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Foreword

The Department for Business, Energy & Industrial Strategy (BEIS), the Government department
responsible for energy policy, has asked The British Geological Survey (BGS) to produce a
short report on “the geological science of shale gas fracturing and the modelling of seismic
activity in shale rocks in the UK”. The terms of reference for this review can be found at
https://lwww.gov.uk/government/publications/review-of-the-geological-science-of-shale-gas-
fracturing. The report is based on peer-reviewed literature and relevant outputs from regulators,
focussing on scientific advances since 2019. The report is desk-based and does not include the
drilling of new test wells or seismic monitoring.
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1z and PNR-2, respectively. For illustration purposes, we inserted a time gap during the
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Executive Summary

The Secretary of State for Business, Energy & Industrial Strategy has commissioned the British
Geological Survey to write a short report about seismic activity associated with hydraulic
fracturing (HF) of shales to extract hydrocarbons. The specific terms of reference are available
at
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/fi
le/1066525/BGS_Letter.pdf. These ask six questions related to recent scientific research on the
hazard and risk from induced seismicity during hydraulic fracturing of shale rocks. Our report
considers the scientific advances in this area since 2019 that have been published in peer
reviewed scientific journals as well as other recent studies commissioned by regulatory
authorities. The main conclusions of our report in relation to each of the questions in the terms
of reference are as follows:

Forecasting the occurrence of large earthquakes and their expected magnitude remains a
scientific challenge for the geoscience community. This is the case for both tectonic and
induced earthquakes. (Questions 1 and 2)

Methods to estimate the maximum magnitudes of induced earthquakes based on operational
parameters and observed seismicity have been tested using data from both Hydraulic
Fracturing (HF) operations and data from other industries. These methods have shown some
applicability to guide operational decisions using real-time data. However, they do not currently
account for the possibility of events that occur after operations have stopped or earthquakes on
faults that extend outside the stimulated volume whose magnitude is not controlled by
operational parameters alone. (Questions 1 and 2)

Probabilistic methods widely applied to model and forecast tectonic earthquake sequences
show some promise when maodified to incorporate information about HF operations and appear
capable of providing informative forecasts of the observed earthquake patterns. Operators could
make forecasts for operations in new wells using either generic parameters or ones calibrated
for operations in adjacent wells. Further testing of these methods may allow them to be further
developed for operational scenarios. (Questions 1 and 2)

Enhanced seismicity monitoring and measurement based on machine learning (ML) has been
shown to reveal previously undetected earthquakes and hidden faults, essential for both more
reliable earthquake forecasts and characterisation of fault reactivation potential. This can
compensate for both limited numbers of seismic stations and faults that remain unmapped even
by 3D exploration seismic data. (Questions 1 and 2)

Widely used probabilistic methods to assess hazards and risks for tectonic earthquakes can
also be applied to induced seismicity. However, there are important differences between how
tectonic and induced seismicity evolves in space and time. Recent studies have suggested
possible solutions, but further work is needed to develop these models and incorporate them in
risk assessments. (Questions 1 and 2)

Traffic light systems remain a useful tool for the mitigation of risks from induced seismicity. New
research shows how red-light thresholds can be chosen to reduce the probability of the scenario
to be avoided to a required level. This research recommends that there should be sufficient
space between the amber and red-light thresholds to ensure that operators have an opportunity
to modify operations to mitigate risks. (Questions 1 and 2)

Induced seismicity has been observed in other industries related to underground energy
production both in the UK and elsewhere. In the absence of a seismic building code in the UK,
consistent risk targets, i.e., scenarios to be avoided, could be considered for all energy related
industries that present a risk of induced earthquakes. (Question 3)

Recent research using high quality exploration data that is available for some parts of the UK
reveals localised structural and stress heterogeneity that could influence fault reactivation.
However, it is not possible to identify all faults that could host earthquakes with magnitudes of
up to 3 prior to operations, even with the best available data. (Questions 4 and 5)


https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1066525/BGS_Letter.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1066525/BGS_Letter.pdf

Recent research from the USA demonstrates the importance of geomechanical modelling to
identify faults that are most likely to rupture during operations. This information can be used to
assess risks prior to and during operations. However, these models require accurate mapping
of sub-surface faults, robust estimates of stress state, and knowledge of formation pore
pressures and the mechanical properties of sub-surface rocks. While this information is
available in areas with unconventional hydrocarbon potential such as the Bowland Basin, more
data is needed from other basins to apply this more widely (Questions 4 and 5).

Limited exploration data from other basins with unconventional hydrocarbon potential of the UK
means that there are significant gaps in our knowledge of sub-surface structure of potential
shale resources in these places. (Questions 4 and 5)

The rates of HF-induced seismicity in other countries where shale gas production has been
ongoing for many years are observed to vary widely. The limited number of HF operations in the
UK means that it is difficult to make a valid comparison of the rates of occurrence of induced
seismicity with elsewhere. This underlines the importance of knowledge exchange in monitoring
and operational practices. (Question 6)

Our review focusses on recently published geoscience related to induced seismicity caused by
HF of shales. Ongoing and future research may bring new insights that may reduce
uncertainties and improve mitigation of risks. We did not consider socio-economic research on
perception of risks or the benefits of shale gas. Similarly, we do not consider technological
advances in hydraulic fracturing.



1 Introduction

The Department for Business, Energy & Industrial Strategy (BEIS), the Government department
responsible for energy policy, has asked the British Geological Survey to produce a short report
on the “geological science of shale gas fracturing and the modelling of seismic activity in shale
rocks in the UK”. The terms of reference for this review can be found at
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/fi
le/1066525/BGS_ Letter.pdf. These ask the following six questions.

1. Have there been new developments in the science of fracturing? In particular, are there
new techniques in use which could reduce the risk and magnitude of seismic events?

2. If there are new techniques, would they be suitable for use in fracturing in the UK, with its
specific geology and high population density?

3. Given the new developments in these technologies, how does the seismicity caused by
fracturing compare to other forms of underground energy production, such as geothermal
and coal mining, or surface activities such as construction? Can you review the evidence on
the different "safe" thresholds for activity, whether they remain the correct ones, and
whether differences between them remain justified?

4. Has the modelling of geologies such as shale improved in the period since the pause was
implemented in 2019? If so, do these improvements mean we could be confident about the
modelling of seismic events and their predictability?

5. Itis clear, from experience, that the shales drilled into in Lancashire have problematic
geology. Are there other sites, outside of Lancashire, which might be at a substantially
lower risk of seismic activity, and what level of confidence would we have in our
assessment of seismic activity in these areas?

6. Noting our specific geology and population density, how does seismicity from fracturing in
the UK compare to other countries e.g., the US?

This report summarises scientific advances since the pause on shale gas extraction in England
was implemented in 2019 that is relevant to addressing these six questions. We include peer-
reviewed research published in scientific journals, together with relevant technical reports from
regulators and public bodies. We also include older research where it is needed to put more
recent work in context. We recognise that factors such as the perception of risk in the
community are likely to influence the societal acceptance of shale gas, but this topic is outside
the scope of the review. Similarly, there may have been other advances in fields outside the
expertise of the authors, such as new hydraulic fracturing technologies. These are also outside
the scope of this report.

Section 2 provides some background on induced seismicity related to hydraulic fracturing and
exploration for shale gas in the UK. Section 3 considers recent research on the assessment of
hazard and risk of hydraulic fracture induced seismicity (HFIS) to address questions 1 and 2.
We also discuss how risks might be mitigated. Section 4 discusses induced seismicity from
mining, conventional oil and gas production, geothermal energy projects and waste-water
disposal, and compares this to that associated with HF, to answer question 3. Section 5
considers recent research on the geology of shale rocks in the UK and their susceptibility to
induced seismicity to answer question 4. Section 5 also compares the geology of shales in
Lancashire with other basins with shale gas potential in the UK to answer question 5. Finally, in
section 6, we compare induced seismicity from hydraulic fracturing of shales in the UK, with that
observed in the USA, Canada and China, to answer question 6.

Throughout the report, we draw on case studies of published examples of HFIS, including case
studies from HF operations in the PNR-1z and PNR-2 wells, Blackpool, Lancashire, analytical
and numerical modelling studies, geological investigations, hazard and risk assessments, as
well as our wider understanding of earthquakes in general. We also discuss the scientific
uncertainties and data gaps that limit our current state of knowledge. A glossary and list of
acronyms used in the report is provided to assist clarity throughout the report.



2 Background

Over the last decade, the number of observations of induced earthquakes caused by hydraulic
fracturing (HF) operations around the world has increased as the shale gas industry has
developed. Data from the USA and Canada suggest that on average, around 1% of HF wells
can be linked to earthquakes with magnitudes of 3 or greater, which are generally large enough
to be felt by people. However, in some areas of the USA 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 (Skoumal et al., 2018b;
Anderson & Underhill, 2020; Corlett et al., 2018) or formation pore pressure (Eaton and Schultz.
2018; Sibson, 2020).

A recent review of HFIS by Schultz et al., (2020a) summarised the 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.

Exploration for shale gas started in the UK when the first onshore licenses were awarded in
2008 (see Appendix 1). Several shale formations have been identified as having potential for
shale gas/oil, and exploration activity has focused on the Bowland Shale Formation and some
older Carboniferous-aged shale beds in parts of northern England. 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 studies into induced
seismicity and risks (Royal Society and Royal Academy of Engineering, 2012). Following this,
the UK government published a regulatory roadmap (Department for Business, Energy &
Industrial Strategy, 2013) that outlines regulations for onshore shale gas exploration in the UK.
These regulations contained specific measures for the mitigation of induced seismicity including
avoiding faults during HF; 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.

In July 2018, UK Research and Innovation (UKRI), through the Natural Environment Research
Council (NERC) and the Economic and Social Research Council (ESRC), funded the
Unconventional Hydrocarbons in the UK Energy System programme (UKUH:
http://www.ukuh.org/). The programme consists of 5 challenge areas of research: (1) the
evolving shale gas landscape; (2) shale resource potential, distribution, compaosition,
mechanical and flow properties; (3) coupled processes from reservoir to surface; (4)
contaminant pathways and receptor impacts; and (5) socio-economic impacts. The latter
consisted of three separate projects: (1) the dynamics of public attitudes and community
responses to shale gas; (2) the social construction of unconventional gas extraction; and (3)
'Fracking', framing and effective participation. The programme is scheduled to conclude in
Autumn 2022 and to date has resulted in a body of new research that details some geological
aspects, including induced seismicity, that are relevant to this review.

In late 2018, HF of the Bowland Shale Formation was carried out in the Preston New Road
(PNR)-1z well near Blackpool. Operations were accompanied by seismicity and the largest
event, with a magnitude of 1.6 ML, 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 ML and occurred on

26 August 2019 at 07:30 UTC, almost 72 hours after the last HF stage on 23 August (Clark et
al., 2019). The earthquake was strongly felt at distances of up to a few kilometres from the
epicentre (Edwards et al., 2021) and led to a premature end to operations in the PNR-2 well
with only 7 of the planned 47 HF stages completed. Following a review of these events (Oil and
Gas Authority, 2019), a moratorium on shale gas hydraulic fracturing was implemented on

2 November 2019.


http://www.ukuh.org/

In March 2020, the Oil & Gas Authority (OGA), now the North Sea Transition Authority (NSTA),
commissioned four studies to investigate seismicity resulting from hydraulic fracturing
operations in PNR-2. The OGA concluded that “it is not yet possible to accurately predict the
seismic response to hydraulic fracturing, if any, in relation to variables such as site
characteristics, fluid volume, rate or pressure. Where induced seismicity has occurred,
mitigation measures have shown only limited success, and there can only be low confidence in
their effectiveness currently”, and “there remain significant uncertainties and challenges related
to the prediction and management of induced seismicity from hydraulic fracturing”.



3 Assessing earthquake hazard and mitigating risk

In this section, we describe recent scientific advances in earthquake monitoring and forecasting
that have had a direct impact on assessing hazard from induced seismicity, along with
approaches for estimating risks and mitigating the effects of induced seismicity. We use this to
address questions 1 and 2 in the terms of reference. Key findings include

Forecasting the occurrence of large earthquakes and their expected magnitude remains
a significant challenge for the geoscience community.

Recent research describes methods that may provide informative forecasts of HFIS in
the near future. These forecast models could use parameters from nearby sites in the
very early stages of operations, which could then be refined during operations.

The applicability of such methods depends on high-resolution seismicity data such as is
available from operations at PNR. The applicability in near-real-time depends on rapid
processing of data which is now possible using more advanced artificial intelligence
workflows.

Recent research demonstrates that machine-learning can be applied retrospectively, or
in near-real-time, to provide the high-resolution data required to support these forecast
models.

Probabilistic methods to assess hazards and risks for tectonic earthquakes that combine
models of seismicity with models of ground motion, exposure, and vulnerability, can also
be applied to induced seismicity.

Red-light thresholds for traffic light systems can be chosen to reduce the probability of
the scenario to be avoided to arequired level.

Quantitative assessment of the hazard and risk from tectonic earthquakes has been an
important area of research for several decades (see Baker, Bradley & Stafford, 2021 for a
comprehensive treatment of this subject). In countries where the hazard is high, this has
allowed mitigation of risk, primarily through the earthquake resistant design of buildings and
other structures, and national building codes enforced by law. Due to its very low seismic
hazard, the UK has no (counter-) seismic building code enforced as law for residential buildings.
Furthermore, in countries such as the USA, where induced seismicity has increased recently,
national seismic hazard maps have been created that include one-year forecasts of induced
seismicity (e.g., Petersen et al., 2016).

Following the magnitude 5.5 Mw earthquake in 2017 induced by operations at the geothermal
site near Pohang, South Korea (see Section 4.5), Lee et al., (2019) concluded that a
comprehensive risk-based approach is required to address the potential for triggering large
earthquakes. Similar conclusions have been reached in recent research on induced seismicity
from HF operations (Schultz et al., 2021).

The spatial and temporal distribution of induced seismicity is of fundamental importance for the
estimation of hazard and risk. Previous studies have shown that most HF-induced earthquakes
tend to be within few kilometres of the wellbore where HF has taken place (e.g., Skoumal et al.,
2020). In many cases, seismicity is observed to occur within a few hundreds of meters of lateral
sections of the well (e.g., Eyre et al., 2019), as is the case with the events observed in
Lancashire (Clarke et al., 2014, 2019). These distances seem consistent with the expected
sizes of fracture systems stimulated by operations that might connect with existing faults (Shen
et al., 2019). However, sometimes, the separation between a well and the observed seismicity
is greater, or in some cases it is difficult to establish the connection between a particular well
and the diffuse seismicity due to monitoring constraints. Schultz et al., (2015) and Skoumal et
al., (2015a) find induced seismicity that is 1 km below the target formation, within the crystalline
basement. Similarly, (Bao & Eaton (2016) and Schultz & Wang (2020) find that induced
seismicity is laterally offset from the nearest HF stage by over 1 km, well beyond the plausible
extent of HF growth (Davies et al., 2013).



HF induced seismicity typically shows a rapid response to HF stimulation with earthquake rates
peaking during periods of injection. Schultz et al. (2018) suggest that up to 90% of induced
events occur during stimulation, and in many cases, seismicity clearly correlates with individual
HF stages (Clarke et al., 2019; Eaton et al., 2018; Yu et al., 2019). However, in some cases,
delays of several hours or more have been observed between stage stimulation and the largest
earthquakes. This is often referred to as “trailing” or “runaway” seismicity and creates a
particular problem as the largest magnitude events can occur after HF operations stop (Clarke
et al., 2019; Meng et al., 2019; Schultz et al., 2017).

Induced earthquakes, including those created during HF stimulation, follow the Gutenberg
Richter law (Text Box 1) which is universally observed for tectonic earthquakes (Van der Elst et
al., 2016; Mancini et al., 2021). This suggests that the magnitudes of the induced events follow
a similar scaling relationship to those for natural events. For tectonic earthquakes, which are
often considered to be stationary, i.e., their probability distribution function doesn’t change with
time, this gives us a means to estimate the likelihood of larger earthquakes from a sample of
events. However, we need to be very careful about making predictions about the occurrence of
events with larger magnitudes. Schultz et al. (2022) show that induced seismicity also follows
another empirical relationship observed for induced seismicity (Bath’s Law) and use this to build
a conceptual framework for statistical bounds on how induced earthquake sequences stop.

From the above, it is clear that our ability to evaluate and mitigate risks from HFIS is directly
related with our capability to observe and monitor inherently small magnitude events and predict
their occurrence in a relatively short time window during HF operations.

Understanding under what conditions large earthquakes occur and providing advance notice of
populations at risk from natural (tectonic) and man-made (induced) earthquakes, is linked with
how robustly scientists can identify patterns that emerge from observational data. The predictive
task of estimating the probability of occurrence of events above a predefined magnitude
threshold and time window, is known as earthquake forecasting. The ability to make robust
forecasts depends on the quality of available data, specifically, the availability of high-resolution
earthquake catalogues that contain the times of occurrence, locations, magnitudes, and other
attributes of even the smallest, unfelt earthquakes.

Deep learning is a type of computational method that uses complex hierarchical models to
mimic how humans learn new information. In seismology, recent work has shown that deep
learning methods can detect and locate many more earthquakes than conventional algorithms
or human analysists (Beroza et al., 2021). Results from recent testing in Italy (Figure 1),
Oklahoma, and California (USA) show that at least ten times more earthquakes are detected
when using the same input data (Tan et al., 2021). These dramatically more comprehensive
and accurate earthquake catalogues can be used to help improve our understanding
earthquake behaviour. As a result, this approach has potential for monitoring hydraulic
fracturing operations and improving seismicity forecasts.

A recent study by Park et al., (2020) shows how the implementation of deep learning algorithms
in central Arkansas illuminated the structure of the Guy-Greenbrier (GB) earthquake sequence,
which involved activity on different faults near wastewater disposal wells. Park et al. (2020)
show how deep learning detection algorithms can be used to connect seismicity and specific
wells by detecting previously hidden events and illuminating paths between faults. In particular,
the new machine learning-based detections revealed that the GB sequence consisted of two
sequences and that the second sequence may have been triggered by a wastewater disposal
well that hadn’t previously been considered. Another recent case study of the Delaware basin
(Texas, USA) by Sheng et al. (2022) employs the deep learning algorithm, Earthquake
Transformer (Mousavi et al., 2020), to detect shallow induced seismicity and show that it is
related to the injection of wastewater in nearby wells.
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Figure 1. Seismicity at the epicentral area for 1 year following the 2016 M=6.0 Amatrice
earthquake (star) in Italy from the human analyst catalogue using real-time data of the institute
responsible for seismicity monitoring (INGV-Italy in this case) (left) and deep learning methods
(right). From Beroza, Segou and Mousavi (2021).

An additional benefit from analysing previous recordings is the ability to unveil previously hidden
seismicity and to trace unknown faults in the vicinity of sites of interest. For example, the
application of deep learning algorithms to seismic data from Oklahoma and Kansas (USA) by
Park et al., (2022) detected over twenty times more events than previously. The resulting
patterns of seismicity revealed activated faults and other large-scale geological features and
may contribute to improved estimations of seismic hazard in the region. Geodetic data, such
INSAR satellite imagery, have also been employed to constrain further slip patterns of
moderate-sized (M>4.0) HF-induced earthquakes. Wang et al., (2022) used Sentinel-1 satellite
imagery to analyse three shallow earthquakes between 2017 and 2019 in the Changning field
(China) and found that they were located above the shale formation rather than being
associated with deep basement-rooted faults. This is an important finding since the shallow
depth of those earthquakes leads to increased expected ground motions.

Earthquake forecast models as developed for natural seismicity estimate the number of
expected earthquakes within a given space and time window (e.g., Jordan et al., 2011). In their
standard form, they are based on well-established empirical statistics of earthquake occurrence
that they are applied to earthquake sequences from around the world. In the field of induced
seismicity, early work by Llenos and Michael (2013), used statistical forecast models to explain
the observed increase in seismicity in Oklahoma and Arkansas (USA) This was mostly related
with wastewater disposal operations, and demonstrated that the change in earthquake rate after
injection started is statistically significant, and both the background rate of independent
earthquakes (before their time period of interest) and the aftershock productivity must increase
after operations. Both regions in USA had low but steady earthquake rates of approximately

2 events per year (above M > 2.5), comparable to the observed seismicity rates in the UK.



Physics-based forecast models developed for induced seismicity caused by wastewater-
disposal in the USA have continued to improve (e.g., Rubinstein, 2021). These physical models
often assume that seismicity is driven by the rate of injection-induced pressure increases at any
given location and spatial variations in the number and stress state of basement faults affected
by the pressure increase (Langenbruch et al., 2018). Such physics-based forecast models can
be used to estimate hazards from future injection scenarios and could be customized for HF-
induced seismicity.

Mancini et al. (2021) also use a statistical model originally developed for tectonic sequences to
model the induced seismicity during HF operations at Preston New Road. This took advantage
of the rich catalogue of events recorded by downhole geophone arrays at the Preston New
Road site. Mancini et al. (2021) tested the ability of standard models and modified models that
accounted for fluid injection rates to track the evolution of seismicity during operations. They
also used the model for PNR-1Z to make an out-of-sample forecast for the PNR-2 seismicity.
Figure 2 shows the seismicity rate response during operations as a function of operational
parameters, such as the injection volume. Mancini et al., (2021) concluded that “operators could
provide forecasts during the very early stages of operations using parameters that are either
generic or calibrated on adjacent wells”, and that “injection-rate driven statistical forecast
models produce informative time-dependent probabilistic seismic rate forecasts.”
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Figure 2. Seismicity response to hydraulic fracturing at the Preston New Road site. (a-b)
Histograms of the number of M > -1.5 events per hour (black bars) as a function of time during
operations along with the cumulative volume of injected fluid (light blue line) at PNR-1z and
PNR-2, respectively. For illustration purposes, we inserted a time gap during the pause of
operations at PNR-1z, which is indicated by the grey area. (c-e) Examples of seismic
productivity and earthquake magnitudes vs. time (red circles) in response to the injection history
(light blue line) at selected sleeves. From Mancini et al. (2021).



Text Box 1: Earthquake magnitudes and the Gutenberg Richter
Law

The relationship between the magnitude and number of tectonic earthquakes are universally
observed to follow an empirical relationship between an earthquake’s magnitude and its
frequency of occurrence known as the Gutenberg-Richter (GR) law (Gutenberg and Richter,
1954). The GR law can be expressed as:

logo N = a — bM D

where, N is the number of earthquakes with a magnitude of 2M. The constant a is a function
of the total number of earthquakes in the sample and is known as the earthquake rate. 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. Induced earthquakes also
follow the GR law suggesting that the magnitudes of the induced events are controlled by
similar processes to those of natural events (Van der Elst et al, 2016; Mancini et al., 2021).

Although the GR law gives us a means to estimate the likelihood of larger earthquakes from a
sample of events, we need to be very careful about making predictions about the occurrence
of events with larger magnitudes. This is because the GR distribution is a power law and
heavy tailed, leading to possible outliers with very high values. If magnitudes are drawn
randomly from the GR distribution, the probability of sampling a magnitude more than a given
value increases with sample size. This is known as the sample size hypothesis (van der Elst
et al., 2016). The distribution for Mmax is also heavy tailed.

Induced seismicity obeys Bath’s law, an empirical observation that the average magnitude
difference between a mainshock earthquake and its largest aftershock is approximately
1.2 magnitude units.

Edwards et al., (2021) presented a retrospective seismic risk analysis applied to the largest of
the induced events observed at Preston New Road. Open source freely available software
(Silva et al., 2014) was used to calculate the damage distribution for spatially variable ground-
motions for different earthquake magnitudes calculated using empirical Ground Motion
Prediction Equations (GMPESs) developed for induced seismicity (Atkinson, 2015). GMPEs (e.qg.,
Douglas and Edwards, 2016) predict values of a particular ground-motion parameter, such as
peak ground acceleration (PGA) or peak ground velocity (PGV), as a function of independent
variables such as the magnitude and depth of the earthquake, the distance to the site and the
ground conditions at the site of interest. Edwards et al., (2021) incorporate 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 ML.

While mitigation of the risk of tectonic earthquakes has largely taken the form of earthquake-
resistant design based on long-term probabilistic estimates of seismic hazard, mitigation of risk
of induced earthquakes has attempted to reduce the hazard through operational controls such
as limiting the rate or volume of injected fluid.

Traffic light systems (TLS) are one of the most widely implemented means of attempting to
mitigate the risk of induced earthquakes from HF or other operations that involve subsurface
injection (e.g., Baisch et al, 2019). It is worth noting that despite widespread implementation,
TLS have often had limited success (Bommer et al., 2015; Baisch et al, 2019). TLS are
essentially control systems that allow for low levels of induced seismicity but set a stopping
point (red-light) for operations to reduce the probability of events that may result in a concern for
public health and safety. Verdon and Bommer (2021) state that the design of a TLS should
consider three questions:



1. What is the risk target in terms of consequences to be avoided?
2. Which hazard metric is the best indicator of the risk potential?
3. What threshold of the hazard metric will ensure risk targets are not exceeded?

The risk target could be avoiding ground motions that cause disturbance or nuisance (e.g.,
Cremen and Werner, 2020) or those that might result in damage to buildings or other
infrastructure. The choice of the risk target is a decision related to acceptable risks.

Widely used hazard metrics are the intensity of ground motion or the earthquake magnitude.
Since the intensity of the ground motions can be directly related to the impact of the earthquake
in terms of perceptibility, it may seem an obvious choice. However, recorded earthquake ground
motions show strong spatially variability, so the largest ground motions may not be recorded
without a dense network of sensors. This is further complicated if sensors are in environments
where background noise levels may exceed the signals of interest. Schemes using earthquake
magnitudes may be simpler to implement, although there are also challenges associated with
magnitude estimation (Kendall et al., 2019) and accounting for uncertainties (Roy et al., 2021).

Schultz et al. (2020b) use a probabilistic assessment of risk for choosing traffic light thresholds
that incorporate probabilistic maximum magnitudes, GMPEs, population densities, site
amplification factors, and felt or damaging ground-motion thresholds to compute the risk of
damage or nuisance. Schultz et al., (2020b) suggest that TLS red-light thresholds should be set
within the nuisance range of ground motions that reduce the chances of unacceptable damage
and that setting amber-light thresholds two magnitude units less than the red light gives
operators sufficient opportunity to implement mitigation strategies. The authors note that the
largest source of uncertainty is the way that trailing seismicity, earthquakes that occur after
operations stop, is modelled.

Schultz et al. (2021) use a similar approach to show how TLS red lights can be geographically
tuned to account for how shaking may translate to structural damage, arguing that this is fairer
and safer than a single threshold applied over a broad area. This essentially means low
thresholds in more populated regions.

Verdon and Bommer (2021) use HFIS data from around the world to examine magnitude jumps
and trailing events that occur after operations stop. They find that in most cases magnitude
jumps, i.e., sharp increases in magnitude from preceding events within a sequence, are less
than 2 magnitude units, with the largest being 1.6. Post-injection magnitude increases were
observed in 25% of cases but these increases generally occurred soon after injection, with most
cases showing no increase in magnitude more than a few days after the end of injection.
Verdon and Bommer (2021) go on to suggest that TLS may require red-light thresholds as
much as two magnitude units below the threshold that the scheme is intended to avoid.

Several authors have suggested modifications to TLS to improve performance. For example,
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.

The relationship between the rate or volume of injected fluid and induced seismicity has been
widely debated over the last decade or more. McGarr (2014) propose that the maximum
magnitude of earthquakes induced by fluid injection is limited by the injected volume and that
the maximum magnitude increases with injected volume. 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),
larger earthquakes only occurred when the total monthly injected volume across the basin
exceeded 150,000 m® (Farahbod et al., 2015). In other areas, such as the Eagle Ford lay 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). However, other authors
(e.g., Atkinson et al., 2016, Ellsworth et al., 2019; Lee et al., 2019; Keranen & Weingarten,
2018) have shown that this limit does not always hold, or that maximum magnitudes are
consistent with sampling from an unbounded Gutenberg-Richter distribution (Van der Elst et al.,
2016). Atkinson (2020) notes that earthquakes with magnitudes greater than around 2 result
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from slip on existing faults that are triggered by stress changes caused by the injection of fluid
during the HF process. 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. In this report, we discuss in detail how and
under which conditions operational parameters influence the fault behaviour and its slip
potential that reflects the ability of the fault to move (slip) causing an earthquake (See Section
5.2)

Shapiro et al., (2010) and Shapiro (2018) suggest that a seismogenic index (SI) can be used to
compare 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 other injection
parameters and depends only on tectonic features. Hallo et al., (2014) follow a similar approach
to McGarr (2014) and relate cumulative seismic moment release to injected volume using a
scaling parameter called the seismic efficiency (SE). Hallo et al. (2014) combine the SE
parameter with the Gutenberg-Richter law to estimate the magnitude of the largest induced
earthquake. 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-1z), UK.

Kettlety et al., (2020) use both the seismic efficiency (Hallo et al., 2014) and seismogenic index
(Shapiro et al., 2010) methods to retrospectively estimate maximum magnitudes using
microseismic data during operations at PNR-2 (Figure 3). They find that overall, the SE method
slightly underpredicts the magnitude of the largest observed earthquake (2.9 ML), while the SI
method consistently overpredicts the observed magnitudes.
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Figure 3. Top: maximum magnitude forecasts for PNR-2 using the seismic efficiency and
seismogenic index methods (solid black line and dotted line, respectively). Circles show the
events, coloured by magnitude. Bottom: evolution of the b-value (solid blue line), seismic
efficiency (solid purple), and seismogenic index (dotted purple). Modified from Kettlety et al.,
(2020) using data from Kettlety & Butcher (2022) and data provided by Kettlety (pers. comm.).
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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. 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 ML, or
injection volumes = 1000 m®. Cosmetic damage may occur in at least one building for Mw = 2.1
or injection volumes = 40,000 m3. Cremen and Werner (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 HFIS.
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4 Comparison of HFIS with induced seismicity from
other industries

In this section, we compare HFIS with induced seismicity from other forms of underground
energy production, such as geothermal operations and coal mining to answer question three.
We also discuss any regulatory measures that have been used in these industries. Much of this
research pre-dates HF operations. Key findings include

Induced seismicity has been observed in other industries that have been used for energy
production in UK.

In the absence of a seismic building code in the UK, consistent risk targets, i.e.,
scenarios to be avoided, could be considered for all energy related industries that
present arisk of induced earthquakes.

Adaptive traffic light systems to mitigate the risks of induced seismicity have been
successfully used in the geothermal industry. Similar systems could be used during HF
operations.

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 (enhanced
geothermal systems and deep hydrothermal projects) and waste disposal have all resulted in
cases of induced seismicity. Several prior review articles and reports have addressed this issue
(e.g., Davies et al., 2013; Ellsworth 2013; 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.

In 2011, HF of the first dedicated shale gas well in the UK, PH-1, led to felt seismicity (Clarke et
al., 2014), the suspension of HF operations, and inquiries into induced seismicity and risks
(Royal Society and Royal Academy of Engineering, 2012). The largest seismic event, on 1 April
2011, had a magnitude of 2.3 ML and was felt by people close to the epicentre, and was
associated with wellbore deformation. Clarke et al., (2014) concluded that the earthquake
activity was caused by fluid injection directly into a nearby fault zone.

The UK government (BEIS, 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 TLS that controls whether injection can proceed or not, based
on that seismic activity. Similar regulatory measures to mitigate the risk of HFIS are also in
place in the USA and Canada although specific TLS vary by state or province and thresholds
are generally higher.

In the UK, the red-light TLS threshold of 0.5 ML for the cessation of operations is considerably
less than the limits in California (2.7 ML) and lllinois, Alberta and British Columbia (4.0 ML),
making it the most conservative red-light threshold in any jurisdiction where HF operations have
been carried out (Schultz et al., 2020b). This threshold was chosen so that the probability of a
2.5 ML event, which would likely be felt by people close to the epicentre, would be
approximately 0.01. However, in contrast to TLS used for HF operations elsewhere, the UK
regulations allowed operators to continue HF after a brief pause following an event that
exceeded the red-light threshold, rather than a complete cessation of operations in that well.
This meant that the red-light threshold became an amber one, since it did not impose a
permanent suspension of operations.
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Dramatic increases in induced seismicity in central and eastern U.S. and Canada over the last
ten years have been linked to both long-term disposal of large volumes of wastewater from oil
and gas production in Class Il Underground Injection Control (UIC) boreholes (Ellsworth, 2013;
Rubinstein and Mahani, 2015; Walsh and Zoback, 2016). Some of the wastewater is from
hydraulic fracturing for shale gas production. This has resulted in a considerable body of new
research on seismicity related to fluid injection. In addition, several of the largest earthquakes in
the US midcontinent in 2011 and 2012 may have been triggered by this process (e.g., Horton,
2012; Kim, 2013), suggesting that wastewater disposal by injection in deep boreholes poses a
significant seismic risk. The two largest of these were the magnitude 5.7 Prague earthquake in
2011 (Kerenan et al., 2013) and the magnitude 5.8 Pawnee earthquake (Manga et al., 2016),
both in central Oklahoma. The latter destroyed 14 homes and injured two people. As a result of
this, regulations were introduced to limit the volume of fluid that could be disposed in this way.
Seismic hazard forecasts for the Central and Eastern United States (CEUS) now include
contributions from both induced and natural earthquakes (Peterson et al., 2016). In Texas,
current regulations also require a pre-drilling risk assessment for new wastewater disposal wells
that includes estimating fault reactivation potential using a method developed by Walsh &
Zoback (2016).

As a result, Oklahoma regulators called for a 40% reduction in the volume of injected
wastewater in 2016 from the volume injected in 2014. Such regulations are already bringing
about a reduction in the number of induced earthquakes. Langenbruch and Zoback (2016)
present a statistical model of how seismicity is expected to decrease and suggest that
seismicity may return to background levels within a few years. However, aftershock sequences
associated with larger events are likely to delay the rate of seismicity decrease in those areas.

Mining-induced seismicity has been observed in underground mining and tunnelling projects
worldwide, where the excavation of large volumes of rocks at depth results in stress changes
that can cause fracture initiation and propagation, as well as reactivation of existing faults. Such
seismicity has been observed in a wide range of geological and mining environments including
the gold mines of South Africa (Cook, 1976), iron ore mines of Sweden (Ma et al., 2018) and
southwest Poland (Kozlowska et al., 2021) and the coal mines in the Ruhr, Germany (Bischoff
et al., 2010) and Upper Silesia, Poland. Mining-induced seismic events rarely exceed
magnitude of 5 or above. However, there are examples of mining-induced earthquakes with
magnitudes large enough to have caused ground shaking that resulted in fatalities, structural
damage to buildings at the surface and on some occasions, casualties.

The coalfields of Britain have frequently been the source areas of small to moderate
earthquakes and tremors in these areas have been reported for over one hundred years
(Davison, 1919). Analyses of instrumental recordings (e.g., Redmayne, 1988) led to the
conclusion that these events were closely related in space and time to ongoing mining activity.
In the 1980’s and 1990’s mining events accounted for approximately 25% of all the earthquakes
recorded in the UK (Browitt et al., 1985). Since the rapid decline of mining activity in the UK
there has been a sharp decrease in the number of these events.

The maximum observed magnitudes from coal mining induced seismicity in the UK is around
3 ML (Bishop et al., 1993 and Redmayne et al., 1998). The three largest events each had
magnitudes of 3.1 ML and occurred in Mansfield and Stoke-on-Trent. These were felt with an
intensity of 4 EMS. However, other mining induced earthquakes with smaller magnitudes have
been felt with higher intensities, for example, a magnitude 2.3 ML event at Rosewell in
Midlothian was felt with an intensity of 5 EMS.

There was no specific regulation in the UK that required mine operators to mitigate the risks of
induced seismicity.
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There are numerous examples of induced earthquakes in hydrocarbon fields related to oil and
gas production (e.g., Suckale; 2009, 2010). These are often a response to long-term production,
where the extraction related subsidence results from compaction of the reservoir leading to
activation of faults around the reservoir (e.g., Van Eijs et al., 2006). Early observations include a
series of earthquakes that were felt near the Goose Creek oil field in south Texas. Oil
production there caused the field to subside by as much as 1 m between 1917 and 1925 (Pratt
and Johnson, 1926). A sequence of earthquakes was recorded at the Wilmington oil field,
California (Kovach, 1974), where subsidence between 1936 and 1966 reached 9 m. Most
induced or triggered earthquakes in hydrocarbon fields have small or moderate magnitudes. In
the North Sea, a magnitude 4.4 Mw earthquake that occurred in the Ekofisk field in 2001 was
conclusively linked to oil production (Ottemoller et al., 2005).

Seismicity observed at the Groningen gas field in the Netherlands is one of the best understood
examples of induced seismicity related to conventional hydrocarbon production in Europe
(Grigoli et al., 2017). The field is an area where there is little evidence of historical earthquake
activity, and the area is considered to be tectonically stable. Seismicity induced by gas
extraction operations started in 1986 (around 20 years after the start of production). Seismic
activity continued to increase with time and reached a maximum in 2013, causing considerable
public concern. The largest event was a magnitude 3.6 Mw earthquake on 16 August 2012. The
earthquakes have resulted in considerable damage as a result of the shallow depths of the
earthquakes (3 km) along with the near surface geology of clay, peat and sand, as well as the
buildings not being designed with earthquake shaking in mind due to the very low natural
seismicity rates.

Numerous papers have been written on the seismicity at Groningen and its relation to gas
production (e.g., Bourne et al. 2014, 2018; Van Thienen-Visser and Breunese, 2015; Nepveu et
al. 2016; Dempsey and Suckale 2017). Overall, there is a consensus that the observed
seismicity is a result of stress changes resulting from depletion of the reservoir, which leads to
increases in shear stress on faults systems in and around the depleted reservoir (e.g., Bourne,
2014; Van Thienen-Visser and Breunese 2015).

In 2014, the Dutch government introduced legislation to set limits on the produced volume of
gas. As a result, production fell sharply in the following years. An annual limit of 24 bcm for the
period 2017-2021 was set in 2016. However, despite these reductions, seismicity remained at
an elevated level, and following a magnitude 3.4 quake in January 2018, the Dutch government
decided to further lower annual extraction within 5 years to at most 12 bcm and to end the
operation of the Groningen field altogether by 2030. At the same time, the Dutch government
also introduced legislation that allowed properties owners to submit claims for compensation for
physical damage caused by the induced earthquakes to be settled by the operator, NAM
(Nederlandse Aardolie Maatschappij BV, a joint venture of Shell and ExxonMobil).

There is no specific regulation in the UK that requires operators to mitigate the risks of induced
seismicity from conventional oil and gas production.

There are examples of induced seismicity in both Enhanced Geothermal Systems (EGS) and
natural hydrothermal fields. EGS aims to improve productivity by hydraulic fracturing of intact
rock (high pressure injection), hydraulic shear stimulation of existing flow paths or fractures (low
pressure injection), thermal stimulation, and/or chemical stimulation (e.g., Allis, 1982). By
contrast, in natural geothermal fields productivity is typically already sufficient for economic
production. Natural hydrothermal fields are often regions of naturally enhanced permeability
such as fault zones (e.g., Evans et al., 2012).

Majer et al., (2007) document examples of earthquake activity associated with EGS projects at
Berlin (El Salvador), Soultz, (France), Basel (Switzerland) and the Cooper Basin (Australia).
Earthquakes with magnitudes of up to 4.4 ML have observed at the Berlin site. The largest
earthquakes observed at Soultz had a magnitude of 2.7 ML, while the largest event in the
Copper Basin had a magnitude of 3.7 Mw. A series of earthquakes induced during an EGS
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project in Basel, Switzerland resulted in the suspension of the project, which was ultimately
abandoned almost 3 years later following further study and risk evaluation after these seismic
events (Giardini, 2009). The largest event had a magnitude of 3.4 ML and was widely felt across
the city by thousands of people.

More recently, a magnitude 5.5 Mw earthquake occurred near an EGS drill site at Pohang in
South Korea on 15 November 2017 (Lee et al., 2019). The half-million residents of Pohang
experienced violent shaking. The earthquake caused one death, injured 135 residents,
displaced more than 1700 people into emergency housing, and caused more than $75 million
(US) in damage to more than 57,000 structures and more than $300 million of total economic
impact. An investigation by the Geological Society of Korea (GSK, 2019) concluded that high-
pressure injection into the PX-2 borehole activated the fault that ruptured in the magnitude
5.5 Mw earthquake.

Economically efficient heat and power production from natural hydrothermal systems requires
the reinjection of extracted fluids by geothermal doublet or multiplet systems (e.g., Hirschberg et
al., 2015). At Unterhaching in the Molasse Basin of southeast Germany, monitoring networks
detected earthquakes up to 2.4 ML close to the reinjection well soon after the production phase
of the plant started (Megies and Wassermann, 2014). In July 2013, a sequence of more than
340 earthquakes was induced by reservoir stimulations at a deep geothermal drilling project
close to the city of St. Gallen, Switzerland (Diehl et al., 2017). The largest event in the sequence
had a magnitude of 3.5 ML and was felt up to 10—-15 km from the epicentre.

The first TLS for managing the risk induced seismicity were originally developed for the Berlin
geothermal project in El Salvador (Bommer et al. 2006), an area with significant background
seismicity. The approach has then been used on several geothermal projects (e.g., Diehl et al.
2017; Haring et al. 2008). In some cases, the cessation of operations at a given limit did not
preclude further seismicity. For example, operations were stopped during a geothermal project
in the city of Basel, Switzerland (Giardini, 2009) when the red-light threshold of 2.9 ML was
exceeded. However, this was still followed by several larger magnitude events that led to the
project being abandoned. Similarly, the magnitude 2 red-light threshold used during the Pohang
EGS project (later changed to 2.5) did not stop the damaging 5.5 Mw earthquake being
triggered by the project (Lee et al., 2019).

More recently, data driven, adaptive TLS (ATLS) have been suggested to address some of the
limitations of the original TLS (e.g., Mignan et al., 2017). These combine real-time monitoring,
probabilistic forecasts, and operational adjustments. Kwiatek et al., (2019) describe how an
ATLS was used to control induced earthquakes during the stimulation of a 6.1-km-deep
geothermal well in the metropolitan area of Helsinki, Finland. Near real-time information on
induced earthquake rates, locations, magnitudes were used to vary injection rates and avoid a
magnitude 2.0 Mw earthquake, or greater, the threshold set by the local authorities for stopping
the project.

There are currently no specific regulations for the control or mitigation of induced seismicity
associated with geothermal projects in the UK (Abesser and Walker, 2022). Control and
mitigation of induced seismicity for deep geothermal operations in Cornwall (United Downs
Deep Geothermal Project and Eden Geothermal Project) are based on the British Standard

BS 6472-2 (BSI, 2008), which define limits for acceptable levels of ground vibrations caused by
blasting and quarrying, and other local planning authority guidelines for blasting, quarrying, and
mining. These thresholds are defined in terms of measured ground velocity.
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5 Modelling of shales in relation to seismic activity

In this section, we discuss recent research on the geology of shale rocks in the UK and
compare the geology of shales in the Bowland Basin, Lancashire with other basins with shale
gas potential in the UK to answer questions 4 and 5. Key findings include:

Recent research using high quality exploration data that is available for some parts of
the UK reveals localised structural and stress heterogeneity that could influence fault
reactivation. This is in keeping with findings in high-hazard natural seismicity settings.

However, limited exploration data from other parts of the UK means that there are
significant gaps in our knowledge of sub-surface structure of these places. When
coupled with the uncertainties in predicting the magnitude, duration, timing and location
of induced seismicity, it is not possible to discount the likelihood of HFIS in shale areas
outside of Lancashire occurring.

It is not possible to identify all faults that could host earthquakes with magnitudes of up
to 3 prior to operations, even with the best available data.

Recent research from the USA demonstrates the importance of geomechanical modelling
to identify faults that are most likely to rupture during operations. This information can
be used to assess risks prior to and during operations.

However, these models require accurate mapping of sub-surface faults, robust estimates
of stress state, formation pore pressures and the mechanical properties of sub-surface
rocks. While this information is available in a few areas with unconventional hydrocarbon
potential such as the Bowland Basin, more data is needed from other basins to allow
robust geomechanical models to be applied more widely.

Shale rocks that may be prospective for oil and gas have been identified from the Carboniferous
under large areas of northern England and the Midland Valley of Scotland, and the Jurassic in
the Weald and Wessex basins in southern England (Figure 4).

Induced seismicity depends on the complex relationship between stress changes caused by
operations, the existing faults, state of stress and the mechanical properties of the rocks
themselves, e.g., coefficient of friction. Shale rocks are by their nature challenging to quantify;
many of the properties relevant to seismic hazard exhibit a strong heterogeneity (e.g., lithology,
stress state; Anderson et al., 2022), and this results in uncertainty in predicting properties away
from regions of data coverage.

The current understanding of the characteristics of UK shale rocks is in part informed by the
knowledge gained from shales in the USA that are commercially producing gas (e.g., Andrews,
2011). There are, however, some important differences between the geology of these systems
that may influence shale behaviour, including geochemistry and composition of the rock, the
ability to predict and correlate shale successions and the amount of geological faulting typically
present. Over the past few years, several datasets acquired in the UK as part of gas
exploration, including 3D seismic surveys, borehole core and down-hole geophysical log suites,
have become available for scrutiny by the academic community (Appendix 1). These new data
can help ground-truth exploration models and provide materials to quantify geochemical and
geomechanical appraisals of shales. New geophysical data (seismic reflection and down-hole
geophysics) can calibrate pre-existing 2D seismic reflection and other downhole geophysical
logs, allowing for a more detailed understanding of shale geology in the UK. Shale successions,
including the Bowland Shale Formation in the UK, display variation at multiple scales from the
tens of metres (that may be expected to be resolved by seismic reflection exploration
techniques), including large-scale cyclicity in sedimentation, through to the nanometre-scale.
Typically, lab-scale analysis can help quantify variability at the tens-of-cm — nanometre-scale.
However, challenges remain in the upscaling lab-scale results to the reservoir scale, resulting in
less confidence in some instances in predicting and correlating properties of shale (e.g., brittle-
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ductile behaviour, porosity) at the seismic scale and upwards over distances in excess of a few
hundred metres (e.g., Anderson et al., 2022).

Research has applied state-of-the-art interpretative techniques to recently acquired datasets,
including 3D seismic and down-hole geophysics from the Fylde and north Nottinghamshire
areas to improve understanding of sub-surface structure (e.g., Anderson and Underhill, 2020;
Hampson et al., 2020; Anderson et al., 2022; Palci et al., 2020; Nantanoi et al., 2022). Hampson
et al., (2020) indicate high levels of confidence for some of the well- to seismic reflection data
correlations in the Bowland Basin, although Anderson and Underhill (2020) note challenges in
interpretation, especially where data quality is sub-optimal. Some recently acquired data,
however, remain unpublished or only partly described (e.g., the North Dee-15 3D seismic
survey data for north Cheshire; core material for the Springs Road-1 well in north
Nottinghamshire); interpretation of these data would improve knowledge of the local geology.

The mechanical properties of shales are related to their geological setting (including
stratigraphy, composition, structure, in-situ and regional stress), with mineralogy impacting
elastic properties (Anderson et al., 2022). The geology of UK shales is acknowledged as
variable and, in some areas, e.g., Bowland Basin, Lancashire, is complex and difficult to predict
beyond known data points (e.g., Waters et al., 2019; Anderson and Underhill, 2020; Palci et al.,
2020), There may be value in data analysis (including petrophysical methods) as an evaluation
tool in the identification of optimal exploration targets (Anderson et al., 2022). Other areas (e.g.,
the Gainsborough Trough that extends between Huddersfield, West Yorkshire and Welton,
Lincolnshire; Palci et al., 2020, or the Cleveland Basin, North Yorkshire) have a simpler geology
in terms of stratigraphy and structure and may therefore be easier to characterise. The Jurassic
shales in the Wessex and Weald basins are clay rich and over large areas have not reached the
gas window (Andrews, 2014; Greenhalgh, 2016), although parts of these basins produce oil and
gas and they remain targets for future exploration.
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The acquisition of datasets as parts of exploration programmes includes non-invasive (e.g., 3D
seismic reflection) and invasive (e.g., borehole core and down-hole geophysical log data)
strategies. These datasets give improved understanding of shale geology, and some important
mapping exercises of shale basins, including new fault, structural and stratigraphic
interpretations, and rock physics models, have been produced (e.g., Anderson and Underhill,
2020; Anderson et al., 2022). However, these are spatially restricted to a few areas in the UK,
with large gaps in some areas (e.g., near Doncaster as noted by Palci et al 2020). Stress
magnitude data in particular, relevant to fracture mechanics studies, is described as “limited
spatially and stratigraphically” in the UK, “in particular in regions underlain by potentially
prospective shale formations”, although it is possible to calculate a regional estimate of stress
magnitude using the existing available data (Fellgett et al., 2018).

The acknowledgement of the need for site-specific studies and detailed evaluation to
characterise potential drill sites is highlighted by several authors (e.g., Fellgett et al., 2018;
Anderson and Underhill, 2020), and forms part of the existing regulatory approach. However,
even with access to high-quality 3D seismic reflection data, the imaging and identification of
faults may be difficult where contrasts in rock properties in the subsurface are subtle, and/or in
strike-slip settings (Nantanoi et al., 2022). Additionally, the resolution of 3D seismic reflection
data is variable and depends on multiple issues including land access to acquire data,
complexity and scales of geological variability (see discussion in Ireland et al., 2021).

Exploration and hydraulic fracturing in structurally complex regions such as the Bowland Basin
indicates that risks, including those associated with hydraulic fracturing, “cannot be mitigated
through analysis of seismic data alone” (Anderson and Underhill, 2020). There remains
significant uncertainty in the “risk of induced seismicity on faults that are seismically resolvable
and those that are of subseismic scale” (Anderson and Underhill, 2020).

For a fault to slip, the shear stress parallel to the fault plane needs to overcome the normal
stress perpendicular to the fault plane that holds it locked in place. The presence of fluid in the
pore spaces of the rocks on the fault plane decreases the effective normal stress, allowing the
fault to slip at a lower shear stress (Hubbert and Rubey, 1959). The greater the pore pressure of
the fluid, the less the clamping effect of normal stress.

The slip tendency (Morris et al., 1996) can be defined as the ratio of shear to normal stress
acting on a fault. This depends on the orientation of the fault plane, the orientation and
magnitude of the principal stresses, as well as the pore pressure. By studying both the
geometry of faults and the contemporary stress field, it is possible to resolve the shear and
normal stresses acting on known or modelled faults, and to determine which faults (or parts of
faults) are most susceptible to becoming reactivated under elevated pressure conditions.

The relative orientations of a fault plane and the stress field determines if the fault is favourably
oriented for failure, i.e., more likely to slip. Such favourably oriented faults may fail due to even
small changes in the effective normal stress. Other fault orientations can fail but would require

larger changes in effective normal stress.

Recent research from the USA and elsewhere has shown the importance of understanding
faulting and stress state to better understand the expected distribution of induced seismicity
from both wastewater disposal and hydraulic fracturing operations.

Lund Snee and Zoback (2020) present maps of the relative magnitude of the principal stresses
and the orientation of the maximum horizontal stress (SHmax) that show how these change
across North America. Lund Snee and Zoback (2022) present comprehensive data on stress
orientation and relative magnitude in areas throughout North America where unconventional oll
and gas are currently being developed. The authors suggest that this can be used both to
improve operational efficiency by constraining absolute stress magnitudes and the ideal azimuth
to drill horizontal wells (i.e., perpendicular to the local SHmax Orientation) and make it possible to
predict which fractures and faults are likely to be activated during hydraulic stimulation.
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Hennings et al., (2021) analyse the stability of fault systems in the Delaware Basin of West
Texas in relation to both wastewater injection and hydraulic fracturing. They conclude that
earthquakes sequences do occur on faults that are stable in normal conditions in response to
elevated pore pressure from fluid injection. The authors also suggest that this approach can be
used to better plan and regulate petroleum operations to avoid fault rupture. Dvory and Zoback
(2021) also use data from the Delaware Basin to demonstrate that pore pressure and stress
changes associated with prior oil and gas production make induced seismicity less likely. Sheng
et al., (2022) carry out further detailed analysis of earthquakes in Delaware Basin, concluding
that the shallow seismicity is triggered by wastewater injection.

Walsh & Zoback (2016) developed a probabilistic approach to assess fault slip potential on
mapped faults that incorporates the uncertainties in different parameters such as the orientation
and magnitude of the principal stresses, pore pressure, coefficient of friction, and fault
orientation. The Texas Railroad Commission, who are the regulator for wastewater disposal and
HF operation in Texas, require operators to carry out pre-drilling risk assessments that include
the use of the Walsh & Zoback (2016) Fault Slip Potential (FSP) method for new disposal wells.

In the UK, Williams et al. (2016) used slip tendency analyses of faults in potential sandstone
reservoirs for CO; storage in the North Sea. Healy & Hicks (2022) developed a probabilistic
model of fault slip for two sites with geothermal energy potential that combines slip and dilation
tendency, fracture susceptibility with response surface methodology from engineering and
Monte Carlo simulations. They conclude that there are key gaps in our knowledge of the stress
field, fluid pressures, and rock properties. Nantanoi et al., (2022) include measurements of
stress and pore pressure in the Bowland Shale Formation to estimate fault slip potential for
faults identified in the 3D seismic survey data that was acquired over the Preston New Road
site and identified critically stressed faults near the PNR-1Z and PNR-2 wells. Notably, the faults
that induced the largest seismic events in the Preston New Road site could not be identified in
the 3D seismic survey.

However, as discussed above, estimating fault reactivation potential requires measurements of
as the orientation and magnitude of the principal stresses, pore pressure, coefficient of friction,
and fault orientation. Figure 5 shows measurements of the orientation of the maximum
horizontal compressive stress in the UK together with the locations of wells where the
magnitude of at least one of the principal stresses has been measured. The stress orientations
are from the World Stress Map data release 2016 (Heidbach et al., 2018), while locations of
wells where stress magnitudes have been measured are from Fellgett et al., (2018). There is
generally a lack of such measurements across the UK. In particular, more detailed
measurements are needed to resolve localised differences in the stress field across areas of
shale gas potential.

Injection pressures used during HF operations may be such that faults do not have to be
favourably oriented for failure (Shen et al., 2019; Brudzinski et al, 2019; Kettlety et al., 2020).
The resulting increase in pore pressure, which decreases the effective normal stress on the
fault, means that faults of many orientations may be activated. This is consistent with Segou
and Parsons (2020) findings considering the pre-existing and modern stress field in California.
Kettlety et al., (2020) find that the fault activated during operations in PNR-2 was more
favourably oriented with respect to the local stress field than the fault activated during
operations in PNR-1z. The authors suggest that this may have resulted in the larger events
observed during operations in PNR-2. However, Segou and Parsons (2020) show that tectonic
earthquakes also often occur on less favourable oriented faults demonstrating that even small-
magnitude stress perturbations can trigger seismicity. Moreover, both dynamic earthquake
triggering, where large earthquakes can trigger other events over 1,000 km away (Parsons et
al., 2014) and tidal triggering suggest that the Earth’s crust is always in a near-critical state of
stress, with faults at the cusp of failure.
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Figure 5. The orientation of the maximum horizontal compressive stress (green vectors) and
locations of wells where the magnitude of at least one of the principal stresses has been
measured (orange squares). Stress orientations are from the World Stress Map data release
2016 (Heidbach et al., 2018). Locations of sites where stress magnitudes have been measured
are from Fellgett et al., (2018). Areas underlain by potentially prospective shale rocks are
shaded grey.

Induced earthquakes have been observed in a wide variety of geological settings and in areas
where there are relatively few tectonic earthquakes (Calais et al., 2016; Ellsworth et al., 2015).
In some areas, the resulting hazard from induced earthquakes due to HF operations is
significantly greater than the hazard from tectonic earthquakes (Atkinson et al., 2020; Petersen
et al., 2016). As a result, the low hazard from tectonic earthquakes does not guarantee that the
hazard from induced seismicity will also be low.

The high-resolution spatial characterisation of shale successions in the UK is informed by a few
sparsely located 3D surveys that give information on the distribution and orientation of
geological faults. Outside of these areas, information describing the structure, stress and
stratigraphy of the shales is typically not sufficient to give a detailed assessment of the geology.
When coupled with the uncertainties in predicting the magnitude, duration, timing and location
of induced seismicity, it is not possible to discount the likelihood of HFIS in shale areas outside
of Lancashire, although it may be possible to quantify the risk of felt events occurring.

The shale geology in parts of the Bowland Basin is complex in terms of both stratigraphy and
structure. The stratigraphy includes numerous locally and regionally developed turbidite and
limestone beds, while the structure has resulted from multiple phases of burial, uplift and basin
inversion and fault reactivation, associated with a diverse range of fault styles including high-
angle reverse and normal faults of varying degrees of displacement associated with the
development of the Ribblesdale Fold Belt (e.g., Anderson and Underhill, 2020; Pharaoh et al.,
2020). For the Bowland Basin, Anderson and Underhill (2020) indicate that the identified
structural complexity, including faults that are not apparent on seismic reflection data, will
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influence the lateral continuity of shale horizons, and importantly the evaluation of the risk of
induced seismicity on faults with a large displacement. The geology in other shale basins in the
UK where studies indicate that prospective shales may be present is generally less well-known
due to a smaller amount of data to describe the subsurface. Where data does exist, it indicates
that these areas have also been subject to a complex depositional and structural history.
Despite this, Palci et al (2020) indicate that the geological succession in the Gainsborough
Trough can be mapped out with greater confidence in the south and central parts of the basin,
albeit with a degree of uncertainty associated with some geological parameters including the
natural fracture network.
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6 Global experience of HFIS

In this section, we compare induced seismicity from hydraulic fracturing of shales in the UK, with
that observed in the USA, Canada and China, to answer question 6. This includes references to
some research that is important for context. Key findings include:

The rates of HF-induced seismicity in other countries where shale gas production has
been ongoing for many years are observed to vary widely.

Overall, given the large number of wells with HF operations, there are relatively few
published cases of HFIS.

However, in some areas the percentage of wells associated with induced earthquakes
can be as high as 30%.

HF can trigger earthquakes large enough to cause structural damage. These events were
not predicted in advance of operations.

The limited number of HF operations in the UK means that it is difficult to make a valid
comparison of the rates of occurrence of induced seismicity with elsewhere.

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

In the USA, where around 1.8 million HF operations have been carried out in approximately

1 million wells (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) estimated that
approximately ~0.35% of ~850 unconventional wells in Ohio 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 (2020) developed a statistical model of the likelihood that
horizontally fractured wells in the WCSB will trigger earthquakes with magnitudes greater than 3
and mapped how that likelihood varies spatially. Their results showed 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. Some of the most notable examples are shown in Figure 6 and listed in Table 1.
These include documented cases from the USA (Oklahoma, Texas, Ohio), Canada (Alberta,
BC), the UK and China. 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 et al.,
(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. (2018a) 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 ML = 2, with rates as high as 19.5% in some areas. In the Bowland Shale
Formation (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 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
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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 ML or greater, and the largest event had a magnitude of 3.8 ML. 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 ML) 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 6. 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. Locations and magnitudes are from the HiQuake database (Wilson et al., 2017).

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 ML 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 ML 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 wastewater from both conventional and unconventional
hydrocarbon production in deep boreholes (Ellsworth, 2013; Rubinstein and Mahani, 2015;
Walsh and Zoback, 2016). However, induced seismicity induced by HF has also been observed
in both the South Central Oklahoma Oil Province (SCOOP) and Sooner Trend (STACK) plays of
the Anadarko Basin. Two of the first examples were magnitude 2.9 ML and 3.2 ML 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 ML event on 14 July 2015. A further 960 earthquakes with
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magnitudes greater than 2 were linked to HF between 2016 and 2019, with the largest a
magnitude 3.9 MLM_ 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 ML 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 ML
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
than 85% of the seismicity in the play and 94 earthquakes with magnitudes greater than 2.0 ML
could be correlated with HF. A magnitude 4.0 Mw earthquake on 1 May 2018 earthquake is the
largest HF-induced earthquake documented in the USA.

At least 7,900 HF wells have been completed in the Delaware Basin, Texas, from 2011-2019.
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 ML
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 high in this area because of: (1) strong
and brittle Pre-Triassic sedimentary rocks; (2) critical regional stress; (3) widespread 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. The largest event injured 17 people due to the collapse of nine
houses and caused serious damage to more than 390 houses; it also triggered landslides and
rockfalls. Lei et al. (2019) provide evidence to suggest that the events were induced by nearby
hydraulic-fracturing operations in the Changning shale gas block 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.

Wang et al., (2022) used Sentinel-1 synthetic aperture radar data to measure surface
deformation caused by the three largest earthquakes in the Changning (China) shale gas field,
Sichuan, China, from 2017 to 2019, including the earthquakes on 16 December 2018 and 3
January 2019. Their results show that the earthquakes were the result of rupture on shallow
faults that intersected with HF wells. These faults were in the sedimentary formations above the
shale gas formations rather than basement-rooted faults. Wang et al., (2022) conclude that high
HF-induced seismicity rate in the Changning area is related to the relatively high strain rates in
the region caused by proximity to a tectonic plate boundary.
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Country

Canada
Canada
Canada

Canada
USA
USA
USA
USA
USA

China

UK

Horn River Basin, BC

Alberta Basin
Alberta Basin
AB/BC

OH, PA, VA
OK; Anadarko &
Arkoma Basins

AR;

TX;

TX, NM: Delaware

Basin

South Sichuan Basin

LANC

Formation or Play

Muskwa Shale DEV
Exshaw DEV - CARB
Duvernay DEV
Montney TRIAS
Marcellus & Utica DEV - CARB
SCOOP & STACK DEV - CARB
Fayetteville CARB

Eagle Ford CRET
Wolfcamp & Bone PERM
Spring

Wufeng - Longmaxi ORD - SIL
Bowland CARB

Number of wells

11+
~40 HF wells
1000 HF wells
>7000 HF wells
>1100 HF
>13000 HF
wells

>1000 HF wells

>19000 HF
>7900 HF wells

(TX)
>500 HF wells

2 HF wells

Year(s)

2009-11
2011-12
2013-19

2006-20

2013 -

2013 -

2004-09;

2010-11

2010 -

2014 -

2011;
2018-19

Maximum
magnitude

Upto 3.8
Upto 3.0
Upto4.4
24-46
Upto 3.7
Upto 3.9
Upto 2.9

Upto 4.0

Upto 3.0

Upto 5.7

2.3;1.6,29

Significant geological factors & faulting
mechanisms

Palaeokarst adjacent to basement-rooted
fault

Basement-rooted transtensional strike-slip
faults

Reverse and strike-slip mechanisms

Previously unmapped linear strike-slip fault
segments

Injection into dolomitic carbonates near
basement. Strike-slip faulting

Activation of strike-slip basement faulting.

Normal faulting

Reverse or strike slip movement in
dolomitic strata between target and
basement

Fluid injection directly into fault

Traffic

0:1.0ML
R: 3.0 ML
R: 4.0 ML

0:25ML
R: 3.0 ML
0:25ML
R: 3.5 ML
No.

No

No

No

0:0.0 ML
R: 0.5 ML

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

red.
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7 Conclusions

This report draws on scientific advances published since the pause on shale gas extraction in
England was implemented in 2019. We have included peer-reviewed research published in
scientific journals, together with relevant technical reports from regulators and public bodies.
Research pre-dating 2019 is included where it is needed to put more recent work in context.

The following conclusions are relevant to questions 1 and 2 from the terms of reference, which
ask about “new techniques” to ‘reduce the risk of seismic events”and ‘if they would be suitable
for use in the UK”.

Earthquake forecasting remains a scientific challenge for the geoscience community. Maximum
expected magnitude, the time scales for the occurrence of large-magnitude earthquakes and
the variability of earthquake sequences across the world are all areas of ongoing research. The
complexity of this challenge is partly related, among other factors, to the relatively short historic
records when compared with the longer recurrence time for large earthquakes, the current state
of modern seismic monitoring and significant existing knowledge gaps about earthquake
processes. These challenges and issues are shared in natural and induced earthquakes alike.

The estimation of maximum magnitudes before and during HF operations remains challenging.
Methods that relate injected volume to the maximum magnitude or numbers of events show
some promise, but when applied to the rich datasets from operations at PNR, provide estimates
that are lower than the maximum observed magnitude. For faults that extend outside the
immediate hydraulically fractured zone, the maximum magnitude will be controlled by local
geology and tectonics, not only by operational parameters, such as the amount of injected fluid.

The development of statistical and physics-based forecast models over the last decade for
tectonic (natural) earthquakes aims to support decision-making and raise awareness of future
hazards. These forecast models provide time-dependent probabilistic estimations for the
occurrence of earthquakes above a magnitude threshold within a given time (and space)
window of interest. These forecasts have also been adapted for induced seismicity by including,
either implicitly or explicitly, operational parameters such as injection rate. Such models may
incorporate the maximum magnitude for tectonic earthquakes at the site of interest, and their
generic parameterization can be calibrated using well-specific information.

However, these forecast models are data intensive, and their real-time implementation requires
detailed earthquake catalogues. Recent technological advances based on machine-learning
algorithms promise to deliver high-quality, high-resolution earthquake datasets to support
forecasting models in operational settings. The latest machine learning algorithms can detect
and locate many times more earthquakes than conventional approaches, even using a fraction
of the available seismic stations. The retrospective implementation of ML techniques in the USA
has allowed high-resolution mapping of previously unknown fault structures in areas of induced
seismicity over a decade of operations that could inform future mitigation actions.

Probabilistic methods, like those used to quantify risks from tectonic earthquakes can be used
to assess risks of induced seismicity, including HFIS. However, there are important differences
between how tectonic and induced seismicity evolves in space and time. Recent studies have
shown how earthquake statistics can be used to address this problem, but further work is
needed to develop these models and incorporate them in risk assessments.

Existing risk mitigation techniques, such as traffic light systems, remain important tools.
However, red-light thresholds should be chosen to ensure that the probability of the scenario to
be avoided, e.g., disturbing or damaging ground motions, is at an acceptable level. Amber light
thresholds should be chosen as much as two magnitude units below the red-light threshold.
Recent advances in risk assessments in hydraulic fracturing operations that consider the
nuisance and damage potential from earthquake ground shaking should be used to determine
these thresholds and should incorporate the possibility of both magnitude jumps and trailing
events that occur after operations are stopped or paused. Thresholds that relate to specific risk
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targets should make the decision-making process more transparent. These may vary
geographically depending on levels of risk tolerance.

A red-light event usually results in the complete cessation of operations in a well, rather than a
brief pause, because of the increased risk of larger magnitude events. There should also be
sufficient space between the amber and red-light thresholds to ensure that operators have a
sufficient opportunity to enact mitigation strategies and reduce the possibility of events jumping
from yellow to red.

The following conclusions are relevant to question 3 from the terms of reference, which asks
*how does the seismicity caused by fracturing compare to other forms of underground energy
production” the different thresholds for activity” used in other industries.

Induced seismicity has been observed in other industries related to underground energy
production both in the UK and elsewhere. In the absence of a seismic building code in the UK,
consistent risk targets, i.e., scenarios to be avoided, could be considered for all energy related
industries that present a risk of induced earthquakes. This would allow greater transparency
and would help improve public perception of the risks. Useful insights may be gained from
regulatory approaches used elsewhere for the mitigation of induced seismicity associated with
other energy technologies and industries.

The following conclusions are relevant to questions 4 and 5 from the terms of reference, which
ask ‘modelling of shale has improved in the period since 20197, “do these improvements mean
we could be confident about the modelling of seismic events”, and “are there other sites, outside
of Lancashire, which might be at a substantially lower risk of seismic activity”.

It remains challenging to identify and characterize faults that could host seismic events of
magnitudes up to 3.0 even when using 3-D seismic reflection survey ahead of operations.
These may only be revealed by seismicity recorded as HF operations are ongoing. This was the
case during HF operations at PNR where microseismicity recorded by a downhole array was
aligned on the activated fault structure.

Recent research from the USA demonstrates the importance of geomechanical modelling to
identify faults that are most likely to rupture during operations. This information can be used to
assess risks prior to and during operations. However, these models require accurate mapping
of sub-surface faults, robust estimates of stress state, and knowledge of formation pore
pressures and the mechanical properties of sub-surface rocks. While this information is
available in a few areas, more data is needed in other basins in the UK with unconventional
hydrocarbon potential to apply this more widely.

The stratigraphy and structural geology of the Bowland Basin is complex because of multiple
phases of deformation through geological history. Different fault styles are observed on a wide
variety of scales, and combined with geological variability, leads to shale formations that are
typically laterally discontinuous, particularly at scales of less than 1 km. There is less data
available from other basins in the UK with unconventional hydrocarbon potential, but the
existing data suggests that these areas share a complex depositional and structural history, with
the possible exception of the Gainsborough Trough and Cleveland Basin.

The following conclusions are relevant to question 6 from the terms of reference, which asks
‘how does seismicity from fracturing in the UK compare to other countries”.

In natural seismicity settings scientists accept that only one in ten earthquakes is followed by a
larger magnitude earthquake. Research in induced seismicity settings in the USA and Canada
suggests that on average around 1% of HF wells can be linked to earthquakes with magnitudes
of 3 or greater, although in some areas of the USA and Canada the percentage of wells
associated with induced earthquakes is much higher (>30%).

HF can trigger earthquakes large enough to cause structural damage. These events were not
predicted in advance of operations.

The limited number of HF operations in the UK (three exploratory wells), makes it impossible to
determine with statistical significance the rates of occurrence of induced seismicity from HF
operations using solely national data, underlying the importance of international collaboration
and knowledge exchange in monitoring and operational practices.

27



Data and Resources

The original microseismicity catalogues and pumping data from operations at Preston New
Road are available from the North Sea Transition Authority (ex-Oil and Gas Authority) and
available at https://www.nstauthority.co.uk/exploration-production/onshore/onshore-reports-and-
data/.

Homogenised catalogues of microseismicity and pumping data from the PNR-1z and PNR-2
injection wells used by Mancini et al., (2021) in Figure 2 are available at the National
Geoscience Data Centre, https://doi.org/10.5285/856fc9f4-bea8-490f-b709-92549d692da4. This
data set is available under Open Government Licence.

The combined catalogue of microseismic events recorded during Cuadrilla's Preston New Road
hydraulic fracturing operations containing all the seismic magnitudes used in Figure 3 was
prepared by Kettlety, T. & Butcher, A. (2022) and is available at the National Geoscience Data
Centre, https://doi.org/10.5285/709cbc2f-af5c-4d09-ad4ea-6deb5aa8c5d8. This data set is
available under Open Government Licence.

Stress orientations used in Figure 5 are from the World Stress Map data release 2016
(Heidbach et al., 2018) and are available at https://www.world-stress-map.org/download. The
data are publicly available.

Locations of sites where stress magnitudes have been measured used in Figure 5 are from
Fellgett et al., (2018).

The UK Shale Prospective Areas data used in Figure 6 are available from the North Sea
Transition Authority, https://www.nstauthority.co.uk/exploration-production/onshore. This data
set is available under Open Government Licence.

The Human-Induced Earthquake Database (Wilson et al., 2017) used in Figure 6 is an open-
access database available at https://www.inducedearthquakes.org.

Information regarding downhole geophysical log data and 2D and 3D seismic surveys is
available from the UK Onshore Geophysical Library: https://ukogl.org.uk/

Earthquake and geological map and borehole information is available from the British
Geological Survey Geolndex: https://www.bgs.ac.uk/map-viewers/geology-of-britain-viewer/
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Glossary and acronyms

Borehole — Any hole drilled or dug into the sub-surface for the purpose of extracting or
investigating the material at that particular point. Commonly cylindrical, the length of the hole
will always be several orders of magnitude greater than its width or diameter. Boreholes include
any drilled onshore and offshore, for any purpose and to any depth. As opposed to wells, which
are typically used for the extraction of natural resources, the term ‘borehole’ is more often used
to describe a hole that was drilled for scientific purposes.

Earthquake — Ground shaking caused by the sudden release of energy that results from the
movement or slip on a fault in the Earth’s sub-surface.

EGS - Enhanced Geothermal Systems are geothermal reservoirs enabled for economic
utilization of low permeability conductive rocks by creating fluid connectivity in initially low-
permeability rocks through hydraulic, thermal, or chemical stimulation (Huenges, 2016).

Epicentre — he location of the point of initiation of an earthquake, projected to the Earth’s
surface.

ETAS: Epidemic Type Aftershock Sequence model of the spatial and temporal evolution of
seismicity based on earthquake statistics presented in Ogata (1988).

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.

GMPEs — Ground Motion Prediction Equations estimate the ground motion that may occur at a
site when exposed to an earthquake of a certain magnitude taking place nearby (Douglas and
Edwards 2016).

Geothermal doublet (multiplet) — A system of exploiting geothermal energy made up of two
wells: an injection well and a production well. Warm water is pumped up the production well to
the surface where it is used and re-injected at depth.

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”. Typically,
horizontal sections are up to 2 km in length.

Hydraulic fracturing (HF); “fracking” — the methodology to prepare impermeable shale for
production of shale gas. During hydraulic fracturing, a mixture of water, chemicals and sand is
pumped down a borehole at high pressure. The water pressure opens up cracks in the rock and
the sand grains lodge into the spaces to keep them open, allowing the released gas to flow out
of the rocks and travel back up the borehole where it is captured. The hydraulic fracturing
technique is not new; it has been used for over 50 years to improve recovery of conventional oil
and gas.

Hypocentre (also known as the focus) — The location (in the subsurface) where an earthquake
rupture initiates.

Induced seismicity (or HFIS) — Hydraulic Fracturing Induced Seismicity A type of earthquake
activity that is caused or accelerated by human activities. Sometimes these earthquakes are
distinguished into either triggered or induced, depending on the degree of human influence. In
this paper we make no distinction and refer to both types as induced

Kerogen — hydrocarbon component of shale that generates oil or gas when heated.
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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 —Earthquakes with magnitudes of less than 2.0 that are usually too small to be
felt (e.g., Vilarrasa et al., 2019).

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

Operator — The company who owns the HF pad and is responsible for completion.

Play — A term used to denote the extent of a target formation (or a package of formations)
exploited by HF.

PNR — Preston New Road: one of the sites in the UK where HF took place (with Cuadrilla
Resources as the operator) and induced seismicity was recorded (see Appendix 1).

Porosity — The proportion of filled space to empty space in a rock.
Regulator — The institution responsible for the oversight of responsible operator development.

Shale —is a fine-grained, sedimentary rock formed as a result of the compaction of clay, silt,
mud and organic matter over time and is usually considered equivalent to mudstone. Shales
were deposited in ancient seas, river deltas, lakes and lagoons and are one of the most
abundant sedimentary rock types, found at both the Earth’s surface and deep underground. A
shale gas reservoir would be expected to be dominantly shale in composition but many include
beds or units of limestone or sandstone at varying scales.

Shale gas (=unconventional gas) — is natural gas found in shale deposits, where it is trapped in
microscopic or sub-microscopic pores. This natural gas is a mixture of naturally occurring
hydrocarbon gases produced from the decomposition of organic matter (plant and animal
remains). Typically, shale gas consists of 70 to 90 per cent methane (CH.), the main
hydrocarbon target for exploration companies. This is the gas used for generating electricity and
for domestic heating and cooking.

Shale oil (=unconventional oil) — is the result of the decomposition of kerogen in shale when the
organic matter has not been exposed to same temperatures and pressures as is the case for
shale gas (lower maturity than shale gas).

TLS ( =Traffic Light System) — Guidance to manage onshore induced seismicity, issued by BEIS
(https://Iwww.gov.uk/government/publications/traffic-light-monitoring-system-shale-gas-and-
fracking). Operators are required to carry out seismic monitoring whereby injection can proceed
if the recorded magnitude (M) < 0.0; injection can proceed with caution if M is 0.0-0.5, possibly
at reduced rates with more intensive monitoring; when M 2 0.5, the operator must suspend
injection, reduce pressure and monitor seismicity and ground motion for any further events
before potentially resuming.

Turbidite — A geological formation deposited by a turbidity current, which is a rapid, downslope,
high density, sediment-laden current. They can be triggered by geological disturbances like
earthquakes at the time of deposition.

Well — In petroleum geology, a well is considered a borehole that is completed for the
production of a resource (oil or gas) as opposed to a ‘borehole’ which is drilled mainly for
scientific purposes.
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Appendix 1: Unconventional hydrocarbon resource
and exploration in the UK

Shale rocks that may be prospective for oil and gas have been identified from the Carboniferous
under large areas of northern England and the Midland Valley of Scotland, and the Jurassic in
the Weald and Wessex basins in southern England.

Several studies indicate that the amount of gas likely present in the Carboniferous Bowland Shale
Formation may be significantly lower and spatially more restricted than initially estimated by
Andrews. (2013) (e.g., Whitelaw et al., 2019; Sims et al., 2021). Work by Hennissen et al (2017)
indicates that large areas of shales in the Edale Basin and Widmerpool Gulf, in the midlands, are
likely immature for gas and therefore it is unlikely that these areas would be prioritised for gas
exploration. The kerogen in the Bowland Shale Formation in parts of the Bowland Basin are
described as mixed, including type Ill but also type I/ll (Hampson et al., 2020); in the Cleveland
Basin, kerogens are considered type Il (Hughes et al., 2016); this has affected the amount of oil
and gas that has been generated from the shale.

The development and retention of overpressure in shales is relevant to prospectivity and
petrophysical behaviour and has been identified in parts of the Bowland Basin (Clarke et al, 2018)
and modelled (but not conclusively proven in the field) in the Gainsborough Trough and the
Jurassic Kimmeridge Clay and Oxford Clays formations in the Weald Basin (Palci et al., 2019;
2020). The development of overpressure may be associated with natural fracture networks,
perhaps reducing the requirement for extensive hydraulic fracturing and improving the
commercial appeal of these areas. The retention of high in-situ overpressure has been suggested
as a controlling influence on HFIS (Eaton and Schultz, 2018; Sibson, 2020)

The Cleveland Basin shales are described as a “major unconventional hydrocarbon play”,
comprising tight, naturally fractured sandstones interbedded with mudstones, and in contrast to
the Bowland area, with only few thin beds of limestone (Hughes et al., 2016). Although the
Cleveland Basin shales have undergone multiple phases of burial and uplift, the key horizons
have been identified from 3D seismic data with a “high degree of confidence” (Hughes et al.,
2016). Collectively, this results in some areas, including the Bowland, Gainsborough and
Cleveland basins, remaining exploration targets in terms of resource, whilst other areas may
appear less attractive.

The Jurassic shales in the Wessex and Weald basins are clay rich and over large areas have not
reached the gas window (Andrews, 2014; Greenhalgh, 2016). Parts of these basins are targets
for oil and gas exploration and production, but due to lack of maturity, these shales are unlikely
to represent a major interest for shale gas exploration.

Intensive data acquisition occurred in several geographical areas over the last decade See also
Figure 4:

« Fylde, Lancashire. Cuadrilla Resources drilled the Preese Hall 1 well in November 2011.
The Bowland-12 3D seismic survey was acquired in 2012, and2012 and was used to
plan the drilling of further boreholes (Grange Hill 1 and 1Z and Becconshall 1/1Z in
2011, and Anna’s Road 1 in 2012). In 2017-2018, the PNR 1 well was drilled, along with
PNR-1z and PNR-2. Summaries and interpretations of these exploration data are given
in Clarke et al., (2014; 2018 and 2019); Fellgett et al., (2018); Hampson et al., (2020);
Anderson and Underhill., (2020); Anderson et al., (2022) and Nantanoi et al., (2022).

¢ North Cheshire. In 2014, IGas drilled the Ellesmere Port 1 well and acquired the North
Dee-15 3D seismic survey in 2015. The well was not hydraulically fractured. These
exploration data have not been published in a peer-reviewed paper.

« North Nottinghamshire. The Tinker Lane 1 well was drilled by Dart Energy in 2018. IGas
acquired the Gainsborough-14 3D survey in 2014, and2014 and drilled the Springs Road
1 well in and 2019. A summary of these exploration data are given in Palci et al., (2020).

« North Yorkshire. Although classified as a conventional exploration well by North Sea
Transition Authority (NSTA), Kirby Misperton 8 (drilled in 2013) gives information
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regarding the unconventional oil and gas potential in the Cleveland Basin (e.g., Hughes

et al., 2016).
Formby, Lancashire. Aurora Resources acquired the Formby-16 3D survey in 2016.

These exploration data have not been published in a peer-reviewed paper
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