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SUMMARY

This report analyses and interprets microseismicity and induced seismicity recorded during
hydraulic fracturing at the PNR-2 well, Lancashire, in August 2019, with a focus on
understanding the causative mechanisms for the Mz 2.9 event that was widely felt in the local
area. This report follows on from a similar study performed for the PNR-1z microseismicity
(Verdon et al., 2019a).

The microseismicity reveals that the early stages of injection created a large hydraulic fracture
system extending both northwards and southwards from the well. This fracture system
interacted with several natural structures, but did not produce significant magnitudes of

seismicity.

As injection stages proceeded along the well, a second zone of hydraulic fractures began to
propagate, located approximately 100 m to the east of the active sleeves. This zone intersected
with a pre-existing near-vertical fault with a SE strike. This fault was responsible for the largest

events, and it is clearly delineated by the aftershocks of the 172 2.9 event.

The fault responsible for larger PNR-2 events is a different structure to that responsible for the
seismicity during stimulation of PNR-1z. There is almost no overlap between the microseismic

event populations from the two wells.

The spatio-temporal evolution of events shows a clear relationship between event distance (from
the injection point) and occurrence time that is indicative of a pore pressure diffusion-driven
process. This is different to the PNR-1z case, where events occurred across a range of distances
nearly instantaneously, which was taken by Verdon et al. (2019a) to be indicative of a static
stress transfer process. The diffusion process means that many of the large events occurred after

injection, as there was a time delay for elevated pore pressures to reach the seismogenic region.

While pressure diffusion appears to play a dominant role for the PNR-2 microseismicity, we also
model the stress transfer effects produced by tensile fracture opening, finding that these effects
would also have acted to promote slip on the fault. Therefore, multiple factors may have

contributed to the triggering of the seismicity.

We compare the reactivation of the two different faults during PNR-1z and PNR-2 stimulation.
The PNR-1z fault received a higher volume of injected fluid, and yet produced less seismicity.
We compare the orientations of the faults within the in situ stress field, finding that the PNR-1z
fault is moderately well orientated for slip, whereas the PNR-2 fault is extremely well orientated
for slip. Hence, the stress conditions, and the fault orientation within the stress field, appears to

have a significant impact on the magnitudes of earthquakes that result.
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DISCLAIMER

Forecasts, projections and forward-looking statements contained in this presentation are derived from geophysical
modelling based on a range of parameters that are not necessarily well constrained. Therefore the nature of this
work entails a number of risks, uncertainties or assumptions. Hence, no representation or warranty is given as to
the achievement or reasonableness of any projections, estimates, forecasts or forward-looking statements contained

in this presentation.

3rd party information contained in the presentation is believed to be accurate. However, the authors disclaim any

liability if such information is found to be inaccurate.

The dissemination of this presentation nor its contents is to be taken as any form of commitment on the part of the
author to enter any contract or otherwise legally binding obligation or commitment. The authors expressly reserve

the right without prior notice or liability to terminate discussions with any recipient or other parties.

All material is copyright. It may be produced in whole or in part subject to the inclusion of an acknowledgement of
the source, but should not be included in any commercial usage or sale. Reproduction for purposes other than

those indicated above requires the written permission of the authors.
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1. INTRODUCTION

This report provides a geomechanical interpretation of microseismicity and induced seismicity generated
by hydraulic fracturing of the Preston New Road PNR-2 well, situated on the Fylde Peninsula,
Lancashire, in August 2019. The well was operated by Cuadrilla Resources Ltd. (CRL). During this
operation, an earthquake with magnitude M 2.9 was generated by the hydraulic stimulation. This event
was felt by the public across the local area. In response to this event, the hydraulic fracturing operation
was stopped, and no further activities have taken place at the site. This report follows on from a similar
study performed by Outer Limits for the adjacent PNR-1z well, which was stimulated in late 2018,
producing an M 1.5 event, which was felt by a few nearby residents in close proximity to the site
(Verdon et al., 2019a).

Induced seismicity occurs when hydraulic fractures interact with and reactivate pre-existing faults in
the subsurface (e.g., Maxwell et al., 2008; Maxwell et al., 2009; Kettlety et al., 2019; Verdon et al., 2019b;
Eyre et al,, 2019, Clarke et al., 2019a). However, all hydraulic fracturing produces very low magnitude
“microseismic” events, with magnitudes typically being less than A/ < 0, which is far too small to be felt
at the surface. This is sometimes referred to as operationally-induced microseismicity (Eaton, 2018).
These microseismic events can be detected and located by arrays of geophones placed in boreholes near
to the reservoir. Their locations can be used to map and understand the propagation of hydraulic
fractures in the subsurface, and their interactions with pre-existing structures such as faults. Monitoring
of this kind was conducted during stimulation of the PNR-1z and PNR-2 wells. In both cases, tens of
thousands of recorded microseismic events provided a detailed and high-resolution view of the

geomechanical processes that occurred during hydraulic stimulation.

1.1. MECHANISMS FOR FAULT REACTIVATION DURING HYDRAULIC FRACTURING

Processes that lead to fault reactivation during subsurface fluid injection are typically considered with
respect to their impact on the stress conditions in the rock mass. For a given fault, the stress field can be
resolved into normal (on) and shear (7) stresses. The Mohr-Coulomb failure envelope describes the

conditions at which fault slip will begin to occur:
t>m(o, —P)+C, (1.1)

where Pis the pore pressure, m is the friction coefficient and C'is the cohesion. The proximity of the in
situ stress state to the Mohr Coulomb threshold can be re-written in terms of the Coulomb Failure
Stress, CFS

CFS =t —m(o, — P). (1.2)

If a process causes a change in CFS, noted hereafter as ACFS, then it will move the fault towards the

failure threshold, increasing the likelihood of seismicity occurring.

Subsurface injection will always cause an increase in pore pressure, since additional fluid is added into

the system. Equation 1.2 shows that this will increase CFS, promoting faults to slip. Hence pore pressure
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increases associated with injection are typically considered to be the driving mechanism for injection-
induced seismicity (e.g., Holland et al., 2013; Schultz et al., 2015; Verdon et al., 2019b).

Subsurface fluid injection will also create geomechanical deformation as the rock mass expands in a
poroelastic manner (e.g., Rice and Cleary, 1976). This expansion will affect the stress field in the
surrounding rocks. The impact this deformation has on o» or racting on a nearby fault will depend on
the relative orientations and positions of both the fault in question and the poroelastic deformation. If it
either decreases o» or increases 7 (or does both) then it will promote slip, and potentially cause induced
seismicity (e.g., Deng et al., 2016; Bao and Eaton, 2016; Kettlety et al., 2020). Stress transfer effects have
been shown to control the positions of aftershock events after a large earthquake (e.g., Stein, 1999), and
of earthquakes associated with magma movement in volcanic settings (e.g., Toda et al., 2002; Green et
al., 2015).

Transfer of pore pressure perturbations through the rock pore space, from the injection point to the
reactivated fault, requires time (often hours or days); whereas transfer of stress through the rock frame
takes place instantaneously (or at least at the speed of a compressional wave, i.e. thousands of m/s).
Hence, event occurrences at a range of distances from an injection point within a short space of time
might indicate events triggered by stress transfer, whereas a progression of events at increasing distances
with time might indicate a process dominated by pore pressure diffusion (e.g., Shapiro et al., 1997;
Shapiro, 2008; Shapiro and Dinske, 2009).

During stimulation of the PNR-1z well, Verdon et al. (2019a) observed microseismic events occurring at
a range of distances from the well, with little temporal evolution of event positions. Moreover, we
simulated the stress perturbations that would be produced by the tensile opening of hydraulic fractures
and found that a significant majority of events occurred in regions that would have experienced positive
ACFS changes, while microseismicity may have been suppressed in regions that experienced negative
ACFS changes. This led us to conclude that the microseismicity observed during the PNR-1z stimulation

was driven by static stress transfer effects.

In the following chapters we perform a similar analysis for the PNR-2 microseismicity. In Chapter 2 we
provide a brief re-cap of the monitoring system. In Chapter 3 we describe the microseismicity as it
occurred during each stage, showing how it imaged the hydraulic fractures created during the
stimulation, and illuminated the re-activated fault responsible for the larger-magnitude events, as well as
other pre-existing structures within the reservoir. In Chapter 4 we analyse the frequency-magnitude
distributions of the event population, using these observations to further characterise the deformation
processes. In Chapter 5 we examine the spatio-temporal evolution of the microseismicity in more detail,
using this to characterise possible triggering processes. In Chapter 6 we model the poroelastic stress
changes produced by the hydraulic fracturing, and assess whether they would have promoted slip on the
identified fault. In Chapter 7 we compare the seismic response produced by the faults reactivated by
stimulation of both the PNR-1z and PNR-2 wells, focussing on their orientations within the stress field
as a key factor in explaining the differences in their responses.
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2. MICROSEISMIC MONITORING AT PNR-2

A surface monitoring array and a downhole geophone array were used in combination to monitor the
microseismicity at the Preston New Road site. Both arrays provided real-time data to the operator. In
this study we use the event catalogues provided by the operator to the OGA, without performing any re-
analysis of event locations.

2 1. SURFACE ARRAY

The primary objective of the surface monitoring array was to provide accurate local magnitudes for
larger events (M: > 0) in order to administer the Traffic Light Scheme (TLS). The array consisted of
broadband seismometers and geophones deployed by CRL, augmented by seismometers deployed by the
British Geological Survey (BGS). During real-time monitoring, the surface array detected over 120
events with a minimum magnitude of M; = -1.7. The aperture of the surface array was sufficient to

enable focal mechanisms to be determined for many of the larger events.

2.2 DOWNHOLE ARRAY

Surface arrays are limited in their event detection capability by the relatively high levels of noise at the
surface, and by the fact that they are separated from the events by kilometres of overburden rock.
Geophones installed in boreholes near to the reservoir can therefore provide a significant improvement
in event detection. The microseismicity at PNR-2 was monitored with an array of 12 geophones placed
in the build section (i.e., the section where the well deviates from vertical to horizontal) of the nearby
PNR-2 well (Figure 2.2). This array reported over 55,000 events during real-time monitoring with a
minimum magnitude of Mw = -2.6. The proximity of the downhole array to the events also means that it
provided more precise event locations than the surface array (Kettlety et al., 2020). We therefore use the

downhole event locations in the following chapters.
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Figure 2.2. Map (a) and cross-section (b) showing the downhole microseismic monitoring array deployed in the
PNR-1z well (green triangles) and the injection sleeves in the PNR-2 well (diamonds, coloured by sleeve number
from toe to heel).
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2.3. MAGNITUDE SCALES

The downhole array reported moment magnitudes, Mw (Hanks and Kanamori, 1979), whereas the
surface array reported local magnitude, Mz, using the UK local magnitude scale adapted for short
hypocentral distances (Butcher et al., 2017; Luckett et al., 2019). The moment and local magnitude scales
diverge at low magnitudes. In this report we use the surface-based M: scale when discussing the felt
events, to ensure consistency with event reports issued publicly by the BGS. However, in all plots and
analysis we use Mw values, where the surface array M: values are converted to Mw using the
relationship:

My, = 0.651M, + 0.901 . 2.1)

We note that Mwscales should be used when making assessments of fault rupture dimensions, and, for
example, when linking seismic moment release to injected volumes to make magnitude forecasts (e.g.,
Clarke et al., 2019a). Equation 2.1 means that the largest event, which had a local magnitude of A 2.9,
has a moment magnitude of Mw 2.8. However, smaller events have higher values for Mw than they do
for M. for example, the M: 1.6 event that occurred after Stage 6 has an Mw of 1.9. This relationship,
Mw = 2/3 Mz, is commonly observed for small-magnitude earthquakes (e.g., Deichmann 2006; Butcher et
al., 2020).
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3. MICROSEISMIC OBSERVATIONS AND IDENTIFICATION OF FAULTS

The PNR-2 well extends laterally over approximately 700 m through the Upper Bowland Shale
formation. A sliding sleeve completion method was used, with injection ports that can be opened and
closed as required. A total of 47 such ports were installed, spaced at 14 m. Each stage was expected to
inject approximately 400 m? of water, and up to 75 tonnes of proppant (Cuadrilla Resources, 2019). Of
the 47 planned stages, 7 were completed before the occurrence of the Mz 2.9 event, starting at the toe of
the well and moving eastwards along it.

3.1. MICROSEISMICITY TIMELINE

Figure 3.1 shows the timeline of microseismicity during stimulation of the PNR-2 well. After initial
mini-frac tests on the 13 and 14 August, the first 5 stages were conducted between the 15% — 20
August, without any red-light M > 0.5 events. Stage 6 was injected on the 21 August. No events with
Mz = 0.5 occurred during injection, but several hours afterwards an A/ 1.6 event occurred, followed by
an M; 1.0 event the next day. These events triggered the TLS red light, requiring a pause in operations of
at least 18 hours.
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Figure 3.1: Timeline of seismicity at PNR-2. Each stage was accompanied by a burst of events. The first significant
levels of seismicity were observed following Stage 6, while the Mw = 2.8 event occurred more than 48 hours after
Injection into Stage 7.

Stage 7 was injected on the 234 August. Much like Stage 6, no Mz > 0.5 events occurred during injection.
However, levels of seismicity again began to increase several hours after injection, with an A/: 1.1 event

during the evening of August 23", followed by an A: 2.1 event on the 24" August, and the /. 2.9 event
occurring at 08:30 on the 26" August, 3 days post injection. After this event, levels of seismicity began to
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subside — while 25 further events were detected by the surface array after the M 2.9 event, the largest
had M: 0.2, and only 3 had magnitudes larger than A/ 0.0. The downhole array was demobilised at the
end of September when further operations at the PNR site were officially suspended, while the last
event to be recorded by the surface array occurred on the 6 October.
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Figure 3.2: Map and cross sections showing the locations of all microseismic events recorded during stimulation of
the PNR-2 well. Events are sized by magnitude, and coloured by stage number, with Post S7 denoting events that
occurred from the evening of the 237 August until the Mw 2.8 event at 08:30 on 26" August; Mw 2.8 AS denoting
the aftershocks from this event until 09:30 on the 26"; and Post Mw 2.8 denoting events after 09:30 on the 26
The solid black line shows the PNR-2 well, and the dashed line shows the PNR-1z well. The injection sleeves are
shown by diamonds, coloured by stage number. Focal mechanisms for the M. 1.6, Mi 2.1, and M 2.9 events are
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shown in the map view panels. In (b) we show the same data, but with annotations showing the key features as
discussed in the text.

3.2. STRUCTURES ILLUMINATED BY THE MICROSEISMICITY

Figure 3.2 shows a map and cross-sections of all microseismic events that occurred during hydraulic
fracturing of the PNR-2 well, highlighting several key structures that were illuminated by the
microseismicity. Figures 3.3 — 3.12 shows the spatio-temporal evolution of the microseismicity during

each stage. In the following pages we describe the key observations made during each stage.
Stage 1

During Stage 1, most of the microseismicity formed a cluster extending approximately 150 m to the
north and south, centred on the injection point. The orientation of this cluster is NNW-SSE, with a
strike of approximately 170°, This is parallel to the orientation of the maximum horizontal stress, Osumax
= 173", at this site (Clarke et al., 2019b), and is also consistent with the observed orientation of hydraulic
fracture growth at the PNR-1z well (Kettlety et al., 2020). No events exceeded magnitude A/ 0.0, and
the Gutenberg and Richter (1944) b value for these events (G-R hereafter) was high (see Chapter 4),
which is indicative of events directly associated with hydraulic fracture propagation (e.g., Verdon et al.,
2013; Kettlety et al., 2019). We therefore interpret this event cluster as representing hydraulic fracture
growth from the PNR-2 well, parallel to the Osuvax direction, extending approximately 150 m from the
well. We refer to this cluster as the NS Zone hereafter.
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Figure 3.3: Map and cross sections of events during Stage 1. Events are coloured by occurrence time (colourbar
units are dd/mm, HH:MDM), and sized by magnitude (see Figure 3.2 for legend).

In addition to the main NS Zone, a small number of low-magnitude events occurred on a feature further
to the west, offset by approximately 70 m to the west, and 100 m below the injection point. This feature
has a roughly north-south strike, and dips steeply to the east. It is in alignment with a structure
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identified during stimulation of the PNR-1z well, termed PNR-1z_i by Cuadrilla Resources (2019),
although the events observed during PNR-2 are shallower than those from PNR-1z and there is no
overlap in events between the two populations (see Section 3.3). Nevertheless, these events could
represent a reactivation of the same structure. This structure did not produce high magnitude events
during stimulation of either well.

Stage 2

Microseismicity during Stage 2 occurred primarily along the same NS Zone described above, extending
the zone of hydraulic fracturing to approximately 350 m to the north of the well, and 250 m to the south
of the well. Event magnitudes increased slightly from Stage 1, though all were below M. 0.0. Events
again occurred along the PNR-1z_i structure below and to the west of the well. In addition, another
structure began to develop, further to the west of the PNR-1z_i structure, and slightly below the well.
This event cluster is slightly more diffuse than the main NS Zone, although it is consistent with the
orientation of Osumax. It also has a high G-R b value (see Chapter 4), indicative of events that are directly
associated with hydraulic fracturing. We refer to this cluster hereafter as the “Western Zone”. Our
preferred interpretation is that it delineates a second zone of hydraulic fracture propagation, offset to the
west of the well. The gap between Western Zone hydraulic fracture growth and the point of injection
could be the result of a stress shadow forming from the opening of fractures in the central NS Zone. This
is explored further in Chapter 6.
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Figure 3.4: Map and cross sections of events during Stage 2. Events are coloured by occurrence time and sized by
magnitude (see Figure 3.2 for legend).

Stage 3

Events during Stage 3 showed a similar distribution to the Stage 2 events. The bulk of the
microseismicity was within the main NS Zone, indicating further hydraulic fracture propagation within
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this area, with smaller numbers of events occurring in the PNR-1z_i and Western Zone features to the
west of the well.
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Figure 3.5: Map and cross sections of events during Stage 3. Events are coloured by occurrence time and sized by
magnitude (see Figure 3.2 for legend).

Stage 4

During Stage 4, the injection point was now located approximately 30 m to the east of the main NS
Zone. Nevertheless, the majority of events were located within this feature, implying that the injected
fluid was able to continue generating hydraulic fractures through the same, previously stimulated zone.
However, there was minimal activity within the Western Zone and the PNR-1z_i feature to the west of

the well, most likely implying that, as the point of injection moved further to the east, these regions
were no longer influenced by the stimulation.
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Figure 3.6: Map and cross sections of events during Stage 4. Events are coloured by occurrence time and sized by
magnitude (see Figure 3.2 for legend).

At the northern tip of the main NS Zone, the microseismicity started to image a new feature that
extends approximately 130 m below the depth at which the NS Zone hydraulic fractures propagated.
This structure has a roughly northward strike, and dips to the east. In this respect it has a similar
orientation to the PNR-1z_i feature described above, as well as other seismic discontinuities identified in
the 3D reflection seismic surveys (Cuadrilla Resources, 2019). We refer to this feature as PNR-2_ii
hereafter. Much like the PNR-1z_i feature, no large magnitude events occurred on PNR-2_ii, and it
produced elevated G-R b values (see Chapter 4), indicating that microseismicity was driven directly by
pore pressure and fluid flow effects, rather than the release of tectonic stress. The largest event during
Stage 4 had a magnitude of Mz 0.0.

After injection of Stage 4 had stopped, events began to occur in a new zone approximately 100 m to the
east of the main NS Zone, roughly at the position of Sleeve 13, and slightly deeper than the well. We
refer to this hereafter as the Eastern Zone. This cluster propagates roughly 50 m southwards along the
Osumax orientation. The orientation and growth of this feature from the well, and its elevated G-R b

value (see Chapter 4), suggests it was a new zone of hydraulic fracture growth.

It is not clear why this zone of hydraulic fracturing initiated here, 100 m to the east of the injection
stage. The possibility that the Sleeve 13 injection port was open can be ruled out immediately, because
most of the microseismicity continues to occur in the main NS Zone, and events in the Eastern Zone
only start to occur after the end of injection. If the Sleeve 13 port had somehow become open, then the
majority of the injection, and therefore majority of the microseismicity, would take place via this point,
as it is closer to the heel of the well. We investigate possible explanations for the initiation of hydraulic
fracturing in the Eastern Zone in Chapter 6.
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Figure 3.7: Map and cross sections of events during Stage 5. Events are coloured by occurrence time and sized by
magnitude (see Figure 3.2 for legend).

Stage 5

During Stage 5, most of the microseismicity continued to occur along the NS Zone, and the eastward-
dipping PNR-2_ii feature at its northern end. Microseismicity also occurred in the Eastern Zone,
increasing its length to approximately 100 m both to the north and south of the well. Several hours after
injection of Stage 5, further microseismicity began to occur at the southern tip of the Eastern Zone. The
delayed onset of these events may reflect continued fluid pressure diffusion from the hydraulically
stimulated areas, reaching a more seismogenic volume of rock in this area. We refer to this sub-cluster,
at the southern tip of Eastern Zone, as the SE Zone hereafter. The largest event during Stage 5 had a
magnitude of A7 0.0.

Stage 6

The injection point for Stage 6 is roughly midway between the two main zones of hydraulic fracturing
(the NS Zone and the Eastern Zone). During injection, microseismicity occurred within both zones,
although more and larger events occurred in the NS Zone during injection. Events also continued to
occur on the PNR-2_ii structure at its northern end. The largest event to occur during injection had a
magnitude of M; -0.3. After injection stopped, microseismicity continued to occur, both at the southern
tip of the NS Zone, and in particular along the Eastern Zone, and at the SE Zone at its tip.
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Figure 3.8: Map and cross sections of events during Stage 6. Events are coloured by occurrence time and sized by
magnitude (see Figure 3.2 for legend). The focal mechanism of the M; 1.6 event that occurred after Stage 6 is
shown in map view.

Approximately 5 hours after injection, an Mz 1.6 event occurred within the SE Zone. This triggered the
TLS red light, suspending any injection for at least 18 hours. During the observation period that
followed, 2 more Mt > 0.5 events occurred, including an Mt 0.9 and an Mt 1.0, all of which were located
in the SE Zone. The focal mechanism for the M: 1.6 event, shown in Figure 3.8, indicates strike-slip
motion on a near-vertical fault, with either left-lateral motion on a NE-SW striking fault, or right-lateral
motion on a NW-SE striking fault. Given the locations of events in this region, it was not possible to
determine the preferred slip and auxiliary planes, and both senses of motion were consistent with the
regional stress field determined by Clarke et al. (2019b).

Stage 7

Stage 7 was injected on the 23 August. The operator used a reduced volume (160 m?) and increased the
viscosity of the injection fluid. During injection, microseismic activity occurred along both the NS Zone
and the Eastern Zone, indicating that injected fluid was stimulating both hydraulic fracturing zones. No
events larger than M > 0 occurred during injection of Stage 7.
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Figure 3.9: Map and cross sections of events during Stage 7. Events are coloured by occurrence time and sized by
magnitude (see Figure 3.2 for legend).

Once injection had stopped, microseismicity ceased along the NS Zone and on the PNR-2_ii structure.
However, it continued to occur along the Eastern Zone, and particularly in the seismogenic SE Zone at
its southern end (Figure 3.10). Roughly 5 hours after the end of injection, magnitudes began to increase
within this zone, with an M 1.1 event occurring at 23:22 on the 23+, Seismicity continued in this zone
over the next few days, with an 1/ 0.5 event at 05:01 on the 24, 14 hours after the end of Stage 7, an
Mz 2.1 earthquake at 23:01 on the 24, 33 hours after the end of Stage 7, followed by the 2.9 event at
08:30 on the 26" August, more than 60 hours after the end of Stage 7.
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Figure 3.10: Map and cross sections of events after Stage 7 and before the M 2.9 event. Events are coloured by
occurrence time and sized by magnitude (see Figure 3.2 for legend). The focal mechanism of the M. 2.1 event that
occurred during this period is shown in map view.
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The M. 2.9 Earthquake on 26" August

The M: 2.9 earthquake at 08:30 on the 26™ August was widely felt across the area. It was well recorded
by the surface array. However, the downhole array was not recording at this time (over 60 hours since
the last injection stage) due to a technical issue. This means that a location estimate is only possible from
the surface data, which Kettlety et al. (2020) have shown has relatively poor precision in comparison to
the downhole data. However, the downhole array was able to record a sequence of aftershocks that
occurred, with microseismicity rates remaining elevated for roughly an hour after the A7z 2.9 mainshock.
The largest of these immediate aftershocks had a magnitude of Mz -1.3.

We are therefore able to use the aftershock locations as determined from the downhole array to
delineate the rupture surface of the M 2.9 event. The aftershocks are shown in Figure 3.11, and they
define a near-vertical plane, extending to the southeast from SE Zone discussed above. Fitting a fault
plane to these events gives a strike of 140" and a dip of 85°. This is consistent with the NW-SE striking
nodal plane of the M 2.9 event focal mechanism, which has a strike/dip/rake of 127/84/-160°. We refer
to this fault plane as PNR-2_i hereafter.

The aftershocks occurred around an elliptical zone, the centre of which was relatively quiescent. We
interpret this as the aftershocks mapping a “halo” around the A: 2.9 rupture zone, where stresses will
have accumulated during the mainshock rupturing process. This interpretation can be tested by
examining the dimensions of this zone, relative to that expected from an event of this size. Seismic
moment, Mo, is defined by the area of rupture, A, the shear modulus g, and the slip length d by (Aki,
1966):

M, = pAd . 3.1)

The stress drop, 4o, that occurs during an earthquake can be approximated by (Kanamori and Brodsky,
2004):

d
Ao = Hg (3.2)
meaning that the rupture area can be estimated from:
Mo\2/3
A= (A_g) . (3.3)

Earthquake stress drops are observed to be remarkably consistent across a wide range of magnitudes
(e.g., Abercrombie, 1995), with values ranging from 0.1 < Ao < 10 MPa, with a typical value being Ao =1
MPa. Using this value in Equation 3.3, with the seismic moment of an Mw 2.8 event gives a rupture area
of A=7.4x10*m?
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Figure 3.11: Map and 3D views of the aftershocks that occurred in 1 hour after the M 2.9 event. Events are
coloured by occurrence time. The events define a planar structure with a strike of 140° and a dip of 85 °. Within
the plane, the aftershocks occur in an elliptical “halo”, within which is relatively quiescent. We infer that this
defines the rupture of the mainshock, and place the hypocentre of the M 2.9 event at the centre of this ellipse.

The dimensions of the elliptical zone in Figure 3.11 have lengths of 330 x 250 m. The area of an ellipse
with such dimensions is A = 6.5 x 10* m?. Given the assumptions made about stress drop, these values
can be considered equivalent, confirming that the quiescent zone ringed by aftershocks does represent
the rupture area for the M; 2.9 event.
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Figure 3.12: Map and cross sections of events that occurred from 1 hour after the M: 2.9 event until the downhole
array was demobilised. Events are coloured by occurrence time and sized by magnitude (see Figure 3.2 for legend).
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The NW end of the PNR-2_i fault is found within the SE Zone, in which the largest events occurred.
Given the resolution provided by the event location uncertainties, it is possible that all of the larger
events occurred on the PNR-2_i fault itself. Alternatively, since faults are often surrounded by smaller
fractures with the same orientation, it is possible that some events occurred on such fractures, adjacent
to the main fault zone. In either case, our overall interpretation is the same: the southward propagating
hydraulic fractures delineated by the Eastern Zone began to impinge on the PNR-2_i fault (and
surrounding fractures), producing the larger-magnitude events observed in the SE Zone. Initially, these
events are limited to the point of intersection between the hydraulic fractures and the fault. However,
the rupture area of the ;2.9 event (Figure 3.11) clearly extends beyond and to the SE of this zone. We
therefore conclude that this event represented a release of tectonic stresses, where the “runaway
rupture” grew along a pre-existing fault, extending beyond the zone that had been perturbed by the
injection activity (e.g., Gischig, 2015; Galis et al., 2017). The events that occurred after the M 2.9 event
are found both within the SE Zone at the intersection of the Eastern Zone hydraulic fracture and the
PNR-2_i fault, and along the length of the PNR-2_i fault (Figure 3.12).

(b) (©

Figure 3.13: Reflection seismic data around the PNR-2 well. In (a) we show a vertical section perpendicular to the
PNR-2_i fault (marked by green patch). Note that the vertical axis in this plot is time, creating a vertical
exaggeration when compared to the depth. In (b) we show a time-section, and in (c) we show a time-section
through a similarity cube. Microseismic events are shown as pink dots.
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The NEF-1 fault identified by Clarke et al. (2019) could not be identified within the 3D reflection
seismic data acquired at the site. We show 3D reflection data around the PNR-2_i fault in Figure 3.13.
There is no obvious manifestation of the fault in vertical sections through this region (Figure 3.13a). This
is to be expected because the NEF-1 and PNR-2_i faults produced strike-slip motion. Strike-slip faults
are more challenging to identify in vertical sections, since they do not produce vertical offset of beds. In
time-sections, the PNR-2_i fault is potentially marked by the offset to the SE of a pair of reflectors
(Figure 3.13b), and by the truncation of two zones with low similarity that trend to the NE (Figure
3.13c). However, these features are by no means clear or obvious, so any identification of this fault in
the reflection seismic data is ambiguous, at best.

3.3. INTERACTIONS BETWEEN PNR-2 MICROSEISMICITY AND PNR-1Z STRUCTURES

Figure 3.14 shows a map of microseismic event populations from the stimulation of both the PNR-1z
and PNR-2 wells. The two wells are separated by approximately 200 m laterally, and 200 m in depth.
The three zones of hydraulic fracturing from the PNR-2 well (Western Zone, NS Zone, Eastern Zone)
extend above the region stimulated from the PNR-1z well. However, from the cross-section views in
Figure 3.14, it is clear that the regions stimulated from the PNR-2 well were shallower, and there is
minimal overlap between the two event populations. The PNR-2 _ii fault at the northern end of the NS

Zone does extend downwards to PNR-1z depths, however it is far to the north of the region stimulated
by PNR-1z.
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Figure 3.14: Comparison of microseismic event locations during stimulation of the PNR-1z (orange) and PNR-2
(teal) wells. The NEF-1 fault plane identified by Clarke et al. (2019), and the PNR-2 i fault, are shown by the
orange and teal planes, respectively. There is minimal overlap between the two event clusters.
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The SE zone in which elevated levels of seismicity occurred is located directly above the southwestern
end of the NEF-1 fault, which was identified as the causative feature for the PNR-1z seismicity (Clarke
et al.,, 2019a). However, as described above, the SE Zone, and the PNR-2_i fault, are shallower.
Moreover, the PNR-2_i fault is clearly delineated by the M 2.9 event aftershocks, revealing a fault plane
running NW-SE, whereas the NEF-1 fault identified during stimulation of PNR-1z has a NE-SW strike.
Therefore, seismicity during stimulation of PNR-2 clearly does not represent activation of the same

features that were activated during stimulation of PNR-1z.

It is, however, of interest that the two structures (NEF-1 and PNR-2_i), which have near-orthogonal
orientations, are positioned with one directly above the other. One might expect the kinematic
interactions between two such features over geological time to produce approaching or intersection
damage zones (Peacock et al., 2016), with a higher density of natural fracturing than the surrounding
rocks. The increased fracture density could account for the elevated levels of seismicity observed in the
SE Zone. However, no such intersection damage zone is required for the interpretation presented above,
as this zone of elevated seismicity could simply be associated with a damage zone around the PNR-2_i
fault.
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4. MAGNITUDE-FREQUENCY DISTRIBUTIONS

The Gutenberg and Richter (1944) b value describes the relationship between the numbers of events and
their magnitudes. The cumulative number of events, /N, with magnitudes larger than A7 is observed to
follow a power-law relationship of the form:

logio N =a—bM, (4.1)

where aand b are constants to be determined. The a value describes the overall number of events (or the
activity), while the b value describes the ratio of large to small events. For example, if =1, then for
10,000 A = 0 events, we would expect 1,000 A > 1 events and 100 M > 2 events. If =2 then for 10,000
M= 0 events we would expect 100 A/ > 1 events and 1 M > 2 event. A large b value therefore implies a
larger number of small events relative to large events.

Microseismic event magnitude-frequency distributions can be used to characterise the deformation
process that is creating the events (e.g., Verdon et al., 2013). High G-R bvalues (typically 5> 1.5) imply
deformation in an environment with lower stress conditions, where fluid movement is directly driving
microseismicity, and where deformation occurs on relatively complex fracture networks. In contrast,
low G-R bvalues (typically b= 1) represents deformation with high differential stress, where fluids are
not playing a direct role, and where slip occurs on simple networks of large, planar features. For
example, seismicity associated with hydrothermal fluid and magma movements in volcanoes is often
observed to have an elevated b value (e.g., Wyss et al., 1997), whereas seismicity generated by tectonic
stresses being released on large faults is observed to have =1 (e.g., Frohlich and Davis, 1993). These
effects are observed to apply across a very wide range of scales, from the laboratory (e.g., Scholz, 1968)
to the crustal (e.g., Schlaphorst et al., 2016).
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Figure 4.1: Map showing spatial clusters used for G-R b value analysis.
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Taking these inferences to the context of hydraulic fracturing, we might therefore assume that high 5

value populations correspond to events directly driven by hydraulic fracture propagation, fluid flow, and

pore pressure perturbations, and especially where new fractures are being created. In contrast, low b

value clusters represent slip that releases tectonic stresses on pre-existing faults. For example, Kettlety et

al. (2019) applied these inferences to a hydraulic fracturing dataset from the Horn River Basin, Canada,

using b value variations to discriminate between events associated with hydraulic fracture propagation

and those representing reactivation of pre-existing faults.

In Figure 4.1 we sort the events into clusters representing the key structures described in Chapter 3. We

compute the G-R b value for each cluster using the Aki (1965) maximum likelihood approach,

computing the minimum magnitude of completeness, Mc, using a Kolmogorov-Smirnov test (Clauset et

al., 2009) with a 10% acceptance level. The resulting magnitude-frequency distributions, and their

corresponding b values, are shown in Figure 4.2.
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Figure 4.2: Magnitude-frequency plots for each of the clusters shown in Figure 4.1. Dots show observed event
populations, solid lines show G-R distributions computed about the minimum magnitude of completeness Mc
(shown as the change from grey to coloured dots) computed using a Kolmogorov-Smirnov test.

Our results support the inferences made in Chapter 3. The three zones that we interpreted as

representing hydraulic fracture propagation (Eastern, NS, and Western Zones, see Figure 3.2) all have

elevated bvalues. The PNR-1z_iand PNR-2 _ii structures are also observed to have elevated b values.

These structures have similar orientations (northward strike, dipping to the east) as some of the seismic

discontinuities identified in the 3D seismic data (Cuadrilla Resources, 2019). However, the nature of

these structures is not well characterised from any independent geological observations. The

observations of high b values for these structures in Figure 4.2 leads us to the interpretation that these

structures represent zones or corridors of natural fracturing (e.g., Questiaux et al., 2010; Peacock et al.,

2016) along which pore pressure pulses are able to propagate, rather than single fault planes on which

larger amounts of tectonic stress might be stored.
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The SE Zone and the PNR-2_i fault have a magnitude-frequency distribution that is clearly very
different to the other clusters. The bvalue computed in Figure 4.2 is b= 1.1, while above Mw=-0.5, the
observed distribution is actually even flatter, with 5= 0.8. While all of the other clusters have elevated b
values (b > 1.5), this is the only cluster that has b values that are typical of tectonic faults (e.g., Frohlich
and Davis, 1993). As described in Chapter 3, these events correspond to the reactivation of a larger fault

on which pre-existing tectonic stresses are released by the seismicity.
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5. SPATIO-TEMPORAL EVOLUTION OF MICROSEISMICITY

The evolution of microseismic event distances from the injection point with time can reveal the
underlying physical mechanisms that are driving the events (e.g., Shapiro et al., 2006). Shapiro et al.
(1997) show that, if microseismicity is driven by pore pressure diffusion from the well, then for
constant-rate injection a triggering front should develop that extends in distance, z, from the injection

point as a function of time &
r = V4nDt, (5.1)

where Dis the hydraulic diffusivity. The diffusive case can be contrasted with the case of hydraulic
fracture propagation where, assuming minimal leak-off of fracturing fluid, the length of hydraulic
fracture propagation might be expected to show a linear time-distance relationship, since the length of a
hydraulic fracture L scales with the injection rate @, the height Arand width wrof the hydraulic fracture
(Economides and Nolte, 2003; Shapiro et al., 2006):

—_ot
- 2hfwe ’ (5 2)

In Figure 5.1 we show the spatio-temporal evolution of the microseismicity within the western event

clusters (Western Zone, PNR-1z_i, NS Zone, PNR-2 _ii, see Figure 3.2) for each stage. In Figure 5.2 we

show the spatio-temporal evolution of the microseismicity within the eastern clusters (Eastern Zone, SE

Zone, see Figure 3.2) for the stages that produced events within this cluster (Stages 4 — 7).

For the PNR-1z microseismicity, we did not observe any clear patterns in rvs ¢ behaviour, with events
occurring near-instantaneously at a range of distances from the well (Verdon et al., 2019a). This
motivated us to study the effects of stress transfer through the rock frame, since elastic stress transfer
through the rock frame occurs at the speed of a compressive wave (1000s of m/s), which is far quicker

than any of the timescales considered here.

For the PNR-2 microseismicity, the envelopes of event distances as a function of time appear to evolve
with a dependence of r o¢ %5 (curved lines in Figures 5.1 and 5.2). This is indicative of a triggering
process driven by pore pressure diffusion. For the western clusters, the events are best approximated by
a diffusivity of D= 2.5 m%s, while the eastern clusters are best approximated by a diffusivity of
D=1m?s.

The system permeability, k can be estimated from the diffusivity by (Shapiro, 2008):
k=t (5.3)

where
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1

h=% - G4
Kf Kg
a':1—ﬁ ,
Ky

where Kis the bulk modulus, with subscripts d, gand fcorresponding to the dry rock frame, grain
material, and fluid; uis the rock shear modulus; ¢ is the rock porosity; and 7 is the fluid viscosity. Using
generic values for these properties of Kis= 20 GPa, K= 40 GPa; Kr=3 GPa; =10 GPa; ¢ =0.1;and 5=
0.001 Pa.s, a diffusivity of D= 2.5 m?/s corresponds to a permeability of k ~ 125 mD, and a diffusivity of
D=1 m?/s corresponds to a permeability of k =~ 50 mD. Note that with generic values, these values
should be taken as “order-of-magnitude” estimates, rather than precise values. Estimates for the matrix
permeability of the Bowland Shale are typically less than 1 x10# mD (Clarke et al., 2018), so the values

estimated above clearly do not correspond to the matrix permeability of the rock.

Instead, we surmise that the permeabilities estimated from the microseismic event spatio-temporal
distributions correspond to the permeabilities of the fracture networks created during hydraulic
stimulation. In Chapter 3 we observe that, for most stages, microseismicity occurs along the same zones
as reactivated during previous stages (e.g., the NS Zone, and the Eastern Zone). Therefore, the spatial
growth of microseismic events will be determined by diffusion of pressure along these features. A
permeability of k ~ 100 mD is a reasonable value for a stimulated hydraulic fracturing zone (e.g., Liu et
al., 2019).

Overall, the consistency of the microseismic event distributions with an r ¢ ¢/’ relationship leads us to
conclude that the seismicity is being driven directly by propagation of elevated pore pressures from the
well to the fault via the hydraulic fracture networks. This behaviour contrasts with that observed at
PNR-1z, where seismicity was driven by stress transfer effects. This serves to highlight that fault
reactivation during hydraulic stimulation can occur through a variety of different effects (as described in

Chapter 1), and that multiple mechanisms can drive seismicity even at the same site.



)

LIMITS
J

e
UTER s

®

28

[4u] pe3s uonoalul ulew woyy awi|
€ g2 [ g 3 S0 0

aley luj—
dH—
S/Wsz0=0a ‘uoisnyig
2000 | S/ZW ST =0 uosng .
/W01 = uoisnya - -
=>WN =

[s/w] syey uonoslu|

$8U0Z 1S9M 90 9BEIS

[4u] peys uonoslul urew wouy awi |
€ ge 4 St

o oot

I
8
o~
[w] eoueysIq Juany

g
@

|
g
=

oy fu— ¢
JH—,
'5/,WGZ0=q vosnya .. ®
2000 S/ZWST=0 uosnpa ..
/W01 =@ 'UoIsNya - - -
>N .
b 0>W>1-e
500 SE>W>00
SL<N@®

[s/sw] ajey uonosfu|

Ho $8U0Z }SOM 10 obeIS

[4y] peys uonoslul UrewW WOy BWI|
€ ge 4 St 3

8
N

[w] eoue)sIq Juang

8
g

é
3

00S

ey fu—
i dH—f
15/,W 620 =@ 'UoISNYIQ .
200 SMSE=quosnpa.. %)
S/, 0L = @ ‘UoISNYQ - -
- . -
OVPV“ . .“?-.l.

[S/El.u] ajey uonosfu|

ro seu0Z 150M 20 9BEIS

8
@
[w] eoueysig Juangz

g
-

00S

[4u] ey uonoslul urew wouy awi |

£ se 4 St 3 S0 0 S0-
0 : . —0
oy ful— il
L dH—
,Q«Emm,oun_coaa._nli o - o
200 1 ¥/ §'3. = O] . e L% Ewe et g olges oot
S,WoL=q'vosnya-.  * . b . s P ed
3 .. m
¥ <
3 o]
o = s @
8 . ° w
@ ° 3
3, . 00g S
& E)

é
3

vo SaU0Z 1S9M 50 9beIS
[4u] ey uonoslul urew wouy awi|
€ ST 4 St L S0 0 S'0-
0- . 0
oy ful— -
dH— ",
15/, SZ0=Q ‘uosnya.. %
200 | S/;wsZ=q'vosnyg_ - - loot
$/,W 04 =Q 'UoISNYI - - -
5 bl Bt ?
ol 0By ¥ NN Pl 3
£ vo0]] ot NS n.ﬂ».)ﬂ#ﬁ" ; 0023
] oty e :«ﬁwﬁm. 4 o
3 IO ROl S S Ul T Z
E | - . ARG S g
3 900 e d 100€ ©
= e % . -
% 2
800 - ; - ooy
10 = il 6 005
S9U0Z 1S9M €0 96eIs
[4y] peys uonoslul UreW WOy BLI|
€ SC 4 St L S0 0 S'0-
0- 0
oty fuj— "
AH—
1§/,W G20 =@ ‘UoISnya .
200" S;Ws2=q vosnyg_- . |00t
$/,W 04 =Q 'UoISNYI - - -
5 BRI
k) i 0>W>1- m
2 poo ! SL>W>00 IO
S SI<N@ o
] @
B 1
i 3
T 900 |00€ &
z E)
800 oot
o e , 008
S8U0Z 1S9M L0 9BeIs



)

\l
/

UTER LIMITS

®

29

€ Se
ayey fuj—
AH—
8/;W 620 = @ ‘uoIsnyg
200 ¥/ MGE =0 uosnyg .
5/, 0L = @ 'uolsnyIq - -

_ R
w 0>W>1-e
9 pooll SE>W>00
Z 5
] {
]
i3
@®
T 900 ¢
~ .
&2
e
80°0
Lo

‘(auIy yoB[q) SSOf PINF OU pUE W §'7 =M “UI ¢7 =] Surunsse japour arnioely JyneipAy
B pue (SaUly paysep anjq) s/, )] PUE ¢'7 ‘670 = ( YIM S[apotr UoISIFIp Aq paonpoad Inoraeyaq aouelsip-awr paidadxa oyl pue (Ul par) aiel uonlalur il
MOTS OSJE 3| "9581S [JOBa I0f SI2ISN[D UIISIM dY] UTIIM (SpNITUSEUr AqQ PIZIS pUE PAINOJOD SI0p) AIDTUISIISOIIIUI JO UOIINJO0AS Jerodurai-oreds | ¢ aInsny

[1y] peys vonoslul LIBL WO BLUI|

Sl

sauoZ 1seM 90 ebeig

g2

[4u] pe3s uonoalul ulew woyy awi|
S

200
S/ 0L =@ uosnyg. ..
— [EE
w 0>W>1-e
2 po0 SE>W>00
S SL<N @
o ol
a8
@ .
T 900 H
s
N
80°0
1o
€ se
0
oey fuj—
AH—
/W 62°0 = Q ‘U0
200  SHsE=a ‘uorIsnyIqg -
s,WoL=a ‘uorsnyiq - - -
— >N .
n 2 0>W>1-e
S 2 po0 SE>W>00
o S SL<N@ ]
@ ) . J
g <3 .
m o© %" oo
8 3 00t L
= w 4 -
3 & . g
800

ajey lu—

AH—

5/, §2'0 = 0 'UOISNYId
S/,W G =q uosnyg ..

. 0oL
. L[] m
N LR ) =
: ) ] 00z 8
. =}
=3
o
L - 2
00e 8
E)
0o
T
sauoZ 1s9M L0 9bels 008
[4y] peys uonoslul UreW WOy BLI|
St I S0 0 S0-
0
.0 . ° P o Sy .
LN VUURPPRY T G e A Y 0oL
| :L.A“v.‘nﬂ ..'..m Wr ._..U.%. ®
e s 0 p
Lo~ ® b wiogi gt o m
ot . 5 ! 3
e e’ g o 7 . 002 2
° ° P s =]
. . \\. \ Ll Ww.
.0 - o\ e §'e 9 .\\.\\. 2 ° M
s . K 00€ @
) . - / k T
S % 2
ol L)
L ooy
v\\\\ Fé
.\\..\n ‘1.
S8U0Z 1S9M G0 9belS . 008



)

\l
/

UTER LIMITS

®

30

‘(auIy Yorq) SSOf PINF OU pUE WU §'7 =M W 7 =4 SUrunsse japour arnioely JyneipAy
g pue {(Souly paysep anjq) s/, 1l O] pue [ ‘I'0 = (J YIIM S[apouI UoISIIp Aq paonpo.rd INOIABYaq doUBISIP-IUIL] pajdadxa a3 pue (Ul par) el UonIAUI 313
MOYS OSJE 9| / — § S958IS 10] SI2ISTD UISISED ITf) UIIIM (SPMIIUSEUr Aq pazIs pue paInojod ‘sjop) AIDIISIdSO.IoUI Jo UoNNoAd [erodurai-oneds .7°¢ 2rnsLy

[4u] peys uonoslul urew wouy awi |

2L o
stey fuj—
AH—
5/, 1°0 = @ ‘Woisny
SuL=qospa— ¢ - g
mm\nsopuo.__e_mé_n.:l.. .u.)..

=}

5 5 >N .
3 €004 0O>W>L- e e 00z @
=3 - SI>N>00 Yoy 3
S SL<N@ =
2 - LA 7. E
B ‘e =0 008 2
L g
= 2
& 900 00r 3
00S
\\\..
’ . P et
e seuoz jse3 L0 abeig 009
[iu] peys uonosul LIew Loy Bl L
éL ol g 9
o f I T 0
sjey U —
dH—
S/;W 10 = Q 'UoIsnpg
S/ L= Q uoisnyg - L 0oL
S/;W 0L =@ ‘uoisny. .- .
3 go0 SRS I : - .
o 0>W>1- @ | oo " ™. |
m FLEW>0@ 7% s o sesss %.....-.....g.....n" Tib g e i o m
o . Y g
S SLme 2
g 008 2
3 3
3 @
@ o -
& 900 . oS
\\\\
7 : 1005
T ;
\\\ ;
. - ;
00 seuoz jsej 6o abeig 009

4 ok
ey fuj—
AH—
S/, 10 = ‘uoIsnyq.—
S/,W =g uosnyg—
1 S/,W 01 =a ‘uoisnyia.- -
> .

=3 .
3 €00 0>W>1- e o
2 : SL>W>00 " .
S ol SL<N@™
2 LY T T
nlum - .
o©
w: ~
& 900
600
el oL
0 - g
aley ful—
AH—
S/;W 10 = Q 'UoIsnpg
S/, 1 = 'uosnpIg
5/, 0L = @ 'uoisnyIa ....
5 bW
g £00 S —
2 SI>N>00
g SL<H@
o
8
@
Wru
& 900
600

[4u] peys uonoslul urew wouy awi |

\\\..
o
souoz ise3 g abeis

[1y] peys vonoslul LIBL WO BLUI|

seuoz iseq 0 abeig

=}

8 8
@ N
[w] aoueysiq yuang

g

00S

0ok

g g
@ o
[w] eoueysiq weag

8
2

1005

009



ek
31 @®@uTeR LIMITS )

6. INVESTIGATION OF STRESS TRANSFER EFFECTS

In Chapter 5 we showed that the spatio-temporal evolution of microseismic events is consistent with a
process driven by pore fluid pressure diffusion. For the PNR-1z microseismicity we did not observe this
behaviour, which motivated us to examine the potential role of static stress transfer from tensile opening
of hydraulic fractures as an alternative means of fault reactivation. For PNR-2, while pore pressure
diffusion effects appear to dominate the evolution of microseismicity, it is still of interest to assess
whether the tensile opening of hydraulic fractures could also have promoted slip on the fault.

6.1. STATIC STRESS MIODELLING METHOD

We examine stress transfer effects using the analytical solutions for tensile fracture opening developed
by Okada (1992), using the PSCMP code developed by Wang et al. (2006). We computed changes in
Coulomb failure stress, ACFS (Equation 1.2), where a positive ACFSimplies that a fault is being moved
towards the failure envelope, increasing the likelihood of induced seismicity.

For the PNR-1z microseismicity (Verdon et al., 2019a), the positions and orientations of the hydraulic
fractures during each stage were not well constrained, since there was considerable overlap between the
loci of the hydraulic fracturing and the reactivated structures. While we defined the NEF-1 fault plane
based on microseismic observations, we maintained an ambivalence as to whether this feature was a
single fault plane or a zone of fracturing. We therefore assessed the role of stress transfer by computing
the Coulomb Index, which describes the proportion of microseismic events located in regions where
ACFSis positive. We found that a large proportion of events did occur in positive ACFS areas, indicating
that static stress transfer from tensile hydraulic fracture opening was playing a significant role in the
microseismicity (Verdon et al., 2019a; Kettlety et al., 2020).

For the PNR-2 seismicity, the growth of the hydraulic fractures is much more clearly defined by the
observed events (the NS Zone and the Eastern Zone described in Chapter 3). Similarly, the fault plane
responsible for the M: 2.9 event is clearly delineated by its aftershocks (Figure 3.11). As such, rather
than computing ACFS values for the microseismic events, a more instructive approach is to compute the
ACFSvalues on the PNR-2_i fault itself.

As the input, or loading, for our stress transfer simulations, we followed our previous approach (Verdon
et al., 2019a), using a stochastic representation of the expected hydraulic fracture distribution. For PNR-
2 we defined two source zones based on the observed microseismic clusters — the main NS Zone, and the
Eastern Zone. For each, we assigned statistical distributions to parameterise the hydraulic fractures, from
which the source populations were drawn. We performed 1,000 model instances for each source zone,
and in the following sections used the median stress changes to assess the impact of these fractures on

the surrounding rock mass.

These statistical distributions are as follows for the NS Zone:



32

ek
@ uTeErLiMITS)

Fracture initiation points are normally distributed around the mid-point of Sleeve 1, with
standard deviations of 15 m along the well, and 10 m perpendicular to the well (vertically and
laterally).

Two thirds of fractures propagate to the north, and one third propagate to the south.

The northward-propagating fractures have a strike of 350°, while the southward propagating

fractures have a strike of 155°.

The northward-propagating fractures are drawn from a uniform length distribution with a
maximum of 375 m. The southward propagating fractures are drawn from a uniform length

distribution with a maximum of 300 m.

The tensile opening of all fractures is taken as 2 mm. The aspect ratio of the fractures is such that
the fracture height/width is 0.2.

For the Eastern Zone:

Fracture initiation points are normally distributed around the mid-point of Sleeve 13, with

standard deviations of 10 m in all directions.
Four fifths of fractures propagate to the north, and one fifth propagate to the south.

The northward-propagating fractures have a strike of 345°, while the southward propagating

fractures have a strike of 165°.

The northward-propagating fractures are drawn from a uniform length distribution with a
maximum of 100 m. The southward propagating fractures are drawn from a uniform length

distribution with a maximum of 200 m.

The tensile opening of all fractures is taken as 2 mm. The aspect ratio of the fractures is such that
the fracture height/width is 0.2.

For both source zones, we populated fractures from these distributions until the volume of the
hydraulic fractures meets the total injection volume for the zone, as determined from the injected
volumes. This requires an estimate of the relative proportions of each stage volume that might have
contributed to each fracture zone. This can’t be easily quantified with the available data. We
therefore made the arbitrary assumptions shown in Table 6.1, based on the relative proportions of
microseismic observed on each feature during each stage. In addition, we assumed an arbitrary 50%
leak-off factor. Examples of the resulting model sources are shown in Figure 6.1. We modelled all of
the sources as producing strain perpendicular to the fracture face (tensional, mode 1 slip), with no

component of slip parallel to the fracture face.
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Stage Volume [m?3] % into NS Zone % into Eastern Zone
1 323 100 0
2 419 100 0
3 432 100 0
4 347 90 10
5 308 75 25
6 259 60 40
7 64 40 60
Total Vol (assuming 50% leak-off) [m3]: 1076 205

Table 6.1: Injection volumes for each stage, and our apportionment of their volumes into the NS and Eastern
hydraulic fracturing zones.
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Figure 6.1: Tensile hydraulic fracture sources’ used to simulate stress changes in the surrounding rocks. In (a) we
show a map view of the sources for the NS Zone (black lines) with the observed microseismicity overlain (grey
dots), in (b) we show the same for the Eastern Zone. In (c) we show a 3D view of the NS Zone sources.

We used the PSCMP code (Wang et al., 2006) to compute the stress changes produced by these sources,
resolving these onto the PNR-2_i fault plane, with a strike of 140°, dip of 85°, and a rake of 180°, to
compute ACFS. We assume a friction coefficient of m = 0.6, and Lamé parameters for the rock of y= A=
25 GPa.

We note that the amount of fractures, and therefore the magnitude of any stress change, will be
determined by the number of fractures, and therefore the assumed volumes (Table 6.1), whereas the
style of the deformation, i.e. whether a region experiences a positive or negative ACFS, will be
determined by geometry and orientation of the fractures with respect to the fault. Therefore, in the
following results, the magnitude of the stress changes may be relatively poorly constrained. However,
since the geometry of the hydraulic fractures is relatively well constrained by the microseismicity, the
sign of the ACFS change (i.e. positive or negative) will be relatively robust. The focus of our
interpretation is on the sign of the ACFSvalue, since this determines whether deformation is pushing

faults toward or away from failure.

6.2. RESULTS

Figure 6.2 shows maps of ACFS changes at the well depth produced by both the NS Zone and Eastern
Zone sources. In both cases, ACFSvalues decrease in the regions either side of the fractures, and increase
in zones ahead of the fracture tips. In Figure 6.3 we show the ACFS values across the PNR-2_i fault
plane. We find that the lowermost corner of the fault nearest to the fracture zones experiences negative
ACFS changes. However, most of the PNR-2_i fault plane, including the region defined as the rupture
area by the M: 2.9 event aftershocks (see Chapter 3) experiences positive ACFS changes from the tensile
opening of fractures in both the NS and Eastern zones. These observations indicate that static stress
transfer may again be playing a role in facilitating slip on a pre-existing fault, as was the case for the
PNR-1z stimulation.
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Figure 6.2: Maps of ACFS produced by the NS Zone (a) and the Eastern Zone (b). In each case a representation of
the sources is shown by black lines, the observed microseismicity by grey dots, and the PNR-2_i fault by the

orange line.

However, as described in Chapter 5, the spatio-temporal evolution of the microseismicity shows a clear

relationship between time and distance that is indicative of a diffusion-driven process. If static stress

transfer were the dominant process, then we would expect a near-instantaneous response with events

occurring at a range of distances with little dependence on time. Therefore, while these stress transfer

effects may be acting to promote slip on the PNR-2_i fault, overall the microseismicity is driven by the

diffusion of elevated pore pressures from the well. Nevertheless, these results show that establishing the

causative processes for induced seismicity can be challenging, and that multiple physical processes can

act in tandem to reactivate faults during hydraulic stimulation.
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Figure 6.3: ACFS values on the PNR-2 i fault plane (as defined by the M: 2.9 event aftershocks, shown as grey
dots) produced by the NS Zone (a) and the Eastern Zone (b).

6.3. UNDERSTANDING THE FASTERN ZONE OF HYDRAULIC FRACTURING

In Chapter 3 we detailed how, from Stage 4 onwards, we began to see the creation of the new zone of
hydraulic fracture propagation to the east of the active injection stages (the Eastern Zone in Figure 3.2).
This zone initiated at approximately the position of Sleeve 13, roughly 100 m east of the Stage 4
injection point. It is this zone which ultimately provided the connection for the elevated pore pressure
perturbations to reach the PNR-2_i fault. Similarly, we saw microseismic events that indicated hydraulic
fracture propagation to the west of the well toe (the Western Zone in Figure 3.2), which is also over 100
m westward of the injection point (although this zone was less significant from the perspective of fault

reactivation, since it did not connect to any seismogenic features).

In this section we therefore address potential mechanisms for the creation of these zones, with a focus
on the Eastern Zone since this is ultimately responsible for the induced seismicity. While doing so, we
note that a robust answer to this question is not necessary to explain the occurrence of induced
seismicity during stimulation of PNR-2. Had this zone of fractures not initiated and grown in this
position during stimulation of Stages 4 — 7, it seems inevitable that similar fractures would have been
created during stimulation of later stages (e.g., Stages 10 — 15), resulting in the same eventual impacts on
the PNR-2_i fault. However, the creation of the Eastern Zone over 100 m to the east of the active stages

meant that the fault was intersected earlier than it might otherwise have been.

The effects of stress shadowing (e.g., Nagel and Sanchez-Nagel, 2011; Dohmen et al., 2014) may have
played a significant role. The tensile opening of hydraulic fractures in the direction of the minimum
stress, which at the PNR site is horizontal and striking at 83° (Clarke et al., 2019b), produces an increase

in compressive stress in the surrounding rock mass.

The formation breakdown pressure, P», at which hydraulic fractures will begin to propagate, can be

estimated as (Haimson and Fairhurst, 1967):
Pb:30-h+O-H_P+TO , (61)

where o» and ow are the minimum and maximum horizontal stresses, and 7vis the tensile strength of the
rock. As such, P», and thereby the ability of hydraulic fractures to form, is primarily dependent on
changes to the minimum stress. If tensile opening of nearby fractures increases the minimum horizontal

stress, then it will suppress hydraulic fracture formation in the surrounding rock mass.
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Figure 6.4: Map showing changes formation breakdown pressure, Ps, estimated from modelled changes in
maximum and minimum stresses produced by the tensile opening of fractures in the NS Zone. The increase in
breakdown pressure may inhibit hydraulic fracture nucleation in the immediate vicinity of the NS zone, favouring
fracture opening further along the well to both the east and west.

To investigate this effect, we computed stress changes created by the tensile opening of fractures in the
main NS source zone using the methods described in Section 6.1. We used the modelled changes in ox
and ow to compute changes in P (or APs), shown in Figure 6.4. We observed a significant increase in P»
of AP, > 5 MPa within approximately 100 m of the NS Zone. Both the Western and Eastern zones of
hydraulic fracturing are found in regions where the AP increase is less than 3 MPa. This suggests that
stress shadowing may indeed have played an important role in controlling where subsequent zones of
hydraulic fracturing were able to form after the initial NS Zone had formed.

We also examined whether any pre-existing structures could have influenced the nucleation of the
Eastern Zone. Figure 6.5 shows a cross-section through the 3D reflection seismic data cube running
parallel to the PNR-2 well, with the microseismicity overlain. We note the presence of a gentle anticline
running roughly north-south, with the hinge located in approximately the same position as the
nucleation point of the Eastern Zone. Typically, one might expect a higher intensity of natural
fracturing at the anticline hinge (Figure 6.6), with the fractures running along the hinge direction (e.g.,
Gholipour et al., 2016), which in this case would be north-south. The reflection amplitudes increase
slightly at the crest of this anticline, which could also indicate a change in aggregate rock properties,
potentially created by a change in fracture intensity (a full inversion of the 3D data for variations in rock
physics properties is beyond the scope of this study). The presence of increased natural fracturing with
an orientation close to that of fsumax would promote the occurrence of hydraulic fracturing along this
same axis at this position.
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Figure 6.5: Vertical section through the reflection seismic survey cube, running parallel to the PNR-2 well (cyan),
with the PNR-1z well also shown (green line). Events with Mw > -1.0 are marked by pink dots. Note that the
vertical axis in this plot is time, creating a vertical exaggeration when compared to the depth sections shown in
Section 3. A gentle anticline with a N-S axis, is found at the position where the Eastern Zone develops from the
PNR-2 well (magenta). Seismic amplitudes also increase at this point.

Cross-fractures
’ % Axial fractures

Figure 6.6: Schematic depiction of fractures around an antiform: we might expect a higher intensity of fractures
around the hinge, with fracture strikes matching the fold axis. Image adapted from Gholipour et al. (2016).

While these structural factors might account for the position of the Eastern Zone, the Western Zone of
hydraulic fracturing is not situated on such a feature. Therefore, our preferred explanation for the
separation of the Eastern and Western Zones from the main NS Zone, despite injection in close
proximity to the main zone, is the stress shadowing effect described above. However, the presence of
natural fractures along the crest of the gentle anticline shown in Figure 6.5 could also have facilitated
the formation of the Eastern Zone.
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The vertical stress gradient at the PNR site is estimated to be 0.026 MPa/m and the minimum horizontal
stress gradient is 0.017 MPa/m (Clarke et al., 2019b), giving stress values at the depth of the PNR-2 well
(72,100 m) of 54.6 MPa and 35.7 MPa, respectively. Figure 6.7 shows the modelled bottom-hole pressure
for each of the injection stages. We note that injection in Stages 4 — 7, when microseismicity was

observed along the Eastern Zone, took place at pressures that were larger than the vertical stress. This

raises the possibility that the injection was able to create tensile opening of bedding planes (e.g., Huang
and Liu, 2017), which provided the pathway by which elevated fluid pressures were transferred from
the injection sleeves to the Eastern Zone, at which point, being beyond the influence of the stress
shadow created by the tensile fractures in the NS Zone, further hydraulic fracturing was able to occur.
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Figure 6.7: Injection rates (green) and modelled bottom-hole pressures (red) for each injection stage. We also show
the estimated minimum horizontal (blue) and vertical (orange) stress conditions from Clarke et al. (2019b).
Injection pressure for the latter stages exceed the vertical stress, raising the possibility of bedding-plane opening.

7. ORIENTATION OF FAULTS WITHIN THE IN SITU STRESS FIELD

The two faults that were reactivated at the PNR site produced markedly different levels of seismicity.
The largest event on the NEF-1 fault, reactivated during stimulation of the PNR-1z well, had a
magnitude of Mz 1.5. The PNR-2_i fault produced a magnitude Mz 2.9 event. This represents a
difference in seismic moment of over 100 times. The oblique orientation of the NEF-1 fault with respect
to the well meant that it was intersected by many hydraulic fracturing stages, whereas the PNR-2_i fault
received injection from, at most, 3 stages. We estimate that the stages that intersected the PNR-1z NEF-
1 fault injected over 2,000 m? of fluid, whereas the combined injection volume of Stages 5, 6 and 7 in

PNR-2 was approximately 1,000 m3.

Numerous studies have observed that the seismicity rate and cumulative moment release scales with the
injection volume (e.g., Shapiro et al., 2010; Hallo et al., 2014; Verdon and Budge, 2018; Clarke et al.,
2019a; Kwiatek et al., 2019). However, in this case the smaller volume at PNR-2 produced a larger
seismic response. The rate of seismicity as a function of volume can be characterised by the seismogenic
index (Shapiro et al., 2010). Clarke et al. (2019a) found that the seismogenic index during reactivation of
the NEF-1 fault was S7= -1.8. In contrast, the seismogenic index for the PNR-2 _i fault is S7> -1,
representing an order of magnitude more events per unit of fluid volume injected. It is therefore of

interest to investigate potential reasons for the difference between the responses of the two faults.

One consideration is fault size, since earthquake magnitude is limited by the dimensions of the fault on
which rupture can occur (Equation 3.1). However, the NEF-1 fault is approximately 500 m long, and 200
m high, giving an area of 100,000 m?, whereas the PNR-2_i fault, as documented in Chapter 3, has an
area of approximately 65,000 m?. Therefore, based on their respective areas, we would again anticipate
that the NEF-1 fault might be able to host larger events. Of course, this argument cannot account for the
fact that, as discussed by Verdon et al. (2019a), the NEF-1 “fault” may in fact represent a zone of

fracturing, with no single plane on which larger events could occur.
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An alternative consideration is the orientations of the NEF-1 and PNR-2_i faults within the in situ stress
field. From Equation 1.2, the higher the CFSacting on a fault, the smaller the perturbation required to
exceed the Coulomb failure envelope. Hence, we might expect a fault with lower CFSto reactivate more

quickly, and produce larger events for a given injection volume.

For two faults within the same stress field, their CFSvalues will be determined by their respective
orientations. We investigate these effects using the stress field determined by Clarke et al. (2019b) for
the PNR site, listed in Table 7.1. We use these values to calculate the critical pore pressure increase, 7,
required to exceed the Coulomb failure threshold:

P, = o, — |t|/m. (7.1)

In this formulation, a low Pcvalue indicates that a small perturbation is sufficient to allow slip to occur
on a fault, while a high Pcvalue indicates that a fault is relatively stable, and a large perturbation is
required for slip to occur (e.g., Walsh and Zoback, 2016; Kettlety et al., 2019).

The resulting values for Pcat the depths of the PNR-1z and PNR-2 wells are shown in Figure 7.1, using
a generic value of m = 0.6. We find that the PNR-1z NEF-1 fault is moderately well orientated in the
stress field, with a Pcvalue of 11 MPa. The orientation of the NEF-1 fault is derived from fitting a plane
to a combined population of the larger events during PNR-1z stimulation, and the events that occurred
during the injection hiatus in PNR-1z (Clarke et al., 2019). We estimate uncertainties for the estimated
orientation of the NEF-1 fault of +15° in strike, and +10° in dip. Within this range of values, Pc may vary

between -1 < Pc < 24, and this does not account for any uncertainties in stress gradients or orientation.

Gradient [MPa/m] Uncertainty

OHMAX 0.032 0.006

Obmin 0.017 0.004
ov 0.026 0.001
P 0.012 0.001

Oseax 173° 7

Table 7.1: 1D geomechanical model for the PNR site, giving stress gradients, oumax orientation, and their
uncertainties.
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Figure 7.1: Critical pore pressure, Pc, as a function of fault orientation for the PNR-1z (a) and PNR-2 (b) depths.
Position on the stereographic projection represents the fault-normal orientation. The coloured squares show the
orientations of the NEF-1 and PNR-2_i faults, and their uncertainties (coloured lines), with the Pc values for each
listed in the figure titles.

Walsh and Zoback (2016) developed a Monte Carlo approach to incorporate uncertainties in both fault
orientation, friction coefficient, and stress state, into a Quantitative Risk Assessment (QRA) for the fault
slip potential. We use 100,00 random instances of the stress state, fault orientation, and friction
coefficient, drawing values from the uncertainties for the oumax, Ohmin, Ov, and pore pressure gradients
listed in Table 7.1, with m = 0.6 + 0.1. The uncertainty in orientation for NEF-1 is listed above, while the
PNR-2_i fault is better-constrained by the A/ 2.9 event aftershocks, so we assign uncertainties of +10° in

strike, and +5° in dip.

We display the results as a cumulative distribution function, showing the likelihood that the Coulomb
failure threshold is exceeded for a given pore pressure perturbation (Figure 7.2). This plot shows that,
given the uncertainties in fault orientation and stress state, there is a wide range of possible Pcvalues for
both faults. However, the PNR-2_i is clearly far closer to the Coulomb failure threshold in the in situ
stress field. Approximately 85% of the scenarios for the NEF-1 fault have Pc> 0, and more than 50 % of
scenarios have a Pc> 15 MPa, implying that a significant pore pressure perturbation is required for fault
reactivation. In contrast, for the PNR-2_i fault, more than 50 % of scenarios have Pc< 0 MPa, implying

that the fault is at the point of criticality, and therefore able to slip with minimal perturbation.
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Figure 7.2: Cumulative probability curves showing Pc for the NEF-1 (blue) and PNR-2 i (teal) faults.

These observations provide a compelling explanation for the significant difference in the levels of
seismic response between the PNR-1z NEF-1 and PNR-2_i faults. The PNR-1z fault is moderately well
aligned in the in situ stress field, but a large perturbation is required to exceed the Coulomb failure
threshold. As such, the fault is relatively slow to reactivate, with seismicity building up slowly as it was
intersected by multiple injection stages. While this may simply be a factor of the fault’s position, there
was minimal reactivation of the NEF-1 fault outside of the stimulated zone.

In contrast, the PNR-2_i fault is very well aligned in the in situ stress field, with relatively minor
perturbations being sufficient to induce failure. As such, once it was reached by the fractures extending
from the Eastern Zone, it was relatively quick to reactivate, producing large events relative to the small
volumes that reached it via this pathway. Moreover, as the aftershocks show, the rupture area of the M:
2.9 event extended a substantial distance, roughly 200 m, away to the SE from the region where it was
intersected by the Eastern Zone hydraulic fractures. Evidently, this represents a “runaway rupture” (e.g.,
Gischig, 2015; Galis et al., 2017) in the sense that the rupture extends beyond the zone that has been
perturbed by the injection activity, releasing stored tectonic stress along the fault. This phenomenon is
favoured in situations where the stress conditions along the fault are close to failure prior to
perturbation (Gischig, 2015), as is the case for the PNR-2_i fault.

These observations show the importance of the pre-existing stress conditions, and the orientations of
faults within them, in determining the seismic response that they will produce to injection. We
anticipate that faults which are close to the Coulomb failure threshold will produce more seismicity for a
given injection volume.
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8. CONCLUSIONS

In this study we examine and interpret the microseismicity recorded by a downhole geophone array
during hydraulic fracturing of the PNR-2 well at the Preston New Road site, Lancashire. Our focus is on
understanding the causative mechanisms by which the hydraulic fracturing produced earthquakes of
sufficient size to be felt by the public nearby.

The spatial and temporal evolution of the microseismicity, combined with their G-R b values, reveals
the growth of hydraulic fractures from the well, extending along the direction of maximum horizontal
stress (NNW-SSE). The first 4 stages appear to have injected fluid into the same growing hydraulic
fracture zone. These stages also produced a second zone of hydraulic fracturing to the west of the well
toe, and interacted with two zones of fracturing that extended below the stimulated zone. Neither of
these features produced seismicity of any significant magnitude. From the latter part of Stage 4 and
onward, a new zone of hydraulic fracturing initiated further east along the well, roughly at the position
of Sleeve 13. The zone propagated to the south, and ultimately began to cause elevated levels of
seismicity on the PNR-2_i fault. Magnitude M: > 0.5 events occurred after Stage 6, entailing a pause in
injection. The operator injected a reduced volume for Stage 7. No M: > 0 events occurred during
injection. However, seismicity began to escalate in the hours after injection, ultimately culminating in

the occurrence of the M 2.9 event, which occurred over 60 hours after the cessation of injection.

The aftershocks from the M: 2.9 event clearly delineate its rupture, with the area of rupture matching
that expected from the moment release. The fault responsible extends to the SE from the southern tip of
the later, eastern zone of hydraulic fracturing. The rupture area extends beyond the part of it that was
directly intersected by the hydraulic fracturing, indicating a “runaway” rupture beyond the stimulated
area, releasing tectonic stress along a fault. There is no clear evidence for this fault in the 3D reflection
seismic data, highlighting once again the challenges of detecting small faults in this way, particularly if

they have a strike-slip sense of displacement.

There is little or no overlap between the PNR-2 microseismicity and that recorded during stimulation of
PNR-1z. Evidently, the separation between the wells, of c. 200 m laterally and 200 m in depth, was
sufficient such that the two wells did not stimulate the same volume of rock. While the positions of the
NEF-1 and PNR-2 _i faults overlap laterally, they are found at different depths, and do not overlap. They

have near-orthogonal orientations.

The spatio-temporal evolution of the microseismicity during each stage follows a relationship of r oc ¢,
This is indicative of a process that is driven by diffusion of a pore pressure pulse from the injection point.
This contrasts with the evolution of the PNR-1 microseismicity, where occurrence of seismicity was
near-instantaneous at a range of distances, indicating a process driven by poro-elastic stress transfer.
This serves to demonstrate that a range of mechanisms can act to reactivate faults during hydraulic
fracturing, and that in some cases, several mechanisms may act in tandem. Modelling of the stress
transfer produced by tensile hydraulic fracture opening shows that this would also have moved the
PNR-2_i fault closer to failure as well. The diffusion-dominated process, and the distance of the PNR-2_i
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fault from the well, produced a delay between injection and fault reactivation, such that the injection

stages were completed before any substantial fault reactivation was observed.

Finally, we investigated potential reasons for the difference in the levels of fault reactivation between
the PNR-1z and PNR-2 wells. The NEF-1 fault appears to be a larger structure, and received a larger
volume of injected fluid, however the seismicity it produced was an order of magnitude smaller than the
PNR-2_i fault, which is a smaller structure, and it received a lower volume of injected fluid. We found
that the NEF-1 fault is moderately well orientated in the in situ stress field, such that a substantial
perturbation was required for reactivation. In contrast, the PNR-2_i fault is extremely well orientated in
the stress field, such that it was likely at, or very close to, its critical stress state, such that a very small
perturbation was sufficient to produce seismicity. These observations demonstrate the importance of the
In situ stress state, and the orientations of faults within the stress field, in determining the rates and

magnitudes of seismicity that result during hydraulic fracturing.
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