occurred in Ireland and the immediate offshore area. All of these have low
intensities suggesting that these were small earthquakes. Nearly all the historical activity is
concentrated around the coast and there is an almost complete absence of seismicity inland
(Figure 12a).

Instrumental data from the Dublin Institute of Advanced Studies (DIAS) and the British
Geological Survey (BGS) catalogues (Figure 12b).also confirm these low rates of seismic
activity. Ireland had at least one operational seismograph throughout the 20th Century and the
first seismograph network was installed in 1977. Almost all the instrumental seismicity lies in
areas where historical earthquakes have occurred; mainly in Wicklow and the Irish Sea;
Wexford, Waterford and Cork on the south coast of Ireland and, Donegal in the north. The
exception to this is the magnitude 4.0 M, earthquake off the coast of Mayo in 2012, which is the
largest Irish event in the catalogue. Nearly all the seismic activity in Ireland, both instrumental
and historical is concentrated around the coast and there is an almost complete absence of
seismicity inland, with only two instrumentally recorded earthquakes in County Leitrim.
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Figure 12. Historical (a) and instrumentally recorded (b) seismicity in and around Ireland from
the DIAS and BGS catalogues. Symbol size is proportional to magnitude. Blue squares show
historical earthquakes identified by Richardson (1975) that cannot be assigned a magnitude.

Baptie et al. (2016) used the combined historical and instrumental catalogue to determine an
earthquake activity rate for Ireland, i.e. the number of earthquakes above a given magnitude in
a given period of time. This suggests an earthquake with a magnitude of 4 Mw or greater
approximately every 476 years. This contrasts with a rate for the UK of a magnitude 4 Mw
earthquake every six years. However, the results strongly depended on assumptions of
catalogue completeness, which highlights the problem of estimating reliable rates in low
seismicity regions, where data are sparse.

8 Hazard and risk

Hazard for tectonic earthquakes can be considered a function of the frequency of earthquakes
in space and earthquake size, and a model that describes the strength of the ground shaking at
a particular location for a given earthquake. The former is often based on historical earthquake
data. A similar approach can be used to assess the hazard from induced seismicity, however,
for new HF operations there will be no data to develop such models. This requires the use of a
proxy such as data from an analogous region and/or operational parameters that can be linked
to earthquake activity. In addition, tectonic earthquake activity is usually assumed to be
stationary, i.e., it does not change with time, whereas induced seismicity will have a strong
dependence on both the locus and nature of operations. As a result, the hazard will be time
dependent and increase with factors such as the number of wells.

Risk is the probability of loss or damage and is a function of both exposure and vulnerability,
e.g., the number of buildings exposed to shaking and the susceptibility of those buildings to
damage, as well as the hazard. Accordingly, risk may be very different in a densely populated
area of the UK than in a remote region of North America even if the hazard were comparable.

The relationship between the magnitude and number of tectonic earthquakes follows the well-
known Gutenberg-Richter relationship (Gutenberg and Richter, 1954), where the number of
earthquakes above a given magnitude decreases exponentially as magnitude increases,

lOglO N=a—-bM (4)

where, N is the number of earthquakes and M is magnitude. The constant a is a function of the
total number of earthquakes in the sample and is known as the earthquake rate. This is
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commonly normalised over a period of time, such as a year. More active regions have higher
values of a which reflects the greater number of earthquakes. The constant b gives the
proportion of large events to small ones and is commonly referred to as the b-value. In general,
b-values are close to unity for tectonic earthquakes, so for each unit increase in magnitude, the
number of earthquakes reduces tenfold. This relationship gives us a means to estimate the
likelihood of larger earthquakes from an initial set of smaller events if the b-value is known
(Weichert, 1980).

Induced earthquakes are also widely observed to follow the Gutenberg-Richter law (van der Elst
et al., 2016), suggesting that the magnitudes of the induced events are controlled by similar
processes to those of natural events. Atkinson et al. (2020) suggests that earthquakes
associated with HF wells in western Canada between 2010-2018 follow the Gutenberg-Richter
Law with approximately 60 events with magnitudes of 3.0 Mw or greater and seven events of
4.0 Mw or greater. Interestingly, b-values for induced microseismicity are often significantly
higher than for tectonic seismicity. This is important because the b-value is used to estimate the
likelihood of larger events and a high value reduces this.

Figure 13 shows the frequency magnitude distributions for induced seismicity recorded by
downhole geophones during operation in the PNR-1z and PNR-2 wells, Preston New Road,
Lancashire, together with the maximum likelihood estimates of the b-value and activity rate for
calculated completeness magnitudes of -1.0 Mw. The b-values of 1.53 and 1.32 are robustly
higher than those observed for tectonic seismicity.
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Figure 13. Frequency magnitude distributions for the PNR-1z (a) and PNR-2 (b) downhole
catalogues. Red and blue squares show incremental and cumulative data. Error bars show 95%
confidence limits determined from a x2 distribution with the number of degrees of freedom
specified by the cumulative number of events. The blue dashed lines show the maximum
likelihood estimates of the b-value and activity rate for a completeness magnitude of -1.0 for the
downhole catalogues and -0.5 for the surface catalogues. Confidence limits are from bootstrap
resampling. From Baptie et al. (2020).

McGarr (2014) proposed that the maximum magnitude of earthquakes induced by fluid injection
is limited by the injected volume and that the maximum seismic moment increases linearly with
the injected volume at a rate equal to the shear modulus. However, other authors (e.g., Lee et
al., 2019) have shown that this limit does not always hold and that maximum magnitudes are
consistent with sampling from an unbounded Gutenberg-Richter distribution (Van der Elst et al.,
2016). Shapiro et al., (2010) suggested that a seismogenic index, X, can be used to compare
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the rate of induced seismicity in different environments. This relates the number of events
above a given magnitude to the injection volume but is independent of injection parameters and
depends only on tectonic features. Specifically, the number of earthquakes (N) above some
threshold magnitude (M.) is given by,

loglo N(M 2 MC) =X + loglo V - bMC (5)

Where V is the volume injected and b is the b-value. Previous studies have shown that ¥ values
vary by ~10 orders of magnitude across a selection of sites, demonstrating clear variations in
the susceptibility of a region to induced seismicity. This relationship is analogous to the
Gutenberg-Richter relationship in equation (4). If the events occur independently, the Poisson
distribution can be used to compute the occurrence probability of events with magnitude larger than
a given magnitude in a specified time interval. For example, Figure 14 (a) shows the probability that
at least one event with a magnitude of 2.5 or larger will occur as function of injected volume for
different values of X. As X decreases, so does the probability of occurrence. Figure 14 (b) shows
the probability of an event above a specific magnitude given the total volumes injected during HF
operations in the PNR-1z and PNR-2 wells at Preston New Road, Lancashire.
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Figure 14. (a) Probability that events with M > 2.5 will occur as a function of injected volume for
different seismogenic indices and a b-value of 1.5. (b) The probability of an event above a
specific magnitude given the total volumes injected at PNR-1z and PNR-2 (3876 and 2564 m3,
respectively), b-values of 1.5 and 1.3 and a seismogenic index of -1.0.

Hallo et al., (2014) follow a similar approach to McGarr (2014) and relate cumulative seismic
moment, My, release to injected volume, V,

ZMO = SE u|AV| (6)

where the parameter SE describes the correlation between the cumulative moment release and
the cumulative injection volume and is defined as the “Seismic Efficiency” (Hallo et al., 2014). u
is the shear modulus. Hallo et al. (2014) combine the SF parameter with the Gutenberg-Richter
law to estimate the magnitude of the largest induced earthquake. Both Verdon and Budge
(2018) and Clarke et al. (2019) applied this approach to estimate maximum magnitudes during
HF operations.

Figure 15 (a) shows earthquakes (red dots) and cumulative injected volume of fluid (blue line)
as a function of time during HF operations in the PNR-1z well near Blackpool, Lancashire.
Seismicity is strongly clustered during periods of injection and there was a hiatus in operations
between early November and early December. Figure 15 (b) shows the cumulative seismic
moment, calculated from the moment magnitudes for individual events, as a function of
cumulative injected volume. Clarke et al. (2019) interpret the observed change in gradient of the
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relationship between injected volume and seismic moment as evidence of a change in seismic
efficiency that occurred when operations intersected an existing fault. This changing constant of
proportionality highlights the difficulty in attempting to assess any scaling relationship between
cumulative moment and volume and incorrect estimates could lead to under- or overestimates
of the numbers of earthquakes.
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Figure 15. (a) Earthquakes (red dots) and cumulative injected volume of fluid (blue line) as a
function of time during HF operations in the PNR-1z well near Blackpool, Lancashire. There was
a hiatus in operations between early November and early December. (b) Cumulative seismic
moment as a function of injected volume. Operational data from Preston New Road published
by the Oil and Gas Authority [available at https://www.ogauthority.co.uk/exploration-
production/onshore/onshore-reports-and-data/].

Statistical Epidemic Type Aftershock Sequence (ETAS) models typically used for forecasting
clustered tectonic seismicity have also been applied to injection induced seismicity (Hainzl and
Ogata, 2005). Conventional ETAS models describe seismicity as a result of two processes:
spontaneous earthquakes generated by slow, steady, plate tectonic loading and earthquakes
triggered by previous earthquakes. The spontaneous earthquakes are drawn randomly and
independently from the Gutenberg-Richter law. Each spontaneous earthquake can trigger
earthquakes according to the Omori law, which characterises the rate of decay of aftershocks
as an inverse power law.

Bachmann et al. (2011) modelled the seismicity induced during a geothermal project in Basel,
Switzerland, using an ETAS model with a background rate proportional to the flow rate at the
well. Similarly, Lei et al. (2019) used an ETAS model to separate seismicity induced by HF in
the South Sichuan Basin into events directly forced by fluid injection and Omori-type
aftershocks. Mancini et al. (2020) modelled seismicity induced by HF operation at Preston New
Road in 2018 and 2019 using a background seismicity rate that was also proportional to the
injection rate.

Mancini et al. (2020) assessed the performance of different ETAS models by comparing the
observed and modelled seismicity using log-likelihood scores to assess which models fitted the
data best. Figure 16 shows cumulative log-likelihood scores as a function of time for each ETAS
model considered by Mancini et al. (2020). The injection-rate driven ETAS2 models (ETAS2-
bulk and ETAS2-specific) outperform other models. The out-of-sample ETAS2-unoptimized
model scores better than all ETAS1 models and performs similarly to ETAS2-bulk during the
first week of treatment of PNR-2. In other words, a model calibrated on PNR-1z data could have
provided informative forecasts for PNR-2.
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Figure 16. Cumulative log-likelihood timeseries. ETAS models tested on (a) PNR-1z and (b)
PNR-2. From Mancini et al. (2020).

The potential for damage from ground shaking depends on the nature and intensity of shaking,
which in turn depends on the amount of seismic energy released by the earthquake, the
distance from the earthquake source and the nature of the ground at a specific site. Empirical
Ground Motion Prediction Equations (GMPES) are commonly used to estimate possible levels
of ground shaking that might result from future earthquakes (see Douglas and Aochi, 2008;
Douglas and Edwards, 2016, for reviews). A GMPE predicts values of a particular ground-
motion parameter, such as peak ground acceleration (PGA) or peak ground velocity (PGV), as
a function of independent variables that characterise the radiation and propagation of seismic
energy from the earthquake source to the site of interest. Earthquake Intensity, a qualitative
measure of the strength of shaking of an earthquake determined from the observed effects on
people, objects, and buildings (e.g., Griinthal, 1998) can also be used. The independent
variables include the earthquake magnitude (or other measure of earthquake size), the distance
from the earthquake source to the site, and the characteristics of the site itself.

Most GMPEs have been developed from observations of tectonic earthquakes for the purposes
of earthquake resistant design where only larger earthquakes (e.g., M = 4) are considered
relevant. Relatively few GMPEs have been developed specifically for application to induced
seismicity, where magnitudes may be smaller, and the events may be shallower. Douglas et al.
(2013) derived a GMPE using ground motions from earthquakes induced at EGS in Europe and
North America. Atkinson (2015) uses events with M 3—6 at distances less than 40 km that can
be applied to small-to-moderate induced events at short hypocentral distances. Bommer et al.
(2016) develop a ground-motion model specifically for induced seismicity in the Groningen gas
field in the Netherlands. Cremen et al. (2019) modify the Douglas et al. (2013) model for
application to induced seismicity at Preston New Road, Lancashire.

Maximum magnitude refers to the size of the largest possible earthquake in the region under
investigation rather than the largest that has been observed. Early work suggested that the
maximum magnitude for HF induced seismicity may be related to the size of the stimulated
reservoir (e.g., Shapiro et al, 2010), the total injected volume (McGarr, 2014, Hallo et al., 2014)
or the geomechanical properties of the reservoir rocks (de Pater and Baisch, 2011). However, it
is generally acknowledged that such deterministic limits will not apply if earthquakes are
triggered on existing faults that allow ruptures to propagate outside the stimulated reservoir (van
der Elst et al., 2016). In this case, the maximum magnitude will be the maximum magnitude for
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tectonic earthquakes, which is limited by possible fault rupture dimensions. However, defining a
maximum magnitude is particularly challenging (Holschneider et al., 2011, 2014), particularly in
intra-plate areas, where our understanding of the relationship between observed earthquake
activity and faulting is often poor.

Following the magnitude 5.5 Mw earthquake in 2017 induced by operations at the geothermal
site near Pohang, South Korea, Lee et al. (2019) concluded that a comprehensive risk-based
approach that incorporates triggered large earthquakes is required to address the possible
hazards from induced seismicity. However, there are relatively few published risk assessments
for HF operations and even fewer quantify the risk in terms of damage or loss.

Edwards et al., (2020) present a pseudo-probabilistic seismic risk analysis applied to the largest
of the induced events observed at Preston New Road, Lancashire. OpenQuake (Silva et al.,
2014) was used to calculate the damage distribution for spatially variable ground-motion fields
for different earthquake magnitudes calculated using a GMPE for induced seismicity (Atkinson,
(2015). This incorporates both the exposure and fragility of different building types to different
levels of ground shaking. The mean modelled occurrences of cosmetic and minor structural
damage are consistent with reported damage. Edwards et al., (2021) conclude that significant
occurrences of minor to major structural damage are likely for magnitudes in the range 3.5 to
4.5 M.

Cremen and Werner (2020) combine the Hallo et al. (2014) injection-volume-based statistical
model of event magnitudes with a ground motion prediction equation (Cremen et al., 2019), and
an exposure model, to quantitatively link the volume of fluid injected with the potential for
nuisance felt ground motions during HF operations at Preston New Road, Lancashire. Their
results suggest that ground motions equivalent in amplitude to that at which pile driving
becomes perceptible may be exceeded in the location of at least one building for event
magnitudes equal to or exceeding the current UK induced seismicity traffic light system “red
light” event of 0.5 My, or injection volumes = 1000 m3. Cosmetic damage may occur in at least
one building for Mw 2 2.1 or injection volumes 2 40,000 m3. Cremen et al., (2020) suggest that
this framework facilitates control of the injection volume ahead of time for risk mitigation and can
be used to inform policy related to hydraulic-fracture induced seismicity.
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Figure 17. (Left) the probability of exceeding various PGV levels for at least one building (blue
curves) and one important building (red curves) for specific injection volumes of 500, 1000,
5,000, 10,000, 15,000, 20,000, 30,000, 40,000 and 50,000 m?3. (Right) the average number of
buildings (blue curves) and important buildings (red curves) at which various PGV levels are
exceeded for volumes of 500, 1,000, 5,000, 10,000, 15,000, 20,000, 30,000, 40,000 and
50,000m?). After Cremen and Werner (2020).

Figure 17 shows the probability of exceeding four different PGV levels for at least one building
along with the average number of buildings at which various PGV levels are exceeded for
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different injection volumes. Volumes of 5,000, 10,000, 15,000, 20,000, and 30,000 m® have
approximately a 2%, 10%, 30%, 50%, and 80% chance, respectively, of generating ground
motions that exceed the level at which traffic-induced vibration becomes perceptible at the
location of at least one building in the exposure model. Cremen and Werner (2020) note that the
largest contributor to exceeding either threshold is not always the maximum magnitude
experienced, particularly for larger volumes of injected fluid, and that intermediate magnitudes
are the main contributor to hazard and risk because they occur more frequently than larger
magnitudes, however, the scenarios exclude the possibility of larger triggered earthquakes.

9 Mitigation

Following the felt seismicity induced by operations at Preese Hall in 2011 (Clarke et al, 2014),
The UK Department for Energy and Climate Change (DECC, 2013) published a regulatory
roadmap that outlines regulations for onshore oil and gas (shale gas) exploration in the UK.
These regulations contain specific measures for the mitigation of induced seismicity including:
avoiding faults during hydraulic fracturing; assessing baseline levels of earthquake activity;
monitoring seismic activity during and after fracturing; and, using a ‘traffic light’ system that
controls whether injection can proceed or not, based on that seismic activity.

Identification of faults in the locus of operations is challenging, even where 3-D reflection
seismic data are available. The faults themselves may be of limited size and below the
resolution of even detailed 3D surveys. They may also have small vertical throws, which makes
them difficult to identify using surface acquisition. Additionally, basins such as the Bowland
Shale have been subject to multiple episodes of deformation, resulting in structural complexity
that makes data difficult to interpret (Anderson and Underhill, 2020). Even where faults can be
identified it is difficult to tell if they might be seismogenic (Eaton et al., 2018).

Traffic light systems (e.g., Baisch et al, 2019) are one of the most widely implemented means of
mitigating the risk of induced seismicity during HF operations themselves. These were originally
developed for use in enhanced geothermal systems activity (e.g., Bommer et al., 2006; Majer et
al., 2012) and are essentially control systems for management of induced seismicity that allow
for low levels of seismicity but are intended to reduce the probability of larger events that may
result in a concern for public health and safety by limiting/stopping operations at certain
thresholds. These thresholds are generally based on levels of ground motion which may
represent a hazard or a public nuisance. Table 2 shows the traffic light system used for a
geothermal project in Basel, Switzerland and adapted from Bommer et al. (2006). This has four
levels: green, where injection proceeds as planned; yellow/orange, injection proceeds with
caution, possibly at a reduced rate; and, red, injection is suspended immediately.

While traffic light systems have been implemented in a number of basins, including British
Columbia (British Columbia Oil and Gas Commission, 2012), the UK (Department for Energy
and Climate Change, 2013), Alberta (Alberta Energy Regulator, 2015), California, (Code of
Regulations section 1785.1 (2015)), and Ohio, (Administrative Code 1501:9-3-06), the limits for
the cessation and recommencement of operations often differ widely. For example, in the UK,
the magnitude limit of 0.5 M, for the cessation of operations is considerably less than the limits
in California (2.7 ML), Ohio (2.5 M.), or Alberta and British Columbia (4.0 M.). Similarly, the red-
light threshold in the United Kingdom only requires a temporary suspension of operations,
whereas an exception in Alberta or BC requires complete cessation of operations at the well
pad.

Traffic Light Earthquake Earthquake Ground Action
Activity Magnitude Velocity
Green None M. < 2.3 <0.5mm/s Regular operation. Continue
pumping.
Yellow Some ML22.3 <2.0mm/s Continue pumping but do not

increase flow rate
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Orange Many ML<2.9 <5.0 mm/s Maintain borehole head
pressure below stimulation
pressure

Red Widely Felt M. >2.9 >5 mm/s Stop pumping. Bleed off to
minimum borehole head
pressure

Table 2. Seismic response procedure used in Basel, Switzerland (and adapted from the traffic
light system proposed by Bommer et al. (2006). The system is based on three independent
parameters: (1) public response; (2) local magnitude (M.); and, peak ground velocity (PGV)).

Also, despite their widespread implementation, traffic light systems have often failed to preclude
larger earthquakes. For example, in the case of Basel, 2006 (Giardini, 2009), operations were
stopped when the traffic light threshold of 2.9 M. was exceeded, but this was still followed by
even larger magnitude events that were strongly felt and resulted in superficial damage. The
project was suspended and ultimately abandoned almost three years later following further
study and risk evaluation after these seismic events (Giardini, 2009). In the UK eight events
greater than the red-light threshold of 0.5 M, occurred during operations in the PNR-1z well
(Clarke et al, 2019). The last and largest, with a magnitude of 1.6 M., was felt locally. Similarly,
the last HF stage to be stimulated during operations in the PNR-2 well was on 23 August 2019.
However, events with magnitudes of 2.1 M, and 2.9 M. occurred approximately 40 hours and 72
hours 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 kilometres from the
epicentre 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 unacceptable impacts on
local communities.

These shortcomings have led to suggested modifications to TLS to improve performance.
Mignan et al. (2017) propose a data driven, adaptive traffic light system (ATLS) based on a
statistical forecasting system to provide a risk-based safety target model of induced seismicity.
Kwiatek et al. (2019) use near—real-time information on induced-earthquake rates, locations,
magnitudes, and evolution of seismic and hydraulic energy by reducing well-head pressures or
flow rates to control injection-induced seismicity.

Verdon and Budge (2018) and Clark et al. (2019) use a statistical model in which the rate of
induced seismicity scales with the injection volume to retrospectively forecast expected event
magnitudes during HF operations from the Horn River Shale, Canada and Preston New Road
(PNR-12z), UK. The approach was also used in real time at Preston New Road to make
operational decisions, however, it had to be retrospectively altered to account for changes in
seismicity when operations intersected a previously unidentified fracture zone. Additionally, it
did not perform well during operation in the PNR-2 well.

Finally, both Bachman et al. (2011) and Mancini et al. (2020) suggest that injection-rate driven
ETAS models can contribute to useful probabilistic forecasts in future EGS experiments and
shale gas developments, respectively.

10 Conclusions

Over the last decade the number of observations of induced earthquakes caused by HF
operations around the world has increased as the shale gas industry has developed. Data from
different basins in the US and Canada suggest that on average around 1% of HF wells can be
linked to larger earthquakes (M>3). However, research has shown that in some areas of the US
and Canada the percentage of wells associated with induced earthquakes is much higher
(>30%). This variability is observed despite similar amounts of HF activity and is often explained

20



in terms of geological susceptibility. Proximity to critically stressed faults, fault maturity, high
overpressures and tectonic strain have all been cited as causes for seismicity induced by HF
operations. In a small number of cases HF operations have triggered earthquakes large enough
to cause potentially damaging ground motions. Such earthquakes cannot be confidently
predicted in advance of operations. These observations suggest that the risk from induced
seismicity during HF operations is not negligible.

Earthquakes with magnitudes greater than around 2 result from slip on existing faults that is
triggered by stress perturbations caused by the injection of fluid during the HF process. The size
of the earthquake will depend on both the area of the ruptured part of the fault and the amount
of slip. Since such faults may extend outside the stimulated zone, the maximum magnitude will
be controlled by local geology and tectonics, not by operational parameters such as the total
amount of fluid injected. As a result, the maximum magnitude is highly uncertain.

Induced earthquakes have been observed in a wide variety of geological settings and in areas
where there are relatively few tectonic earthquakes. In some areas, the resulting hazard from
induced earthquakes due to HF operations is significantly greater than the hazard from tectonic
earthquakes. As a result, the low hazard from tectonic earthquakes in Ireland does not
guarantee that the hazard from induced seismicity will also be low.

Induced earthquakes are likely to be clustered in space and time around the locus of HF
operations. Hazard is likely to increase with the number of wells and will be highest during or
shortly after HF operations. Hazard may also be a function of total injected volume, with larger
injected volumes leading to more earthquakes and increasing the probability of larger events.
However, the relationship between injected volume and earthquake numbers is largely empirical
and still not fully understood. The potential for actual damage depends on the intensity of
motion and both the number and vulnerability of buildings exposed to ground shaking. As a
result, the risk of damage to buildings will be higher in densely populated urban areas than in
rural areas. Risk studies for the UK have shown that cosmetic and minor structural damage may
occur for earthquakes with magnitudes as low as 3.

There has been only a limited amount of oil and gas exploration in Northern Ireland.
Consequently, the subsurface geology of the sedimentary basins with hydrocarbon potential is
known only on a broad scale, or in detail at only a few well locations. Higher resolution
geophysical data is needed to image detailed structure within the basin, identify faults and depth
to basement in order to mitigate risk of induced seismicity from hydraulic fracturing of
unconventional reservoirs.

The present-day stress regime and stress state of faults in the both the Lough Allen and Rathlin
basins is poorly known. Well data suggest that Carboniferous sedimentary rocks in the Lough
Allen Basin may be slightly under-pressured whereas data from the Rathlin Basin suggest a
normal pressure gradient. Borehole imaging logs and breakout data from wells in Northern
Ireland are consistent with the regional stress regime found elsewhere in the UK.

Current risk-mitigation strategies, such as avoiding faults, or the use of traffic light systems
based on specific earthquake magnitude thresholds have often failed. There may be insufficient
data to identify geological faults prior to operations and even where high resolution data are
available, there may still be hidden faults. Similarly, the interaction of operations with existing
faults may change earthquake activity rates, making larger earthquakes more likely. Statistical
methods that relate operational parameters such as the volume of injected fluid or the injection
rate to seismicity rates may allow useful probabilistic forecasts in the future but are likely to
have considerable uncertainty without calibration for local conditions.
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Glossary

b-value — A metric used to measure the relative proportion of small to large earthquakes.

Completion - the series of processes after drilling to bring a well into production. HF is a part of
completion in many shale oil or gas 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.

Earthquake - The sudden shaking of the surface of the Earth caused by the passage of intense
vibrations, or seismic waves, through the Earth. The seismic waves are generated by the
sudden release of energy that results from the movement of adjacent rocks relative to each
other. This movement takes place on pre-existing zones of weakness within the crust called
faults and is generally a response to long term deformation and build-up of stress, caused by
geological processes such as plate tectonics. When this stress exceeds the friction that resists
the motion of the rocks on either side of the fault, they slide or slip past each other.

Earthquake hazard - Any property of an earthquake that might cause damage and loss. This
may include ground shaking caused by seismic waves, relative displacement of a structure due
to physical movement along the fault plane, or secondary hazards such as liquefaction.

Earthquake risk - The probability of loss or damage from earthquake activity. This may be
quantified in terms of number of casualties, monetary loss, or repair costs.

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.

Epicentre — 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. In the context of
HF-induced seismicity, these are intentionally stimulated by injection of fluid for resource
production.

Fault — Discontinuities in a volume of rock where there has been displacement caused by
relative movement of the rock-mass. Often simplified planar geometries are used to
approximate the fault, although individual faults may in fact be much more complex. Faults are
classified using the angle of the fault with respect to the surface (known as the dip) and the
direction of slip along the fault.

Flowback — The process of flowing stimulation fluids back to the surface after HF completion.

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.

Hypocentre (also known as the focus) — 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,
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depending on the degree of human influence. In this paper we make no distinction and refer to
both types as induced.

Intensity - A qualitative measure of the strength of shaking of an earthquake determined from
the observed effects on people, objects and buildings. Scales such as the European
Macroseismic Intensity Scale (Grunthal, 1998) can also be used to describe possible impacts
on different building types.

Local Magnitude (M,) - The original earthquake magnitude scale developed by Richter (1935)
based on observations of earthquakes in Southern California. Although the scale is only strictly
applicable there, it has been used all around the world.

Magnitude - A measure of the amount of energy released during an earthquake. Magnitude is
usually estimated from measured records of ground motion with specific corrections for
distance. Most magnitude scales are logarithmic so that each whole number increase in
magnitude represents a tenfold increase in measured amplitude and about 32 times the energy
released.

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, 2018b].

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

Moment (Mo) — A measure of earthquake size that depends on both the area of the rupture and
the displacement on the rupture as well as the shear strength of the Earth. The larger the
rupture area and the larger the displacement, the larger the moment. Seismic moment is usually
estimated directly from recordings of earthquake ground motions.

Moment magnitude (My) — A measure of earthquake size based on seismic moment. It is
generally considered to be the most reliable magnitude measure.

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 ten at a single location (Figure 1).

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.

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.

Rupture - The part of the fault that moves during an earthquake. This may only comprise a
small part of the fault on which it occurs. The amount of displacement along the rupture is called
the slip. The largest earthquakes occur on ruptures that are many hundreds of kilometres long,
with areas of several thousand square kilometres, and that have displacements of many metres.

Secondary (or Enhanced) Recovery —A hydrocarbon recovery technique that uses the injection
of fluids (e.g., water or COy) into a formation, with the intent to maintain or enhance reservoir
pressure.

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

Traffic Light System — 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.

Data and Resources

Earthquake data for the UK is from the British Geological Survey UK Earthquake Catalogue ©
NERC 2020. Licensed under OGL (Open Government Licence) and available at
http://earthquakes.bgs.ac.uk

Earthquake data for Ireland is published by Dublin Institute of Advanced Studies and is
available at https://www.insn.ie/confirmed/.

Earthquake data for Canada from the Canadian Composite Seismicity Catalogue and available
at https:// www.inducedseismicity.ca.

Earthquake data for the US is from the ANSS Comprehensive Earthquake Catalog (ComCat),
credit: U.S. Geological Survey. Available at http://earthquake.usgs.gov/earthquakes/search/.

Well data for Alberta obtained from the Alberta Energy Regulator and available at
https://lwww.aer.ca/data-and-publications.

Well data for British Columbia obtained from the B.C. Oil and Gas Commission and available at
http://data.bcogc.opendata.arcgis.com.

Microseismicity and pumping data from operations at Preston New Road are obtained from the
Oil and Gas Authority and available at https://www.ogauthority.co.uk/exploration-
production/onshore/onshore-reports-and-data/.

GSNI Tellus regional airborne geophysical survey data is published by OpenDataNI and
licensed under OGL (Open Government Licence). Available at
https://data.gov.uk/dataset/88d90c6f-07ff-43ea-a594-d5a10602d175/gsni-tellus-regional-
airborne-geophysical-survey-magnetics.
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