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SUMMARY 
 Rathlin Energy Ltd. plans to conduct a reservoir stimulation operation in the West Newton WNA-

2 well. This operation involves the injection of a total of approximately 60 m3 of fluid into the 
well. In this study we assess the potential induced seismicity hazard that could be associated with 
this type of activity.  

 This type of small-scale conventional reservoir stimulation has no past record of causing induced 
seismicity. Induced seismicity has only been associated with large scale, high volume hydraulic 
fracturing of shale gas formations, which uses injection volumes that are orders of magnitude 
higher than the operation under consideration here.  

 The West Newton site is located in an area with relatively low rates of natural seismicity. Various 
reservoir stimulation activities have taken place in the region, including at the Beckingham, 
Corringham, Gainsborough, Malton and Kirby Misperton fields. No induced seismicity was 
associated with any of these past activities. Stimulation at the nearby Wressle field in 2021 was 
monitored by a dedicated microseismic array, but this did not detect any events.  

 Rathlin have mapped faults in the Kirkham Abbey Formation using 3D reflection seismic surveys. 
The nearest mapped fault is approximately 1 km from the well. This is much further than the 
maximum possible perturbation is expected to reach (the expected fracture length is less than 20 
m).  

 We have conducted a geomechanical stability assessment on the mapped faults. The stress 
conditions on the faults are moderate. The Kirkham Abbey Formation is over-pressured, but the 
critical pore pressures on the faults are lower than those experienced for the Bowland Shale at 
Preston New Road.  

 We have examined the magnitude thresholds at which unacceptable nuisance impacts might be 
experienced by nearby populations. We define a magnitude of M 2.5 as a threshold of tolerability 
at which the nuisance associated with the resulting vibrations would become unacceptable. 

 We conduct a probabilistic seismic hazard assessment using the seismogenic index method. We 
define a logic tree of seismogenic index values based on our geomechanical assessment, combined 
with observations from similar past activities in the region. This assessment finds that the most 
likely largest event size is a magnitude of M -2.0. There is a 95 % likelihood that the largest event 
is less than M 0.0, and a 99 % likelihood that the largest event is less than M 0.8.  

 The 99 % exceedance event, M 0.8, would not be felt at the surface. The most likely largest event 
(M -2.0) would not be detectable even with a dedicated local monitoring array. As such, we 
conclude that the proposed activities pose a very low risk with respect to induced seismicity.    

 The installation of a local seismicity monitoring array is not warranted, given the very low levels 
of risk posed by the proposed operation, and the fact that the planned injection volume is so low 
that the injection process itself will be very short. This would leave no window for reactive 
decision-making in response to recorded induced seismicity, rendering any monitoring data of 
very little operational use.    
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1. INTRODUCTION 
Rathlin Energy Ltd. plans to conduct a reservoir stimulation operation in the West Newton WNA-2 well. 
This operation involves the injection of a total of approximately 60 m3 of fluid into the well, combined 
with proppant, which will create permeable pathways linking the reservoir to the well. This type of 
activity is also sometimes referred to as a proppant squeeze. The Rathlin well plans detail the operational 
parameters, and includes models of the expect fracture propagation, which are expected to extend less 
than 20 m from the well. The operation will be conducted into the Permian-age Kirkham Abbey 
Formation, which forms part of the Zechstein Group of evaporites, carbonates and mudstones.  

In this report we conduct an assessment of the induced seismicity hazard posed by the proposed 
operations. In Chapter 2 we briefly review the phenomenon of hydraulic fracturing-induced seismicity 
(HF-IS), and in particular how levels of seismicity vary between and within basins, and on the specific 
nature of the stimulation operation. In Chapter 3 we examine the seismological setting at the site, and past 
seismicity in the region. We compare these observations with past oilfield operations, finding no 
occurrence of detected seismicity associated with previous reservoir stimulation activities in the region 
that were similar to that proposed by Rathlin for the WNA-2 well. In Chapter 4 we examine the 
geomechanical conditions at the site, and in particular the in situ stress conditions relative to the 
orientations of faults identified in Rathlin’s geophysical surveys of the site, and whether they might be 
prone to reactivation. In Chapter 5 we evaluate the possible impacts to nearby populations from the 
shaking that could be generated by low to moderate magnitude induced events. In doing so, we estimate 
the magnitudes at which the nuisance and/or damage could reach levels that would not be considered 
acceptable by the local population. In Chapter 6 we perform a seismic hazard assessment for the proposed 
activity, based on widely accepted links between injection volumes and seismicity rates, in order to 
quantify the likelihood of felt or damaging events being generated. Finally, in Chapter 7 we provide our 
conclusions.  

Before commencing this analysis, it is necessary to clarify some terminology, since certain terms that are 
widely used among petroleum engineers are often misinterpreted by non-experts, leading to confusion 
among the public. Hydraulic fracturing, or hydraulic stimulation, describes a technology used to enhance 
production from hydrocarbon wells. Fluids are injected at pressure into the formation to generate 
fractures. Once injection stops, proppant that is mixed with the injected fluid remains in the newly created 
fractures, producing a permeable pathway linking reservoir rocks to the well, along which hydrocarbons 
can flow. A single hydraulic fracturing stage typically takes a few hours to complete, although for wells 
with multiple stages the overall process can therefore take several days. Once the stimulation process is 
complete, hydrocarbons are allowed to flow from the well over years and even decades, much like any 
other unstimulated well.  

Hydraulic fracturing has been used to stimulate oil and gas reservoirs since the late 1940s (Hubbert and 
Willis, 1957; Montgomery and Smith, 2010). Prior to the invention of this technology, reservoir 
stimulation was often achieved using explosive charges (Montgomery and Smith, 2010). Rubinstein and 
Babaie Mahani (2015) estimate that hydraulic fracturing has been used to stimulate over one million wells 
in North America alone. Onshore in the UK, over 200 wells have received hydraulic stimulation of some 
kind.  
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While the technology of hydraulic fracturing is well established, the nature and scale of the technique has 
varied significantly both with time, and with the type of reservoir being targeted. It is important to 
distinguish between a reservoir stimulation or proppant squeeze in a conventional reservoir, hydraulic 
fracturing in tight sandstone reservoirs, and hydraulic fracturing in shale reservoirs. To date, induced 
seismicity has only been associated with large-scale hydraulic fracturing of very low permeability shale 
formations. Such operations typically entail the injection of thousands of m3 of fluid.   

Reservoir stimulation is commonly used in conventional reservoirs. The drilling process itself may create 
a zone of low permeability around a well, that limits flow from the reservoir. Reservoir stimulation creates 
a network of fractures that are a few tens of meters long, extending through this low permeability zone 
and providing a connection with the reservoir. These activities typically use less than 200 m3 of injected 
fluid per stage.  

As such, “hydraulic fracturing” has become a catch-all term that can be used to describe oilfield activities 
that take place across a wide range of scales, from very minor reservoir stimulation activities in 
conventional wells to very large-scale shale gas stimulation projects. In this report we use the terms 
“hydraulic fracturing” or “stimulation” to refer generically to all of the above technologies where fluids 
are injected into a reservoir in order to generate fractures that enhance production. Where it is necessary 
to differentiate between these different types and scales of technique, we do so accordingly.  

In the Infrastructure Act 2015, hydraulic fracturing is defined as (emphasis added): 

hydraulic fracturing of shale or strata encased in shale which […] involves, or is expected to involve, 
the injection of 

(i) more than 1,000 cubic metres of fluid at each stage, or expected stage, of the hydraulic fracturing, 
or 

(ii) more than 10,000 cubic metres of fluid in total.  

It can be seen that this definition is specifically intended to apply to large-scale, high volume hydraulic 
fracturing of shale gas formations. The reservoir stimulation activities proposed here are not into shale (or 
strata encased in shale), and the volumes involved are much less than 1,000 m3. Hence, the definitions of 
hydraulic fracturing as per the Infrastructure Act 2015 do not apply here.    
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2. REVIEW OF HYDRAULIC-FRACTURING INDUCED SEISMICITY 
In this chapter we review the phenomenon of induced seismicity associated with hydraulic fracturing and 
other well completion activities. Of particular importance is to understand the physical mechanisms that 
drive the occurrence of induced seismicity, and to consider how geological conditions and operational 
factors can serve to increase or mitigate the likelihood of experiencing induced seismicity.  

2.1. HYDRAULIC FRACTURING AND INDUCED SEISMICITY 

The term “induced seismicity” refers to earthquakes that are caused by human activities in the subsurface. 
A distinction is commonly made between “driven” and “triggered” seismicity, where “driven” refers to 
events whose total slip is comparable to the scale of deformation caused by the activity, while “triggered” 
refers to events where the earthquake slip is much larger than the scale of deformation, with a smaller 
human-induced perturbation triggering the release of stresses that have accumulated over geologic time.  

The energy released by triggered earthquakes has been stored in the crust over geological time from 
tectonic processes. Where subsurface fluid injection affects the stress or pore-pressure conditions on a 
fault such that it is pushed towards slip, this may generate a triggered earthquake that releases the stored 
tectonic strain energy. With reference to the above terminology, sequences of HF-IS of sufficient 
magnitude to be of concern are generally triggered events. However, in this report we use the term 
“induced” in a generic manner to refer to both driven and triggered events, as is common practice.   

Hydraulic fracturing is used to enhance the flow characteristics of low permeability reservoirs. It has been 
widely used since its invention in 1947 (Hubbert and Willis, 1957). By design, hydraulic fracturing creates 
fractures in the subsurface that are then filled with proppant. The hydraulic fracturing process commonly 
generates low magnitude (M < 0) microseismic events. These can be monitored with downhole geophone 
arrays, and this microseismic data is used to image the fracture dimensions and orientations in the 
subsurface (e.g., Maxwell et al., 2010). Events of this nature are far too small to be felt at the surface. This 
operationally-induced microseismicity should not be confused with induced seismicity, where injection 
causes slip on a pre-existing tectonically stressed fault, creating larger events that might be felt at the 
surface.   

The first widely reported case of hydraulic fracturing induced seismicity occurred in the UK at the Preese 
Hall well near Blackpool in 2011 (Clarke et al., 2014), which was targeting the Bowland Shale Formation. 
Hydraulic fracturing induced seismicity was also occurring in the West Canadian Sedimentary Basin 
(WCSB) in the Horn River area between 2009 – 2011 (BCOGC, 2012; Farahbod et al., 2015), although 
these events were not widely reported at the time. Since then, awareness of the potential for hydraulic 
fracturing induced seismicity has increased substantially. Examples have been documented from Ohio, 
Oklahoma, Arkansas and Texas in the USA (e.g., Friberg et al., 2014; Skoumal et al., 2015, 2018, 2020; 
Yoon et al., 2017); from the Duvernay and Montney formations in the WCSB; from the Sichuan Basin in 
southern China (e.g., Lei et al., 2017; 2019); and from the Bowland Shale in the UK (Clarke et al., 2019; 
Kettlety et al., 2021). The WCSB is probably the most extensively studied basin for HF-IS in the world.  

Magnitudes of events induced by hydraulic fracturing have typically been moderate, with M < 4 (e.g., 
Clarke et al., 2014; Farahbod et al., 2015; Yoon et al., 2017; Skoumal et al., 2018, 2020). However, in the 
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WCSB the largest magnitudes have ranged between 4 < M < 5 (e.g., Babaie Mahani et al., 2017; Schultz et 
al., 2017; Babaie Mahani et al., 2019), and in the Sichuan Basin the largest magnitudes have ranged 
between 5 < M < 6 (e.g., Lei et al., 2019).  

2.2. MECHANISMS FOR INDUCED SEISMICITY 

The mechanisms by which hydraulic fracturing induced seismicity occur are typically understood by 
reference to the Mohr Coulomb failure criteria, whereby in situ stress conditions are resolved into normal 
 and shear (߬) stresses acting on a fault, and slip will occur if (ߪ)

߬ > ߪ)ߤ − ܲ) +  (2.1)        ,ܥ

where P is the pore pressure, ߤ is the friction coefficient and C is the cohesion. Equation 2.1 can be re-
written in terms of the Coulomb Failure Stress, CFS: 

ܵܨܥ  = ߬ − ߪ)ߤ − ܲ),        (2.2) 

where ߪ − ܲ is the effective normal stress ߪ′. A positive change in CFS implies that the stress conditions 
are moving towards the failure threshold, increasing the likelihood of induced seismicity.  

Equation 2.2 shows that failure can be reached in a number of ways: by increasing the shear stress; by 
decreasing the normal stress; or by increasing the pore pressure. The primary driving mechanism for HF-
IS is the increase in pore pressure, which reduces the effective normal stress (Terzaghi, 1943), moving 
faults towards the Mohr-Coulomb failure envelope and allowing slip. However, other mechanisms such 
as stress transfer through poroelastic expansion of the rock frame (e.g., Deng et al., 2016), aseismic slip on 
pre-existing faults (e.g., Eyre et al., 2019), and stress transfer from tensile fracture opening (e.g., Kettlety 
et al., 2020) have also been proposed (Figure 2.1). 
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Figure 2.1: Illustration of the mechanisms by which seismicity is induced (or triggered) during hydraulic 
fracturing.  

 

HF-IS therefore requires certain necessary conditions: (i) injection must create a perturbation in pore 
pressure or stress conditions; (ii) a pre-existing tectonic fault must be present; (iii) the fault must be close 
to its critical stress condition (the point in Mohr-Coulomb space at which slip will occur); (iv) the fault 
must have sufficient surface area such that an event of appreciable magnitude can occur on it; (v) there 
must be a plausible mechanism by which the pore pressure or stress perturbation can reach the fault and 
increase the CFS; and (vi) the frictional properties of the fault must be such that the slip is released rapidly 
as a seismic event (as opposed to slow, aseismic slip).  

The presence or absence of these conditions will therefore determine the susceptibility of an operation, 
region or play to induced seismicity. The presence or absence of the necessary conditions described above 
will also determine the distances from the well at which induced seismicity might be expected to occur.  

2.3. VARIABILITY IN HYDRAULIC FRACTURING-INDUCED SEISMICITY RESPONSE 

The susceptibility of different formations and plays to HF-IS is observed to vary significantly (Verdon and 
Rodriguez-Pradilla, 2023). Some plays, such as the Barnett, Bakken and Marcellus in the USA have seen 
extensive hydraulic fracturing with little or no induced seismicity while others such as the Duvernay and 
Montney formations in the WCSB, and the Sichuan Basin in China, have produced very high levels of 
HF-IS.  

Verdon and Rodriguez-Pradilla (2023) evaluated the levels of HF-IS in shale plays across North America, 
finding that rates of seismicity are correlated with the pore pressure and in situ stress conditions, with 
seismicity being promoted by elevated pore pressures and higher compressive stresses. This behaviour is 
consistent with the theoretical considerations presented in Equations 2.1 and 2.2. Other geomechanical 
conditions also have important impacts on the resulting levels of induced seismicity.     

The susceptibility to induced seismicity can vary between different geological formations within the same 
basin. For example, in the Appalachian Basin HF-IS is prevalent during hydraulic fracturing of the 
Ordovician-age Utica formation, where this unit is in proximity to the Precambrian Basement. In contrast, 
induced seismicity is very rare from stimulation of the Devonian Marcellus Formation (Skoumal et al., 
2018; Verdon and Rodriguez-Pradilla, 2023). The Marcellus is more than 1 km shallower than the Utica 
(Figure 2.2). Skoumal et al. (2018) argue that the Salina evaporites provide a hydraulic and mechanical 
barrier that prevents pore pressure and stress perturbations created by stimulation of the Marcellus from 
propagating downwards into the underlying basement, where pre-existing faults will be more common, 
and stress gradients may be higher.  

Similarly, in the WCSB hydraulic fracturing of the Duvernay and Horn River Shales (Devonian age), and 
in the Montney Shale (Triassic age) has generated significant levels of HF-IS. However, extensive 
stimulation of overlying Cretaceous-age tight sandstones such as the Cardium and Mannville Formations 
has not produced any recorded cases of induced seismicity. Again, depths to basement rocks and in situ 
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stress conditions are likely to be a key control on the different observed behaviours (Verdon and Bommer, 
2021a). 

The situation in the WCSB has clear relevance for the West Newton site. In the WCSB there are large 
differences in the levels of HF-IS that are produced by stimulation of shallower conventional reservoirs 
versus stimulation of deep underlying shale formations using high injection volumes. These differences 
are recognised in the regulations that are imposed by the regulator to manage induced seismicity, with 
more stringent regulations being applied to hydraulic fracturing in deep shales versus smaller-scale 
operations in shallow, conventional formations (AER 2019a;b).  

 

 
Figure 2.2: Cross-section showing relationship between cases of induced seismicity (stars) and subsurface 

operations in the Appalachian Basin (Ohio and Pennsylvania), from Skoumal et al. (2018). The blue vertical lines 
show wastewater disposal wells, and the black dots show hydraulic fracturing in the Marcellus Shale (green line) 
and Utica Shale (red line). The orange shading shows the Salina evaporites, which present a geomechanical and 

hydraulic barrier between the two formations. The Pre-Cambrian basement is shaded dark grey. Cases of induced 
seismicity occur when fluid injection occurs in basal formations, and is more prevalent during stimulation of the 

deeper Utica shale, even though far more stimulation has taken place in the shallower Marcellus. 

The productivity of HF-IS can be described using the seismogenic index, Σ (Shapiro et al., 2010). This 
parameter is based on the observation that the number of induced earthquakes larger than a specified 
magnitude increases in proportion to the injected fluid volume (Shapiro and Dinske, 2009). As a result, 
the Gutenberg and Richter (1944) (GR hereafter) earthquake recurrence relationship, which describes the 
number, N, of earthquakes larger than magnitude M:  

 log(ܰ) = ܽ −  (2.3)        ,ܯܾ

where a and b are constants to be determined empirically, can be reformulated as: 

 log(ܰ) = Σ + log(ܸ) −  (2.4)       ܯܾ

where V is the cumulative injected volume. Hence the seismogenic index describes the ratio of the number 
of events, ௧ܰ(ܯ), larger than magnitude M at time t, to the injected volume at this time, Vt:  

 Σ = log ቀே(ெ)


ቁ +  (2.5)        ܯܾ
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Therefore, the seismogenic index is effectively a measure of how seismically sensitive the rock is to fluid 
injections at any particular location. 

Dinske and Shapiro (2013) show that Σ typically remains constant during injection at a given site. 
Moreover, Dinske and Shapiro (2013) show extreme variability in Σ between sites, with a difference of 
over 10 orders of magnitude in the induced seismic response for different injection projects (Figure 2.3). 
The hydraulic fracturing cases considered by Dinske and Shapiro (2013) sit towards the lower end of their 
range of Σ values. However, recent cases of hydraulic fracturing induced seismicity in the Horn River 
Basin, in the Duvernay, and in the Bowland Shale, UK, have produced values of ‑2.5 < Σ < -0.5 (e.g., Verdon 
and Budge, 2018; Schultz et al., 2018; Clarke et al., 2019), towards the higher end of the range identified 
by Dinske and Shapiro (2013). This variability highlights how the geomechanical conditions at different 
sites have a significant influence on the occurrence of induced seismicity.  

 
Figure 2.3: Seismogenic index from a selection of injection projects (including waste disposal, geothermal projects, 

and hydraulic fracturing), from Dinske and Shapiro (2013). The productivity of induced seismicity generation 
varies by 10 orders of magnitude between these projects.   

This variability has been explained in various ways, most of which refer back to the necessary conditions 
described above. Pre-existing faults of sufficient dimensions must be present, in sufficient proximity to 
the injection site, these faults must be near to their critical stress conditions, and they must release slip 
rapidly as seismic events, rather than aseismic slow slip. Therefore, induced seismicity will be more likely 
in rocks that have a higher abundance of faulting, and in rocks that have significant overpressure (since 
this will reduce the effective normal stress) or stress anisotropy (since this will increase the shear stress). 
The proximity of injection to the underlying crystalline basement has often been invoked as a key factor 
for induced seismicity (e.g., Verdon, 2014; Skoumal et al., 2018; Hincks et al., 2018; Pawley et al., 2018), 
since the basement will typically be more faulted and, being stiffer (i.e., higher shear modulus), will bear 
higher stresses (e.g., Vilarrasa and Carrera, 2015), and therefore will host more, and larger, seismic events.    
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For most of its history, therefore, hydraulic fracturing took place in conventional and tight sandstone and 
carbonate reservoirs, and was not associated with induced seismicity, leading the National Research 
Council to state that hydraulic fracturing “does not pose a high risk for inducing felt seismic events” (NRC, 
2013). To date, we are not aware of any cases of induced seismicity associated with hydraulic fracturing 
in conventional reservoirs or in tight sandstone or carbonate formations. In contrast, the recent increase 
in cases of HF-IS has been associated with the increase in the use of large-scale hydraulic fracturing in 
deep shale formations. Many shale formations have not generated any induced seismicity. Importantly, 
where seismicity has been associated with hydraulic fracturing, it has only occurred when shale plays 
have been the target of high volume hydraulic fracturing.  

A combination of explanations may be considered to account for the difference in behaviour between 
conventional reservoirs and some shale plays. The injection volumes used for stimulation of shale gas 
formations are typically substantially larger than those used in conventional formations – rates of induced 
seismicity are observed to correlate with injection volume (e.g., Shapiro et al., 2010; van der Elst et al., 
2016; Hallo et al., 2014). The permeabilities of conventional formations are orders of magnitude larger 
than shale formations, which means that elevated pressures during stimulation will quickly dissipate, 
whereas in lower-permeability shales elevated pore pressures may persist for a longer period of time unless 
flowback is conducted. In many basins, shale gas plays are found at greater depths, near to basement rocks 
– as described above, proximity to basement rocks is often an important factor controlling the 
susceptibility to induced seismicity.  

The relative importance of these factors has not received extensive investigation. Nevertheless, it is clear 
that the levels of induced seismicity produced by hydraulic stimulation of some shale formations are very 
different to those generated by stimulation of conventional reservoirs. Therefore, assessments of seismic 
hazard derived from observations and/or modelling of shale formations cannot be applied to conventional 
reservoirs.  

These considerations will be included in the evaluation of induced seismicity hazard presented in Chapter 
6.  
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3. SEISMICITY AND STIMULATION ACTIVITIES IN THE VICINITY OF WEST NEWTON 
In this chapter we examine the regional seismic context for the proposed operations. We begin by 
examining the occurrence of earthquakes within a study region comprising a 100 × 100 km square centred 
on the West Newton site, including a consideration of the detection thresholds provided by the British 
Geological Survey (BGS) national seismic network, the depths at which events have occurred, and their 
relationship to industrial activities in the region.   

3.1. SEISMICITY IN THE WEST NEWTON STUDY REGION 

Figure 3.1 shows all earthquakes available from the BGS national catalogue, from 1970 to the present. 
Broadly speaking, levels of seismicity in England decrease from the NW to the SE, with the study area 
lying in a region of relatively low baseline levels of seismicity. Figure 3.2 shows all earthquakes within 
the 100 × 100 km square centred on the West Newton site. In total, four events with M ≥ 3.0 have occurred 
in the study region over a duration of 50 years, indicating that earthquakes in this area are generally small 
and uncommon.  

 
Figure 3.1: Map of earthquakes in England and Wales. Events are coloured by date and sized by magnitude. Rates 
of seismicity generally decrease from the NW to the SE. The region for this study is shown by the black dashed 

box.   
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Figure 3.2: Locations of instrumentally recorded earthquakes in a 100 × 100 km region around the West Newton 

site (black square). Events are coloured by date and sized by magnitude.  

 

The most notable event of interest in the study region is the 2008 M 5.2 Market Rasen earthquake and its 
associated aftershocks. This event is located roughly 50 km to the south of the West Newton site. The 
2008 Market Rasen earthquake was one of the largest earthquakes to have been instrumentally recorded 
in the UK. It was widely felt across England and Wales. Heyburn and Fox (2010) constrained the depth of 
this event to 22 km using a combination of surface and body wave observations. At least 12 aftershocks 
from this event were also detected. This event is accepted to be a tectonic earthquake.  

Coal mining has long been associated with induced seismic activity in the UK (e.g., Redmayne, 1988). 
Indeed, Wilson et al. (2015) estimated that between 20 and 30 % of all earthquakes recorded in the United 
Kingdom between 1970 and 2012 were induced by coal mining. Magnitudes associated with this activity 
have been below M 3.0 (Green et al., 2012). However, the areas in which mining-induced seismicity has 
occurred lie further to the west of our study area.    

Figure 3.3 shows the event magnitudes as a function of depth within our study area. Larger events tend to 
occur at mid-crustal depths, with no events larger than M 3.0 within 10 km depth. Figure 3.4 shows the 
magnitude-frequency distribution for events within the study area. From this, we estimate a magnitude 
of completeness (the magnitude above which we can be sure that all events will be detected) of 
approximately M 2.0. This is consistent with the BGS estimates for detection threshold by the UK’s 
national seismic monitoring system in the area (Galloway, 2022).  
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Figure 3.3: Earthquake magnitudes as a function of depth within the study region. Larger earthquakes such as the 
ML 5.2 Market Rasen earthquake are found at mid-crustal depths > 10 km. No events larger than M 3.0 are found 

within 10 km depth.  

 

 
Figure 3.4: Magnitude-frequency distribution (black dots) for the earthquakes shown in Figure 3.2. The events 

follow a GR distribution with b ≈ 1 (red line), although the 2008 M 5.2 Market Rasen earthquake lies significantly 
above this trend. The roll-off at low magnitudes begins to occur at M 2.0, indicating the detection threshold for 

monitoring in this region.   

 

3.2. HYDRAULIC FRACTURING IN THE WEST NEWTON STUDY REGION 

Various forms of reservoir stimulation have been carried out in oilfields in the East Midlands, including 
hydraulic fracturing, proppant squeezes, and acidization (Mustanen et al., 2017). Most of these activities 
took place between the 1960s – 1990s. However, a small-scale stimulation was carried out in the Wressle 
W-1 well, just to the south of the Humber Estuary, in 2021. Data for well stimulations has been provided 
by the North Sea Transition Authority (NSTA). However, because this sort of activity was considered 
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routine in the oil industry, prior to the recent uptick in public interest around the growth of the shale gas 
industry, detailed records of fluid injection rates and volumes are often not available. In total, 14 wells 
were identified within our study area in which stimulation operations have taken place. From an 
operational perspective the small-scale stimulations carried out in these wells are a good representation of 
the activities proposed at the West Newton site. 

The stimulated wells are mapped in Figure 3.5. These wells are in the Beckingham, Corringham and 
Gainsborough field to the south of the study area, and the Malton and Kirby Misperton fields in the Vale 
of Pickering to the north. The primary targets for the fields to the south are Carboniferous-age Millstone 
Grit or equivalent formations (Ward and Folorunso, 2020), while the primary target for the Vale of 
Pickering has been the Permian Kirkham Abbey Formation (Harrison et al., 2020).  

 
Figure 3.5: Map showing locations of hydraulically stimulated wells in in a 50 km region around the West Newton 

site (black square). Wells are coloured by stimulation date.   

 

No cases of induced seismicity have been identified or reported from these reservoir stimulation activities. 
This can be confirmed by comparing stimulated wells with the earthquakes shown in Figure 3.2. In no 
case is any seismicity found to occur within 5 km and within 30 days of a well stimulation.  

The thresholds for event detection, as defined by the magnitude of completeness (the magnitude above 
which we can be sure that all events will be detected) will have varied during the time period under 
consideration. Seven of the identified wells were stimulated prior to 1970, the date from which 
instrumental records for the UK are available. Hence, for wells stimulated prior to 1970 it is reasonable to 
assume that no earthquakes of sufficient magnitude to be felt at the surface by nearby populations, which 
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is likely to be between M 2.0 – M 3.0, have occurred. For the 7 wells stimulated during the period for 
which we have instrumental catalogues, the detection threshold is approximately M 2.0 (Figure 3.4).  

At the Wressle W-1 well, which was stimulated in 2021, a dedicated microseismic monitoring array was 
installed. The detection threshold for this monitoring array was approximately M -1.0. No induced events 
were detected during the simulation activities, even at very low magnitudes.  

The detection thresholds for monitoring arrays during historic stimulation activities poses a limit on 
definitive conclusions that can be made. It is definitive that no induced events larger than M 3.0 occurred 
during stimulation of wells prior to the availability of the UK instrumental catalog (1970), no induced 
events larger than M 2.0 occurred during stimulation of wells after this time, and no induced events larger 
than M -1.0 occurred during stimulation of the Wressle W-1 well in 2021. These conclusions describe the 
most conservative case possible based on the detection threshold. Based on our experiences of similar types 
and scales of activity elsewhere, it is extremely unlikely that any induced seismicity has been associated 
with the stimulated wells shown in Figure 3.5, except operationally-induced microseismicity that is 
common to all such activities (with magnitudes typically in the range -3.0 < M < -1.0 (Maxwell et al., 
2010).     

These observations will be taken forward to inform the probabilistic seismic hazard assessment presented 
in Chapter 6.      
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4. GEOMECHANICAL APPRAISAL OF FAULT STABILITY 
In this chapter we perform a geomechanical evaluation of the in situ stress conditions and the orientations 
of mapped faults in order to assess whether the planned stimulation activities are likely to intersect 
critically-stressed faults. Induced seismicity and fault reactivation seismicity can be understood in terms 
of the stress conditions relative to the Mohr Coulomb failure threshold (Equation 2.1). It is therefore 
possible to resolve the in situ stress conditions onto mapped faults, and assess whether they are likely to 
slip. We do so by computing the critical pore pressure, PC, which represents the increase in pore pressure 
required for a fault to reach the Mohr-Coulomb failure threshold (assuming the fault has zero cohesion):  

 ܲ = ′ߪ −  (4.1)          ߤ/|߬|

A PC value of 0 implies that a fault is at the point of criticality, and therefore slip may occur with minimal 
perturbation. It should be noted that a low PC value is a necessary but not a sufficient condition for induced 
seismicity to occur: a fault must also have suitable frictional properties such that the slip occurs rapidly as 
a seismic event, rather than slow, aseismic slip, and the fault must be close enough to the well that any 
perturbation is able to reach it. Large PC values imply that significant pore pressure increases are required 
to cause slip, and therefore the fault is not critically stressed and is unlikely to produce induced seismicity.  

Before beginning this analysis, we note that Rodriguez-Pradilla and Verdon (2024) performed a systematic 
appraisal of the density of critically-stressed faults across the midlands, finding a general trend that fault 
densities decreased by an order of magnitude from western England (where induced seismicity has 
occurred to date) to the east.  

Rathlin have mapped potential faults in 3D reflection seismic data at the West Newton site, in which 
several faults have been identified. These faults form the basis of our fault stability analysis. In general, 
the Permian section in this area generates relatively smooth structural maps, with no evidence for large 
faults cross-cutting through the Permian section into over- or underlying strata. There is potentially some 
evidence for minor intra-Permian faults that are most likely related to early Permian salt dissolution. 
Rathlin have used various attributes, including coherence and curvature, to map potential small-scale 
faults through the horizons of interest (Figure 4.1). Here we focus on faults mapped at the Basal Fordon 
Anhydrite horizon, which is the closest mapped horizon to the target Kirkham Abbey Fomation. Caution 
should be used when interpreting these features because some could in fact represent changes in 
depositional facies rather than tectonic structures. Nevertheless, out of an abundance of caution we treat 
them all as potential fault structures here.  

Table 4.1 shows the stress conditions used in our analysis. The stress gradients are derived from proppant 
squeeze operations at the Wressle W-1 well, roughly 35 km to the south of West Newton, on the southern 
side of the Humber. These measurements are consistent with regional stress data for the area (Kingdon et 
al., 2016; Fellgett et al., 2018). The pore pressure gradient was taken from well tests at the adjacent West 
Newton A-1 well. Based on these gradients, we compute the in situ effective stress conditions at the 
planned depth of operation of the WNA-2 well, 1,750 m TVD. 

We begin our analysis by examining the in situ stress state for faults of arbitrary orientations. Figure 4.2 
shows PC for all possible fault orientations. The minimum PC value is ‑0.7 MPa, implying that an optimally 
orientated fault could be close to its critical stress. However, this condition can be contrasted with the 
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stress conditions measured in the Bowland Shale by Clarke et al. (2019), where the minimum PC value for 
a fault of arbitrary orientation was as low as -4.4 MPa (Kettlety et al., 2021), implying that faults at that 
site were much closer to failure at that site.  

 
Figure 4.1: Map of faults identified in 3D seismic surveys, coloured by their most likely critical pore pressure value 
(in MPa). The position of the WNA-2 well is marked by a black triangle, and the planned stimulation point by a 

red star. The black circle around this point represents a distance of 100 m, which is more than 6 times the planned 
stimulated fracture length.    

 

Parameter Value Uncertainty (1 sd) 

θSH 147.5° ± 7.4° 

ΔσHmax 32 kPa/m ± 2 kPa/m 

Δσhmin 18.6 kPa/m ± 1 kPa/m 

ΔσV 24.2 kPa/m ± 0.5 kPa/m 

ΔP 12.7 kPa/m ± 0.5 kPa/m 

Table 4.1: Stress orientations and gradients for the WNA-2 geomechanical model.   
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Each of the parameters in Equation 4.1 is subject to uncertainty, including the in situ stress and pore 
pressure gradients, the maximum horizontal stress azimuth, the orientation of the faults (from which σ’n 
and τ are resolved from the stress tensor), and the friction coefficient μ. Walsh and Zoback (2016) showed 
how these uncertainties can be incorporated into a fault stability assessment using a Monte Carlo style 
approach, drawing parameters from within appropriate statistical distributions to create an ensemble of 
models, from which a probabilistic characterisation of fault stability can be drawn. We follow this 
approach to assess the stability of the faults identified in Figure 4.1.   

We assume that uncertainties for all parameters are normally distributed, with standard deviations given 
in Table 4.1 for the stress gradients and orientation, and standard deviations of ± 10o for fault strike and 
dip, and ± 0.1 for μ. For each fault we perform 10,000 model iterations in order to establish a distribution 
of PC values for each fault. Figure 4.3 shows the resulting PC curves, showing the probability that a given 
increase in pore pressure will exceed the Mohr Coulomb threshold on a given fault. We find that, even 
for faults that are closest to the optimal orientation, the mean expected PC value is > 3 MPa, implying a 
significant perturbation required to enable slip. The likelihood of PC being ≤ 0 is approximately 30 % or 
lower for the faults with the lowest PC values. Again, this can be contrasted with the situation in the 
Bowland Shale at Preston New Road, where the fault that generated the M 2.9 event in August 2019 had 
an expected PC value of -2 MPa, with a 54% likelihood of PC ≤ 0 (Kettlety et al., 2021).  

 

 
Figure 4.2: Stereographic projection of critical pore pressures at the target depth (see Kettlety et al. 2019, Figure 13 
for further explanation). The position within the “ball” represents the fault-normal azimuth and inclination, so the 
centre of the plot represents a horizontal fault (fault normal vector is vertical), while the edges of the ball represent 

vertical faults, with a fault running E-W plotting at the top of the ball (fault normal vector azimuth is N-S) and a 
fault running N-S plotting at the right or left hand edges (fault normal vector azimuth is E-W). PC values are given 

in MPa. Green-edged dots show the orientations of faults shown in Figure 4.1.  
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Figure 4.3: Critical pore pressure probability curves for all the faults identified in Figure 4.1. The x-axis shows the 
critical pore pressure, while the y-axis shows the probability that this pore pressure increase will be sufficient to 

exceed the Mohr-Coulomb envelop for the fault in question. Curves are coloured by the expected (50%) PC value.  

Figure 4.1 shows the positions of the identified faults relative to the WNA-2 well position. Given the small 
injection volumes, any perturbations are unlikely to extend any significant distance beyond the injection 
interval. The small circle around the stimulation point in Figure 4.1 represents a distance of 100 m, which 
is more than 6 times the planned stimulation distance (16 m). The nearest fault is approximately 1 km 
from the WNA-2 well, and this fault is not well orientated in the stress field, such that it has a very low 
likelihood of reactivation (PC > 10 MPa). The nearest fault that is well-orientated in the stress field is the 
smaller structure to the southeast, at a distance of roughly 1.2 km.   

Hence, we conclude that there are no identified critically-stressed faults within a distance of the WNA-2 
well that could be influenced by fluid injection of the scale and volume under consideration in this case. 
However, despite the absence of mapped faults close to the WNA-2 well, we must also consider the 
possibility of seismicity occurring on faults that are below the scale of seismic resolution. In the following 
chapter, we do this by performing a probabilistic seismic hazard assessment.  
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5. TOLERABLE MAGNITUDES  
In this chapter we examine the impacts that would be felt by nearby populations if induced events of 
different magnitudes were to occur. These impacts can be used to establish “tolerable” magnitude 
thresholds, i.e., the magnitudes that the operator should aim to avoid in order to ensure that intolerable 
impacts are not felt. Having defined a tolerable magnitude, we can consider what mitigation steps, such 
as a Traffic Light Scheme or predictive forecasting models (e.g., Verdon and Budge, 2018), could be applied 
to ensure that MTOL is not exceeded. Importantly, we note that MTOL should not be used to define a red-
light traffic light threshold – any such threshold should be set lower than MTOL to enable mitigating actions 
to be taken before the occurrence of an intolerable magnitude event.  

5.1. METHOD 

To estimate the tolerable magnitudes (MTOL) hereafter, we follow the approach of Schultz et al. (2023), 
whose method was developed specifically for the UK hydraulic fracturing context. In defining MTOL, we 
do not consider the impacts of magnitude jumps or trailing events (Verdon and Bommer, 2021b). Our 
approach is demonstrated in Figure 5-1.  

The core of the Schultz et al. (2023) method is the estimation of ground motions from an earthquake of a 
given magnitude. For this we use the ground motion prediction equation (GMPE) of Edwards et al. (2021), 
which has been developed specifically for hydraulic fracturing-induced earthquakes in the UK. We 
assume a constant depth of 1.7 km for the induced earthquakes, and locate the event at the position of the 
West Newton well site. Following Schultz et al. (2023), we model site amplification using a slope-based 
proxy for VS30 (Heath et al., 2020), corrected with non-linear NGA-West2 adjustments to the GMPE 
(Boore et al., 2014). We incorporate a spatially-correlated intra-event error in ground motions (Esposito 
and Iervolino, 2012; Edwards et al., 2021). We compute Peak Ground Velocities as the key ground motion 
metric for nuisance and damage. In our Monte-Carlo sampling (see below), the inputs are each perturbed 
based on their standard errors. 

We translate estimates of PGV across the study area into metrics of nuisance and damage following the 
criteria of Schultz et al. (2023). PGV-based North American nuisance functions (Schultz et al., 2021) are 
used to estimate the probability of a given population experiencing nuisance, which is categorized by 
Community Decimal Intensity (CDI, Wald et al., 2012) with levels ranging from 2-6 corresponding to 
subjective criteria of ‘just felt’, ‘exciting’, ‘somewhat frightening’, ‘frightening’, and ‘extremely 
frightening’, respectively. Fragility functions based on experience of induced seismicity at the Groningen 
gas field in the Netherlands (Korswagen et al., 2019) are used to estimate the probability of experiencing 
damage. We divide damage into two states, with DS1 corresponding to visible light damage (e.g., > 0.1 
mm crack) and DS2 corresponding to easily observable light damage (> 1 mm crack). The parameters that 
define our nuisance and damage functions are perturbed during our Monte Carlo analysis.  

The resulting risk is then estimated by considering the numbers of people or households that will 
experience the defined nuisance or damage. We use a grid of 0.05° × 0.05° (lat/lon) (c. 3.3 × 5.5 km) across 
which we aggregate UK population data from the LandScan model (Rose et al., 2019).  
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Ground motions: log10(PGV) [mm/s] 

 

 
Ground conditions: VS30 [m/s] 

 

Prob. of experiencing nuisance: log10(P[CDI-4])  

 

Population: log10(N) 

 

Number of people experiencing nuisance: log10(N[CDI-4])  

 

Figure 5-1: Methodology used to estimate tolerable magnitudes, MTOL, for induced seismicity at the West Newton 
site. We show the PGV generated for an M 3.0 event at the West Newton wellsite. These motions are estimated 

based on the VS30 conditions across the region. Based on these ground motions, we estimate the probability of 



24  
 

 
 

 
 

experiencing a given nuisance or damage level. These probabilities are multiplied by the numbers of people at each 
point to estimate the numbers of households that experience the given nuisance/damage.   

Given the uncertainties that apply to each of the parameters, we perform a Monte Carlo analysis to capture 
the range in outcomes produced by the calculations. For a given magnitude event, we perform 3,000 
iterations, selecting each parameter that defines the ground motion and the resulting impacts from a 
distribution based on the standard errors of each parameter. The full distribution of potential outcomes 
from a given scenario can then be explored.  

In order to define whether a given range of impacts is tolerable, we adopt the thresholds developed by 
Schultz et al. (2023). In defining these thresholds, Schultz et al. (2023) modelled the impacts that occurred 
for past induced seismicity events in the UK, and whether those impacts could be considered acceptable. 
For example, after the M 1.6 event during hydraulic fracturing of the Preston New Road PNR-1z well in 
2018, the UK government allowed further stimulation activities to take place at the site. In contrast, after 
the M 2.9 Preston New Road earthquake in 2019, the UK government placed a moratorium on all further 
hydraulic fracturing at the site. Clearly, therefore, the different levels of impact after these two different 
events represent qualitative bounds of acceptability in terms of induced seismicity outcomes. This 
approach produced values of nuisance tolerance (the number of households experiencing the specified 
level of nuisance) for each CDI level (CDI2 – CDI4) of: TCDI2 = 9,571, TCDI3 = 5,478, and TCDI4 = 2,719. The 
damage tolerances for DS levels DS1 and DS2 were TDS1 = 10-1 and TDS2 = 10-4. The values of TDS1 and TDS2 
being less than 1 imply a probability of 1-in-10 that a single home experiences damage at level DS1, and a 
probability of 1-in-10,000 that a single home experiences damage at level DS2. Schultz et al. (2023) define 
the tolerable magnitude as the magnitude at which the median estimated impacts exceed these thresholds.  

Nuisance Curves 

 
(a) 

Damage Curves 

 
(b) 

Figure 5-2: Nuisance (a) and damage (b) curves for an earthquake at the West Newton wellsite, showing the 
numbers of households that would experience different impact criteria for a given magnitude event. The dashed 

lines show the tolerable thresholds for different impacts as defined by Schultz et al. (2023).   

5.2. RESULTS 
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The median seismic impact curves are shown in Figure 5-2. These curves show the numbers of households 
experiencing a given nuisance or damage level as a function of magnitude for an earthquake located at the 
West Newton site. The tolerable thresholds as defined by Schultz et al. (2023) are also shown. We find 
that each of the tolerable criteria are reached at magnitudes between 2.5 ≤ MTOL ≤ 3.0. We therefore adopt 
a tolerable threshold for induced seismicity at the West Newton site of MTOL = 2.5. Induced earthquake 
with magnitudes larger than this may produce impacts that might not be tolerable for the local population. 
Having established this threshold, we can then consider whether the proposed operations are likely to 
generate induced seismic events of this magnitude, and therefore whether any mitigative strategies are 
required during operations.  
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6. SEISMIC HAZARD ASSESSMENT 
In this Chapter we perform a seismic hazard assessment for the stimulation activities proposed for the 
WNA-2 well. The objective of the seismic hazard assessment process is to estimate the likelihood that 
induced seismicity magnitudes reach a given threshold. We apply a probabilistic approach, based on well-
established links between injection volumes and induced seismicity rates, calibrated using observations of 
HF-IS around the world, to compute the expected largest event magnitudes for the proposed operation. 
The likelihood of induced events of a given magnitude can be compared with the MTOL estimates made in 
the previous chapter in order to ascertain whether any additional induced seismicity hazard mitigation 
might be required.    

6.1. MAXIMUM MAGNITUDES 

The establishment of constraints on the magnitude of the largest earthquake, MMAX, that is considered to 
be physically possible, given the tectonic settings in question, can be an important element of induced 
seismicity hazard assessment. We note that this value describes the largest event that could possibly occur, 
not the largest event that is likely to occur – the MMAX magnitude will likely have a very low probability 
of occurrence. The question of an appropriate MMAX for hydraulic stimulation in the UK remains relatively 
unconstrained. It is almost certainly less than the tectonic values for the UK of M 6.5 used by Mancini et 
al. (2021), but it is probably larger than the M 3.0 estimated by Green et al. (2012), given that magnitudes 
reached M 2.9 during hydraulic fracturing at Preston New Road (Bommer and Verdon, 2024).   

The role of MMAX in seismic hazard assessment is to remove the contribution of unfeasibly large magnitudes 
that would otherwise be generated by an unbounded extrapolation of the GR distribution. Hence, its 
significance will depend on whether events of that size are in play given the estimated recurrence 
parameters. If events of a size within a range of possible MMAX choices are considered very unlikely to 
occur based on the expected recurrence, then the choice of MMAX value becomes relatively unimportant. 
This was in fact the case for the Mancini et al. (2021) Preston New Road study – while they chose an MMAX 
of M 6.5, the likelihood of events larger than M 3.0 generated by their model-based forecasting was very 
small, and so their choice for the MMAX parameter was immaterial.  

In our analysis we do not attempt to estimate an MMAX value, instead leaving the upper tail of the 
Gutenberg-Richter distribution unbounded, since the likelihoods of reaching magnitudes that could be 
relevant to this consideration are so low as to be immaterial (see below).  

6.2. EVENT RECURRENCE RATE ESTIMATES 

We can use the concept of the seismogenic index Σ, described in Chapter 2, to estimate the likelihood of 
events exceeding a given magnitude based on an unbounded Gutenberg-Richter distribution with a given 
recurrence rate. Equation 2.4 shows that the seismogenic index, combined with the injected volume V, 
describes the total number of events that will occur that are larger than magnitude M (Shapiro et al., 2010). 
If the occurrence of individual events within the overall GR distribution can be treated as an independent 
Poissonian process, then the probability that an event larger than M does not occur if a total volume VT is 
injected can be calculated as: 
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 ℙ = exp൫−்ܸ × 10ஊିெ൯.        (6.1)  

We can rearrange this equation to arrive at a forecast for the largest event that will occur during 
operations, which we refer to here as ܯெ

ெ  (noting that this is different from the largest event that could 
possibly occur based on tectonic and geomechanical considerations, MMAX, as described in the previous 
section). For a given confidence level χ, the event magnitude that will not be exceeded is given by:  

ெܯ 
ெ =

൬ஊି୪୭ష ౢ(ഖ)ೇ
൨൰


.         (6.2) 

If Σ is known then we can use this equation to forecast the largest expected event size. Figure 6.1 shows 
an example calculation of ܯெ

ெ  likelihood for a given combination of b, VT and Σ. This approach has been 
successfully applied for real-time forecasting of seismicity that occurred at the Preston New Road wells 
(Clarke et al., 2019). This approach was also used to manage induced seismicity during stimulation of a 
geothermal energy plant in Helsinki (Kwiatek et al., 2019), and to forecast induced seismicity due to 
wastewater disposal in Oklahoma (e.g., Langenbruch and Zoback, 2016).   

 
Figure 6.1: Example of the largest expected event magnitude, ܺܣܯܯ

ܯ , based on a given injection volume and 
seismogenic index. The green curves shows the likelihood of ܺܣܯܯ

ܯ  with Σ = -5, b = 1, and an injection volume of 
VT = 150 m3. 

However, whereas during operations Σ can be determined by comparing the rate of seismicity with the 
injected volume, for an a priori study of HF-IS, potential values of Σ must be inferred, based on 
observations of HF-IS elsewhere. The appropriate framework within which to consider this source of 
uncertainty is with a logic tree. In seismic hazard assessment, a logic tree describes potential choices for a 
parameter, with each branch carrying a weight that reflects the likelihood of that choice being the most 
appropriate. 

There are a number of factors that influence the logic tree for Σ that we adopt for the West Newton site. 
In general, the abundance of faulting in this area is low, and there are no recorded instances of HF-IS, 
despite numerous reservoir stimulation operations taking place in the region. The Kirhkam Abbey 
Formation is found within the Permian section, with evaporite layers found both above and below. As 
discussed in Chapter 2, the presence of evaporites can serve as a geomechanical and hydraulic barrier to 
stress and pressure transfers into surrounding strata, significantly limiting the ability of such formations 
to generate induced seismicity. The Kirkham Abbey formation is over-pressured, which can be a risk 
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factor for HF-IS. However, from our geomechanical analysis, there are no mapped critically-stressed faults 
in the vicinity of the WNA-2 well.  

Looking across global datasets, values for Σ observed by Dinske and Shapiro (2013) for hydraulic fracturing 
range between -9 to -4. Values for Σ observed by Verdon and Budge (2018), Schultz et al. (2018), and 
Clarke et al. (2019) for hydraulic fracturing in some of the more seismogenic shale plays such as the Horn 
River and Duvernay Shales in the WCSB, and the Bowland Shale at Preston New Road, range from -2.5 ≥ 
Σ ≥ -0.5. However, the is no reason to expect elevated values for Σ at West Newton, given the nature of 
the operation and the regional context.  

Perhaps the best constraint for Σ comes from the Wressle W-1 well, which is just to the south of the 
Humber Estuary, a distance of approximately 35 km. Reservoir stimulation at this well was conducted in 
2021, and a dedicated surface monitoring array was installed. No induced events were detected during this 
operation, with a detection threshold of approximately M -1.0. The injection volume at Wressle W-1 was 
150 m3. We can use Equation 6.2 to constrain an upper bound for Σ at the Wressle site. Assuming 1 event 
could have occurred with a magnitude just below the detection threshold, Equation 6.2 yields an upper 
bound for Σ of -3.3. There are some differences between the Wressle and West Newton sites, most notably 
the target formation. As above, the presence of evaporites above and below the Kirkham Abbey Formation 
may render this formation less seismogenic.  

Following Rodriguez-Pradilla and Verdon (2024), we adopt a normal distribution for Σ, with a mean value 
of -4.0 and a standard deviation of 1 unit. This distribution is shown in Figure 6.2. The upper tail allows 
for Σ values as high as -1.0 (albeit at low probabilities), which is towards the upper levels observed at 
Preston New Road, while the lower tail extends to values as low as -7.0, which is towards the globally 
observed lowermost values for hydraulic fracturing compiled by Dinske and Shapiro (2013). This 
distribution is consistent with the (lack of) seismicity observed at the Wressle W-1 well.    

 
Figure 6.2: Probabilities assigned to Σ values in our logic tree. Our distribution is centred on Σ = -4.0, with a 

standard deviation of 1 unit.  
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6.3. PROBABILISTIC SEISMIC HAZARD ESTIMATES 

We use Equation 6.2 to compute the likelihoods for a given largest magnitude ܯெ
ெ  event, weighting 

each individual Σ value by its likelihood as shown in Figure 6.2, and summing over all possible Σ values. 
We assume a b value of 1.0, and an injection volume of 62 m3, which is the planned injection volume for 
the WNA-2 well. The results are plotted in Figure 6.3.   

 

 
Figure 6.3: Probability and cumulative probability for the largest event size, ܯெ

ெ , produced by combining each of 
the Σ scenarios shown in Figure 6.2.   

We find that the most likely largest event size from the proposed operation is a magnitude of M -2.0. 
There is a 95 % likelihood that the largest event size is less than M 0.0, and the extreme case, with a 1% 
chance of exceedance, is a largest event with magnitude M 0.8. Since these values fall well below the range 
of potential values for the largest tectonically possible event, MMAX, constraining this value is not necessary 
for the purposes of our assessment.   

In Chapter 5, we established the maximum tolerable magnitude, at which point the impacts of induced 
seismicity could become unacceptable to local communities, finding that MTOL = 2.5 for the West Newton 
site. Our estimated likelihood of reaching or exceeding this threshold is 0.024 % (roughly 1-in-4,000).  

Based on our impact modelling (Chapter 5), our 1 % event (the magnitude that has a 1 % chance of being 
reached or exceeded) of M 0.8 will not be felt by any households.  

The most likely ܯெ
ெ  value is a magnitude of M -2.0. An event of this size would be too small to be 

detected using a local array of surface seismometers, and may even be at the limit of what can be detected 
using a downhole geophone array, depending on its noise levels and configuration. In other words, the 
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most likely scenario is that the largest event during the proposed operation is too small to be detected even 
using a downhole array.  

 

6.4. COMPARISON WITH RECENT HYDRAULIC FRACTURING IN THE UK 

We can make comparisons between these model results and observations during recent instances of 
hydraulic fracturing in the UK. On the Fylde Peninsula, hydraulic fracturing in the Bowland Shale has 
generated several cases of induced seismicity. As described above, fault densities in western England are 
higher, and the stress conditions in the Bowland Shale are closer to criticality, meaning that higher 
seismogenic index values are expected.  

Nevertheless, after the first stage of stimulation of the Preese Hall well in 2011, in which over 1,800 m3 of 
fluid was injected, no seismicity was observed. Although monitoring at this site was only provided by the 
national seismic network at the time, use of a matched-filter event detection approach allowed the 
detection of events down to M 0.0 (Clarke et al., 2014). Hence, we can conclude that at Preese Hall, the 
injection of 1.5 orders of magnitude (i.e., 30 times) more fluid than proposed for WNA-2, into a more 
seismogenic formation, did not produce any events larger than M 0.0.  

For the Preston New Road PNR-1 well, downhole microseismic data is publicly available, along with 
detailed injection data. This shows that, after injection of 100 m3, all of the observed microseismicity was 
below M -1.5 (when converted into the UK’s local magnitude scale). For the PNR-2 well, which ultimately 
generated an M 2.9 event, the first stage injected roughly five times the volume of fluid as that intended 
for the proposed WNA-2 operation. However, the only event detected by the surface monitoring array 
had a magnitude of M -0.2. Again, these operations show that similar (or larger) injection operations, into 
a formation that is known to be relatively seismogenic, did not generate seismicity of sufficient magnitude 
to be felt at the surface, and indeed the magnitudes of any microseismic events that were generated were 
significantly below this threshold. Larger seismic events only occurred at these wells after injection of 
significantly larger volumes.  

At the Wressle W-1 well, roughly 2.5 times the injection volume planned for WNA-2 was used. The 
Wressle site is approximately 35 km from West Newton, although it targeted a deeper, and therefore 
potentially more seismogenic formation. Nevertheless, no induced seismicity was detected during that 
operation, despite the installation of a dedicated local seismicity monitoring array that had a potential 
detection threshold as low as M -1.0.  
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7. CONCLUSIONS 
The operators of the West Newton field plan to conduct a reservoir stimulation operation in the WNA-2 
well. In such an operation, fluid is injected to create a small fracture network that is filled with proppant, 
providing a permeable connection with the reservoir. While the term “hydraulic fracturing” can be used 
as a catch-all term for such operations, the key factor here is the scale: whereas hydraulic fracturing in 
shale gas reservoirs, which has generated concern over the potential for induced seismicity, uses 1000s of 
m3, injected via multiple stages along horizontal wells, proppant squeeze operations typically use less 
than 200 m3, with a single injection stage. Given the induced seismicity is observed to scale with the 
volume of fluid injected, the hazard posed by the proposed reservoir stimulation is significantly lower 
than that of large scale shale gas stimulation.  

The region has experienced extensive use of reservoir stimulation techniques, from the late 1950s until 
the 2000s. In total, 14 such wells have been identified within 100 × 100 km of the West Newton site. There 
is no recorded seismicity associated with any of these activities, indicating that the hazard posed by such 
operations is low.  

We have performed a geomechanical assessment of faults around the WNA-2 well identified using 3D 
seismic survey data. The nearest fault is over 1 km from the well, far further than the maximum expected 
fracture length of 16 m. The state of stress on the faults is moderate – the smallest mean expected 
perturbation required to reactivate any of the identified faults is 3 MPa: a perturbation of this magnitude 
at a distance of over 1 km, given the proposed operation, is very unlikely. However, studies of observed 
faults cannot rule out the potential for undetected faults on which seismicity could occur. Hence, we 
perform a probabilistic assessment of seismic hazard for the proposed operation.  

To estimate the recurrence rate, we make use of the scaling between injection volume and earthquake 
rate that is widely established for injection-induced seismicity. When combined with the GR distribution, 
this allows us to make a forecast of the largest expected event magnitude. The scaling coefficient between 
volume and rate – the seismogenic index – is poorly constrained, so we use a logic tree that extends across 
the range of observed values, with strongest weighting at mid-range values. This logic tree includes values 
for seismogenic index that are towards the top end of those observed in the most seismogenic shale plays.  

The resulting assessment produces a most likely largest event magnitude of M -2.0. An event of this size 
would not be detectable at the surface, and might be at the limit of detectability for a downhole system. 
Our assessment indicates a 95% probability that events do not exceed M 0.0, a level that could be detected 
by a local seismic monitoring array, but would not be felt by the nearby public. Our extreme case, with a 
99% probability that it is not exceeded, is a maximum magnitude of M 0.8. Such an event would not be 
felt by the public nearby. 

As such, we conclude that the proposed activities pose a very low risk with respect to seismic hazard. The 
likelihood of reaching magnitudes that could be tolerable to the local public is negligible. We do not 
believe that the installation of local seismicity monitoring arrays is warranted, given (a) the very low levels 
of risk posed by the proposed operation, and (b) the high likelihood that magnitudes will not reach the 
threshold of detectability for the array, meaning that no microseismicity would be detected. Furthermore, 
the planned injection volume is so low that the injection process itself will be very short. This would leave 
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no window for reactive decision-making in response to recorded induced seismicity, rendering any 
monitoring data of very little operational use.    
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