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ABSTRACT 
The aim of this thesis is to assess the quality of shale intervals for gas production and to 

consider where horizontal wells could be drilled with respect to geological faults. The 

Bowland Shale, located in a region of NW England, is investigated where it is a potential 

shale gas play. The shale is situated within a complex geological setting, which 

necessitates an integrated analysis of fault patterns, reservoir and geomechanical 

properties, and hydraulic fracture characteristics to realise these aims. 

We ask to what extent the structural geology places limitations on where horizontal wells 

can be drilled. Mapping of key stratigraphic surfaces and structures using a high-fidelity 

3D seismic dataset allows the geological history to be reconstructed, and the detrimental 

effects of Variscan compression realised. The results suggest that faulting does restrict 

the available sites where horizontal wells can be drilled. Short, vertically stacked wells 

may therefore be required to avoid major faults whilst ensuring gas can be extracted 

commercially. We investigate if there is an opportunity for this in the Bowland Shale by 

assessing both reservoir and geomechanical properties over the entire stratigraphic 

section at a single well. From this, we find that the upper section exhibits particularly 

good reservoir properties. These intervals of good reservoir properties also exhibit a 

distinctive rock physics response that can be modelled and visualised using templates. 

Within these rock types, three sections are highlighted that present the ideal combination 

of good reservoir and completion properties. Importantly, they are also separated by 

highly stressed intervals that may also mitigate risk of vertical fracture interference 

between stacked wells. 

However, to assess the risk of stimulated fractures propagating near major faults, further 

study is required of the Bowland Shale’s typical hydraulic fracture characteristics. While 

this is typically performed whilst stimulations are ongoing through analysis of 

microseismic events; prior to stimulation, a model is required to attempt to predict 

fracture geometries for a formation of specified rock properties and a specified treatment 

schedule. Using a simulation model, we ask how far the fractures propagate laterally, 

what their geometries are and if there is a risk of vertical interference between each 

proposed landing zone.  

It is determined that there is minimal risk of vertical fracture interference and potential 

fracture barriers behave effectively. Within the pre-defined landing zones, the fractures 

observed are relatively simple in geometry and propagate laterally over large distances 

between 500 m and 1000 m. This latter observation does further limit the areas where 



completion stages could be placed without risk of fractures interfering with the faults 

mapped from seismic data. Bringing together the results of the mapping and hydraulic 

fracture modelling, we can map a maximum of 13 well locations in the study area where 

horizontals could be drilled, but some of these wells are very short (~ 500 m). There 

remains excellent production potential in the area however, and by combing our results 

with production rates using an analogue play, we estimate ~ 300 Bcf of gas production 

could potentially be achieved.  
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1 INTRODUCTION 

1.1 Background 
1.1.1 Unconventional Resources within the Energy Landscape 
The global energy landscape has been diversifying since the mid-20th Century, and during 

this time, natural gas has become an increasingly important source. While coal was 

overwhelmingly the main fuel source during the early 20th Century, its share of total 

primary energy use steadily decreased until the 1970s by which point oil had instead 

become the main energy source (BP, 2020). However, between 1970 and 2000, oil’s 

dominance was reduced, natural gas consumption rose, and the energy system shifted to 

a diverse blend of fossil fuels. At the turn of the century, greater global awareness of 

climate change led to an uptake in renewable sources of energy, and the demand for 

carbon-intensive fossil fuels such as oil and coal continued to fall, in favour of less 

carbon-intensive fossil fuels such as natural gas. 

While there is some uncertainty in the outlook for gas demand and supply into the next 

20 years, it is generally perceived that unless drastic societal changes are implemented 

very soon, natural gas will remain an important fuel during the energy transition. In BP’s 

annual energy outlook, this uncertainty is expressed via their prediction of three energy 

trends modelled into the next 30 years (BP, 2020). Where energy policy continues its 

existing trajectory (Business-as-usual Scenario), natural gas consumption increases 

dramatically by 35%. However, where energy policy changes (including a significant 

increase in carbon prices) lead to a widespread reduction in carbon emissions (Rapid 

Transition Scenario), natural gas consumption remains at a similar level as it is currently 

(~ 20% primary share). However, where energy policy shifts are coupled with dramatic 

changes in societal behaviour (Net Zero Scenario), natural gas consumption is reduced 

by 40%. Assuming the Rapid Transition scenario is perhaps the most representative 

situation that describes how the energy transition will proceed, it can be concluded that 

natural gas is likely to remain an important energy source in the coming decades. During 

this scenario, natural gas consumption overtakes coal consumption by 2025 and then oil 

consumption by 2035 (BP, 2020). 

Technological advances in how natural gas is extracted (e.g. multi-stage hydraulic 

fracturing) and transported (e.g. Liquified Natural Gas (LNG)) have helped in facilitating 

the growth in the supply of natural gas in the past 20 years and will continue to do so to 

meet this expected rise in demand. Unconventional production from tight shales afforded 
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by hydraulic fracturing has dramatically shifted the USA’s position in the energy market 

and resulted in it being self-sufficient for its energy needs. Moreover, the development of 

LNG hubs, mainly around the Gulf of Mexico, allowed the USA to become a net exporter 

of natural gas in 2017 and total energy in 2019, for the first time in over half a century 

(EIA, 2020). 

1.1.2 The Bowland Shale as a UK Shale Gas Play 
The success of this industry in the USA naturally led other countries to explore the 

possibility of shale gas/oil extraction in their respective basins, but this has been met with 

varying degrees of success. Within the UK, while some works produced in the late 20th 

Century discussed the possibility of shale extraction (Selley, 1987; Smith, 1995), the 

debate gathered pace gathered during the early 21st Century. A fall in offshore domestic 

gas production accompanied by advances in horizontal drilling and well stimulations and 

the repeal of the Petroleum Revenue Tax led Selley (2005) to highlight the UK’s shale 

potential. Several UK basins were then screened by Smith et al. (2010), who concluded 

that the Carboniferous (Visean-Namurian) deep-water sediments of the Bowland and 

Hodder shales in the Craven Basin, Edale Basin, Widmerpool Gulf, Gainsborough 

Trough and Cleveland Basin of northern England, were particularly prospective. 

Initial resource estimates for the main plays highlighted by Smith et al. (2010) were 

published between 2013 and 2014 and these all suggested that the UK’s potential shale 

resources were large (Andrews, 2014, 2013; Harvey et al., 2018; Monaghan, 2014). These 

studies led to a renewed political and industry interest in the concept of shale extraction, 

spurred by the incentive that the large in-place resources could assist in weaning the 

country off its growing reliance on imported gas. 

However, uptake of shale exploration and production in the UK has been met with a 

combination of technical and social challenges. Initial hydraulic fracturing operations 

resulted in induced seismicity breaching UK government restrictions and in two instances 

the government has suspended operations. The first suspension ran from May 2011 to 

December 2012 (DECC and Davey, 2012; Green et al., 2012) and the second was imposed 

in 2019 (BEIS et al., 2019) and remains in place to-date. Public perception of shale gas 

extraction is generally mixed to negative (Howell, 2018; Whitmarsh et al., 2015) and such 

induced seismic events are one of the main perceived risks (Whitmarsh et al., 2015). 

In both cases, the cause of the elevated levels of induced seismicity was rooted in the 

complex geological setting in which the Bowland Shale is situated. Carboniferous basins 
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within the UK are highly faulted, and their post-depositional history characterised by 

multiple periods of uplift, rather than simple, progressive subsidence since deposition. As 

a result, picking suitable locations (e.g. low-angle bedding, good seismic reflectivity and 

away from faults) for shale gas wells becomes a more challenging task than in simpler 

geological settings and where shale gas production has been thus far, successful (e.g. USA 

and Argentina). Production from the Bowland Shale using stacked horizontal wells drilled 

from a single pad has been discussed in the literature as a way of ensuring commerciality 

whilst reducing surface footprint (Clarke et al., 2018, 2014a), however, this approach may 

also be necessary due to this geological setting restricting where those suitable conditions 

mentioned above are located. The studies that mention this strategy, however, do not 

address if there are several intervals within the shale holding adequate properties to form 

targets for stacked wells, let alone what the optimal design of such wells would be to 

minimise hydraulic fracture interference with significant geological faults. 

Despite a moratorium on hydraulic fracturing at the time of writing, exploration for 

unconventional resources in the UK is planned to continue. Significant acreage in 

prospective areas of the Bowland Shale is held by Cuadrilla Resources, INEOS Shale and 

iGas. New 3D seismic datasets over these prospective areas have been acquired, some of 

which are publicly available already (Bowland-12, Pickering W-14) and some with a 

planned release in the coming years (Formby-16, East Midlands-17). These datasets, 

combined with logs and cores taken from recent exploration wells in the Bowland Shale 

provide excellent opportunity to conduct integrated studies of rock, mechanical and 

geophysical properties of the target formation. Such studies are key in determining 

prospective areas, well placement strategies and suitable drilling locations. 

The underlying aim of this thesis is to address this issue of picking drilling locations in 

the Bowland Shale. The Fylde Peninsula, located in NW England, is selected as the focus 

of this study as datasets relating to shale gas exploration activities, carried out by 

Cuadrilla Resources, are becoming publicly available to researchers. Furthermore, the 

Bowland Shale in this area is situated within a complex geological setting and it exhibits 

multi-scale heterogeneity in rock properties that can make the task of determining optimal 

well landing zones challenging. More specifically, the thesis aims to characterise the 

reservoir and completion properties of the shale and the stratigraphic variability in these. 

It seeks to define the character of hydraulic fractures using simulations along horizontal 

pseudo-wells and relate this to the structural setting. New insights into the structural 
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setting itself are expected, following analysis of newly released seismic data. Specific 

research problems and questions are further addressed in Section 1.4. 

1.1.3 Introduction to the Geology of Shales 
It is important to first outline some key terminology and concepts underlying shale rocks 

and their role as an unconventional reservoir. The term “shale” is typically applied to a 

fine-grained, siliclastic rock in which 50% of the grains are clay-sized (0.062 mm) or 

smaller (Boggs, 2013). Shales can alternatively be referred to in the literature as 

“mudrocks”, and there is some debate over the most suitable term with some authors 

preferring to refer to use the “shale” term only when a mudrock is laminated and fissile 

(Merriman et al., 2003). For the purposes of this thesis, we use the shale term loosely to 

describe all fine-grained, siliclastic rocks that may, or may not be (but usually are) 

laminated and fissile. They are deposited in low-energy settings that facilitate the settling 

of suspended, fine-grained sediment, usually in marine environments where the seafloor 

lies beneath the storm wave base and is such un-disturbed (Boggs, 2013). 

Fine-scale (generally < 1mm thick) layering of silts and clays is a common feature of 

shales. These features are referred to as laminations, and are a result of a range of 

sedimentary and diagenetic processes (O’Brien, 1996) including turbidite deposition, 

contourite deposition, nepheloid flow and drift, settling out of suspension, subtle changes 

in sedimentary environment and plankton productivity and burial diagenesis (Robertson, 

1984). Figure 1.1 illustrates an example of micro-scale laminations of organic-rich (dark) 

and siliceous (pale) laminae in the Bowland Shale (after Clarke et al (2018)). This fabric 

produces both geomechanical and geophysical challenges notably anisotropy in strength 

and acoustic properties of the shales (Chenevert and Gatlin, 1965; Gu, 2018; Molinares 

et al., 2016), which is discussed at length in subsequent chapters of this thesis. 
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Figure 1.1 Thin-section photomicrograph of the Bowland Shale showing a laminated texture consisting of highly 
organic laminae (dark colour;  and with a total organic content (TOC) of 2.6%) alternating with silty laminae reflecting 
microturbitic deposition (pale colour) (after Clarke et al (2018)) 

As shales are composed mainly of fine-grained minerals, and exhibit little matrix porosity 

and permeability, they have been traditionally considered non-reservoir intervals, 

forming either a seal to hydrocarbon accumulations, or a source, or both. The concept of 

artificially stimulating shales to release otherwise unproducible hydrocarbons overturned 

this assumption and the notion of shale as an unconventional reservoir followed. In the 

following subsection we consider some of the important characteristics  of gas shales as 

a reservoir specifically, and some of the challenges these characteristics bring to gas 

production. 

1.1.4 Shales as a Gas Reservoir 

1.1.4.1 Organic Matter and Hydrocarbon Generation 

Shales are typically rich in organic content, as their typical depositional settings (e.g. 

marine or lacustrine environments) are of low energy, facilitate high biological 

productivity and allow preservation of associated organic material (Boggs, 2013). 

Therefore, the total organic content (TOC) of a shale is often considered a vital screening 

parameter when assessing a gas shale (Wang and Gale, 2009). When buried to sufficiently 

great temperatures and pressures, the maturation of such organic matter (or kerogen) 

results in the generation of hydrocarbons. If sufficient carrier beds are available adjacent 

to the shale source rock, hydrocarbons are expelled and migrate into a trap. However, a 

significant portion of hydrocarbons are retained within the source rock, and these 

hydrocarbons form the target for unconventional resource plays. The concentration, type 

(lacustrine, marine, terrestrial or a mix) and maturity of organic matter all have important 
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consequences for the porosity type and gas storage mechanisms in gas shales, which are 

briefly reviewed herein. 

1.1.4.2 Porosity Types 

The pores observed within shales are much smaller (typically 5-100 nm diameter) than in 

conventional reservoir rocks (typically > 2μm) (Nelson, 2009). Their pore systems are 

complex; but can be crudely classified as those either associated with the matrix or 

fracture system. Matrix-related porosity includes those isolated pores situated within or 

between minerals and organic matter particles whereas fracture-related porosity is owed 

to the development of a natural fracture network. If the latter forms an interconnected 

network and is not cemented, it will likely provide a pathway for fluid flow, whereas the 

former will hold permeabilities far lower than that capable of flowing fluids. Within the 

matrix, pores can be associated with organic matter, clay floccules, fossils, fecal pellets 

and porous grains (such as pyrite) (Slatt and O’Brien, 2011) (Figure 1.2).  

Porosity that is related to the maturity of organic matter is very important in shale gas 

systems. This is highlighted in Figure 1.3 which illustrates the development of nano-

porosity in the Woodford Shale with increasing maturity. This concept has been 

supported by a number of key studies that have demonstrated the relationship between 

organic matter and the development of nano-, meso- and macro-pores (Chalmers et al., 

2012; Curtis et al., 2012; Javadpour, 2009; Loucks et al., 2009). 
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Figure 1.2 Classification of pore types in shales (Slatt and O’Brien, 2011).  
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Figure 1.3 A collection of SEM images from the Woodford Shale highlighting the development of organic matter-
related porosity with increasing maturity (Vitrinite Reflectance, Ro). Organic matter-related porosity is clearly shown 
in the samples at 1.23% and 1.67% Ro (late oil to early gas window), whereas the samples at lower maturities exhibit 
little porosity (Curtis et al., 2012). 

1.1.4.3 Gas Storage 

The storage of gas in shales is also different to that of conventional reservoir formations. 

In shale reservoirs, gas can be stored in a in two forms: in a free state within pores and 

fractures (akin to conventional reservoirs) and in an adsorbed state where the molecules 

are held on the surface of organic matter or clays (Labani and Rezaee, 2015). This concept 

is shown schematically in Figure 1.4, which also highlights the differences between 

matrix and fracture porosity and the flow mechanisms with shales. Adsorption is believed 
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to account for a substantial portion of a shale’s total gas storage, with some studies 

suggesting up to 50% of total gas storage can be attributed to adsorption mechanisms (Lu 

et al., 1995). While the amount of gas, and its storage mechanism will depend on pore 

space characteristics, organic matter characteristics, mineralogical composition and 

geological composition (Labani and Rezaee, 2015), numerous laboratory studies have 

demonstrated that organic matter type and maturity not only affect the porosity types in 

shale, but the degree of gas adsorption  (Curtis et al., 2012; Milliken et al., 2013; Ross 

and Marc Bustin, 2009; Wang and Reed, 2009).  

 
Figure 1.4 Schematic illustration highlighting the sites of gas storage and flow types within shale reservoirs (Zhang et 
al., 2018). 

1.1.4.4 Permeability 

Shales also hold very low permeabilities often in the range of nanodarcys (nD) to 

microdarcys (μD) (Labani and Rezaee, 2015), which causes a number of problems 

relating to capillary pressures, fluid saturations, relative permeabilities. Their intrinsic 

permeability is difficult to predict, and is influenced by a number of factors including 

their pressure state (confining and pore pressure) (Cui et al., 2009) and their geological 

characteristics such as mineralogy and pore type (Bustin et al., 2008). Furthermore, the 

relationship between saturation and permeability is more complex than in conventional 

formations. The relative permeability (the ratio of the effective permeability of one phase 

to the total (multi-phase) permeability) of gas to brine in low permeability rocks drops 

more sharply with increasing water saturation than in conventional reservoirs (Figure 1.5) 

(Shanley et al., 2004). This results in a range of broad range of water saturations at which 

neither gas nor water will flow (often referred to as permeability “jail” (Cluff and Byrnes, 

2010)). This is an acute issue with low-permeability rocks as high capillary forces within 
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their narrow pore throats hold water molecules tightly and inhibit the flow of gas 

molecules (Cluff and Byrnes, 2010). 

 
Figure 1.5 Schematic illustration of the contrast in relative permeabilities and capillary pressures between 
conventional and low-permeability unconventional reservoirs (Shanley et al., 2004). Critical water saturation (Swc), 
critical gas saturation (Sgc) and irreducible water saturation (Swirr) are highlighted. In conventional reservoirs, there 
is a wide range of water saturations at which both gas and water can flow. Conversely, in low-permeability reservoirs, 
there is a wide range of water saturations at which neither gas not water can flow. The critical gas saturation (lowest 
gas saturation at which gas can flow) is much lower for low-permeability reservoirs than conventional reservoirs. 

1.2 Location of the Study Area 
This work focuses on the north-west part of PEDL165 (Petroleum Exploration and 

Development Licence) which is located on the Fylde Peninsula, Lancashire, NW England 

(Figure 1.6). The licence was awarded to Cuadrilla Resources as part of the 13th Onshore 

Oil & Gas Licencing Round in 2008, to explore for unconventional resources within the 

Bowland Shale (Clarke et al., 2018). Cuadrilla Resources subsequently drilled three 

exploration wells between 2010 and 2012: Preese Hall-1 (PH-1), Grange Hill-1Z (GH-

1Z) and Becconsall-1Z (Bec-1Z). (Figure 1.6, Table 1.1). In 2012, the company also 
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acquired a 100 km2 3D seismic survey over the northern section of the licence, the outline 

of which is included in Figure 1.6. More recently (2017-2018), a further exploration well, 

Preston New Road-1 (PNR-1), a lateral side-track (PNR-1Z) and a J-shape well (PNR-2) 

were all drilled in the south-west region of this surveyed region. 

 
Figure 1.6 Map illustrating the location of key wells, the outline of the Bowland-12 seismic survey and the locations of 
geological cross-sections and maps used in this work. The well acronyms used are expanded in Table 1.1. The map 
uses British National Grid coordinates (expressed in metres) and all future maps use this coordinate reference system.  
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Name Operator Date 
Spudded 

Date 
TD’d Type TD 

(m) 
TD 

(stratigraphy) Additional Notes 

Thistleton-1 
(Th-1) British Gas 23 December 

1987 

11 
February 

1988 
Conventional 2140 L. Bowland Shale 

Exploration well with Permo-Triassic (Collyhurst 
Sandstone) target. Plugged and Abandoned as a dry 

hole. 

Elswick-1 (El-
1) British Gas 29 April 1990 24 May 

1990 Conventional 1615 Carboniferous 
(undifferentiated) 

Permo-Triassic gas discovery. Produced 1 Bcf of gas 
between 1996 and 2013. Production license 

operatorship transferred to Warwick Resources 

Preese Hall-1 
(PH-1) 

Cuadrilla 
Resources 

16 August 
2010 

4 
December 

2010 
Unconventional 2774 L. Bowland Shale 

Vertical shale-gas evaluation well. Following 
completion in December 2010, six hydraulic fracture 
treatments were carried out between March and April 

2011 and induced seismicity 
was recorded up to ML= 2.3 

Grange Hill-
1Z (GH-1Z) 

Cuadrilla 
Resources 

15 January 
2011 

20 July 
2011 Unconventional 3284 L. Bowland Shale Vertical shale-gas evaluation well. 

Becconsall-1Z 
(Bec-1Z) 

Cuadrilla 
Resources 

23 August 
2011 

7 
December 

2011 
Unconventional 3203 Hodder Mudstone Vertical shale-gas evaluation well drilled further south 

than PH-1 and GH-1Z and outside the main study area. 

Preston New 
Road-1 (PNR-

1) 

Cuadrilla 
Resources 

16 September 
2017 

2 January 
2018 Unconventional 2712 L. Bowland Shale Vertical shale-gas evaluation well. 

PNR-1Z Cuadrilla 
Resources 

11 January 
2018 (kick-off 

date) 

21 March 
2018 Unconventional 3424 L. Bowland Shale 

A 782 m lateral well side-tracked from PNR-1 
targeting the LBS. Following completion in March 

2018, hydraulic fracture operations were carried out in 
late 2018 across 15 stages with induced seismicity 

recorded up to ML = 1.5 

PNR-2 Cuadrilla 
Resources 

17 August 
2018 4 July 2018 Unconventional 3163 U. Bowland Shale 

744 m lateral well within the Upper 
Bowland Shale. Following completion in 
July 2018, hydraulic fracture operations 

were carried out in 2019 and induced 
seismicity was recorded up to ML = 2.9 

Table 1.1 Summary of the key wells in the study area, the locations of which are shown in Figure 1.6. The wells are ordered by the date they reach total depth. 
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1.3 Sources of Data 
Digital well log datasets, reports, and core studies from the four shale gas exploration 

wells (PH-1, GH-1Z, Bec-1Z and PNR-1) and the Bowland-12 seismic survey form the 

main dataset for this study. Well data was provided by the British Geological Survey and 

seismic data was provided by the UK Onshore Geophysical Library. Digital well log data 

was also obtained for two legacy conventional wells within the study area (El-1 and Th-

1): both were provided by CGG’s Data Management Service. While data from all six 

wells are used throughout the study, the focus of our investigation is PH-1. Table 1.2 

illustrates the suites of wireline logs available at PH-1 and Table 1.3 summarises the core 

studies available, both of which were used in subsequent sections of this thesis. Note that 

the vertical resolution that can be achieved by these tools varies substantially. The micro-

imager log can identify beds as thin as 0.5 cm but by contrast, the cross-dipole sonic tool 

has a poor resolution of 1.4 m. 

Before any analysis, a series of quality-control steps were first performed on the wireline 

logs. To ensure consistency between logging runs, the Gamma Ray (GR) log from each 

tool assemblage (Table 1.2) was depth-matched with the GR log of the Sonic Quad 

Combo assemblage. Secondly, a core-to-log depth relationship was built, to ensure core 

depths matched as closely as possible with wireline log depths. As the results of X-Ray 

Diffraction (XRD) experiments were available for this study (Table 1.3), the clay fraction 

derived from those experiments were correlated GR log to provide this core to log 

relationship. Only small adjustments were required to provide a reasonable fit between 

core and log, but it is an important step before carrying out an integrated study of this 

nature. 

Logging 
Run 

Tool 
Assemblage 

Typical bed 
resolution Key Logs 

Intermediate 
(561-1390 

m) 

Sonic Quad 
Combo ~30 cm 

Compressional Sonic, Neutron Porosity, 
Gamma Ray, Bulk Density, Laterolog 

Resistivity, Caliper, Photoelectric absorption 

TD (1371-
2781 m) 

Sonic Quad 
Combo ~ 30 cm 

Compressional Sonic, Neutron Porosity, 
Gamma Ray, Bulk Density, Laterolog 

Resistivity, Caliper, Photoelectric absorption 

Dipole Sonic ~ 1.4 m 
Compressional Slowness, Fast Shear 

Slowness, Slow Shear Slowness, Fast Shear 
Azimuth, Anisotropy 

Compact 
Micro-
Imager 

~ 0.5 cm Microresistivity array, four-arm caliper 

Spectral 
Gamma Ray ~ 30 cm Uranium Concentration, Potassium 

Percentage, Thorium Concentration 
Table 1.2 Summary of wireline logs and typical bed resolutions acquired at PH-1 and accessed for this study 
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Laboratory Tests Rock Properties Number of 
Samples 

X-Ray Diffraction (XRD) Mineralogy 88 

Mercury Immersion and Helium 
Pycnometry 

Porosity, permeability and water 
saturation 48 

Source Rock Analayser - Pyrolysis TOC 96 

Table 1.3 Summary of PH-1 core laboratory results used for this work. The tests were commissioned by Cuadrilla 
Resources and are presented in the PH-1 End of Well Report. 

1.4 Research Questions 
This thesis seeks to address the overriding problem of optimising drilling locations in 

heterogeneous gas shales whereby the target is thick but heterogeneous and the structural 

setting is complex. The study focuses on the Bowland Shale which is known to face such 

challenges and has been subject to a large degree of industry attention over the past 10 

years. This problem can be segmented into a series of smaller problems and questions 

that will be addressed in turn, throughout the thesis: 

The structural geology of the subsurface where the Bowland Shale is being drilled is 

relatively uncertain due to a lack of modern, high-resolution seismic data being available. 

The (Permian-Triassic age) geology and structures exposed at the surface are relatively 

simple, but the area sits to the west of a Carboniferous fold belt exposed at the surface, 

and the extent and severity of this deformation in the subsurface is relatively unknown. 

Therefore, using a newly released 3D seismic dataset, we seek to describe what the major 

structural features are in the area and consequently, explain the main phases of burial and 

deformation area in this portion of the basin. We consider what the implications are of 

these features in terms of restricting drilling locations and avoiding unwanted, trailing 

seismicity when conducting hydraulic fracturing operations. 

The second problem relates to the heterogeneity in the rock properties of the Bowland 

Shale. Many core-based studies have confirmed good quality reservoir shale to be present. 

However, such studies are restricted to intervals in which cores have been retrieved, and 

none have considered the entire stratigraphic interval. As the retrieving of core is an 

expensive operation, only a small number of depth intervals will be picked, and these will 

usually be chosen based on certain geological criteria (e.g. a particular seismic reflector 

or a certain lithology identified on the cuttings samples).  
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Evaluating the reservoir properties between cored intervals requires integrated studies 

that include wireline log models and core studies. Fortunately, the availability of modern, 

extensive logging suites (Table 1.2) allows for this to be conducted, however, while the 

coverage of such information is greater, the uncertainty increases away from cored 

intervals. Therefore, we seek to combine core (Table 1.3) and logs (Table 1.2) to define 

where in the stratigraphy the best reservoir properties are to be found, what the elastic 

and geophysical properties of these units are and how they may be identified in un-drilled 

locations using analysis of pre-stack seismic data. 

Thirdly, we address the issue of determining landing zones for horizontal wells in the 

Bowland Shale. To respond favourably to hydraulic fracture stimulation, a shale would 

be expected to hold certain stress and geomechanical characteristics. Low closure stress 

is generally seen as a fundamental parameter, whereas some authors have parameterised 

the geomechanical-based properties as ‘brittleness’ or ‘fracability’. Therefore, we seek to 

build a mechanical earth model to explain what the state of stress is within the Bowland 

Shale and how it varies through the stratigraphy. We consider what geomechanical 

characteristics the shale holds, and where the optimal sections of the shale are. Combining 

this with reservoir quality, we determine if there is the potential for multiple landing zones 

within the shale. 

The final issue concerns the characterisation of hydraulic fracture behaviour. How 

hydraulic fractures propagate will have important implications for assessing well 

productivity, avoiding fracture interaction with major structural features and ensuring 

fractures are contained to the operators permitted boundary. Despite this, the exact 

positioning of fractures is relatively uncertain unless an extensive microseismic 

monitoring exercise is undertaken while hydraulic fracturing operations are ongoing. 

Therefore, we seek to determine what the typical fracture geometries are for the pre-

defined landing zones in the shale. If there are stress barriers in the shale that may 

facilitate the stacking of horizontal wells, whether they sufficiently impede fracture 

propagation and how far fractures propagate laterally and how is proppant distributed 

within those fractures. Based on these understandings, we seek to determine where in the 

basin wells could be drilled, taking into account the structural geology and finally, 

consider what the production potential of the shale is in terms of the numbers and lengths 

of wells we have been able to identify. 
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1.5 Thesis Layout 
This thesis is arranged into six chapters. This chapter serves as an introduction to the work 

in which the aims, motives and objectives of the research are outlined. We also introduce 

the study area and the datasets that underpin the work. 

Chapter 2 considers the geological setting of the study and the results of a seismic 

interpretation study. This work was published in a peer-reviewed journal during the PhD 

study and therefore, this thesis provides a summary of the research and details how it fits 

with the subsequent sections, rather than repeating the content of the journal article. The 

full article is included in Appendix 1. 

Chapter 3 presents an examination of the reservoir properties of the Bowland Shale 

combining petrophysical analysis of wireline logs and rock physics modelling. 

Continuous logs of key reservoir properties such as mineralogy, porosity and organic 

content are first generated using petrophysical techniques. These are then used to build 

an isotropic rock physics model which allows both the forward modelling of the elastic 

properties of the shale and the ability to extract rock properties from geophysical signature 

(through use of rock physics templates). The presence of natural fractures is discussed 

and consequently, anisotropy is incorporated into the rock physics model using crack 

theory. Finally, the zones where the best reservoir properties are to be found are 

highlighted using a flag. This flag highlights specific intervals where all the reservoir 

properties meet a certain cut-off and are thus deemed reservoir quality. The distinct 

geophysical signature of these intervals is then highlighted, which may allow prediction 

in un-drilled locations using pre-stack seismic data. 

Chapter 4 addresses the stress and geomechanical properties of the Bowland Shale. A 

mechanical earth model is built using wireline logs, calibrated to some production data 

that describes the stress state of the interval. Shale reservoir geomechanical criteria such 

as ‘brittleness’ and ‘fracability’ are calculated and their distribution within the shale 

considered. Finally, the stress and geomechanical properties are combined into a 

classification scheme using a clustering approach to best define intervals within the well 

that may be considered for landing horizontal wells. 

Chapter 5 presents a hydraulic fracture modelling study that draws upon the outcomes of 

the previous chapter. Horizontal pseudo-wells are created for the three landing zones 

determined in Chapter 4. The treatment sizes (e.g., injected fluid volumes) and stage 

design (e.g. length of each stage and separation between each) are chosen such that they 
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are similar to those used at the PNR-1Z well (Figure 1.6; Table 1.1). Following this, 

several simulations are presented, addressing where fractures initiate (is the desired target 

interval actually fractured?), the lengths of the fractures away from the well, if they are 

contained by stratigraphic stress barriers, and what the impacts are of stress shadowing 

between treatments. Using the results of these simulations, the strategy for placing lateral 

wells in a complex fault-bound setting is considered and the production potential of the 

wells assessed using an analogue shale play. 

2 GEOLOGICAL AND STRUCTURAL SETTING 

2.1 Context 
The geological background of this thesis is presented in the form of a research paper 

published by the author during the PhD study. The full paper is provided in Appendix 1, 

and this chapter summarises the key points and describes the implications of the findings 

to the broader aims of the thesis. The paper was published in the Geological Society of 

London’s Petroleum Geoscience journal in April 2020 following work undertaken during 

Summer 2019, conducted alongside the co-author, John R. Underhill. It forms an 

important basis for subsequent thesis chapters as the outcomes pose questions as to 

whether long-reaching horizontal wells can be achieved in the shale without encountering 

major faults; and in subsequent thesis chapters, an approach to solving this challenge is 

presented. 

The methodology, investigation, formal analysis, and writing were shared equally 

between the two authors, whereas Iain Anderson led the drafting of the figures and John 

R. Underhill led the conceptualisation of the work and the acquisition of the dataset. 

2.2 Summary of Publication 
2.2.1 Aims and Objectives 
The primary aim of the study is to evaluate the subsurface geology of a section of the 

PEDL165 onshore exploration licence (Figure 1.6), which is in the Fylde area, NW 

Lancashire. This area, situated in the western portion of the Craven Basin where Permo-

Triassic sediments outcrop (Figure 2.1 and Figure 2.2), is the most advanced shale gas 

exploration site in the UK. Recently, it has been subject to drilling, hydraulic fracturing, 

and production testing of two horizontal wells (PNR-1Z and PNR-2) targeting the 

Bowland Shale. 
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Within this broader aim, the mapping of faults and horizons was undertaken, and two 

horizons that best describe the structural configuration of the area are highlighted: the 

Base-Permian Unconformity (BPU) and the top of the Lower Bowland Shale (LBS). 

Using these interpretations, an improved understand the geological history of the basin is 

presented, focusing specifically on the key phases of deformation affecting the basin. 

Finally, the study considered the implications of the findings for shale gas exploration. 

2.2.2 Methodology 
The main dataset utilised for this work is the post-stack, time-migrated 3D seismic cube, 

Bowland-12, that was acquired by Cuadrilla Resources in 2012 and was accessed by the 

authors in 2018. The survey covers a 100 km2 area in the northwest portion of PEDL165 

(Figure 1.6). Additionally, digital wireline logs for five wells were used to calibrate the 

seismic interpretations, three of which are recent, shale gas exploration wells with 

comprehensive datasets (Table 1.1, Figure 1.6). 

The methodology adopted proceeded with the following three steps: 

1. Well to seismic ties (Figure 2.3) were produced to correlate modelled reflection 

events from wireline log impedance boundaries with the adjacent seismic 

signature. This step is a key stage in obtaining confidence in the seismic data and 

facilitated the picking of the BPU and LBS horizons for mapping. 

2. Interpretation of these two horizons, over the entire area covered by the 3D 

dataset, was conducted using a mixture of seismic sections and timeslices. 

Horizon offsets and associated zones of poor reflector continuity were used to 

map faults both at the Carboniferous and Permian-Triassic level. 

3. The interpreted horizons were gridded using convergent interpolation to produce 

continuous surfaces. Depth-conversion was not performed; therefore, the 

resulting surface maps are shown with two-way-time contours. Some local depth-

conversion was performed, however, to estimate bedding dips in further 

discussion sections. 

2.2.3 Results 

2.2.3.1 Seismic Stratigraphy 

Well ties were produced to correlate a synthetic seismic trace generated using well log 

data with adjacent seismic traces from the seismic survey. This was performed for all the 

key wells and Figure 2.3 presents a correlation between the three shale gas wells: GH-1Z, 

PH-1, and PNR-1. This process allows for the recognition of the main impedance 
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boundaries (and therefore reflection interfaces) at the well location and at seismic 

resolution. The strongest reflection is created by anhydrites of the Manchester Marl 

Formation (Figure 2.2), and while logging data is not available at GH-1Z for this interval, 

they produce a clear and consistent response at PH-1 and PNR-1. As the underlying 

Collyhurst Sandstone (Figure 2.2) is poorly developed over much of the study area, this 

reflector is a useful proxy in the mapping of the BPU. 

Most of the Westphalian and Stephanian Carboniferous stages are missing in the area and 

the Permian Collyhurst Sandstone instead sits directly on top of either Namurian or a very 

thin Westphalian sequence (Figure 2.2). At PH-1, a thin Westphalian Lower Coal 

Measures sequence is present but without obvious seismic character. The Namurian 

Millstone Grit Group is characterised by strong reflectivity owed to the interbedded 

character of the group: consisting of a sequence of thick, coarse deltaic sands and shales. 

These are tilted and locally eroded beneath the BPU, notably to the south-east of PH-1 

(Figure 2.4). 

The Bowland Shale Group is divided into two formations (the Lower Bowland Shale 

(LBS) and the Upper Bowland Shale (UBS)), at the Visean-Namurian boundary which 

marks a tectonic change from syn- to post-rift subsidence in the basin (Fraser and 

Gawthorpe, 1990). This shift is also observed in a change in seismic character. The UBS 

is characterised by a lack of clear reflectivity which is likely because the formation 

consists of a heterogeneous series of shales, siltstones, and limestones with thicknesses 

beneath vertical seismic resolution. The LBS, however, is characterised by strong and 

continuous reflectors similar to that of the Millstone Grit. This formation consists of an 

alternating sequence of thick shales and calcareous sandstones which are suitably thick 

to produce the clear reflections observed. 

Based on this analysis the two clearest reflectors were presented in the study, which also 

represents two contrasting phases of deformation in the basin. The top of the LBS which 

provides evidence of Carboniferous deformation and the BPU which provides evidence 

of Permo-Triassic deformation. The LBS surface map is presented in Figure 2.6 and the 

BPU surface map presented in the full article (Figure 13 in Anderson & Underhill (2020)). 

2.2.3.2 Permo-Triassic Structure 

Triassic sediments outcrop over the 3D survey area; the region forming the eastern, 

onshore extension of the East Irish Sea Basin (Figure 2.1). The most significant Permo-

Triassic feature is the NNE-SSW striking, WNW-dipping Woodsfold Fault which is 
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present at depth in the SE portion of the survey (Figure 2.4). It defines the eastern limit 

of a Permo-Triassic depocenter - the Elswick Graben - the western limit of which is 

defined by the antithetic Thistleton Fault. Accordingly, Permo-Triassic sequences are 

significantly thicker in the graben, than to the west (Figure 2.4), where shale gas 

exploration has focused and where they lie within the footwall to the Thistleton Fault. 

 
Figure 2.1 Simplified bedrock lithostratigraphy, geological structure and key well penetrations within the Craven 
Basin and surrounding areas. Also shown is the location of Figure 1.6. The figure draws upon British Geological 

Survey materials. © UKRI 2019. BABH, Becconsall–Ashnott buried high; BbF, Billsborrow Fault; Bec-1Z, 
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Becconsall-1Z well; Bk, Banks well; Bw, Boulsworth borehole; CA, Catlow Anticline; CFS, Clitheroe Fault System; 
CoA, Clitheroe Anticline; DF, Dent Fault; EF, Elswick Fault; GA, Gisburn Anticline; GF, Grimsargh Fault; HC, 

Holme Chapel well; Hk, Hesketh well; LbF, Larbeck Fault; NCF, North Craven Fault; OF, Oakenclough Fault; PF, 
Pendle Fault; PM, Pendle Monocline; Rw, Roddlesworth well; SA, Sykes Anticline; SbA, Slaidburn Anticline; SCF, 

South Craven Fault; SkA, Skipton Anticline; Sw, Swinden borehole; SwA, Swinden Anticline; TnA, Thornley 
Anticline; TtA, Thornton Anticline; TtF, Thistleton Fault; WF, Woodsfold Fault; Wm, Whitmoor well. 

 
Figure 2.2 Stratigraphic summary chart for the Carboniferous, Permian and Triassic sequences of NW England. The 
Lower Carboniferous sediments that accumulated in deep-water basins (e.g. Craven Basin) are differentiated from 

those that are extensively developed on adjacent platforms (e.g. West Lancashire High). Also included are key marine 
bands that define the Carboniferous chronostratigraphy in the region and seismic markers shown in the cross-

sections presented in Figures 2.3 to 2.5. 

2.2.3.3 Carboniferous Structure 

Within the footwall to the Thistleton Fault, four fault-bound compartments at 

Carboniferous level could be defined (Figures 2.4, 2.5 and 2.6). The faults strike NNE-

SSW to ENE-WSW, have reverse offset and can have significant throws (~ 1 km). The 

Bowland Shale is buried deepest (~ 3880 m) in the northwest of the survey within a fault 

block we define as the Poulton Block (Figure 2.6). The northwest limit of the block cannot 

be defined due to encountering the edge of the survey, however, the southeast limit is 

defined by the Haves Ho Fault. 
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Adjacent to the Poulton Block is the narrower Singleton Block (Figure 2.6). It is a 

maximum of 1.5 km wide and narrows to the southwest. It is defined to the southeast by 

the reverse Summerer Fault. This block was targeted by the GH-1Z well in 2010. 
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Figure 2.3 Correlation of seismic to well ties for the Grange Hill-1Z, Preese Hall-1 and PNR-1 wells. Acoustic Impedance (AI) is plotted using wireline logs, transformed to reflection coefficients, and 

convolved with a zero-phase 30 Hz Klauder wavelet to produce a synthetic trace equivalent to the seismic data volume to allow for a direct comparison. Interpreted structural and stratigraphic 
relationships between the wells are sketched with reference to an along-strike cross-section (Fig. 2.5). BG, Brennand Grit; Ch, Collyhurst Sandstone Formation; Ks, Kinderscout Grit Group; LB, Lower 
Bowland Shale Formation; Lc, Lower Coal Measures; MM, Manchester Marl Formation; PG, Pendle Grit; Rb, Roeburndale Formation; RR, Rough Rock; SS, Sabden Shale; UB, Upper Bowland Shale 

Formation; US, Upper Shales. 
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Figure 2.4 NW–SE cross-section through the Bowland-12 3D seismic survey tie-ing the PH-1 and Th-1 wells along the main direction of structural dip. The section is shown without interpretation (left) 

and with interpretation (right) for comparative purposes. The main structural features and stratigraphic units are highlighted. GB, Greenhalgh Block; PB, Poulton Block; SB, Singleton Block; TtF, 
Thistleton Fault; WB, Weeton Block. Please refer to Figure 2.3 for acronyms used for the well tops. The grey region in the NW of the line represents an area of the processed Bowland-12 3D cube 

where data was not acquired. 
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Figure 2.5 NNE–SSW cross-section through the Bowland-12 3D seismic survey tie-ing the Grange Hill-1Z, Preese Hall-1 and PNR-1 wells along the main direction of structural strike. The section is 
shown without interpretation (left)and with interpretation (right) for comparative purposes. The main structural features and stratigraphic units are highlighted. GB, Greenhalgh Block; SB, Singleton 

Block; WB, Weeton Block. Please refer to Figure 2.3 for acronyms used for the well tops. 
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Figure 2.6 Time–structure map for the Top of the Lower Bowland Shale. 

The largest block defined is the Weeton Block which lies in the hanging-wall to the 

Summerer Fault and is defined to the southeast by the Moor Hey Fault (Figure 2.6). This 

block was targeted by the PH-1 and PNR-1/1-Z/2 shale exploration wells. The 

Carboniferous sequences are tilted to form the western limb of a northeast to southwest 

trending anticline in the eastern section of the block and are subsequently eroded beneath 

the BPU (Figure 2.4 and Figure 2.5). While PH-1 encountered a complete Millstone Grit 

section, PNR-1 found it missing and instead, the UBS lay directly beneath the BPU 

(Figures 2.3 and 2.5). 

The block directly within the footwall to the Thistleton Fault is named the Greenhalgh 

Block (Figure 2.6). This block is characterised by a lack of reflector continuity at 

Bowland Shale level and it is unclear the exact positioning of Carboniferous sequences 

beneath the BPU (Figure 2.4). 

While mapping was also conducted in the Elswick Graben, where the Bowland Shale is 

at greater depth, this did not form the primary focus of our investigation due to the 

structural complexity and associated uncertainty beneath the thicker Permo-Triassic 

sequences. 
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Figure 2.7 Schematic cartoon to illustrate the challenge and consequences of shale gas exploration drilling locations and wellbore pathways resulting from the fault patterns that affect the PEDL165 
licence. (a) A collection of maximum stress orientations, including the mean orientation from the Sellafield boreholes (Kingdon et al. 2016) and the distribution of orientations calculated at Grange 

Hill-1Z and Preese Hall-1 (Clarke et al. 2018). (b) A schematic cartoon showing a plan view of a horizontal wellbore aligned with the minimum horizontal stress orientation showing zones of hydraulic 
fractures propagating in the direction of maximum horizontal stress. (c) Dip map for the Lower Bowland Shale with fault overlays added in the SE area of the map. (d) A common risk segment map 

classified using the angle of dip and continuity of reflectors. 
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2.2.4 Discussion 

2.2.4.1 Ribblesdale Fold Belt 

The prevalence of steep reverse faulting and the identification of a NE-SW striking 

anticline is taken as evidence that this region forms the buried extension of the 

Ribblesdale Fold Belt which has been extensively studied by previous authors where it is 

exposed further east (Figure 2.1). A recent analysis of offshore seismic data from the East 

Irish Sea Basin has also concluded that this deformation persists further west, perhaps as 

far as Anglesey (Pharaoh et al., 2019). The reverse faults are considered the reactivation 

of normal fault precursors; however, previous authors have suggested that strike- or 

oblique-slip components may also play a role in the region. 

2.2.4.2 Implications for shale reserves and drilling locations 

The subsurface structure consisting of narrow compartments defined by faults with 

significant offset poses a direct challenge to shale gas exploration in the area. Stimulation 

of closely spaced, long-reaching lateral wells is necessary to produce hydrocarbons from 

tight formations at commercial rates, however, the structural configuration restricts where 

lateral drilling can confidently proceed within the desired Bowland Shale target. Taking 

into account the optimal drilling orientation (minimum horizontal stress azimuth of 80°), 

the maximum block width identified was within the Weeton Block, south of PH-1, where 

a width of 4.2 km was calculated (Figure 2.7). A common-risk segment map 

encompassing bedding dip and reflector character (Figure 2.7) was used to define 

segments where horizontal wells could be confidently drilled (i.e., areas with low bedding 

dips and good reflector continuity). Using this map, three areas could be determined: the 

Singleton Block (near GH-1Z), the south of the Weeton Block (near PNR), and in the 

northeast of the Elswick Graben. Cuadrilla Resources had planned a shale gas site in this 

latter region (named Roseacre Wood), however planning permission was refused in 2019 

(Ministry of Housing, Communities & Local Government, 2019). The maximum width 

of these segments as measured along minimum horizontal stress orientation was found to 

be ~2 km (Figure 2.7). 

2.2.4.3 Induced Seismicity 

Induced seismicity has presented an issue to hydraulic fracture operations in the area on 

two occasions. Firstly, in 2011, during a series of tests at the PH-1 vertical well and then, 

during full hydraulic fracture treatments at the PNR-1Z and PNR-2 horizontal wells 

between 2018 and 2019. The former resulted in seismic events of up to 2.3 local 

magnitude (ML) being detected and following analysis of the Bowland-12 seismic survey, 
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these were attributed to the reactivation of seismically-resolvable fault located directly 

southeast of the well (Clarke et al., 2014b). The seismic events associated with PNR-1Z 

operations reached 1.5 ML and were attributed to the reactivation of a small, sub-seismic-

scale fault between the PNR-1Z and PNR-2 wells (Clarke et al., 2019b).  

The orientation of our mapped faults with reference to the present-day stress field may 

help understand the increased levels of induced seismic observed in the Bowland Shale. 

The maximum horizontal stress orientation in central and northern England is believed to 

lie around NNW-SSE (Kingdon et al, 2016), though analysis of borehole breakouts in 

PH-1 and GH-1Z suggest an orientation close to N-S (Clarke et al, 2018). Conversely, 

our mapped faults strike at a NE-SW orientation. This relationship suggests a potential 

for strike-slip reactivation, which is in alignment with Clarke et al (2019a)’s analysis of 

microseismic events associated with the hydraulic fracturing of PNR-1Z. They found that 

some of the largest events had focal mechanisms suggesting left-lateral strike-slip along 

a near-vertical fault striking NE-SW.   

While the interpretations made using 3D seismic data are limited to larger, seismically 

resolvable faults, the results of the study have important implications for mitigating 

induced seismicity of this nature. Firstly, they highlight the need to acquire 3D seismic 

before any hydraulic fracturing of wells in such a complex structural setting; exemplified 

by the events at PH-1. While these were attributed to the reactivation of a small fault 

southeast of the well, those authors’ analysis was based on a single event that occurred 

months after injection. Their analysis is not disputed; however, we point to a larger fault 

directly northwest of the well (Summerer Fault - Figure 2.6) and we speculate as to 

whether it could have played a role in the seismicity.  

Moreover, it is reasonable to assume that the large-scale deformation observed on the 

seismic data could be accompanied by intense, small-scale deformation, which was likely 

the cause of induced seismicity at PNR-1Z and PNR-2. While such features cannot be 

identified until wells are stimulated and microseismic trends can be analysed (as was 

conducted by Clarke et al. (2019b)), insight can be gained from studying suitable 

analogues. The nearby East Pennines Coalfield provides an excellent analogue where 

fault networks have been meticulously mapped and analysed (Bailey et al., 2005; 

Watterson et al., 1996). Those authors found that small-scale faulting beneath seismic 

resolution was pervasive, with throws as low as 0.91 m and with densities of 7.58 faults 

per km2 (Bailey et al., 2005). 
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2.2.5 Conclusions 
The following key points can be taken from the study: 

1. Deformation of the Lower Carboniferous in this portion of PEDL165 is much 

more complex than would appear from surface geology maps. Reverse faulting 

and folding in the area are owed to Variscan uplift and likely represents the buried 

extension of the Ribblesdale Fold Belt. Permo-Triassic extension overprints the 

Carboniferous structure, notably creating a depocenter in the east, termed the 

Elswick Graben. 

2. Within the footwall to the Thistleton Fault, the Lower Carboniferous sequences 

(including the Bowland Shale) are compartmentalised into four fault blocks, each 

defined by steep faults with reverse offset. Associated folding also results in steep 

bedding dips, particularly within the Weeton Block. 

3. The compartmentalisation and tilting have important consequences for shale gas 

exploration as it places limits on where lateral wells can be drilled and how long 

horizontal sections can be without encountering major structures. Such major 

structures, if critically stressed, may risk reactivation during hydraulic fracturing 

and thus, the size of any planned fracture treatment needs to also consider their 

location and stress state. 

4. Furthermore, this work highlights the need for operators to acquire and analyse 

3D seismic before conducting any hydraulic fracturing operations and poses 

questions such as whether sub-seismic faulting is pervasive in the area, and if so, 

how this may be mitigated for during future drilling and completion operations. 

2.3 Implications for the Thesis 
Fundamentally, this research paper sets the scene for the thesis chapters to follow. A key 

conclusion of the paper is that the Bowland Shale is compartmentalised into narrow fault-

bound compartments that, when measured along the minimum horizontal stress 

orientation (i.e. optimal drilling azimuth), do not exceed 2 km in width where seismic 

reflectivity is strong, and bedding is relatively flat. These narrow blocks both restrict the 

distance over which a lateral well can be drilled and restrict the locations where 

completion stages may be located along that lateral well. A slight misalignment between 

the typical fault azimuth (~210-225°) and estimates of maximum horizontal stress (~170°) 

places further restrictions as hydraulic fractures propagating in the direction of maximum 

horizontal stress may encounter cross-cutting faults near the edges of the fault blocks. 

This issue is discussed further in Section 5.2.1. 
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However, with improvements in well technology, the concept of multi-lateral (i.e. several 

laterals drilled from the same vertical pilot well), stacked (i.e. targeting different 

stratigraphic intervals but in close spatial proximity) wells has been successfully deployed 

in many settings, most notably in the Permian Basin in the USA (this concept is discussed 

in Section 3.1). Such an approach relies on the target formation having several intervals 

with both sufficient reservoir quality and completion quality (i.e. geomechanical 

properties favourable to hydraulic fracturing). Furthermore, between these intervals, 

depending on the vertical separation, a stress barrier may be necessary to prevent vertical 

interference of fractures created in adjacent landing zones. The Bowland Shale is thick, 

but the systematic screening of such properties has not been conducted and this is 

addressed in Chapters 3 and 4. 

Additionally, understanding the possible spatial extent of hydraulic fractures will be key 

in avoiding significant structures when planning horizontal wells. The discord between 

maximum horizontal stress and fault orientation discussed above means that 

understanding how far fractures may propagate into the target formation is key to 

determining how close completions can be placed near to faults in such a complex 

structural setting. This is addressed, in addition to determining the presence of stress 

barriers and fracture characteristics through a series of fracture simulations presented in 

Chapter 5. 

3 RESERVOIR QUALITY ASSESSMENT USING 
PETROPHYSICS AND ROCK PHYSICS 

3.1 Introduction 
The structural setting of the northern portion of PEDL165 (Figure 1.6), which 

corresponds to the western section of the Craven Basin (Figure 2.1), is one that is 

characterised by significant deformation that compartmentalises the Bowland Shale 

resource and places restrictions on where long, horizontal wells may be drilled. Such 

wells are a necessity when exploiting tight reservoirs to stimulate as much of the target 

formation as possible, create a complex fracture network and ultimately unlock 

hydrocarbons from the low-permeability matrix. To ensure commerciality, the average 

length of a horizontal well section has increased dramatically in recent years. Within the 

Barnett Shale, considered the first successfully exploited shale gas play, horizontal well 

lengths vary between 600 m and 1800 m (Yuan et al., 2017), but in 2019, the average 

horizontal well section drilled within the prolific Permian Basin was more than 2500 m 
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(Rystad Energy, 2019). Potential, future horizontal sections in this order of magnitude are 

unlikely to be achieved in the study area without intersecting major compartment-

bounding faults. 

However, the Bowland Shale is substantially thicker than many of the productive shale 

plays of the USA. In Andrews (2013)’s resource evaluation, the combined thickness of 

the Bowland Shale and underlying Hodder Mudstone was estimated to reach 1900 m, 

while Kirby et al. (2000) estimated a maximum thickness of 4000 m from seismic 

interpretation (however their estimate included older, Tournaisian-age sequences). In the 

PH-1, GH-1Z and Th-1 wells, the Bowland Shale is 750-1000 m thick, although these 

wells reach total depth before encountering the base of the LBS. These thicknesses 

significantly exceed that of the typical values for the Barnett Shale, Eagle Ford Shale and 

Marcellus Shale which attain a gross thickness of 300 m, 100 m and 60 m respectively 

(Jarvie, 2012).  

While the Barnett (Andrews, 2013) and Marcellus (Harrison et al., 2019) shales are often 

quoted as the most appropriate analogues for the Bowland Shale, partly due to their age, 

depth or mineralogical content, insight into how production may ultimately be achieved 

from the Bowland Shale can be gained by studying the prolific Wolfcamp Formation of 

Texas. The Wolfcamp Formation is very thick (the maximum drilled thickness is 1200 m 

(Blomquist, 2016)) and heterogeneous (Yates et al., 2013). There are five stratigraphic 

pay zones (‘benches’) (Schwartz et al., 2015), and the targeting of these with stacked 

multi-lateral wells has led to a boom in production from the formation in the past 10 years. 

Multi-lateral wells consist of more than one wellbore drilled from the main wellbore (von 

Flatern, 2016). The stacking of such laterals allows for multiple stratigraphic intervals to 

be targeted from a single vertical section (Figure 3.1), thus reducing drilling and 

completion costs. By 2018, over 7000 horizontal wells had been completed within the 

Wolfcamp interval harnessing this approach across the Midland and Delaware Basins 

(Roth and Roth, 2018). Production from the Bowland Shale using stacked lateral wells 

has been very briefly mentioned in the literature (Clarke et al., 2018, 2014a) but without 

detailed analysis detailing if multiple prospective intervals exist in the shale and how they 

may be targeted. 
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Figure 3.1 Example of a stacked well setup targeting the Wolfcamp Formation (Alimahomed et al., 2018). Lateral 

wells are stacked on the same vertical plane but target reservoirs at different depths. 

The potential for stacked production in the Bowland Shale will be reliant in part on the 

presence of multiple intervals holding the necessary properties for effective hydraulic 

fracturing and the sustained production of gas. Some authors have separated these 

properties for shales into Reservoir Quality (RQ) and Completion Quality (CQ) 

categories (Shim et al., 2011; Suarez-Rivera et al., 2011). RQ relates to the formations’ 

ability to store and produce hydrocarbons (e.g. porosity, permeability, organic content 

and pore pressure) and CQ relates to the geomechanical characteristics of the formation 

that determine how it responds to hydraulic fracture stimulation (i.e. vertical fracture 

containment, fracture geometry and conductivity). We follow this scheme broadly, 

addressing RQ within this chapter and CQ within Chapter 4. Some authors have addressed 

either one or several of these properties specifically for the Bowland Shale (e.g. (Clarke 

et al., 2018, 2014a; Hennissen et al., 2017; Hough et al., 2014; Slowakiewicz et al., 2015)) 

but these studies have mainly been focused on the analysis of core samples, and a 

systematic examination of the stratigraphic variability in the properties within a single 

well has not been conducted. 

Moreover, the seismic character of the Bowland Shale has been subjected to very little 

study in the literature. With the growing acquisition and public release of 3D seismic 

surveys over Bowland Shale acreage (e.g. Bowland-12 accessed in Chapter 2 and East 
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Midlands-17 due for public release in 2023), an understanding of the relationship between 

rock properties and seismic properties would be fundamental to any pre-stack inversion 

studies and may assist with well planning and identification of the regions with best 

production capabilities.  

In this chapter, we aim to conduct a petrophysical examination of the Bowland Shale 

using wireline log data at PH-1. A rock physics model is established to link calculated 

rock properties to elastic properties and produce rock physics templates. We build 

towards an analysis of the intervals within the PH-1 well that hold the best RQ and 

consider how these might be interpreted from seismic data. In Section 3.2, some context 

is provided regarding the sources of heterogeneity in the shale and consideration given 

for how these may be represented using effective medium models. In Section 3.3, we 

explain how some of the petrophysical properties were calculated and how the rock 

physics model was then constructed. Section 3.4 details the outcomes of the isotropic and 

anisotropic modelling, presents the rock physics templates and considers the zones in the 

well with the best RQ. In Section 3.5, we discuss how our contribution relates to previous 

studies of the Bowland Shale, what role natural fractures may play in interacting with 

hydraulic fractures and their effect on production, how our templates may be combined 

with seismic data to be used a predictive tool for determining future well locations and 

what the implications are for the identification of prospective intervals in the Bowland 

Shale. 

3.2 Background 
3.2.1 PH-1 Lithostratigraphy and Wireline Character 
The PH-1 well was drilled by Cuadrilla Resources between 16th August and 3rd 

December 2010 in the Fylde region of Lancashire, NW England (Figure 1.6; Table 1.1). 

As it was designed with the purpose of shale gas evaluation several specialised wireline 

logging runs (Table 1.2) and core studies (Table 1.3) were undertaken, and these datasets 

were accessed for this study via the BGS. The well was spudded in an area where Triassic 

Mercia Mudstone outcrops (Figure 2.1 and 2.2) and it penetrated a 1250 m thick Permian-

Triassic sequence consisting of Mercia Mudstone, Sherwood Sandstone, Manchester 

Marl and Collyhurst Sandstone (Figure 3.2). The uppermost Carboniferous (Stephanian 

Stage) is missing, and the Collyhurst Sandstone lies unconformably above a thin 

Westphalian Lower Coal Measures. A thick Visean-Namurian sequence underlies this 

consisting of 700 m of Millstone Grit and 725 m Bowland Shale. The well reaches total 

depth in the LBS at 2715 m TVD. 
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Figure 3.2 illustrates a selection of the wireline logs at PH-1 accessed in this study. Tracks 

3-7 illustrate the Gamma Ray (GR), Bulk Density (RHOB), Neutron Porosity (NPOR), 

Compressional Sonic (DTC) and Deep Resistivity (DDLL). These are spliced from a 

shallow (~600-1400 m) and deep (~1400 m-total depth) logging run resulting in an 

absence of some data where they join. Tracks 8-10 illustrate the Uranium Concentration 

(GRUR), Fast Shear Slowness (DTS-FAST) and Slow Shear Slowness (DTS-SLOW). 

These are only available for the deeper logging run. The shallowest logging is within the 

Sherwood Sandstone. The Manchester Marl is characterised by very low GR, low RHOB 

and high DDLL zones indicative of evaporites. These produce a strong impedance 

contrast, useful in mapping the Base-Permian Unconformity (Chapter 2). Very low 

RHOB values and high DTC and DTS readings within the Millstone Grit are accompanied 

by high Caliper values indicating washout within the associated shales. These washout 

zones, that are also present in more discrete intervals in the Bowland Shale, cause 

uncertainties regarding the true RHOB response, which is further discussed in Section 

6.1.1. The UBS displays clear heterogeneity shown by the varying GR response. An 

increase in GRUR near the top of the UBS suggests an enrichment in organic matter. 

Further washout sections evidenced by very low RHOB values exist but are confined to 

thin intervals. The LBS displays a different character; one of alternating thicker high GR 

units interbedded with low GR units. The low GR units belong to the Pendleside 

Sandstone Member. (Figure 2.2), and while these are relatively thin in the PH-1 well, they 

can reach up to 300 m thickness in the Clitheroe area (Clarke et al., 2018). Three of the 

LBS high GR units (shales) were penetrated before the well reached total depth.  
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Figure 3.2 Wireline log character at PH-1. The primary shale gas target is the Upper and Lower Bowland Shales at 
the base of the well. The overburden consists of a full Millstone Grit sequence and a thin, incomplete, Lower Coal 
Measures. A significant unconformity separates the Lower Coal Measures from Permo-Triassic Manchester Marl, 

Sherwood Sandstone and Mercia Mudstone (not logged). 

3.2.2 Lithological Heterogeneity in the Bowland Shale 
The wireline log signature of the Bowland Shale is one characterised by variability in 

rock properties and this is owed, in part, to the mineralogical heterogeneity of the 
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formation. The heterogeneity observed can be related to the complex and dynamic 

relationship between tectonic and sedimentary processes active during deposition of the 

shale (the Visean and Namurian periods). The LBS is a hemipelagic mudstone that 

accumulated during the Visean within several isolated syn-rift basins separated by 

shallow platforms on which extensive shelf carbonates were deposited (Corfield et al., 

1996; Fraser and Gawthorpe, 1990). During this time, the carbonate platforms were 

flanked by reefs that effectively cut the supply of detrital carbonate into the basins, 

leading to the development of a dysaerobic, stratified water column (Kirby et al., 2000). 

As a result, LBS mudstones are typically calcareous, locally organic-rich, and 

predominantly reflect low-energy turbidite deposition (Newport et al., 2018). The thick 

low GR units observed at the base of PH-1 are coarse sandstones of the Pendleside 

Sandstone Member (Figure 2.2 and Figure 3.2) (Clarke et al., 2018) which represent 

higher-energy turbidites, possibly sourced from coastal deltas to the north (Kirby et al., 

2000). 

The boundary between the LBS and UBS is taken at the Visean-Namurian boundary 

which also marks a change in regional tectonics from syn-rift to post-rift subsidence 

(Fraser and Gawthorpe, 1990). Throughout the Namurian period, the deltas already 

established in the Midland Valley of Scotland and NE England prograded southwards and 

their influence was reflected in the progressive infilling of the previous syn-rift 

depocenters (including that of the Craven Basin) with increasingly coarse clastic material 

(Fraser et al., 1990; Fraser and Gawthorpe, 2003). In PH-1, the Namurian UBS consists 

predominantly of mudstone with varying silt content, thin sandstones and thin 

dolomitized limestones (Clarke et al., 2018). Marine transgressions (‘marine bands’) are 

a prominent feature and are visible on the wireline logs as thin, high GR intervals. 

Emmings et al. (2020) observed these features in adjacent boreholes and outcrops 

confirming these as pelagic/hemipelagic carbonate and fossil-rich mudstones.  

This macro-scale heterogeneity in lithology types described above also manifests at 

micro-scale. A range of micro-textures (relating to the degree of lamination and/or 

predominant mineralogy), organic matter types and fracture styles have been 

characterised within samples taken from PH-1 cores (Fauchille et al., 2018, 2017) and 

those authors suggest that depositional variability is a strong control on the heterogeneity 

observed. Taking these multi-scale observations of rock character together, it is apparent 

that the Bowland Shale is a mineralogically and texturally complex formation. How this 

heterogeneity manifests in terms of in reservoir and geophysical properties requires 
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further petrophysical and rock physical characterisation which is undertaken later in this 

chapter.  

3.2.3 Seismic Anisotropy in the Bowland Shale 
An important phenomenon when considering the geophysical behaviour of shale is 

anisotropy in elastic properties. Seismic anisotropy can be most simply defined as the 

‘dependence of seismic velocity upon angle’ (Thomsen, 2002). The phenomenon is 

caused by the preferential alignment of minerals, pores, or fractures, and is particularly 

acute within mudstones. A material with anisotropic elastic properties is theoretically 

represented in Hooke’s Law by a complex, fourth-rank elastic stiffness tensor of 81 

independent parameters (Mavko et al., 2009). However, in practice, a plane of symmetry 

is often imposed, allowing the tensor to be significantly reduced to a manageable five 

constants. Therefore, shale is commonly referred to as transversely isotropic with either 

a vertical plane of symmetry (VTI) (i.e. fabric is bedding-parallel) or transversely 

isotropic with a horizontal plane of symmetry (HTI) (i.e. fabric is bedding-normal). Voigt 

notation is commonly used to represent the elastic stiffness tensor (cij), which for a 

transversely isotropic (TI) medium is (Mavko et al., 2009): 

 

𝑐𝑐𝑖𝑖𝑖𝑖 =  

⎝

⎜
⎜
⎛

𝑐𝑐11 𝑐𝑐12 𝑐𝑐13 0 0 0
𝑐𝑐12 𝑐𝑐11 𝑐𝑐13 0 0 0
𝑐𝑐13 𝑐𝑐13 𝑐𝑐33 0 0 0
0 0 0 𝑐𝑐44 0 0
0 0 0 0 𝑐𝑐44 0
0 0 0 0 0 𝑐𝑐66⎠

⎟
⎟
⎞

 , where 𝑐𝑐66 = 1
2

(𝑐𝑐11 − 𝑐𝑐12) 3-1 

The concept of shale anisotropy was developed in three key early laboratory studies. 

Kaarsberg (1959) was first to recognise the phenomenon using ultrasonic velocity 

experiments, associating differences in horizontal and vertical P-wave velocities with 

degrees of preferential clay alignment quantified from XRD analysis. Here, the concepts 

of rotational symmetry and shale as a TI medium were first used. Podio et al. (1968) 

expanded on this, conducting ultrasonic velocity experiments on Green River Formation 

shale samples taken at varying orientations to bedding. The effects of confining pressure, 

fluid saturation and angle of propagation on P and S-wave velocities, in addition to their 

associated dynamic elastic moduli, were studied. Jones and Wang (1981) were then the 

first to compare laboratory-derived P and S-wave anisotropy with downhole sonic data. 

They recognised VTI behaviour in the shales, observing bedding-parallel velocities 

greater than those perpendicular to bedding before using Scanning Electron Microscope 

(SEM) images of the shale samples to correlate anisotropy with mineral alignment. 
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While there is only limited evidence to suggest seismic anisotropy may be a strong feature 

of the Bowland Shale, aligned fabrics within the shale have been documented in some 

studies. One such fabric is the presence of natural fractures, which are prevalent in the 

PH-1 well. Some of these are open, but many are mineral (usually calcite)-filled and are 

usually oriented perpendicular or at high angles to bedding (Clarke et al., 2018; Fauchille 

et al., 2017), suggesting HTI behaviour. Clarke et al. (2018) demonstrate how these can 

be observed on core samples (Figure 3.3b) and thin sections, whereas Fauchille et al. 

(2017) identify them using SEM images (Figure 3.3c). These fractures are also of 

sufficient aperture to be imaged on micro-imagery log data and can be seen to intersect 

bedding at high angles as represented by the high amplitude sinusoid geometry (Figure 

3.3a and d). 

 
Figure 3.3 A collection of images illustrating the presence of natural fractures within the Bowland Shale (after 

Clarke et al., 2018 and Fauchille et al., 2017). A full caption is provided in the inset text box. 

Furthermore, there is some evidence that these sub-vertical features correspond to shear-

wave anisotropy. This anisotropy is characterised by the cross-dipole sonic tool, which 
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measures the shear-wave splitting (SWS) effect; where the shear-wave is polarised into 

fast and slow shear waves upon entering an anisotropic medium (Liu and Martinez, 2012). 

As this polarisation can often be attributed to the presence of aligned fractures in the 

logged formation (Esmersoy et al., 1995), it has become a popular tool for unconventional 

reservoir characterisation. The phenomenon is not restricted to downhole logging, 

however, and it has been demonstrated that SWS can also be used to determine fracture 

sets from reflection seismic (Davis et al., 2003; Shuck et al., 1996), vertical seismic 

profiles (Winterstein et al., 2001) and microseismic events (Verdon et al., 2009; Verdon 

and Kendall, 2011). 

Figure 3.4 presents some examples of the shear-wave anisotropy response alongside the 

micro-imagery log. While shear anisotropy is generally low, locally high values can be 

observed in areas where sub-vertical fractures and/or wider fracture zones are present. 

These manifest as high amplitude sinusoids on the micro-imagery log and chaotic zones 

without clear character (Figure 3.4 – middle and right). However, the greatest shear-wave 

anisotropy readings appear to correspond to zones of induced, rather than natural 

fractures, which produce symmetrical, borehole-parallel high conductivity features that 

cut across bedding (Figure 3.4 – left). In each case, the presence of sub-vertical features 

approximately normal to bedding can be taken as evidence of HTI behaviour, which is 

then quantified by the shear wave anisotropy log. However, the impact of drilling-related 

features can clearly overprint the anisotropy response caused by natural fractures and thus 

these zones need to be treated with caution. 

As discussed previously, VTI anisotropy is also known to be prevalent in shales due to 

the presence of bedding-parallel features (e.g. laminated clays or aligned kerogen and/or 

pores). However, there is no clear evidence to suggest that this is a significant 

phenomenon in the Bowland Shale. Clarke et al. (2019a) show how micro-imagery log 

data can be used to identify strong layering of shales and carbonates but also conclude 

that both the anisotropy wireline log data and the ultrasonic velocity experiments 

demonstrate negligible anisotropy in elastic properties. Fauchille et al. (2017) highlighted 

the presence of a ‘strongly laminated’ facies in the shale and identified bedding-parallel 

microcracks filled with bitumen which all may influence seismic anisotropy, but at 

present, there is no data to quantify the degree of influence. 

Further work is needed to determine the effect of VTI fabrics on the anisotropy of the 

Bowland Shale. Ultrasonic velocity experiments conducted on core samples oriented at 

different angles to bedding/lamination would be required to fully quantify the degree of 
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TI anisotropy. For an accurate characterisation, measurements on three core plugs 

(oriented normal to, 45° to and parallel to bedding) are required (Vernik and Nur, 1992). 

However, the preparation of such samples (particularly those at 45° to bedding) can be 

challenging due to shale’s friability, which led Wang (2002) to propose a method whereby 

transducers could be placed at different orientations to bedding on a single sample. 

However, both these methods require access to core samples of sufficient size to obtain a 

large plug for the velocity experiments. The friable nature of shale, combined with the 

presence of natural fractures often leads to poor core recovery and makes the collection 

of such samples challenging.  

The upscaling of such studies to wireline log and/or seismic data also poses an additional 

challenge. Accurately measuring the degree of VTI anisotropy and gaining an 

understanding of the inherent causes of it can better inform modelling work at the larger 

scale (i.e. wireline log or seismic scale), but upscaling these effects can be troublesome. 

Laboratory measurements can only be performed on either intact samples or samples with 

healed (i.e. mineralised) fractures that may not be representative of the fractured rocks at 

depth. Furthermore, the relative contributions of micro-scale features that affect VTI 

anisotropy to anisotropy measurements acquired at the broader scale (e.g. shear-wave 

splitting) is uncertain. 

 
Figure 3.4 Micro-imagery and shear anisotropy logs plotted for three depth intervals within the Bowland Shale at 

PH-1. Shear anisotropy appears to be greatly influenced by fractures. In the case of the middle and right plots, sub-
vertical fractures (shown as sinusoidal shapes) appear to be causing the anisotropy, whereas, on the left plot, 

vertical, induced fractures appear to be the main cause. 

3.2.4 Effective Medium Models 
In this work, a rock physics model is built to characterise the elastic properties of the 

Bowland Shale, the foundation of which is built on Effective Medium Theory (EMT). 
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EMT allows for the mixing of multiple constituents (i.e., minerals, pores, or fluids) 

considering their volume fraction, elastic properties and shape. This section introduces 

some of the effective medium models commonly used for shale rock physics modelling. 

Many of the concepts are taken from Mavko et al. (2009), and several other authors have 

also produced detailed reviews of the use of effective medium models for shales (Guo 

and Liu, 2018; Zhang, 2017; Zhang et al., 2017). 

3.2.4.1 Bounds 

The simplest type of effective medium model involves the computation of upper (stiff) 

and lower (compliant) bounds which represent the complete range of elastic properties 

possible for that mix of phases without making any assumptions regarding the geometry 

of the phases. In the field of rock physics modelling, a phase refers to a mineral, pore or 

fracture, the latter two of which can be dry, or fluid-filled. An average of the two bounds 

is often taken as the final composite property. Two types of bounds are popular, the 

Hashin-Strikman (HS) (Hashin and Shtrikman, 1963) bounds and the Voigt-Reuss 

bounds (Reuss, 1929; Voigt, 1910). The Voigt-Reuss bounds represent the broadest 

bounds (Figure 3.5) and assume isostrain conditions in the upper (Voigt) bound, and 

isostress conditions in the lower (Reuss) bound. The Voigt-Reuss-Hill (VRH) average 

takes the mean of the upper and lower bounds. The Hashin-Strikman bounds form a 

slightly narrower set of bounds (Figure 3.5) that seek to minimize the strain energy 

imposed by mixing the materials. While the lower bounds match, Figure 3.5 illustrates 

the difference in upper bounds between the two models. If the two mineral phases being 

mixed hold similar elastic properties (e.g. calcite, dolomite), there is little difference 

between the upper and lower bounds and in this scenario, taking either the VRH or HS 

average is a popular technique. 
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Figure 3.5 Theoretical plots of quartz/pore mixtures using Hashin-Strikman (HS) and Voigt-Reuss bounds. The Reuss 
and HS-lower bounds are equal, but the HS-upper forms a narrower bound than the Voigt bound. As water has no 

shear strength, the resulting shear modulus drops to zero upon addition of any pores (right). 

3.2.4.2 Inclusion Models 

Inclusion models consider the elastic effect of adding weak inclusions (usually pores) into 

a stronger host (the rock matrix). The result is a weakening of the bulk properties with 

increasing inclusion fraction. A popular approach is Kuster-Toksӧz (KT) (Kuster and 

Toksöz, 1974) method which is derived from long-wavelength scattering theory and 

considers the placement of randomly orientated inclusions of a given shape within a 

background matrix. Berryman (1980) summarized their equations as: 

 
(𝐾𝐾𝐾𝐾𝐾𝐾∗ − 𝐾𝐾𝑚𝑚)

(𝐾𝐾𝑚𝑚 + 4
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(𝐾𝐾𝐾𝐾𝐾𝐾∗ + 4
3 𝜇𝜇𝑚𝑚)
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Where K and μ are the bulk and shear moduli respectively, subscripts KT, m and i refer to 

the composite, matrix, and inclusion properties, respectively and 𝜁𝜁 = 𝜇𝜇
6

(9𝐾𝐾+8𝜇𝜇)
6(𝐾𝐾+2𝜇𝜇)

. The 

summation is over the different inclusion types with volume concentration xi. 

The coefficients P and Q are commonly referred to as polarization factors (Berryman et 

al., 2002). They can be calculated either through assuming a specific ellipsoid geometry 

(Eshelby, 1957) or using Wu (1966)’s tensor relating the far-field strain to the strain 

within the inclusion. Both approaches were presented by Berryman (1980). 

 
Figure 3.6 Theoretical plots of quartz/pore mixtures using KT theory. The different curves correspond to different 
aspect ratios (ε) of pores. At high concentrations of low aspect ratio pores, the effective medium drops to less than 

zero strength. 
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Figure 3.6 illustrates the adding of fluid pores of different aspect ratios (ε) into a quartz 

matrix. Note the elastic moduli fall beneath zero when the inclusion fraction is greater 

than the matrix fraction. A shortcoming of the KT approach is the assumption that the 

pore (or crack) concentration is dilute, i.e. the porosity must be substantially smaller than 

the aspect ratio of the pores (Xu and White, 1995). This led Berryman (1980) to introduce 

the concept of self-consistency (Self-Consistent Approximation, SCA) (following the 

work of O’Connell & Budiansky (1974)) which removed the need to define a background 

material and allowed for the interactions between pores to be accounted for. 

Conceptually, the background host is instead replaced by an unknown effective medium 

and the solution developed iteratively (Fjær et al., 2008): 

 
�𝜒𝜒𝑖𝑖(𝐾𝐾𝑖𝑖 − 𝐾𝐾𝑆𝑆𝑆𝑆∗ )𝑃𝑃∗𝑖𝑖 = 0
𝑁𝑁

𝑖𝑖=1

 3-4 

 
�𝜒𝜒𝑖𝑖(𝑢𝑢𝑖𝑖 − 𝑢𝑢𝑆𝑆𝑆𝑆∗ )𝑄𝑄∗𝑖𝑖 = 0
𝑁𝑁

𝑖𝑖=1
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Where Ki and μi are the bulk and shear moduli of the i-th constituent of volume fraction 

χi and Ksc and μsc are the bulk and shear moduli of the self-consistent approximate. 

Another approach to solving the porosity-aspect ratio problem is to incrementally add 

very small amounts of the inclusion into the host (Differential Effective Medium, DEM), 

calculating the properties of the new effective medium at each step (Xu and White, 1996, 

1995). Both SCA and DEM allow for high concentrations of inclusions to be modelled 

without the resulting elastic moduli dropping beneath the elastic modulus of phase 2. This 

is exemplified in Figure 3.7. 
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Figure 3.7 Theoretical plots of quartz/pore mixtures using K-T, Berryman SCA and DEM theories. The aspect ratio 
of the pores is maintained at 0.1 in each case. The SCA and DEM techniques allow high concentrations of low aspect 

ratio pores to be modelled without the effective medium dropping to less than zero strength. 

3.2.4.3 Anisotropic Models 

Inclusion models such as SCA and DEM can be modified to consider the anisotropic 

effect of aligned inclusions. Hornby et al. (1994) extended the work of Berryman (1980) 

to consider the use of SCA and DEM to model anisotropic properties of aligned clay/fluid 

composites. They replaced the polarization factors, P and Q with the definition of a 

fourth-rank tensor G (after Eshelby (1957) and Mura (1987)), representing the strain felt 

by a single ellipsoidal inclusion in an unbounded isotropic medium. Jakobsen et al. (2000) 

and Bandyopadhay (2009) present the full equations for G. Hornby et al. (1994) vary the 

degree of alignment using an orientation distribution function (ODF) (Johansen et al., 

2004; Sayers, 1994). As previously mentioned, aligned fabrics observed in the Bowland 

Shale may cause anisotropy in elastic properties, however, there is little evidence 

available currently to support this and justify the need to incorporate anisotropy due to 

aligned clays, pores or kerogen. 

However, the anisotropic effect of aligned fractures is considered in the rock physics 

model. Crack models consider very thin ellipsoids added into a host matrix. The Hudson 

model (Hudson, 1981, 1980) for weak inclusions is based on a scattering theory analysis 

of the mean wavefield within an elastic solid with thin, aligned penny-shaped ellipsoidal 

cracks (Mavko et al., 2009). This modelling approach has been applied to investigate the 

anisotropic effect of bedding-parallel microcracks; known to develop in kerogen-rich, 

thermally mature shales (Vernik, 1994) during the hydrocarbon generation (Vernik, 1993; 

Vernik and Liu, 1997). The Hudson model can consider bedding-parallel (VTI), bedding-

normal (HTI) or multiple sets of cracks (orthorhombic) of different aspect ratios and crack 

densities so is, therefore, a very flexible model. In this work, it is used to add vertical, 

bedding-normal cracks to replicate the vertical or sub-vertical fractures discussed in 

Section 3.2.3. 

3.3 Methodology 
3.3.1 Rock Properties 
Full characterisation of a shale gas reservoir requires the integration of various scales of 

data and the degree of uncertainty associated with these datasets increases with increasing 

scale of coverage. Core testing provides accurate quantification of mineralogy, TOC, 

porosity, permeability and saturation however sample sizes are often limited. Wireline 

logging provides continuous measurements of various physical properties every 0.1524 
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m (though actual bed resolution varies by tool type) however these often require 

transformation into relevant rock properties. Seismic data provides 3D measurements of 

reflectivity at 10s-metre resolution however well logs are required to produce a 

meaningful inversion and generate predictions of rock or reservoir properties. The first 

step in performing a petrophysical analysis of the RQ at PH-1 and generating data for the 

rock physics model is to calculate continuous logs of mineralogy, TOC, porosity, and 

saturation. Throughout the analysis, attempts were made to honour any information from 

PH-1 core reports (Table 1.3), including mineralogical data from XRD, porosity and 

saturation data from Hg immersion/He pycnometry and TOC data from Source Rock 

Analyzer (SRA) pyrolysis. 

3.3.1.1 Mineralogy Logs - Elemental Log Analysis (ELAN) 

Determining complex mineralogy from wireline logs is a challenging task in the shale 

reservoirs. Spectroscopy logging provides quantitative lithology measurements derived 

from direct measurements of elemental yields within the formation (e.g. Elemental 

Capture Spectroscopy (Herron and Herron, 1996)) but may not be included as part of a 

standard wireline logging suite, and was not run at PH-1 (Table 1.2). Determining 

quantitative lithology using traditional logging suites is achieved more often using a 

multi-mineral inversion approach, such as that followed by Schlumberger’s Elemental 

Log Analysis program (ELAN (Quirein et al., 1986)). 

The ELAN program is included within Schlumberger’s Techlog petrophysical software 

and was accessed for this work. Analysis of wireline logs is the inverse of the forward 

problem stated as (Quirein et al., 1986): 

 𝑡𝑡 = 𝑅𝑅𝑅𝑅 3-5 

Where t is the tool vector consisting of the log readings at a certain depth, R is the 

response matrix of constant parameters and v is the volume component vector. The aim 

of multi-mineral inversion is determining v, given a series of tool measurements, t and a 

user-defined response matrix, R. The inversion approach (Mayer and Sibbit, 1980) 

involves iteratively solving the above forward problem, minimizing the error between 

reconstructed tool response and actual tool response (Quirein et al., 1986). If a fixed 

response matrix is assumed, the volume of each component can be inverted for in this 

approach.  

Prior knowledge of the typical mineralogical assemblages within the formation is 

required, as should an understanding of the appropriate logs to be used as input. The 
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program can invert for the same number of mineralogical components as input log 

measurements plus one (Quirein et al., 1986). The tool response for each mineral must 

also be known (e.g. the RHOB log in a 100 % quartz formation will read 2.65 g/cm3). In 

practice, response parameters would be extracted from a database using adjacent wells 

and/or lab studies. In this work, the response parameters were kept at program defaults 

(Schlumberger, 2019) (Table 3.1). As quartz and carbonate (specifically calcite) are 

relatively stable minerals with predictable acoustic, density and neutron properties, we 

consider the use of well-accepted software defaults as acceptable. Using a single, 

software-provided constant for mixed clay with variable mineralogy and with some 

uncertainty over, for example, the elastic properties of individual clay minerals (Zhang et 

al., 2017) is recognised as a potential drawback of this approach. However, when 

subsequently evaluating our model performance, we found reasonable fits to core 

mineralogy data with these parameters. 

Three wireline logs that are strongly influenced by lithology were selected for use in the 

ELAN model: NPOR, RHOB and DTC. Throughout the inversion, reconstructed tool 

measurements were compared with actual measurements to ensure errors were kept to a 

minimum. Log outputs were also compared with core XRD information to ensure 

reasonable results. Figure 3.8 (tracks 3-5) illustrates the adequate correlations achieved 

between the core and log data. 

  Bulk Density 
(g/cm3) 

Neutron 
Porosity (v/v) 

Compressional Slowness 
(μs/ft) 

Clay 2.63 0.37 55.3 

Quartz 2.65 -0.03 55.5 

Carbonate 2.71 0 47.5 
Table 3.1 Default response parameters for the three log inputs to the ELAN model for the three minerals to be 
inverted. The neutron porosity log is calibrated to limestone, which results in a zero-porosity value for pure 

limestone and a negative reading for quartz.  



48 
 

 
Figure 3.8 Log display illustrating the key input logs to the rock physics model, also displaying core analysis data 
where available. Mineralogy and porosity (tracks 3-5 and 7) are derived from the ELAN inversion model. Kerogen 
concentration (track 8) is derived from a linear regression model fitted to GRUR and core TOC (Section 3.3.1.2 for 

details). Water saturation (track 9) is estimated using the Indonesia method (see Section 3.3.1.3 for details). 

3.3.1.2 TOC and Kerogen Fractions 

Several approaches exist to determining TOC and Kerogen concentrations from wireline 

logs. The most popular methods include developing empirical correlations with 

laboratory TOC measurements (Fertl and Chilingar, 1988) or the analysis of the 

separation between porosity-based and fluid-based logs (ΔlogR) (Passey et al., 1990). As 

this latter approach is largely based on the elevated resistivity response due to liquid 

hydrocarbons it is not always transferable to overmature gas shales and therefore is not 

followed in this work. 
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Of the different correlations proposed between wireline logs and TOC, one of the 

strongest involves Uranium concentration (GRUR; Figure 3.2). As authigenic Uranium 

precipitates at the sediment-water interface under anoxic conditions and accumulates 

along with organic matter, Uranium and TOC have been shown to strongly correlate 

(Lüning and Kolonic, 2003; Supernaw et al., 1978). In the Bowland Shale, we observe 

high Uranium concentrations, particularly within the UBS, up to 10 ppm and 

corresponding to total GR readings of ~200 API (Figure 3.2). Using this log data and 

TOC measurements available from core data (Table 1.3), a linear correlation is 

established: 

 𝑇𝑇𝑇𝑇𝑇𝑇 = 0.015 ∗ 𝑈𝑈𝑈𝑈 − 0.02 3-6 

Where TOC is measured as a fraction and Ur is in ppm. TOC was then converted to 

Kerogen using the approach of Herron & Le Tendre (1990) and Vernik & Nur (1992): 

 𝑉𝑉𝐾𝐾 =
𝑇𝑇 ∗ 𝑇𝑇𝑇𝑇𝑇𝑇 ∗ 𝜌𝜌𝑏𝑏

𝜌𝜌𝑘𝑘
 3-7 

Where C is a TOC to Kerogen conversion factor. While the maturity of the Bowland 

Shale at PH-1 makes it difficult to infer original kerogen type (Clarke et al., 2018), it is 

generally believed to consist of a mixture of Types II (marine) and III (terrestrial) 

(Andrews, 2013; Clarke et al., 2018; Hennissen et al., 2017; Slowakiewicz et al., 2015). 

For these kerogen types, situated in the gas window, Tissot & Welte (1978) suggest a 

conversion factor around 1.2 is suitable, which we follow in our calculations. ρb is the 

RHOB log reading and ρk is the density of kerogen. The density of kerogen will vary with 

maturity, which itself varies with depth of the Bowland Shale in the PH-1 well. Clarke et 

al (2018) demonstrate vitrinite reflectance (Ro) to vary between 1.5 and 2.25 

(corresponding to the early-wet gas to early-dry gas window). For this maturity range, 

kerogen densities of around 1.4g/cm3 to 1.5g/cm3 are reasonable (Alfred and Vernik, 

2013), and in our calculations we set the parameter to 1.4 g/cm3. Kerogen concentration 

is plotted alongside measurements from core data (calculated from TOC using the same 

approach) for comparison in Figure 3.8 (track 8). 

3.3.1.3 Water Saturation 

Estimation of water saturation is a challenging task in shales with many of the well-

adopted methods developed on clean or shaly reservoir sands. While this thesis does not 

address the calculation of water saturation in detail, a method considered most applicable 

in shaly settings (the Indonesia method proposed by Poupon & Leveaux (1971)) was 
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picked to determine an approximation of saturation. The equation uses formation 

resistivity, the volume of shale/clay and porosity as follows: 
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Where Vsh is shale volume (taken as clay volume from the ELAN model), φ is porosity 

and Rt is formation resistivity. Picking appropriate values for tortuosity, cementation, and 

saturation exponents (a, m and n) can be a challenge. Values of 1, 2 and 2, are widely 

used in the conventional setting, however, these are appropriate only for clay-poor rocks 

with well-connected pores. Some authors have suggested that the cementation exponent 

is the fundamental parameter that should be adjusted in the case of shales, which led 

Malekimostaghim et al (2019) to conduct a laboratory study to determine a reasonable 

value for shale. We use their determined value of 1.6 in our calculations. The resistivity 

of water (Rw) and of shale (Rsh) are fixed at 0.03 and 5 respectively. This method provides 

a reasonable fit to the lower values of core-measured water saturation (Figure 3.8; track 

9) but does not accurately capture the higher core-derived values. 

3.3.1.4 Permeability 

The relationship of permeability and porosity is complex, and reservoir zones of similar 

porosity can exhibit markedly different permeabilities. This has led some authors to 

recognise the presence of “flow units” using cross-plots of core-derived porosity and 

permeability data (Aguilera, 2014; Corbett and Potter, 2004). In the absence of substantial 

core test data, permeability models become more uncertain, though fitting an exponential 

trend is often considered a reasonable approximation (Halliburton, 2019).  

Some limited effective porosity and matrix permeability core test results are available for 

PH-1 (Table 1.3), and while they were not sufficient in number to carry out a detailed 

rock typing exercise, they did allow the building of an approximate permeability model. 

Note that the core-derived matrix permeability values are very low, ranging from 2 to 50 

nD, which forms the lowermost limit of permeability for shales (see Section 1.1.4.4). 

Figure 3.9 illustrates a cross-plot for the Bowland Shale interval with an exponential 

curve fitted. This exponential function was used to estimate a continuous permeability 

from the ELAN porosity. The permeability curve was used in the final classification but 

not in the rock physics model itself. 
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Figure 3.9 Total porosity versus permeability cross-plot using data from core analysis at PH-1. The exponential 

regression was used to estimate a permeability log using ELAN porosity. 

3.3.2 Rock Physics Model 
In building a rock physics model for the Bowland Shale, two broad aims were pursued. 

Firstly, to account for the lithological heterogeneity described in Section 3.2.1 and 3.2.2, 

while honouring observations made regarding the fabric of the shale, and to investigate 

its impact on elastic properties. Secondly, given the observations of natural fractures 

within the shale and the effects on shear wave anisotropy (described in Section 3.2.3), to 

invert the Hudson crack density parameter (a metric that can be seen as a proxy for the 

density of natural fractures) and quantify the degree of anisotropy associated with it. 

3.3.2.1 Isotropic Model 

A rock physics model essentially seeks to transform rock properties (such as lithology, 

porosity, and fluid saturation) to elastic properties (Grana, 2014). In shales, the task is 

challenging due to the presence of complex microstructural fabrics, mineralogical 

variability, and the presence of microcracks and fractures which all, in turn, significantly 

affect the elastic properties of the rock. Therefore, rock physics models for shales usually 

involve multiple modelling steps and utilise several numerical algorithms to best 

approximate the rock’s complex physical properties and account for anisotropy. Figure 

3.10 illustrates schematically the steps involved in building the rock physic model herein, 

drawing upon the theories discussed in the previous section. The model seeks to describe 

the effects of porosity, kerogen and mineralogy on elastic properties and involves several 

steps outlined as follows: 
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1. Elastic constants for mixed clay and mixed carbonate are calculated using the 

Hashin-Strikman average. Clay is modelled as an illite/kaolinite mixture with the 

proportion of each mineral taken from average values obtained from core XRD 

data. Likewise, carbonate is modelled as a calcite/dolomite mixture. The 

proportions of each mineral within its mixed group (i.e. clay and carbonate) do 

not change within the model. 

2. The pore system within the Bowland Shale is mainly within or associated with 

organic matter (Ma et al., 2016). To represent this, a kerogen/gas mixture is 

created using the approach followed by Carcione (2000) whereby the mixture 

consists of hydrocarbon bubbles embedded within a kerogen matrix. Carcione 

(2000) first used Wood (1955)’s equation to create a water/oil mixture, which we 

follow but consider gas rather than oil. We take the water saturation log as the 

water fraction and assume the hydrocarbon saturation to be composed entirely of 

gas. Secondly, Carcione (2000) used Kuster & Toksӧz (1974)’s model to embed 

spherical fluid (water and gas) pores into the kerogen matrix. This approach was 

also followed by Guo et al. (2013) in their model for the Barnett Shale. Following 

Guo et al (2013), we assume that the percentage of the total porosity allocated to 

kerogen is fixed at 20% throughout the shale. This will likely vary with maturity, 

but given their work focused on the Barnett Shale, we consider it a reasonable 

general value for gas mature shales.  The remaining 80% of total porosity is then 

added as isolated, fluid-filled (also water and gas) pores in step 3.  

3. Berryman (1980)’s SCA model is then used to create a mixture of the solid 

minerals (quartz, carbonate, and clay), porous kerogen and remaining isolated 

pores. The fractions of each constituent are taken from the appropriate input log. 

We consider quartz and carbonate as spherical (aspect ratio of 1), and the kerogen, 

clays, and pores as ellipsoidal in shape (aspect ratio of 0.1). 
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Figure 3.10 Schematic representation of the rock physics model 

3.3.2.2 Anisotropic Model 

Anisotropy is considered within the rock physics model by adding vertical, aligned, 

water-filled cracks into the rock to simulate the effect of natural, sub-vertical fractures 

within the formation. The shear wave splitting log forms the basis for the inversion, with 

the aim being to quantify the degree of vertical/sub-vertical fractures observed on the 

micro-imagery log data by calibrating an anisotropic rock physics model to shear 

anisotropy observed from the cross-dipole sonic logging data. However, as was 

highlighted in Section 3.2.3, there is evidence from the micro-imagery log that zones of 

drilling-induced tensile fractures are also contributing to the shear wave splitting 

behaviour within the shale. Attempt was not made to decouple the effects of natural and 

drilling-induced fractures on the shear wave anisotropy log, though effective medium 

techniques have proven efficient in  distinguishing the two phenomena (Prioul et al., 

2007). Instead, a prominent zone of intense drilling-induced fractures between 2127 m 

and 2170 m (measured depth) was eliminated entirely as to avoid it dominating the 
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inversion calculations. Figure 3.4 (left) showed the micro-imagery log response and 

associate shear wave anisotropy character for a sub-section of this zone. 

To ensure that the inverted crack porosity and non-crack porosity (from the ELAN model) 

do not exceed the total porosity of the rock, our inversion scheme begins with initial 

estimates of crack density. We assume that crack density (ρc) is linearly related to shear 

wave anisotropy (γ) as: 

𝜌𝜌𝑐𝑐 = 𝑘𝑘 ∗ 𝛾𝛾 3-9 

 

Where k is a factor that converts shear wave anisotropy (expressed as a %) to crack 

density (expressed as a fraction). According to Kachanov & Mishakin (2019) (Equation 

11), crack porosity (φc) can then be estimated from crack density as:  

𝜑𝜑𝑐𝑐 = 𝛼𝛼 ∗ 𝜌𝜌𝑐𝑐 3-10 

Where α is the aspect ratio of the cracks.  

Once crack porosity is estimated, an isotropic rock is then constructed according to the 

method outlined in Section 3.3.2.1. The porosity added in the isotropic model is adjusted 

by subtracting the crack porosity from the total porosity to ensure that when cracks are 

added in subsequent modelling, the total porosity is not exceeded. Following this, the 

Hudson model is used to add vertical cracks, with the shape of the cracks fixed as very 

narrow ellipsoids (aspect ratio of 0.1). 

The Hudson model provides an output of the full anisotropic stiffness tensor for that crack 

density. We use this to calculate equivalent slowness logs by assuming transverse 

isotropy with a horizontal plane of symmetry (HTI) whereby the fast shear wave (DTSfast) 

propagates normal to bedding and the slow shear wave (DTSslow) propagates parallel to 

bedding. Thus, the modelled shear wave anisotropy becomes: 

𝛾𝛾 =
(𝐷𝐷𝑇𝑇𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑤𝑤 − 𝐷𝐷𝑇𝑇𝑆𝑆𝑓𝑓𝑓𝑓𝑠𝑠𝑡𝑡)

𝐷𝐷𝑇𝑇𝑆𝑆𝑓𝑓𝑓𝑓𝑠𝑠𝑡𝑡
× 100 

3-11 

Therefore, a log of modelled shear wave anisotropy for a given k (Equation 3-9) is 

determined. The quality of fit between this modelled curve and the actual anisotropy log 

is assessed by calculating the Mean Squared Error (MSE), and the process is repeated for 

different values of k (ranging from 0.002 and 0.011). Using this approach, the resulting 

MSE ranged between 6.2 and 0.03 (Figure 3.11 - upper), with the latter corresponding to 
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a k of 0.08. At k values above this, the modelled overpredicts the degree of anisotropy 

and at k values below this, it underpredicts (Figure 3.11 – lower). 

 
Figure 3.11 Plots illustrating the fit of the inversion technique to the shear wave anisotropy log. Upper: plot of Mean 
Squared Error with different k values, showing that the lowest MSE corresponds to a k of 0.008. Lower: Scatter plot 
of predicted versus actual shear wave anisotropy for the entire Bowland Shale interval with the points coloured by k 

value. A k value of 0.008 produces modelled values that lie close to the y=x line.  

3.4 Results 
3.4.1 Reservoir Properties 
The results of the multi-mineral inversion using ELAN, reveal that quartz is the dominant 

mineral within the Bowland Shale. Figure 3.12 presents histograms and statistics for some 

of the key rock and reservoir properties determined. Most of the shale contains quartz 

concentrations between 50% and 80% with means of 59.4% and 52.0% for the UBS and 

LBS respectively. Clay and carbonate concentrations are lower, with means around 

24.5% and 20% respectively though clay concentration displays a normal distribution 
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around the mean, whereas the carbonate distribution is skewed towards the lower values. 

The mean carbonate content in the LBS is greater (25.5%) than in the UBS (18.0%), and 

while carbonate content is generally low, there are some intervals with very high 

concentrations up to 80-90%. 

TOC content is largely between 1% and 4% and is noticeably higher in the UBS (2.7% 

mean) than the LBS (1.5% mean). Total porosity is mainly less than 6% with means of 

4.2% and 3.8% for the UBS and LBS, respectively. Lastly, water saturation is almost 

exclusively less than 30%, with means of 11.2% and 10.3% for the UBS and LBS, 

respectively. The values of 100% in this instance correspond to zero porosity sections of 

the shale. 
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Figure 3.12 Histograms of some of the key rock and reservoir properties calculated for the Bowland Shale. The 

histograms are separated into the UBS (red) and LBS (blue). For each histogram, the mean and standard deviation 
are annotated. 

3.4.2 Validation of Isotropic Model 
To assess the durability of the isotropic rock physics model, compressional (P-wave) 

velocity (Vp) and shear (S-wave) velocity (Vs) curves were modelled for a section near 

the base of the UBS and checked against the actual Vp and Vs logs (Figure 3.13). Both 

modelled curves show a good match with the actual data. The Vp model displays the 
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strongest match with a correlation coefficient (R) of 0.89 for this interval, an intercept 

close to zero, and a gradient near one. Figure 3.13 (lower left) exemplifies the similarity 

between linear regression fit and a Y=X trend. A small number of low Vp values are not 

captured in the model (e.g. at 2300 m, also evident as datapoints positioned far above the 

linear regression trend), but as these are few, the overall performance of the Vp model 

was considered adequate. 

The Vs model shows a slightly weaker match, with an R-value of 0.77 for this interval. A 

systematic, slight over-prediction is observed as evidenced by the linear regression fit 

positioning further up the y-axis (‘Modelled Vs’) than the Y=X trend in Figure 3.13 

(lower right). The poorer correlation could be partially explained by differences between 

the log types. The shear velocity log is derived from the cross-dipole sonic tool which has 

a typical bed resolution of ~1.4 m. However, the input logs to the ELAN model form part 

of a suite of tools (termed quad combo) most of which can achieve bed resolutions ~30 

cm. While all wireline logs are presented with a consistent 0.1524 m sampling rate, the 

bed resolution (i.e. the thinnest unit that can be identified) achieved by each log is 

variable. Coupling these differences in resolution with uncertainties regarding the depth-

matching of separate logging runs could partly explain the poorer relationship observed 

in the Vs model. Nevertheless, in the absence of additional information to assess this, the 

correlations were considered reasonable, and sufficient for use in the rock physics 

templates and the subsequent inversion. 
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Figure 3.13 Plots of Vp and Vs compared to modelled Vp and Vs data (left) and associated cross-plots (right) 

3.4.3 Rock Physics Templates 
Following assessment of rock physics model’s performance, cross-plots were produced 

to compare the measured elastic properties from wireline logs at PH-1 with the predicted 

elastic properties from the rock physics model and to provide some insight into the link 

between the Bowland Shale’s rock and reservoir properties and geophysical data. Figure 

3.14 presents these cross-plots with a focus on the lithological character of the shale. The 

wireline log data is plotted as scattered data coloured by lithology classification (further 

outlined in Figure 3.15). The rock physics model is presented as a pseudo-ternary diagram 

in rock physics space. A full range of clay, carbonate and quartz concentrations are 

iterated over; however, kerogen concentration and water saturation are fixed at their 

median values (3.8% and 9.8% respectively). Further discussion around the median 

values is provided in Section 3.4.5. Two models of fixed porosity are considered; a zero-
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porosity model represented as black lines with colour-fill, and a 10 % porosity model 

represented as grey lines with no fill. 

The colour-fill used in both the scattered data and the model is designed to highlight 

certain lithologies using a simplified version of the sCore scheme for shale lithology 

classification (Gamero-Diaz et al., 2012). Figure 3.15 demonstrates the relationship 

between mineral content and lithology classification with the data points plotted from the 

ELAN model. The number of lithological classifications is fewer than that used in 

Gamero-Diaz et al. (2012) and the colour scheme adjusted to allow greater contrast 

between the lithologies and assist with visualisation of the cross-plots. 

Also shown beneath the model and data points are general zones of brittle and ductile 

rocks (after Perez Altamar and Marfurt (2014)). Brittleness index was calculated for each 

data point using the Rickman et al (2008) method (further outlined in Chapter 4) and the 

results of this were used to interpret this simplified zonation. The complete Brittleness 

index cross-plots are presented in Appendix 2 Figure 1. 

In each figure, four rock physics templates are shown: (1) Lamé incompressibility 

multiplied with bulk density (λρ) and Lamé rigidity multiplied by bulk density (μρ) 

(Goodway et al., 2010, 1997), (2) Acoustic Impedance (AI) and Vp/Vs ratio, (3) Vp and 

Vs and (4) Poisson’s ratio (ν) and Young’s modulus (E). Analysis of these cross-plots 

allows several important insights to be made. 

The most clay-rich sections of the Bowland Shale are easily differentiated from the rest 

of the shale (clay-dominated and argillaceous lithologies shown in green and grey) 

(Figure 3.14). These correspond to the ductile sections of the rock physics plots and are 

easily identifiable in the λρ/μρ and ν/E cross-plots, particularly. They are characterised 

by the lowest E values (i.e. low strength; less stress is required to induce strain in the 

rock), highest ν values (i.e. low strength; high transverse strain upon axial loading) and 

lowest AI values (i.e. low resistance to a propagating compressional wave). Vp/Vs ratio 

alone does not appear a useful indicator for this lithology, as it spans a range of values 

between 1.7 and 2.1 and displaying some overlap with the carbonate regions of the shale.  

The predominant lithology is siliceous mudstone (shown in red in Figure 3.14) which 

displays greater rigidity (μρ > 40 GPa · g/cm3) than the argillaceous mudstone and equal, 

to slightly lower incompressibility (λρ). It exhibits the lowest Vp/Vs ratio (< 1.7) and ν (< 

0.2) and moderate AI (between 11 and 14 km/s · g/cm3). There is little change in E 

between this lithology and mixed or calcareous mudstones. Both lithologies also display 
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high brittleness (see Appendix 2, Figures 1, 3 and 4) though there is a small preference 

for the highest brittleness values to be located towards the quartz section of the plot rather 

than the calcite section. 

With increasing carbonate content (the transition from siliceous to mixed to carbonate 

mudstone), a clear increase in λρ is observed (up to 110 GPa · g/cm3), accompanied by a 

subtle increase in μρ. An increase is observed for both AI (from 14 to 16 km/s · g/cm3) 

and Vp/Vs ratio (from 1.7 to 1.9), though as previously discussed, this trend in Vp/Vs ratio 

is also observed for the argillaceous mudstone. It is also characterised by high ν and E. 

This high Poisson’s ratio translates to a slight decrease in brittleness, relative to the 

siliceous mudstone lithology.  

We also observe errors between the template lithology and lithology of the data points 

(e.g. observing the λρ/μρ plot in Figure 3.14, some mixed mudstone data points fall within 

the calcareous mudstone template zone). This could be explained by the fact that porosity, 

kerogen content, water saturation and some textural parameters (e.g. aspect ratios of 

minerals) are all fixed in the generation of the model template. Fluctuations in these 

parameters will cause changes in elastic properties and affect the shape of the triangular 

mesh on the charts that represents the rock physics model. However, when producing 

such a generalised template this is difficult to avoid. Producing multiple charts with 

multiple distributions of these fixed parameters is possible, but in doing so, the predictive 

power of them is lost and it becomes harder to interpret the results in a general sense.  

On the whole, the results suggest that lithology has an acute control on the elastic 

properties of the shale. The shale exhibits predominantly brittle characteristics as 

evidenced by the relationship between the well log data points and the generalised 

brittleness classification. The most brittle sections of the shale appear to lie within the 

mixed mudstone lithology. As quartz content is often considered the main contributor to 

shale brittleness, this is an unusual observation. However, these siliceous mudstone units 

also display moderate porosity (Appendix 2, Figure 5), which would serve to reduce the 

rigidity of the rock. Brittleness appears to reach a maximum within low porosity, 

moderately calcareous mudstones, but then falls with further carbonate content.  
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Figure 3.14 λρ/μρ (upper-left), AI/VpVs (upper-right), Vp/Vs (lower-left) and ν/E (lower-right) cross-plots for the 
Bowland Shale. The scattered data is wireline log elastic properties from PH-1 with samples every 0.1524 m,, 

coloured by the lithology type determined from the ELAN model. The triangular mesh represents the rock physics 
model iterating over concentrations of clay, quartz and carbonate with fixed kerogen concentration and water 
saturation. Porosity is fixed at 0% (black lines with a colour fill) and 10% (grey lines, no fill). Also shown is a 

simplified brittleness classification after Perez and Marfurt (2014). The lithology colour scheme is shown in Figure 
3.15. 
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Figure 3.15 Ternary Plot demonstrating the relationship between mineral percentage and lithology classification 

following a modified version of Gamero-Diaz et al. (2012)’s classification for shales. The classification is used many 
of the other figures in this work (Figures 3.14, 3.16, 3.17, 3.18 and 3.20). 

3.4.4 Crack Density Inversion 
Figure 3.16 illustrates the results of the crack density inversion. Tracks 3 and 4 show the 

ELAN mineralogy log and corresponding lithology classification for reference. Track 5 

shows the fast and slow shear slowness logs to highlight zones where they separate. Track 

6 shows the inverted crack density parameter, incorporating shear wave anisotropy 

(Equation 3-11) with a k value of 0.008 (Equation 3-9). Finally, track 7 shows the 

corresponding crack porosity (Equation 3-10) plotted next to, and scaled equally to, total 

porosity from the ELAN model. 

Inverted crack density is predominantly below 0.04 but does exceed 0.06 in some 

intervals (e.g. 2200 m, 2260 m, and 2285 m). It appears to show an inverse relationship 

with total porosity and clay fraction. In some intervals (e.g. those quoted above), high 

crack density appears to be associated with high carbonate fractions, however this 

relationship is less apparent at greater depths (e.g. 2540 m) where high carbonate fractions 

correspond to moderate crack density. On this plot, the zone of intense drilling-induced 

fractures (DIFs) that was omitted from the inversion is highlighted in red. On the basis of 

the above observations, given this interval has moderate-high porosity and relatively low 

carbonate concentrations, we would expect this interval to display low-moderate crack 

densities, however this cannot be confidently tested. 
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Figure 3.16 Log display illustrating the results of the crack density inversion. Tracks 3 and 4 show the mineralogy 

and lithology classification. Track 5 illustrates the fast and shear slowness logs plotted on equal scales to highlighted 
zones where they diverge. Track 6 presents the inverted crack density parameter and track 7 presents inverted crack 

porosity plotted alongside total porosity. 

Rock physics templates of λρ/μρ, AI/VpVs, Vp/Vs and ν/E are again produced but in this 

instance with datapoints coloured by inverted crack density (Figure 3.17). The 

relationship between elastic properties and crack density is not an obvious one, but they 

do clearly show a preference for plotting within the brittle sections of the cross-plot (see 

Figure 3.14 for the full brittleness template). Areas of high crack density (yellows, greens) 

correlate to high μρ (< 60 GPa · g/cm3) but span a range of λρ; this range appearing to 

follow a trend similar to the boundary lines between sections of different brittleness 

characteristics (dashed grey lines). Similarly, they correlate with high AI (>12 km/s · 

g/cm3) and Young’s modulus (>50 GPa) but cover a range of Vp/Vs ratio and Poisson’s 

ratio. Section 3.4.3 described how high μρ, high Young’s modulus and low AI correspond 

to both siliceous and calcareous mudstones, and that the clearest indicator of carbonate is 
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high λρ. Taking this into account when interpreting Figure 3.17, and in alignment with 

the observations of Figure 3.16, it would appear that while natural fractures do show a 

preference for clay-poor zones, there is little clarity provided in these plots as to whether 

they are forming preferentially in siliceous or calcareous beds. 

 
Figure 3.17 λρ/μρ (upper-left), AI/VpVs (upper-right), Vp/Vs (lower-left) and ν/E (lower-right) cross-plots for the 

Bowland Shale. The scattered data is well log elastic properties from PH-1, coloured by the inverted crack density. 
The triangular mesh represents the rock physics model iterating over concentrations of clay, quartz and carbonate 
with fixed kerogen concentration and water saturation. Porosity is fixed at 0% (black lines with a colour fill) and 

10% (grey lines, no fill). The dashed lines illustrate the boundaries of the simplified brittleness classification (after 
Perez and Marfurt (2014)) which is shown fully in Figure 3.14. 

3.4.5 Reservoir Quality Evaluation 
To evaluate the presence of high RQ intervals within the Bowland Shale section at PH-1, 

five parameters are used: clay concentration, porosity, permeability, TOC content and 

water saturation (Table 3.2). The zones that pass all these cut-offs are shown in rock 

physics space (Figure 3.18) and log view (Figure 3.19). Clay concentration is a key factor 

in the evaluation of a shale gas reservoir. The best production within the Barnett Shale 
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comes from zones with 27% clay (Bowker, 2003), and 50% has been suggested as the 

maximum clay concentration for which a shale could be hydraulically fractured (Bowker, 

2007). Based on this, a 50% maximum cut-off was taken for clay concentration. As the 

clay concentration in the majority of the Bowland Shale is beneath this cut-off (Figure 

3.19, track 3), this had minimal effect in reducing the prospective interval besides 

eliminating a clay-rich interval at the very top of the UBS and three clay-rich intervals in 

the LBS. 

Shale porosity is an important parameter in assessing the storage potential of the 

formation. Jarvie (2012) suggests that porosity for an effective shale gas reservoir should 

be between 4% and 7%. Taking 4% as a minimum cut-off on its own has a marked effect 

on reducing the prospective interval as it is very close to the median value (3.8%) thus 

eliminating near half of the shale. Notably, this eliminates the Pendleside Sandstone 

Member in the LBS (e.g. Figure 3.19 (track 4) between 2500 and 2600 m). 

TOC is a metric of the potential for a shale to generate hydrocarbons which is usually 

used in combination with Hydrogen Index, S2 (generation potential) and other 

geochemical parameters to assess source rock quality. It is purely a measure of the 

present-day organic richness of the formation which will have been reduced since 

deposition due to burial, maturation and expulsion of hydrocarbons. Jarvie (2012) 

suggests that 1% present-day TOC is sufficient to be considered a shale gas reservoir. We 

take a slightly conservative cut-off similar to Andrews (2013) of 2% which is very near 

the median calculated TOC for the Bowland Shale interval (1.9%). 

The remaining cut-offs were selected by taking the median value within the logged 

section. Minimum and maximum cut-offs were selected in this manner for permeability 

and water saturation, respectively. The final cut-offs are defined in Table 3.2 and Figure 

3.19. 

Parameter Cut-off Cut-off type 
Clay concentration 50% (23 % median) Maximum 

Porosity 4% (3.8 % median) Minimum 

Permeability 7.4 nD (median) Minimum 

TOC content 2% (1.9 % median) Minimum 

Water saturation 9.8 % Maximum 
Table 3.2 List of parameters selected for delineating the zones of best RQ. The cut-offs are highlighted. If the cut-off 

is different from the median value of the data, the median is also shown for reference 
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A total rock thickness of 125 m is found pass all five of these criteria (Figure 3.19, track 

8). We term this as RQ intervals, for future discussion. While RQ intervals are observed 

across the entire Bowland Shale interval, they are predominantly found (92% of the total 

thickness) within the UBS. 

A third variation of the rock physics templates was then produced to assess the elastic 

properties of the RQ intervals (Figure 3.18). The rock physics model is shown in the same 

manner as Figures 3.14 and 3.17. The grey data points are the elastic properties from the 

wireline logs at PH-1 but are coloured to highlight where an RQ interval exists. To better 

identify the portion of the plots where the density of RQ intervals is highest, a bivariate 

kernel density estimation is used, with shading strongest where density is greatest.  

The λρ/μρ plot reveals a well-defined zone in which RQ intervals are clustered. The 

highest-densities plot between 30-50 GPa · g/cm3 λρ and 50-60 GPa · g/cm3 μρ. In the 

remaining plots, the RQ interval is slightly less defined. On the AI/VpVs plot, it manifests 

in a region ~12 km/s · g/cm3 and with Vp/Vs ratios of 1.6 to 1.7. It is challenging to 

identify on the Vp/Vs plot alone due to the narrow bounds of the data but displays Vp 

values between 4.5 km/s and 5 km/s and Vs values between 2.75 km/s and 3 km/s. It forms 

a narrow range of E values (~50 GPa) but a wide range of ν (0.15-0.3). 
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Figure 3.18 λρ/μρ (upper-left), AI/VpVs (upper-right), Vp/Vs (lower-left) and ν/E (lower-right) cross-plots for the 

Bowland Shale. The scattered data is well log elastic properties from PH-1, coloured where RQ interval is present. 
The triangular mesh represents the rock physics model iterating over concentrations of clay, quartz and carbonate 
with fixed kerogen concentration and water saturation. Porosity is fixed at 0% (black lines with a colour fill) and 

10% (grey lines, no fill). A bivariate kernel density estimation is also shown to better illustrate the areas in which the 
RQ intervals are most densely situated. The dashed lines illustrate the boundaries of the simplified brittleness 

classification (after Perez and Marfurt (2014)) which is shown fully in Figure 3.14 
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Figure 3.19 Log display illustrating the inputs to the RQ screening (tracks 3-7) with respective cut-offs annotated, the 
resulting RQ intervals (track 9) and the interpreted, broad zones where most RQ intervals are found (track 10). The 

inverted crack density is also shown for reference (track 8). 

3.5 Discussion 
3.5.1 Comparison with Previous Work 
As mentioned earlier, previous studies have addressed the reservoir properties of the 

Bowland Shale, though focusing predominantly on the analysis of core samples. The high 

quartz concentrations and predominance of the siliceous mudstone lithology type reported 

herein is aligned with published ternary diagrams created following XRD analysis of core 

samples (Clarke et al., 2018, 2014a). The ternary diagram presented in Figure 3.15 shows 

a similar character to those authors diagrams (e.g. ‘Trend 2’ in Clarke et al. (2018)’s 

Figure 7(d)), but our results do include some argillaceous intervals not present in the other 
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authors' analysis. While uncertainty regarding log response cannot be discarded, 

particularly in soft shales prone to washout, this may also reflect intervals where core 

recovery has either not been directed, or not possible due to the lithology type. Our 

mineralogical results are also aligned with Fauchille et al. (2017)’s analysis that the 

Bowland Shale typically holds quartz contents of above 50%. 

Our calculated TOC content for the Bowland Shale is high and suggests good source rock 

potential. With an average value of 2.7% (but up to >10%), if this were analysed as a 

conventional source rock, the Bowland Shale would be considered a good-very good 

candidate according to the scheme of Peters & Cassa (1994). This range of TOC is 

consistent with Clarke et al. (2018)’s analysis of PH-1, GH-1Z and Bec-1Z wells (2-2.5% 

and locally up to 5%), and Hough et al. (2014)’s analysis of the Roosecote borehole 

(1.73%-3.72%).  

Andrews (2013) drew upon porosities typical for US shale plays in their resource estimate 

for the Bowland Shale. Typical ranges include 1-5% (Curtis, 2002), 2.9-6% (Jarvie, 

2012), and an average value of 3% was chosen as applicable for the Bowland Shale 

(Andrews, 2013). At PH-1, average total porosities are reported 3.70% and 3.31% for 

UBS and LBS respectively (Clarke et al., 2018). These values are comparable with those 

reported for the UBS and LBS (4.8% and 3.0% respectively) in the Gainsborough Trough 

(iGas Energy, 2019), though the UBS demonstrates greater porosity in that case. Our 

calculated average total porosity is 4.2% for the UBS and 3.8% for the LBS which is 

greater than the values quoted by Clarke et al. (2018) but comparable on the whole. 

3.5.2 Implications of Natural Fractures 
The findings presented herein support the outcomes of previous studies concluding that 

the Bowland Shale contains natural fractures in the PH-1 well (Clarke et al., 2018, 2014a; 

Fauchille et al., 2017). There are several zones in the logged section which have inverted 

crack density values around 0.06 (Figure 3.16 and Figure 3.17). These magnitudes are 

lower than Guo et al. (2013)’s inverted crack density parameter for the Barnett Shale, 

however the Barnett Shale is known to be substantially fractured (Bowker, 2003; Gale et 

al., 2007). The findings also suggest that the fractures develop in a wide range of lithology 

types, but in particular, those containing high amounts of either silica or carbonate. 

Fractures can be identified from micro-imagery log data as the presence of either bright 

(i.e. resistive, healed) or dim (i.e. conductive, open, fluid-filled) sinusoids usually with 

amplitudes noticeably greater than the bedding planes. Direct comparison between micro-
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imagery data and crack density is challenging due to the differences in the vertical 

resolution of data (micro-imagery resolution is 0.5 cm whereas cross-dipole sonic 

resolution is ~1.4 m). However, correlations can be observed (Figure 3.20) whereby crack 

density increases in zones where natural fractures can be identified. 

 
Figure 3.20 Log display illustrating the relationship between micro-imagery log data (track 5) and inverted crack 

density (track 6). Fractures are interpreted as sinusoid shapes with amplitudes different from the bedding planes. The 
greater the amplitude, the greater the angle of the fracture relative to the well orientation. The ELAN mineralogy and 

lithotype logs are shown for reference (tracks 3 and 4). Note the discordance in vertical resolution between the 
traditional logging and the micro-imagery log data. 

The impact of such macroscopic (i.e. can be identified visually using core samples and/or 

micro-imagery log data) natural fractures on hydraulic fracturing treatments and 

subsequent gas production from shales has been widely discussed in the literature (Gale 

et al., 2014, 2007; Gale and Holder, 2010; Gasparrini et al., 2014) but there remains 

dispute regarding whether they are a benefit or detriment to production. It has been 

suggested that sealed (carbonate-filled) fractures within the Barnett Shale do not 

contribute to gas production, and may in fact form barriers to fluid flow, impeding 

production (Bowker, 2003; Montgomery et al., 2005), though Bowker (2003) does 

recognise that micro-fractures, likely created through the expulsion of hydrocarbons 

(Jarvie et al., 2003; Vernik, 1994) are likely an important factor on production. However, 

if such micro-fractures are assumed to be bedding-parallel, an additional fracture set of 

sub-vertical orientation would be required to connect the matrix to a horizontal production 

well to be drilled within a bed. Un-healed, open natural fractures, on the contrary, have 

been demonstrated to benefit production in other gas shales such as the Antrim (Curtis, 

2002) and Marcellus (Engelder et al., 2009) shales. 
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However, laboratory and numerical studies support the concept that geological 

discontinuities in general, affect hydraulic fracture propagation (Warpinski and Teufel, 

1987; Zhang et al., 2009, 2007). Reactivation of natural fracture networks within the 

Barnett Shale by hydraulic fractures has been demonstrated using microseismic data 

(Fisher et al., 2004; Warpinski et al., 2005), and it has been suggested this may ultimately 

benefit gas production as it would increase the number of hydraulic fracture ‘strands’, 

ultimately placing more host rock in contact with the hydraulic fractures (Gale et al., 

2007). However, as the energy imposed by fluid injection is dissipated over a larger 

network of fractures, their lengths would be expected to shorten and this led Gale & 

Holder (2010) to question if production would necessarily be enhanced. Nevertheless, 

numerical modelling has suggested that reactivated natural fractures can improve gas 

productivity by up to 25% in the early stages (Ahmadi and Dahi Taleghani, 2016). 

Observations by other workers that natural fractures within the Bowland Shale are calcite-

filled suggest there would not be a direct improvement on gas production as noted with 

open fractures of Antrim and Marcellus shales. The preferential failing of healed fractures 

may improve the development of a connected fracture network upon hydraulic fracturing, 

though thought needs to be given as to the locations of naturally fractured intervals within 

the shale. The presence of naturally fractured thin carbonates interbedded with shale may 

form a detriment to gas delivery upon stimulation and production. A substantial question 

for the production potential of the Bowland Shale is that if a hydraulic fracturing 

treatment were targeted towards a certain shale interval, is there a risk of the hydraulic 

fractures reactivating naturally fractures within adjacent carbonate-rich beds rather than 

the desired shale? This phenomenon may lead to high initial well productivities as the 

fractured carbonates are produced from but followed by a sharp drop if the shale matrix 

itself is not sufficiently fractured. 

3.5.3 Rock Physics Templates as a Predictive Tool 
Seismic data has not been considered in this chapter; however, it is expected that as 

exploration within the Bowland Shale progresses, new 3D datasets will be acquired and 

become available to researchers in due course. For example, Formby-16 and East 

Midlands-17, both acquired over Bowland Shale acreage are due for public release in 

2021 and 2023, respectively. 

Rock physics templates provided a helpful tool to geophysicists for the quantitative 

interpretation of seismic data. Templates for the Bowland Shale presented herein allow 
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for lithology and porosity to be interpreted from elastic parameters but also provide a 

basis for which RQ intervals in the shale may be defined from seismic data. Emphasis 

has been made on the use of λρ/μρ plots as several works have presented that production 

from gas shales can correlate with specific regions of such plots, which we briefly discuss. 

The concept of using λρ/μρ cross-plots to interpret hydrocarbon zones and mineralogy 

was first proposed by Goodway et al. (1997) who identified gas zones within a 

conventional reservoir based on observing cross-over caused by a drop in λρ values below 

μρ. They also found that shaly gas sands plotted at λρ values of ~30 GPa · g/cm3 and μρ 

values of ~40 GPa · g/cm3. We find our RQ intervals plot with similar λρ values to 

Goodway et al. (1997)’s shaly gas sand but with greater μρ values suggesting greater 

rigidity. 

Goodway et al. (2010) later extended this work to unconventional reservoirs; observing 

that brittle and ductile regions of the Barnett Shale could be separated reasonably well 

through the λρ/μρ cross-plot and that lower λρ values could be correlated with increased 

Estimated Ultimate Recovery (EUR). They explained this may be caused by either the 

presence of gas-filled porosity, microfractures, overpressure or other geomechanical 

effects. Our proposed reservoir sections plot with greater λρ values than those considered 

in Goodway et al. (2010)’s analysis which may reflect a greater carbonate content within 

the Bowland Shale than the Barnett Shale. 

This link between recovery and rock physics was further developed in a series of 

subsequent studies. Devonian shales of the Horn River Basin that hold low λρ values (20-

25 GPa · g/cm3) have been demonstrated to deliver greater EUR per frack (Close et al., 

2012). Furthermore, brittle zones on λρ/μρ plots have been demonstrated to correlate well 

with locations of induced seismicity (Perez Altamar and Marfurt, 2014, 2015). There does 

appear significant potential for such plots to assist with well planning in unconventional 

plays. However, currently, there is no production data available for the Bowland Shale, 

so it is impossible to analyse the link between geophysical parameters and recovery. The 

plots presented herein form a useful basis to begin defining the geophysical signature of 

the optimal reservoir properties of the Bowland Shale, but we acknowledge that with 

further drilling, production and therefore data, these will require re-examination. 

3.5.4 Interpreting Target Zones 
The areas in which most of the good RQ shale are found can be broadly divided into five 

zones (Table 3.3 and Figure 3.19 (track 10)). These zones were identified through visually 
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picking areas where the good RQ sections were clustered. Zones 1-3 are ~80-100 m thick 

and are located throughout the UBS. Zones 1 and 2 are separated by a 100 m thick interval 

whereas zones 2 and 3 are separated by a 45m interval. Two thinner zones (4 and 5) are 

located at the base of the UBS and the LBS, respectively. These are thinner than the zones 

identified in the UBS. Note that zone 4 appears to show an unusual pattern of rock 

properties. It holds the highest clay fraction and porosity; however, water saturation is 

low. While the precise origin of this is uncertain, the zone exhibits elevated resistivity 

readings which would explain the low water saturation. 

This analysis suggests that the UBS holds the better potential for shale gas reservoir 

potential than the LBS. Of the three distinct shales at the base of the PH-1 well and within 

the LBS, only one (zone 5) is interpreted as a prospective unit based on this classification. 

This zone is believed to be equivalent of the LB03 zone targeted by the PNR-1Z lateral 

well which was subject to the first multi-stage hydraulic fracturing operations within the 

Bowland Shale in 2018. High clay concentrations and variable TOC content limit the 

remaining sections of the LBS in being classified with the remaining zones of good RQ. 

As Figure 3.19 demonstrates, a significant portion of these shales contain clay 

concentrations above the 50 % cut-off and TOC contents below the 2 % cut-off. 
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Zone 1 2007 2093 86 26.1 4.0 3.9 7.5 

Separation of 102.5 m (MD) 

Zone 2 2195.5 2298 102.5 23.8 4.2 3.3 10.6 

Separation of 44.5 m (MD) 

Zone 3 2342.5 2432 89.5 22.4 4.3 2.7 10.2 

Separation of 63.7 m (MD) 

Zone 4 2495.7 2503.5 7.8 34.3 5.1 2.1 8.2 

Separation of 71.5 m (MD) 

Zone 5 2575 2600 25 30.7 4.9 3.1 10.4 
Table 3.3 Summary of the interpreted RQ zones including thickness and average rock and reservoir properties. The 

average values quoted are arithmetic means. 
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3.6 Conclusions 
In this chapter, a petrophysical examination has been undertaken using wireline logs at 

PH-1 to determine parameters relevant to rock and reservoir properties for the Bowland 

Shale. A rock physics model has been developed to study the effect of variations in rock 

components (clay, quartz, carbonate and pores) and texture (the aspect ratio of each 

component); a necessary exercise due to the heterogeneity observed in the shale. 

Anisotropy was accounted for in the model and used to invert a pseudo-fracture density 

parameter which can be related, in part, to natural fractures within the shale. From this 

work, the following conclusions can be drawn: 

1. The Bowland Shale at PH-1 contains over 100 m of shale which is 

considered to have very good reservoir characteristics (high TOC, low 

clay, low water saturation), and porosities considered reasonable for tight 

mudstones. These intervals are located predominantly within the UBS. 

2. Crack density (considered a proxy for fracture density) mainly ranges 

from 0-0.0.04 but can exceed 0.06 in some areas. In some cases, crack 

density appears to correlate with natural, medium-high angle fractures 

from micro-imagery logs, but in other cases, it correlates to drilling-

induced fractures. The fractures develop within clay-poor intervals, but 

our analysis fails to distinguish if they form preferentially within siliceous 

or calcareous lithology types. 

3. The variations in elastic properties observed from wireline logs can be 

broadly represented in a rock physics model by iterating over the clay, 

quartz and carbonate concentrations and porosity. Measures of rock 

strength (e.g. incompressibility, rigidity, Poisson’s Ratio, Young’s 

Modulus) show good correlations with lithology, and typical ranges for 

argillaceous, siliceous, and calcareous intervals of the shale are quoted 

herein. 

4. The intervals in which the best reservoir quality is found, plot in discrete 

zones of geophysical cross-plots suggesting the possibility of using such 

plots as a predictive tool in future seismic inversion studies. This may aid 

with well planning and ensuring the optimal target zones are drilled. 
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4 COMPLETION QUALITY ASSESSMENT USING A 
MECHANICAL EARTH MODEL 

4.1 Introduction 
In Chapter 3, the stratigraphic variability in Bowland Shale reservoir properties was 

analysed using a combination of wireline petrophysics and rock physics. Following this, 

a series of intervals were highlighted in the UBS that hold the best RQ. As discussed in 

that chapter, determining RQ is an important aspect of screening a shale for 

unconventional production, but it is also important to consider its geomechanical 

characteristics. These characteristics, including the in-situ stress, rock strength and 

fracture toughness are some of the primary controls on hydraulic fracture geometry 

(Smith and Shlyapobersky, 2000), which ultimately governs how much of the shale can 

be stimulated and produced from. 

Such geomechanical characteristics have been grouped and named Completion Quality 

(CQ), the term having been initially proposed in a series of papers addressing the 

productivity of unconventional reservoirs (Cipolla et al., 2011; Jochen et al., 2011; Miller 

et al., 2011; Suarez-Rivera et al., 2011). It can be defined as the series of subsurface 

properties that are “favourable to the creation, propagation and containment of hydraulic 

fractures, as well as the placement of proppant and retention of fracture conductivity” 

(Akkurt et al., 2015). In practice, conducting a thorough assessment of CQ requires 

several subsurface parameters to be considered including the in-situ stress field, 

mechanical properties, and the presence of natural fractures (Cipolla et al., 2011). 

Naturally, the most data-rich environment for the assessment of such parameters is at the 

well location, where the operator may have acquired specialised wireline logs, 

geomechanical studies on core or cuttings samples or conducted a production or 

fracturing test to determine stress properties from pressure responses. As such, assessing 

CQ as a log profile through the desired stratigraphic zone can usually be performed in 

detail and with reasonable accuracy. The Mechanical Earth Model (MEM) is an approach 

to this assessment and will be discussed in Section 4.2.1. 

A drawback in such an approach is the uncertainty in the distribution of mechanical and/or 

stress properties away from the well. While geomechanical logs will provide an accurate 

representation of the CQ at the point of hydraulic fracture initiation, the conditions in the 

subsurface where the fracture will subsequently propagate hold greater uncertainty. To 

address this, some authors have proposed 3D geomechanical models drawing on either 
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geostatistical techniques (Saikia et al., 2018), structural modelling (Berard et al., 2015) 

or seismic inversion (Castillo et al., 2014; Das and Chatterjee, 2018; Goodway et al., 

2010; Gray et al., 2012; Liu et al., 2017; Sena et al., 2011). In Chapter 5, a 3D 

geomechanical model is used, however, we do not consider lateral variations in 

mechanical properties in the manner that these authors propose. 

In this chapter, an assessment of Bowland Shale CQ is provided. The same stratigraphic 

section as drilled at PH-1 and presented in Chapter 3 forms the basis of the work. The 

study aims to examine the stress and mechanical properties of the shale by calibrating 

wireline log-based models with the results of pressure tests (presented by other authors). 

These stress and mechanical properties are input to a classification model that allows 

high-dimensionality data clusters to be identified. These clusters will be used to guide the 

assessment of CQ within the shale, which will ultimately lead us to interpret the optimal 

landing zones within PH-1. 

In Section 4.2, some of the key background discussion points regarding the subsurface 

stress state and rock mechanical properties are made, in addition to considering how these 

can be quantified using well logs or Diagnostic Fracture Injection Tests (DFIT)/minifrac 

tests. This section also details how such properties were characterised in this specific 

study. Section 4.3 presents the results of our work and is split into stress properties 

(Section 4.3.1), mechanical properties (Section 4.3.2), and a cluster analysis drawing on 

both of these aspects (Section 4.3.3). In Section 4.4, we consider how our contribution 

sits within the context of previous geomechanical studies of the Bowland Shale, what the 

implications of our pore pressure model are for the recognition of overpressure in the 

Bowland Shale, and finally, we discuss at what locations the ideal landing points in the 

well could be, based on this work and the results of Chapter 3. 

4.2 Background/Methodology 
4.2.1 The Mechanical Earth Model Concept 
The concept of systematically deriving depth-profiles of the stress, elastic and strength 

properties for a rock formation has been formally defined by Plumb et al. (2000) as a 

Mechanical Earth Model (MEM). This approach grew out of workers’ increasing need to 

build accurate pre-drill geomechanical models during the well planning phase of high-

risk drilling projects, but it has also been used to optimise the picking of locations for 

injecting and producing wells within complex tectonic settings (Plumb et al., 2000, 2004). 

Recently, the approach has been extensively applied within the unconventional setting. 
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Applications include using MEMs to better predict stimulated rock volume in shale 

reservoirs (Li et al., 2014), determine landing points for horizontal wells (Alimahomed et 

al., 2018, 2017; Qiu et al., 2013) and improve completions with coal-seam gas reservoirs 

(Johnson et al., 2010). 

Elements of the MEM approach are adopted for this study and Figure 4.1 presents a flow 

chart illustrating the workflow followed. The MEM can be separated into two categories: 

stress properties (positioned on the left) and mechanical properties (positioned on the 

right). Within the stress properties category, five steps ultimately build towards 

determining the minimum horizontal stress magnitude. This is a key parameter to 

quantify, as stratigraphic variations in the least principal stress magnitude (assumed equal 

to minimum horizontal stress) have a direct impact on hydraulic fracture growth and 

unconventional reservoir stimulation (Zoback and Kohli, 2019). In calculating minimum 

horizontal stress, four separate models for vertical stress, pore pressure, Biot coefficient 

and static elastic properties are first created (Figure 4.1 - left). These models mainly use 

PH-1 well log data but are calibrated with information from minifrac tests or core 

measurements were available. 

 
Figure 4.1 Illustration of the workflow followed in the calculation of subsurface stress (left) and mechanical (right) 

properties using wireline log models calibrated to minifrac test data. The workflow adopts elements of the 
Mechanical Earth Model (MEM) approach proposed by Plumb et al. (2000). 

Within the mechanical properties category, two metrics are focused on. Brittleness is a 

parameter often considered in a shale gas evaluation. Section 4.2.5.1 discusses the 
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brittleness index further, however, in short, a brittle rock will fracture with greater ease 

and remain propped open than a ductile rock (Zhang et al., 2016), though its applicability 

in picking target zones for hydraulic fracturing has been challenged (Bai, 2016). 

Brittleness index can be quantified using log data relatively simply following Rickman et 

al. (2008)’s approach. Fracability index (Jin et al., 2014a) is also considered, which 

combined brittleness with fracture toughness, and is discussed further in Section 4.2.5.2. 

Calculating this parameter using well logs is less intuitive and involves the determination 

of confining pressure and tensile strength using empirical correlations presented by 

previous authors. 

The outcomes of this adjusted MEM approach are variables describing the stratigraphic 

variation in stress and mechanical properties through the Bowland Shale. Following the 

interpretation of these results (Sections 4.3.1-4.3.2), a cluster model is used to aid the 

picking of intervals holding the best CQ characteristics (Section 4.3.3) (i.e. those that 

favour hydraulic fracturing) in the PH-1 well. 

4.2.2 The PH-1 Hydraulic Fracturing Test 
The models used to calculate pore pressure and minimum horizontal stress are calibrated 

to some information extracted from the results of a multi-stage hydraulic fracturing 

operation conducted at PH-1 in 2011. The operation involved testing six stages of the 

Bowland Shale section within the well; a minifrac test was performed at all stages, and a 

full slickwater test was performed at five of the six stages (De Pater and Baisch, 2011). 

The stages varied in length between 18 m and 73 m and each stage itself consisted of 

three, 2.7 m long perforated intervals, each with 27 perforations (De Pater and Pellicer, 

2011). During these tests, two felt seismic events and numerous smaller seismic events 

were recorded. The second of the two felt events was later attributed to the reactivation 

of a critically stable reverse fault near the well (Clarke et al., 2014b). 

A consequence of the induced seismicity experienced at PH-1 was the operator 

commissioning several studies to determine the nature of the seismicity. These were 

summarised in de Pater & Baisch (2011)’s report. Also accessed for this work is one of 

the specific studies addressing fracture geometry and injection mechanism (De Pater and 

Pellicer, 2011), kindly provided by Cuadrilla Resources. 

De Pater & Pellicer (2011) determined fracture closure stress for five of the six minifrac 

tests using analysis of pressure decline curves. However, the tests conducted in the upper 

stages (4 and 5) were affected by previous fracture tests, which led Clarke et al. (2019a) 
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to question their reliability. Therefore, it was decided to avoid these tests and to focus 

instead on the three lowermost stages (stages 1-3) for calibration. The closure stress 

readings taken from de Pater & Pellicer (2011) were combined with pore pressure 

measurements taken from Clarke et al. (2019a) to produce a small calibration dataset 

(Table 4.1). Picking accurate closure stress values from pressure decline curves does hold 

some ambiguity however, and this is further discussed in Section 6.1.2 

Stage Depth (MD-M) Pore Pressure (MPa) Closure Stress (MPa) 
3 2577 35.1 44.5 

2 2661 37.9 49.8 

1 2711 37.3 44.1 
Table 4.1 Pore pressure and closure stress values from minifrac tests across three stages of the PH-1 well, and 

collated from de Pater & Pellicer (2011) and Clarke et al. (2019). The depth quoted is the arithmetic average taken 
over the complete stage interval which can be up to 70 m in size. 

4.2.3 The Stress Field 

4.2.3.1 In-situ Stresses 

Key to the evaluation of the geomechanical properties of subsurface rocks is the 

quantification of in-situ stresses. Stress is a tensor that describes the “density of forces 

acting on all surfaces passing through a given point” (Zoback, 2007). It is often 

represented as a nine-component, second-order tensor (Sij) where the i-index signals that 

the stress acts normal to the χi plane and the j-index signals the direction in which it acts 

(Figure 4.2 (a)). The principal stresses (S11, S22, S33) refer to the stresses acting 

perpendicular to the three planes (χ1-3), and in the principal coordinate system, the shear 

stresses vanish, allowing the stress tensor to be characterised by the principal stresses 

alone (S1, S2, S3; Figure 4.2(b)). Describing the subsurface in this manner is appropriate 

as the earth’s surface is in contact with either air or fluid, therefore cannot support shear 

tractions and is consequently a principal stress plane (Zoback, 2007). 
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Figure 4.2 Drawings and matrices demonstrating the full nine-component stress tensor (a) and the three-component 

principal stress tensor (b) (redrawn from Zoback, 2007) 

By taking the earth’s surface as a principal stress plane in this manner, the stress vector 

acting normal to that plane is termed the vertical stress (Sv). The two remaining planes 

are then assumed perpendicular to the earth’s surface and orthogonal to each other, and 

the corresponding stress vectors are termed minimum and maximum horizontal stresses 

(SHMin and SHMax respectively). These stress vectors can form either the greatest (S1), 

intermediate (S2) or least (S3) principal stress components depending on the tectonic 

setting of the basin being characterised (Anderson, 1905). In a normal faulting 

environment (Figure 4.3 (a)), Sv is the greatest principal stress (S1). However, in a 

compressive setting, it forms the least principal stress (S3) (Figure 4.3 (c)), exceeded in 

magnitude by both the two horizontal stresses (SHMin and SHMax). In a strike-slip setting, 

Sv is the intermediate stress (Figure 4.3 (b)), and the horizontal stress (SHMax) forms the 

greatest principal stress. Previous analysis has determined that the present-day Bowland 

Shale stress regime at PH-1 is strike-slip (Clarke et al., 2014b, 2014a). 

 
Figure 4.3 Drawings illustrating the principal stress tensor and the corresponding relative magnitudes of the three 

principal stresses in normal (a), strike-slip (b) and reverse (c) tectonic settings (Redrawn after Zoback, 2007). 
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4.2.3.2 Effective Stress 

According to Terzaghi’s Principle, the effective stress (Sʹij) within a rock formation can 

be expressed as the difference between the in-situ stress (Sij) and pore pressure (Pp) 

(Terzaghi, 1925); i.e. pore pressure is acting to counteract the external stresses imposed 

on the rock: 

 𝑆𝑆′𝑖𝑖𝑖𝑖 = 𝑆𝑆𝑖𝑖𝑖𝑖 − 𝑃𝑃𝑝𝑝 4-1 

Pore pressure can be defined as a “scalar hydraulic potential acting within an 

interconnected pore space at depth” (Zoback, 2007). When this pore network is 

interconnected and fluid can move freely within the pore network, pore pressure increases 

at a uniform gradient with depth (usually 0.45 psi/ft or 10.18 kpa/m) and is referred to as 

“hydrostatic” or “normal”. If the pore network is confined and fluids cannot move freely 

within the pore space, pore pressure will exceed that of hydrostatic pressure and the rock 

is usually referred to as “overpressured”. Rapid burial, hydrocarbon generation and 

aquathermal effects are just some of the causes of overpressured formations (Zhang, 

2011). In most instances, it is mud-dominated sequences that are prone to developing 

overpressure and thus, recognition and modelling of the phenomenon in shales is an 

important task. To this effect, several techniques have been proposed (Zhang, 2011) 

which focus largely on the relationship between overpressure and subsurface 

porosity/fluid measurements (e.g. seismic/well velocities or well resistivity logging). 

This study does not attempt to provide a detailed review of the techniques for pore 

pressure prediction but instead adopts the most popular technique for determining pore 

pressure from well logs, first proposed by Eaton (1975).  Whilst the Eaton (1975) method 

is a popular and well-accepted technique (Zhang, 2011), it does hold some drawbacks, 

and the associated uncertainty with these is discussed further in Section 6.1.2. Through 

analysis of well test and wireline data, they demonstrated a correlation between the 

normal-pressured shale resistivity/observed resistivity readings ( 𝑅𝑅
𝑅𝑅𝑛𝑛

) and reservoir fluid 

pressure. A similar correlation was also shown illustrating the relationship of sonic 

slowness �∆𝑡𝑡𝑛𝑛
∆𝑡𝑡
� to fluid pressure. These were then combined with Terzaghi’s theory of 

effective stress (Terzaghi, 1925) and the Hubbert-Rubey pore pressure model (Hubbert 

and Rubey, 1959) to produce the following formulae: 

 
𝑃𝑃𝑝𝑝 = 𝑆𝑆𝑣𝑣 − (𝑆𝑆𝑣𝑣 − 𝑃𝑃ℎ) �

∆𝑡𝑡𝑛𝑛
∆𝑡𝑡

�
𝛽𝛽

 4-2 
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Where Pp is the pore pressure, Sv is the vertical stress, Ph is the hydrostatic pore pressure, 

Δt is the shale sonic reading, Δtn is the shale sonic reading at normal pressure (hydrostatic 

conditions), R is shale resistivity reading, Rn is the shale resistivity at normal pressure 

and β is an exponent (commonly termed the Eaton exponent). 

The main challenge in the application of the Eaton method for pore pressure prediction is 

the determination of the sonic or resistivity wireline log response under normal pressure 

conditions (Δtn and Rn). To address this, using depth-dependent values for Rn and Δtn has 

been proposed; usually determined through the fitting of a Normal Compaction Trendline 

(NCT) to the appropriate log. Van Ruth et al. (2004) and Tingay et al. (2009) developed 

depth-dependant NCTs by fitting exponential trendlines to sonic data and Zhang (2011) 

proposed a generalisation, incorporating mudline and matrix slowness as: 

 ∆𝑡𝑡𝑛𝑛 = ∆𝑡𝑡𝑚𝑚 + (∆𝑡𝑡𝑚𝑚𝑠𝑠 − ∆𝑡𝑡𝑚𝑚)𝑒𝑒−𝑐𝑐𝑐𝑐 4-4 

Where Δtm is the compressional transit time in shale matrix, Δtml is the mudline transit 

time, c is a constant and Z is true vertical depth.  

Furthermore, in Terzaghi (1925)’s derivation of effective stress, it was assumed that the 

rock was incompressible (i.e. there is no volume change within the rock associated with 

increased stress and/or fluid pressure). To account for compressibility, the Biot 

coefficient (α) was later incorporated, which is effectively a measure of the effectiveness 

in which pore pressure counteracts confining pressure to produce volumetric strain 

(Wang, 2000). This parameter can be challenging to quantify, but can be measured in the 

laboratory as the inverse of the ratio of drained bulk modulus (Kb) to the bulk modulus of 

the rock’s solid grains (Kg) (Carroll, 1979; Geertsma, 1957; Nur and Byerlee, 1971; 

Skempton, 1960): 

 𝛼𝛼 = 1 − 𝐾𝐾𝑏𝑏 𝐾𝐾𝑔𝑔⁄  4-5 

An α value close to 1 indicates that the pore pressure within the rock is well distributed 

over the total rock area and therefore capable of balancing changes in external stress. 

Conversely, a lower α value (typically no lower 0.75) indicates that the pore pressure 

within the rock is effective over a smaller total rock area (e.g. due to presence of 

cementation, swelling clays, or diagenetic effects) and is, therefore, less efficient at 

balancing changes in external stress (Barree, n.d.). 
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The challenge in quantifying the Biot coefficient for different rock types has led some 

authors to publish empirical relationships to estimate it instead from porosity (Krief et al., 

1990; Laurent et al., 1993; Lee, 2002). Furthermore, Halliburton (2019) suggest a 

generalised exponential relationship can be followed, though this does not appear to be 

published. Figure 4.4 presents a compilation of these different methods and compares the 

modelled α curves with a small sandstone dataset published by Detournay & Cheng 

(1993). Also included is a linear regression model fitted to the dataset. The Krief et al. 

(1990) model underestimates α substantially regardless of porosity. The remaining 

techniques capture α at high porosities, but only Halliburton (2019)’s exponential model, 

or the linear regression model capture the low porosity datapoints. As the linear regression 

fits the high porosity datapoints better, however, and there is little background available 

in the literature on the Halliburton (2019) approach, the linear model was chosen for 

prediction of α. Applying this method results in an α range of between 0.63-0.85 for the 

Bowland Shale interval. 

 
Figure 4.4 Plot illustrating three published empirical relationships for calculating the Biot coefficient from porosity 
(Krief et al 1990, Lee 2002 and Laurent et al 1993), the un-published equation implemented in GOHFER hydraulic 

fracturing simulator (Halliburton, 2019) and a linear least squares regression model fitted to a small dataset 
presented in Detournay & Cheng (1993). None of the published methods capture the low-porosity samples.  

Once the Biot coefficient is added to Equation 4-1, the updated equation for effective 

stress then becomes: 

 𝑆𝑆′𝑖𝑖𝑖𝑖 = 𝑆𝑆𝑖𝑖𝑖𝑖 − 𝛼𝛼𝑃𝑃𝑝𝑝 4-6 

4.2.3.3 Minimum Horizontal Stress 

The least principal stress, S3 is the pressure that it is necessary to overcome to initiate a 

fracture within an undisturbed rock. Provided the present-day tectonic setting is not that 
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of compression, the least principal stress at depth is approximately horizontal (Hubbert 

and Willis, 1957). Therefore, it is usually equivalent to the minimum horizontal stress, 

and the two terms are often used interchangeably. We use the term minimum horizontal 

stress in further discussions. 

The most reliable way to determine minimum horizontal stress is through a pressure 

diagnostic test involving pumping fluids into the reservoir for a short time, initiating a 

fracture and observing at what pressure it closes. Such tests include Diagnostic Fracture 

Injection Tests (DFITs), minifrac tests and mini fall-off tests. The pressure changes are 

measured throughout and the changes in the gradient of pressure with time used to extract 

in situ stress properties (Figure 4.5 (Zhang and Zhang, 2017; Zoback, 2007)). 

Before any fracture development, the pressure will increase linearly with time to the 

fracture initiation pressure (Pi). At the fracture initiation pressure, a hydraulic fracture 

forms and the pressure gradient drops from the previous rate. Where a clear fracture 

initiation pressure can be identified, this is often approximated as the least principal stress 

magnitude. The peak pressure achieved is referred to as the breakdown pressure (Pb) and 

represents the pressure required to overcome the rock strength and at which unstable 

fracture propagation occurs. As unstable fracture propagation continues, the pressure then 

drops to the propagating pressure (Pprop) at which fracture growth is stable. Once the 

injection is halted, the corresponding leak-off behaviour and pressure drop are usually 

analysed to obtain the instantaneous shut-in pressure (PISIP) and fracture closure pressure 

(Pc). Plots of pressure and GdP/dG versus G-function (“Tangential line method”) (Barree, 

1998; Barree et al., 2014; Barree and Mukherjee, 1996) have proven popular techniques 

in picking PISIP and Pc from pressure declines. Where proppants are used in the injecting 

fluid, the fracture closure pressure is considered the best estimate of minimum horizontal 

stress. 
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Figure 4.5 Schematic representation of a pressure diagnostic test highlighting the points in the Pressure/Time curve 

that are used to estimate in situ stresses. Pi = fracture initiation pressure, LOP = leak-off point, Pb= breakdown 
pressure, Pprop = fracture propagating pressure, PISIP = instantaneous shut-in pressure, Pc = fracture closure 

pressure, SHMin = minimum horizontal stress, S3 = least principal stress (assuming no compression) (after Zhang & 
Zhang, 2017 and Zoback, 2007) 

While pressures obtained from such tests are considered the most reliable estimates of the 

stress within a reservoir, they are costly tests to conduct, and clearly cannot be used for 

any pre-drill forecasting regarding stress properties and hydraulic fracture geometries. As 

a result, models for minimum horizontal stress have been developed following from 

poroelastic theory to estimate the stress state at depth using predominantly wireline log 

data. 

The classical approach to determining the magnitude of the least principal (or minimum 

horizontal) stress utilises poroelastic theory (Equation 4-6) as follows: 

 𝑆𝑆𝐻𝐻𝐻𝐻𝑖𝑖𝑛𝑛 =
𝜈𝜈

1 − 𝜈𝜈
(𝑆𝑆𝑉𝑉 − 𝛼𝛼𝑃𝑃𝑃𝑃) + 𝛼𝛼𝑃𝑃𝑃𝑃 4-7 

Where ν is static Poisson’s ratio. This approach, however, is limited in that it includes 

only the effect of overburden stress and pore pressure. As discussed in Section 4.2.3.1, 

tectonic setting significantly affects the magnitude of the horizontal stresses in the 

subsurface. To address this, Whitehead et al. (1987) proposed a modification of Equation 

4-7, adding a constant to account for external stresses: 

 𝑆𝑆𝐻𝐻𝐻𝐻𝑖𝑖𝑛𝑛 =
𝜈𝜈

1 − 𝜈𝜈
(𝑆𝑆𝑉𝑉 − 𝛼𝛼𝑃𝑃𝑃𝑃) + 𝛼𝛼𝑃𝑃𝑃𝑃 + 𝑆𝑆𝑒𝑒𝑒𝑒𝑡𝑡 4-8 

The main driver of external stress is tectonic forces, which lead subsequent authors to 

term the external stress, tectonic stress (Ahmed et al., 1991). This notation is followed 

herein. Determining an appropriate value for tectonic stress is achieved through 

calibrating calculated minimum horizontal stress with minimum horizontal stress derived 
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from DFIT/minifrac tests (Ahmed et al., 1991; Blanton and Olson, 1999; Cipolla et al., 

1994).  

However, some authors have outlined pitfalls in applying constant stress offset in such a 

manner, notably that it introduced some non-physical limitations in the strain field 

(Blanton and Olson, 1999). As an alternative, applying a constant horizontal strain across 

different zones is considered a more realistic approach (Barree et al., 2009; Blanton and 

Olson, 1999). A plane-strain setting is assumed whereby horizontal strain in one direction 

is set to zero and the orthogonal strain is calibrated to the test data. If the tectonic setting 

is that of extension, this strain is negative, and if in a compressional setting, it is positive.  

Barree et al. (2009) take this approach, however, use a simplified version of the horizontal 

strain parameter originally proposed by Blanton & Olson (1999). Their method for 

minimum horizontal stress then becomes: 

 𝑆𝑆𝐻𝐻𝑚𝑚𝑖𝑖𝑛𝑛 =
𝜈𝜈

(1 − 𝜈𝜈)
[𝑆𝑆𝑣𝑣 − 𝛼𝛼𝑣𝑣𝑃𝑃𝑃𝑃] + 𝛼𝛼ℎ𝑃𝑃𝑃𝑃 + 𝜀𝜀ℎ𝐸𝐸 + 𝑆𝑆𝑡𝑡𝑒𝑒𝑐𝑐𝑡𝑡 4-9 

Where E is Young’s Modulus and εh is applied lateral microstrain. The microstrain 

parameter is a constant, applied to the entire formation that shifts the calculated minimum 

horizontal stress by a value proportional to its strength (by multiplying it by the layer’s 

Young’s modulus, E). The constant is determined by calibrating the calculated minimum 

horizontal stress to data from DFIT/minifrac tests and typically ranges from -100e-6 

(extensional setting) to 200e-6 (compressional setting). Barree et al. (2009) suggest that 

adjusting this parameter rather than tectonic stress is more appropriate in the calculation 

of minimum horizontal stress and this approach is followed in subsequent sections. 

Horizontal Biot coefficient (αh), unlike αv, accounts for only fluid pressure and not 

intergranular stress (Barree et al., 2009), therefore is set to unity. 

4.2.4 Static and Dynamic Elastic Properties 
Young’s modulus and Poisson’s ratio are important components of the minimum 

horizontal stress equation (Equation 4-9). In producing a MEM, these are calculated from 

elastic-wave velocity and density wireline logs. However, elastic moduli derived in this 

manner (termed ‘dynamic’) and those derived, more traditionally, from deformation 

experiments (‘static’) are not equal, even for the same rock (Mavko et al., 2009). Equation 

4-9 handles static elastic properties, and therefore it is necessary to correct the dynamic 

elastic properties from logs before calculating minimum horizontal stress.  
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While no dynamic measurements were taken on core samples retrieved at PH-1, Bowland 

Shale measurements are available for an adjacent well- Bec-1Z- located ~10 km south of 

PH-1 across the River Ribble (Figure 1.6). These dynamic measurements were available 

for twelve samples spanning the Bowland Shale and underlying Hodder Mudstone, some 

of which exhibited pre-existing mineralised fractures and some of which were intact. 

Static to dynamic relationships were developed by calculating the least-squares regression 

and are illustrated in Figure 4.6. For Young’s modulus, several published relationships 

are also plotted for comparison. It can be observed that the least-squares regression is 

similar to that of Wang & Nur (2000)’s equation for soft rocks. The two equations to 

estimate static from dynamic Young’s modulus (E) and Poisson’s ratio (ν) measurements 

were taken as follows: 

 𝐸𝐸𝑆𝑆𝐾𝐾𝑆𝑆𝐾𝐾 = 0.58𝐸𝐸𝐷𝐷𝐷𝐷𝑁𝑁 − 3.47 4-10 

 𝜈𝜈𝑆𝑆𝐾𝐾𝑆𝑆𝐾𝐾 = 1.20𝜈𝜈𝐷𝐷𝐷𝐷𝑁𝑁 − 0.10 4-11 

 
Figure 4.6 Cross-plots of dynamic vs static elastic properties for Young's modulus (left) and Poisson's ratio (right). 
The data points are Bowland Shale samples from the Bec-1Z well. Five published correlations for Young’s modulus 

are shown, and in each case, a linear least-squares regression fitted to the Bec-1Z data. a: McCann & Entwisle 
(1992), b: Eissa & Kazi (1988) c: Wang & Nur (2000), d: Mese & Dvorkin (2000). The least-squares regression for 

Bec-1Z samples is between the Wang & Nur (2000)’s soft rocks and Eissa & Kazi (1988)’s range of rocks 
relationships. 

4.2.5 Rock Failure Estimates 

4.2.5.1 Brittleness Index 

Rocks can be described as brittle or ductile based on how they respond to increased 

loading (stress). If they respond to increased loading by continued ability to support the 

load (i.e. increased strain) they are classed as ‘ductile’, but if they respond to increased 

loading with a deterioration of their ability to support the load (i.e. decreased strain) they 

are classed as ‘brittle’ (Jaeger et al., 2007). This concept is key in the evaluation of a shale 

gas reservoir as a brittle reservoir is more likely to be naturally fractured and respond 
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favourably to hydraulic fracturing than a ductile reservoir, where natural or hydraulic 

fractures are more likely to heal (Rickman et al., 2008). Therefore, efforts have been made 

to quantify the brittleness of a reservoir, leading to the widespread use of the Brittleness 

Index (BI) parameter.  

However, there is a lack of clear consensus amongst workers as to how this parameter 

can be precisely defined and quantified, and as a result, a vast number of definitions have 

been proposed in the literature. Comprehensive compilations of these definitions can be 

found in Zhang et al. (2016) and Rybacki et al. (2016)’s reviews. When using wireline-

log data, however, there are fundamentally three approaches: using mineralogy logs 

(Jarvie et al., 2007), dynamic elastic properties (Rickman et al., 2008) or empirical 

correlations with porosity-based wireline logs (e.g. Jin et al. (2014b)’s correlation with 

Neutron Porosity). 

Rickman et al (2008)’s approach is a popular technique and is followed for this study. 

This method relies on the assumption that a brittle rock will exhibit both high Young’s 

modulus (E) and low Poisson’s ratio (ν). Both are first normalised to account for the 

differing unit scales and then averaged as follows, though note Rickman et al (2008)’s 

original derivation expresses BI as a percentage: 

 𝐵𝐵𝐵𝐵𝑅𝑅𝑖𝑖𝑐𝑐𝑘𝑘𝑚𝑚𝑓𝑓𝑛𝑛 = 0.5 × �
𝐸𝐸 − 𝐸𝐸𝑚𝑚𝑖𝑖𝑛𝑛

𝐸𝐸𝑚𝑚𝑓𝑓𝑒𝑒 − 𝐸𝐸𝑚𝑚𝑖𝑖𝑛𝑛
+

𝜈𝜈 − 𝜈𝜈𝑚𝑚𝑓𝑓𝑒𝑒
𝜈𝜈𝑚𝑚𝑖𝑖𝑛𝑛 − 𝜈𝜈𝑚𝑚𝑓𝑓𝑒𝑒

� 4-12 

4.2.5.2 Fracability Index 

However, brittleness does not consider the strength of the rock and cannot be used solely 

to define zones of ideal fracture properties. To exemplify this, Jin et al. (2014a) point to 

the Forestburg Limestone which separates the Upper from Lower Barnett Shale as a 

formation that displays high brittleness index but would form a fracture barrier due to its 

high strength.  

This led those authors to develop three related Fracability indices, each of which 

combined Brittleness index with a metric relating the strength of the rock to the ease by 

which it fractures. These metrics could include fracture toughness, critical strain energy 

release rate or Young’s modulus (Jin et al., 2014a), but some authors have also proposed 

a structural index that estimates the degree of pre-existing discontinuities in retrieved 

cores (Sui et al., 2019). Fracture toughness is a failure criterion that has an important 

impact on hydraulic fracture propagation and describes the critical stress intensity factor 

at which a fracture becomes unstable and propagates with high velocity (Thiercelin et al., 
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1987). Furthermore, several laboratory studies have demonstrated that it can be correlated 

well with ultrasonic properties of rocks (Chen et al., 1997; Jin et al., 2011; Whittaker et 

al., 1992), thus suggesting it is reasonable to predict the property from sonic-based 

wireline logs. Jin et al. (2014a) consider fracture toughness in their second derivation of 

Fracability index and this approach is followed herein. 

In the absence of core geomechanical data, a published laboratory-based empirical 

correlation is used that relates fracture toughness for mode I (opening) cracks (KIc), 

confining stress (σn) and uniaxial tensile strength (St) as follows (Z. Chen et al., 1997; Jin 

et al., 2011): 

 𝐾𝐾𝐼𝐼𝑐𝑐 = 0.2176𝜎𝜎𝑛𝑛 + 0.0059𝑆𝑆𝑡𝑡3 + 0.0923𝑆𝑆𝑡𝑡2 + 0.517𝑆𝑆𝑡𝑡 − 0.3322 4-13 

Where σn and St are measured in MPa and KIc is expressed in MPa * m1/2. The σn and St 

parameters are estimated from log data according to Sui et al. (2019)’s approach whereby: 

 𝜎𝜎𝑛𝑛 = (0.0045 + 0.0035𝑉𝑉𝑐𝑐𝑠𝑠)𝐸𝐸𝑑𝑑𝑑𝑑𝑛𝑛 4-14 

 𝑆𝑆𝑡𝑡 =
𝜎𝜎𝑛𝑛
𝐾𝐾

 4-15 

Vcl as clay fraction taken from the ELAN model (Section 3.3.1.1), Edyn is dynamic 

Young’s modulus log measured in MPa and K is a constant (12.26). Lastly, once KIc is 

defined, Fracability index (FI) can be calculated as the arithmetic average of Brittleness 

index (BI) and normalised KIc as (Jin et al., 2014a): 

 𝐹𝐹𝐵𝐵 = 0.5 × (𝐵𝐵𝐵𝐵𝑅𝑅𝑖𝑖𝑐𝑐𝑘𝑘𝑚𝑚𝑓𝑓𝑛𝑛 +
𝐾𝐾𝐼𝐼𝑐𝑐_𝑚𝑚𝑓𝑓𝑒𝑒 − 𝐾𝐾𝐼𝐼𝑐𝑐

𝐾𝐾𝐼𝐼𝑐𝑐_𝑚𝑚𝑓𝑓𝑒𝑒 − 𝐾𝐾𝐼𝐼𝑐𝑐_𝑚𝑚𝑖𝑖𝑛𝑛
) 4-16 

4.3 Results 
4.3.1 Stress Calculations 

4.3.1.1 Vertical Stress 

The vertical stress (as outlined in Section 4.2.3.1) is the stress vector normal to the earth’s 

surface and its magnitude at a depth point is owed to the weight of the overlying rock 

layers. Therefore, it can be calculated by integrating the density (ρ) of the rock formations 

and gravity (g) with depth (z) as (Jaeger et al., 2007): 

 
𝑆𝑆𝑣𝑣 = � 𝜌𝜌

𝑧𝑧

0
(𝑧𝑧)𝑔𝑔(𝑧𝑧)𝑑𝑑𝑧𝑧 4-17 

In drilling settings where depths are relatively shallow, however, g is placed outside the 

integral and assumed constant. 
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The bulk density wireline log is used to calculate vertical stress at PH-1. However, the 

log was only run for depths greater than 580 m. To compute vertical stress, it is, therefore, 

necessary to estimate the bulk density trend up to the surface. This is performed using a 

geometric fit to three data points (Figure 4.7):  

• 7.8 m (measured depth) which corresponds to the mudline, and for which the bulk 

density was set to 1.65 g/cm3. 

• 638 m which lies within the Sherwood Sandstone and has a bulk density reading 

of 2.4 g/cm3. 

• 2704.5 m which lies in the LBS and has a bulk density reading of 2.64 g/cm3. 

The resulting vertical stress gradient is approximately 23.6 kpa/m and reaches a 

maximum of 64 MPa at total depth. 

 
Figure 4.7 Log display illustrating the calculated vertical stress profile (track 4) from the integration of the bulk 

density log with depth. Also shown is the geometric fit used to extrapolate the bulk density log to the surface and the 
three fitting points described in the text above (track 3). 

4.3.1.2 Pore Pressure 

In applying the Eaton (1975) approach to pore pressure prediction, the first task is to 

define the normal compaction trendline (Δtm and Δtml parameters in Equation 4-2). 

Shallow logging sections from PH-1 and two additional nearby wells (El-1 and Th-1; the 

locations of which are shown in Figure 1.6) are combined to derive a representative, 

normally-pressured compressional slowness trendline that could be extrapolated to 
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deeper (assumed overpressured) formations. Clarke et al. (2019a) state that overpressure 

is believed to start beneath the anhydrites of the Manchester Marl (Figure 2.2), therefore 

only the formations above the Manchester Marl are used. Shallow sections of the three 

wells were plotted together and a logarithmic curve was fitted to the data, producing the 

following relationship for the normal compaction trendline (Figure 4.8): 

 ∆𝑡𝑡𝑛𝑛 =  −56.8 × log10 𝑇𝑇𝑉𝑉𝐷𝐷 + 237.7 4-18 

 
Figure 4.8 Plot of compressional slowness versus depth, showing only the shallow logging sections for PH-1 and two 

nearby wells (El-1 and Th-1). The locations of the two other wells are shown in Figure 1.6. If the onset of 
overpressure is within the Manchester Marl (Clarke et al. 2019), the formations above this should be normally 

pressured, and a fitted trendline through these sections would represent the normal compaction trendline (NCT). 

Following this, pore pressure can be calculated using the Equation 4-2. The hydrostatic 

pore pressure gradient is fixed at 10.18 kpa/m. A flag is then created to define areas of 

shale versus non-shale using a cut-off of 75 API on the Gamma Ray log. This flag forms 

the zones in which the Eaton (1975) method will be applied and the pore pressure in 

intervening non-shale zones are calculated following the hydrostatic gradient. 

The Eaton exponent is a parameter required to be fitted to any calibration data available. 

In Eaton (1975)’s paper, they proposed an exponent of 3 using their dataset. For this work, 

a range of exponents between 0.5 and 3 was tested and compared with the three 

calibration data points (Figure 4.9). It was evident that it needed to be reduced, and a 

value of 0.8 provided a good fit to the calibration data. This value was subsequently used 

in the calculation of the entire pore pressure profile. 
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Figure 4.9 Crossplot of calculated pore pressure versus minifrac pore pressure for several values of Eaton exponent 
(β). Also included is a y=x trendline along which the cross-plotted values would be preferred to lie. Input values for 

the pore pressure model (equation 4-2) are averaged over the entire test interval to produce a single estimate for 
each minifrac data point. Reducing β to 0.8 produces the best fit to the available calibration data. 

Figure 4.10 is a log display illustrating the results of the pore pressure calculation. Track 

4 shows the normal compaction trendline (NCT) and the compressional sonic (DTC) log 

together to demonstrate the deviation of the DTC away from the NCT in overpressured 

zones. Track 5 illustrates the calculated pore pressure profile (dark blue), the calibration 

data points (red), the hydrostatic pore pressure gradient (cyan). Also included is a 15 

kpa/m pressure gradient for reference (black, dashed).  

The start of overpressure is observed in the Manchester Marl, which is to be expected, 

given the NCT was picked using data only above this point. Pore pressure then increases 

from ~10 MPa at this point to ~40 MPa at a gradient of 15.2 kpa/m. The greatest pressure 

is observed within the clay-rich, thick shales of the LBS. These display pressures up to 

40 MPa; 13 MPa greater than hydrostatic pressure. The UBS is less over-pressured, 

displaying pressures up to 35 MPa; 10 MPa greater than hydrostatic pressure. These are 

also confined to thinner shale sections than the thicker units seen in the LBS. 
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Figure 4.10 Log display illustrating the results of the Eaton (1975) pore pressure model (show in track 5). Also 
shown are the GR (track 3) and the DTC log, together with the normal compaction trendline calculated using 

equation 4-18. Hydrostatic pressure (10.18 kpa/m) and a generic pressure gradient of 15 kpa/m are also shown for 
reference, and the calculated pore pressure can be observed to remain largely within these bounds. 

4.3.1.3 Minimum Horizontal Stress 

Minimum horizontal stress is calculated using poroelastic theory combined with the 

tectonic microstrain offset parameter (εh) (Equation 4-9) (Barree et al., 2009; Blanton and 

Olson, 1999). Deriving a suitable value for tectonic microstrain requires calibration of the 

model to any minimum horizontal stress values derived from DFIT/minifrac tests. In this 

work, the parameter is fitted using three closure stress values taken from near the base of 

the well (Table 4.1) from analysis of minifrac pressure declines (De Pater and Pellicer, 

2011). As the minifrac test intervals span up to 70 m long sections of the well, arithmetic 

averages of each log parameter in the minimum horizontal stress equation were taken to 

calculate one value of predicted minimum horizontal stress for each test and provide a 



95 
 

comparison with the actual value (Figure 4.11). Using a -100 value for tectonic 

microstrain (indicative of an extensional setting) reduced the calculated minimum 

horizontal stress by half, whereas using a +100 value of microstrain (compressional 

setting) doubles the minimum horizontal stress. Keeping the microstrain at 0 provides the 

best fit to these data points, and this was chosen in the final calculation. 

 
Figure 4.11 Crossplot of calculated SHMin versus minifrac SHMin for several values of εh. Input values for the SHMin 

model (equation 4-9) are averaged over the entire test interval to produce a single estimate for each minifrac data 
point. Keeping the εtect at zero produces the best fit to the available calibration data. 

Figure 4.12 presents a log display showing the calculated minimum horizontal stress log 

(track 5) together with the input elastic property logs (tracks 3 and 4) and effective stress 

logs (Sv and PP in track 5). The corresponding gradients (determined through least-

squares regression) are displayed in track 6. Also plotted on track 5 are three stress 

gradients for reference: 10 kpa/m, 15 kpa/m and 20 kpa/m; the stress curve is mostly 

placed between the latter two. It has a very similar character to the Poisson’s ratio log, 

exemplifying the dependency of the poroelastic method for minimum horizontal stress on 

Poisson’s ratio.  

The general minimum horizontal stress gradient is calculated as 17.4 kpa/m. However, 

the modelled curve highlights several high-stress zones (shown in red on Figure 4.12), 

where the calculated stress approaches the 20 kpa/m gradient, and which corresponds to 

a maximum stress of ~50 MPa at the base of the well. These highly stressed zones are 

predominantly located within the LBS, though three zones can also be seen in the UBS. 

The majority of the Bowland Shale minimum horizontal stress is situated between the 15 

kpa/m and 20 kpa/m gradients, though in many intervals, it drops to track the 15 kpa/m 

gradient. These lower stress regions are highlighted in green in Figure 4.12. Also 
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highlighted are zones where the stress drops below the pore pressure curve (shown in 

blue) which is an error in the calculation. While increasing the tectonic microstrain 

parameter would avoid this occurrence, it is hard to justify this given the fit to the minifrac 

data. Therefore, it is assumed these zones are low-stress zones where minimum horizontal 

stress approaches the pore pressure but does not match or cross it. 

 
Figure 4.12 Log display illustrating the results of the minimum horizontal stress calculation (shown in track 5). Also 

shown are the static Young’s modulus and Poisson’s ratio logs (tracks 3 and 4) which are input to the poroelastic 
equation (Equation 4-9). A tectonic microstrain parameter (εh) of 0 is used (see Figure 4.11) and vertical Biot 

coefficient (αv) is calculate from porosity using the linear function outlined in Figure 4.4. Horizontal Biot coefficient 
(αh) is set to unity. The pore pressure and vertical stress curves are also shown for reference in track 5, as are 

generic pressure gradients (10, 15 and 20 kpa/m). Track 6 shows the generalised gradients for each stress profile, 
determined through least-squares regression. 

4.3.2 Rock Failure Estimates 
Figure 4.13 presents a log display showing fracture toughness (track 3), brittleness index 

(track 4) and fracability index (track 5). For each log curve, first (minimum value to 25% 
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of the data) and third (75% to the maximum value) quartiles are also shown. Colour-fills 

have been added between the curve itself and these quartiles to highlight zones of high 

and low fracture toughness, brittleness and fracability. Brittleness (track 4) is largely 

greater than 0.6 throughout the section except for some discrete intervals where it drops 

to ~0.2. A drawback of using the Rickman et al (2008) approach is that an interval over 

which to normalise the input logs needs to be selected, the location of which will 

significantly affect the result. For this calculation, the entire Bowland Shale interval was 

selected, however, a very weak unit at the top (~2000 m depth) skews the rest of the 

calculation, resulting in greater brittleness being calculated for the underlying formation 

(though this may be the case). Several low brittleness (i.e. ductile) intervals can be easily 

identified as plotting within the first quartile and are coloured red. Likewise, several very 

brittle intervals can be identified as plotting within the fourth quartile and are coloured 

green. The very brittle intervals correspond mainly to the Pendleside Sandstone Member 

within the LBS (e.g. 2535 m), but another notably brittle interval can be observed near 

the base of the UBS (~2375 m). 

Fracability index is also high, largely above 0.5, but with some intervals showing lower 

values ~ 0.3. It follows a very similar trend to brittleness index; however, it accentuates 

some intervals where fracture toughness (track 3) is notably low. This is best exemplified 

with the sandstone unit of the Pendleside Sandstone Member (2540m), which shows both 

high brittleness and very low fracture toughness, resulting in the most fracable interval of 

the shale. Apart from this unit, a section near the base of the UBS demonstrates favourable 

failure properties, exhibiting low fracture toughness, high brittleness index and high 

fracability index. While there is generally a strong correlation between brittleness and 

fracture toughness, there are some intervals (e.g. 2155m) where they do not correlate; 

here, low fracture toughness is accompanied by low brittleness index, effectively 

cancelling each parameter out in the calculation of fracability index, which shows a 

relatively flat response. This suggests that calculating brittleness or fracability in isolation 

is not sufficient and both need to be considered when picking intervals for hydraulic 

fracturing.  

These rock failure metrics are challenging to assess when considered on their own. And 

do not show a simple correlation. Therefore, a classification scheme may provide insight 

into the relationship between these that cannot be determined from simply analysing the 

metrics in log view. We combine brittleness and fracture toughness with effective stress 
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in a cluster model to attempt to pick the optimal geomechanical characteristics within the 

reservoir quality zones identified in Chapter 3. 

4.3.3 Geomechanical Classification 

4.3.3.1 Cluster Model 

Sections 4.3.1 and 4.3.2 presented the results of a series of geomechanical models to 

derive logs of in-situ stresses and rock failure indicators for the entire Bowland Shale 

interval. To focus on the identification of the best potential landing zones within the 

stratigraphy, we now filter our analysis to include just the high RQ intervals determined 

in Chapter 3. Three parameters that quantify a rock’s susceptibility to creating and 

maintaining hydraulic fractures and are therefore considered the most important to a CQ 

evaluation are selected for this analysis: brittleness index, fracture toughness and effective 

stress magnitude (difference of minimum horizontal stress and pore pressure). An 

unsupervised classification algorithm is used to identify clusters that share similar values 

of input data. Though note that there is a degree of interdependency in our modelled 

parameters. Fracture toughness is partially dependant on effective stress (Equation 4-14), 

fracture toughness, brittleness index (Equation 4-12) and effective stress (Equation 4-9) 

all incorporate Young’s modulus and brittleness index and effective stress incorporate 

Poisson’s ratio. 

Before running the algorithm, the input logs are first normalised to adjust logs of different 

scales (e.g. those measured as a fraction and those in units of pressure) to a common scale. 

One of the simplest clustering methods- the k-means algorithm- is selected which seeks 

to minimise the sum of squared distances of samples to their nearest cluster centre 

(inertia). It is implemented using the open-source python software package, scikit-learn 

(Pedregosa et al., 2011). 
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Figure 4.13 Profiles of Brittleness Index (track 4) and Fracability Index (track 7), together with the input logs 

involved in their calculation (tracks 3, 5 and 6). Red colour shading is added between the minimum value and first 
quartile (25 %), and green shading is added between the third quartile (75 %) and the maximum value. These assist 

in determining highly ductile/poorly fracable and highly brittle/highly fracable areas of the shale respectively. 

A common problem with unsupervised clustering methods is the selection of the 

appropriate number of clusters to classify the dataset into. In the k-means algorithm, this 

is referred to as the k-value. However, one approach to solving this is to run the algorithm 

multiple times, each using a different value of k, and to assess the performance using a 

certain metric relating to the separation of clusters. Two such metrics are the inertia and 

silhouette score. 

Inertia refers to the sum of squared distances between samples and their cluster centre. 

As the k-value is increased, inertia reduces and an approach to picking the optimum k-

value is to pick the ‘elbow’ at which inertia is no longer significantly reduced for further 
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increases in k-value. The silhouette coefficient is calculated for each sample by taking its 

distance from neighbouring clusters, and its position within its cluster as: 

 
𝑠𝑠𝑠𝑠𝑠𝑠ℎ𝑜𝑜𝑢𝑢𝑒𝑒𝑡𝑡𝑡𝑡𝑒𝑒 𝑐𝑐𝑜𝑜𝑒𝑒𝑐𝑐𝑐𝑐𝑠𝑠𝑐𝑐𝑠𝑠𝑒𝑒𝑐𝑐𝑡𝑡 =

(𝑏𝑏 − 𝑎𝑎)
max (𝑎𝑎, 𝑏𝑏)

 4-19 

Where a is the mean intra-cluster distance (i.e. distance from the cluster centroid) and b 

is the mean nearest adjacent cluster distance (i.e. distance from the nearest cluster that is 

not the cluster it belongs to) (Pedregosa et al., 2011). Generally, the greater the average 

silhouette coefficient for a k-value, the better the data are matched to their assigned cluster 

and the poorer they are matched to their neighbouring clusters. 

To determine the optimal value for k, the algorithm was run for k-values of 2 to 10 and 

both these metrics were analysed (Figure 4.14). The inertia metric (shown on the left) 

does not appear to show a clear ‘elbow’. However, while the silhouette scores are 

generally low (~0.28-0.43), the two largest drops in score are between k-values of 2 and 

3, and between 4 and 5. This latter drop coincides with a subtle decrease in the gradient 

of inertia reduction with k-value, but it would be hard to identify this on inertia alone. 

Furthermore, selecting 2 clusters would result in a high silhouette coefficient, but it is 

unlikely to provide us with much insight into the patterns of data segregation in the CQ 

parameters. Therefore, it was determined that 4 was a reasonable value with which to 

proceed with the classification model. 

4.3.3.2 Classification Results 

Figure 4.15 illustrates a series of two-dimensional cross-plots representing all possible 

combinations of the three variables input to the cluster model. The high RQ sections of 

the Bowland Shale are plotted as scattered data and coloured according to their allocated 

cluster, with the larger, black-outlined points representing the cluster centres. As there 

was no training data provided to the cluster model, we interpreted and assigned our own 

labels (excellent CQ for example) after the classification, according to the typical 

geomechanical properties within that cluster. The rationale behind these interpretations is 

further explained below, and in Section 6.1.3 we consider how our interpreted cluster 

types may be validated in the future with further data availability. 

Some general observations can be made regarding the clustering results. The degree with 

which the different clusters are separated is variable. There is good separation in the cross-

plots where fracture toughness is an input parameter (Figure 4.15 (b) and (c)). The cluster 

centres are well-separated and there is minimal overlap in the classified points. In 
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brittleness/effective stress space, however, (Figure 4.15(a)) there is some overlap between 

yellow and pale green cluster suggesting some confusion in the classification scheme.  

The cluster shown in red exhibits the highest effective stress (> 8 MPa), lowest brittleness 

index (< 0.5) and highest fracture toughness (> 1 MPa m1/2). This is coloured in red as it 

is believed to represent the poorest CQ and the class most likely to form a highly 

pressured, ductile fracture baffle or barrier. Whether highly stressed intervals in the shale 

do indeed form a barrier is investigated in Chapter 5, Section 5.5.2. 

The yellow cluster also exhibits high, but slightly reduced effective stress (>7 MPa), 

greater brittleness (> 0.55) and lower fracture toughness (< 0.85 MPa m1/2). This is 

interpreted as moderate CQ as while there is a clear drop in fracture toughness between 

this and the poor CQ cluster, the remaining properties exhibit only a slight improvement 

in CQ metrics. 

The pale green cluster shows fracture toughness values almost as high as the poor CQ 

class but a further decrease in effective stress (< 6 MPa) and an increase in brittleness 

index (> 0.6). Given these latter two metrics show improvement in CQ properties, we 

consider this as a good CQ rock type. An increase in fracture toughness accompanied by 

an increase in brittleness in this manner may reflect a carbonate-rich section of the shale 

which requires greater energy to fracture due to its higher strength (as was discussed in 

Section 4.2.5.2 in the case of the Forestburg Limestone). 

The dark green cluster shows the lowest effective stress (< 5 MPa), the highest brittleness 

index (> 0.6) and low fracture toughness (< 0.85 MPa m1/2). We consider this the ideal 

mix of CQ properties and label it as excellent CQ. 

 
Figure 4.14 Plots illustrating how the k-value is determined for use in the k-means clustering algorithm. The inertia 
plot (left) should exhibit an ‘elbow’ where the reduction in inertia for increasing k flattens. This is difficult to pick on 
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this plot alone. A high silhouette score (right) should also be considered, and while the numbers in this instance are 
generally low, there is a noticeable drop after a k value of 4. 

 
Figure 4.15 A series of cross-plots illustrating each input log to the cluster model plotted with each other log. The 

cluster model runs only on the intervals identified as bearing good RQ in the previous chapter. The colour scheme is 
interpreted as different classes of CQ and is explained further in the text. 

Figure 4.16 illustrates a well log display showing the vertical distribution of the four 

geomechanical clusters. Tracks 3-5 show the three input logs to the cluster model. Track 

6 shows the high RQ zones determined in Chapter 3. Track 7 shows the CQ cluster, 

coloured using the same approach as Figure 4.15, and also shown as an overlay across 

the entire plot. To aid with interpretation, track 8 shows a moving count of the good and 

excellent CQ clusters over a 10 m interval. Track 9 shows a generalised interpretation of 

the mechanical zones in the shale, highlighting the identified landing zones that are picked 

generally on the highest count of good CQ intervals. 

The good and excellent CQ intervals are located almost entirely in the UBS. This is partly 

due to there being little RQ zones in the LBS (discussed in Section 3.5.4), but the RQ 
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intervals that are present also exhibit poor CQ (e.g. at 2650m depth). Some thin, good CQ 

intervals are found ~ 2600m depth in the LBS, but they are not as significant in number 

as those observed in the UBS. The excellent CQ zones are located particularly within the 

lower section of the UBS (between ~2350 m and ~2420 m). Here, we observe high 

brittleness index, low fracture toughness and the lowest effective stress. The good CQ 

zones are mainly found in an interval in the middle of the UBS (between ~ 2220 m and 

~2300 m) where fracture toughness and effective stress are slightly greater and at the top 

of the UBS (between ~ 2000 m and ~ 2275 m). Adjacent to these intervals are zones of 

poor RQ which have not been classified but exhibit some poor CQ properties (e.g. low 

brittleness and high effective zones at 2150 m and 2320 m). Also present are intervals 

that were flagged as good RQ but have been assessed as poor CQ in the above cluster 

model. These are shown as orange zones in track 9 and seem to separate the good CQ 

intervals from the poor RQ intervals shown in pink.  
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Figure 4.16 Well log plot showing the input logs to the cluster model (tracks 3-5), the RQ intervals from Chapter 3 

(track 6), the CQ classifications output from the cluster model (track 7), the count of good and excellent CQ sections 
over a 10 m interval (track 8) and the interpreted landing intervals and generalised geomechanical zones (track 9).  

4.4 Discussion 
4.4.1 Comparison with Previous Work 
Following an induced seismic event near PH-1 (Clarke et al., 2014b), several technical 

reports were commissioned to study its behaviour; which were summarised in (De Pater 

and Baisch, 2011). A geomechanical model at PH-1 was constructed as part of these 

studies and later expanded on by Clarke et al (2018). As discussed in Section 4.2.2, this 

work uses calibration data from these works, but we sought to calculate geomechanical 

parameters independently, to build a unique classification.  
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The minimum horizontal stress gradient of 17.4 kpa/m presented herein is aligned with 

these previous studies. De Pater & Baisch (2011) reported an average minimum 

horizontal stress gradient of 0.74-0.8 psi/ft (17.0-18.1 kpa/m) from minifrac pressure 

declines within the Bowland interval at PH-1. Clarke et al. (2018) presented a minimum 

horizontal stress curve for which we determine a gradient of 17.8 kpa/m (0.79 psi/ft) and 

calculate a maximum value of 49.3 MPa. 

Similarly, we determine Clarke et al. (2018)’s pore pressure gradient to be ~16.2 kpa/m 

with a maximum value of 37 MPa at 2454 m. This is a slightly larger gradient than that 

determined herein (15.2 kpa/m). The clearest difference is the reduction in pore pressure 

presented in Clarke et al. (2018)’s study within the LBS. Our results instead suggest that 

pore pressure continues to increase, with maximum pressure recorded in the clay-rich 

sections of the LBS (up to 40 MPa). Clarke et al (2018) determined lower pore pressure 

in this region (~36.5 MPa), some 10 MPa greater than hydrostatic. Clarke et al. (2019) 

followed this with an updated pore pressure curve, which we determine as a similar 

gradient (16.1 kpa/m), but with the greatest pressure instead recorded in the LBS (~38 

MPa). This is more aligned with our results, though as a consequence of the different 

calculation methods, our model shows heightened pore pressures within discrete, clay-

rich shales, which are not accounted for in either Clarke et al (2018) or Clarke et al 

(2019)’s models. 

4.4.2 Overpressure in the Bowland Shale 
The subject of pore pressure and overpressure has not been discussed in detail for the 

Bowland Shale, however, it is a key parameter in determining the amount of gas-filled 

porosity as part of a resource assessment. Some early studies suggested there was a lack 

of overpressure in Bowland Shale basins (Smith et al., 2010), leading to the assumption 

of hydrostatic pressure in the British Geological Survey’s resource estimate for the shale 

(Andrews, 2013). 

Observation of the pore pressures derived from minifrac testing alone suggests that this 

is not the case; with these samples exhibiting overpressure of ~10-12 MPa (assuming a 

normal pore pressure trend of 10.18 kpa/m). Taking the onset of overpressure at the 

Manchester Marl, the modelling presented in this work suggests the pore pressure 

increases at a gradient of ~15 kpa/m to a maximum of ~40 MPa at the base of the well, 

exhibiting overpressures up to 14.5 MPa within the LBS. In Clarke et al. (2018)’s 

synthesis of Bowland Shale exploration, a pore pressure curve was presented which 
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demonstrated highest pore pressures within the base of the UBS – perhaps steered by the 

calibration data-point 7895 ft depth which measured anomalously high pore pressure. 

That data point was considered poor quality in their subsequent study (Clarke et al., 

2019a) and their amended pore pressure curve showed the greatest pore pressures in the 

LBS; matching the findings presented herein.  

Figure 4.17 illustrates the typical pore pressure gradient ranges for a variety of producing 

US shale plays (plotted following Zhang (2019a)’s compilation). Also annotated are a 

normal pore pressure value (10.18 kpa/m) and the gradient determined at PH-1 (15.2 

kpa/m). The Barnett Shale is an often-quoted analogue to the Bowland Shale due to 

similarities in its age of deposition and mineralogy. It is considered a mildly over-

pressured shale formation (11-12 kpa/m; (Zhang, 2019a)), suggesting it is generally, less 

pressured than the Bowland Shale at this location. In areas where it is mature, Bowker 

(2007) suggested an overpressure gradient of 11.8 kpa/m to exist. Using an average 

reservoir depth of 2286 m (Bowker, 2007), this corresponds to 27 MPa pore pressure. 

Furthermore, taking a hydrostatic pore pressure of 10.18 kpa/m, this would correspond to 

4 MPa of overpressure. 

The Eagle Ford shale is considered a more over-pressured shale play (9-18 kpa/m; 

(Zhang, 2019a). Using Cander (2013)’s determination of a 16.7 kpa/m gradient and a 

reservoir depth 3048 m this corresponds to 51 MPa pore pressure. Taking hydrostatic 

pore pressure away as before, this corresponds to 20 MPa of overpressure. These values 

exceed the values we observe in PH-1. It would appear the overpressure exhibited by the 

Bowland Shale in this well is somewhere between that of the Barnett and Eagle Ford 

examples. 

While high pore pressure can pose a risk to drilling, and in this work, it is treated as a 

contributor to poor CQ due to its correlation with high clay content, it can bring some 

benefits to production. Highly overpressured Haynesville wells have exhibited very high 

initial well production rates (~9.5 MMscf/day), some five times greater than typical 

Barnett wells (Sandrea and Sandrea, 2014). 
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Figure 4.17 Bar chart illustrating the range of pore pressure gradients for a series of US shale plays (after Zhang 
(2019a). The green line represents a hydrostatic pore pressure gradient of 10.18 kpa/m and the red line represents 

the pore pressure gradient modelled at PH-1. While only one gradient is considered herein, it appears similar to the 
mid-cases for the Fayetteville, Marcellus, Barnett and Niobrara shales. It is less overpressured than some of the 

other prolific shale plays such as the Eagle Ford, Woodford and Haynesville shales. 

4.4.3 Picking Landing Points 
From the analysis of RQ intervals in Section 3.5.4 and the analysis of CQ in the form of 

the cluster model presented herein, it is evident that the UBS forms the most promising 

section of the Bowland Shale for stimulating and producing gas. Therefore, our focus 

becomes the picking of the exact landing points within the UBS where lateral wells should 

be targeted, taking into account RQ and CQ. 

Figure 4.16 (track 9) shows interpreted intervals for landing zones, in addition to 

generalised interpretations of good CQ, poor CQ, poor RQ (from the previous chapter) 

and potential fracture barriers. These intervals are also summarised in Table 4.2. Landing 

1 is picked near the top of the formation within the good CQ zone. While high counts of 

excellent CQ (Figure 4.16; track 8) can be observed at both 2015 m and 2055 m depths, 

the lower of these two intervals is picked for the landing zone as if stimulated, fractures 

may propagate up into the overlying, 32 m thick interval.  

Similarly, Landing 2 is picked at 2290 m at the highest count of good CQ, with several 

good CQ stacked over a 51m interval overlying the landing point. Landings 1 and 2 are 

separated by an extensive, 105 m poor RQ interval, with a 30 m thick, highly stressed 
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zone at 2138 m (Figure 4.16; track 5) which may form a fracture barrier and prevent 

interference between the two landing zones if targeted.  

Landing 3 is picked at 2420 m where the highest count of good CQ zones is observed. 

Immediately overlying the interval is a 62 m section of good CQ. The spacing between 

Landings 2 and 3 is less than between Landings 1 and 2; however, a potential fracture 

barrier in the form of a highly stressed zone between 2299 m and 2348 m may limit 

interference between wells if targeted. 

Top (M-MD) Base (M-MD) Thickness (M-MD) Interpretation 
2010 2046 36 Good CQ 

2046 2066 20 Landing 1 

2066 2080 14 Good CQ 

2080 2090 20 Poor CQ 

2090 2138 48 Poor RQ 

2138 2168 30 Frac barrier 

2168 2195 27 Poor RQ 

2195 2228 33 Poor CQ 

2228 2279 51 Good CQ 

2279 2299 20 Landing 2 

2299 2348 49 Frac barrier 

2348 2410 62 Good CQ 

2410 2430 20 Landing 3 

2430 2497 67 Poor RQ 

2495 2505 10 Good CQ 

2505 2520 15 Poor RQ 
Table 4.2 Summary table of the interpreted, generalised geomechanical intervals, highlighting the three landing 

zones. These are also shown in Figure 4.16. 

4.5 Conclusions 
In this chapter, wireline logs, calibrated with minifrac test data, have been used to 

construct a geomechanical model at PH-1 detailing the stratigraphic variations in stress 

and mechanical properties. After analysis of some of the key variables, in turn, several of 

the parameters key to shale gas evaluation have been incorporated into a cluster model to 

determine a zonation scheme and identify optimal locations for potential landing zones 

in the UBS. From this work, the following conclusions can be drawn: 

1. The Bowland Shale is moderately overpressured, exhibiting a pore pressure 

gradient of 15.2 kpa/m and a maximum pressure of 40 MPa which corresponds to 
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13 MPa above hydrostatic pressure. This degree of overpressure is generally 

greater than that exhibited by the Barnett Shale but less than that found in the 

Eagle Ford Shale. 

2. While the minimum horizontal stress gradient is 17.4 kpa/m, several highly 

stressed intervals, where the gradient approaches 20 kpa/m, can be identified. 

These are mainly located within the LBS, but several thinner intervals can be 

identified within the UBS. 

3. The shale exhibits variable geomechanical properties, quantified in this work 

through the calculation of the brittleness and fracability metrics. It is generally, 

very brittle, exhibiting values between 0.6 and 0.8. The most brittle regions 

correspond to the Pendleside Sandstone Member (within the LBS), and an interval 

near the base of the UBS. The fracability metric exhibits a more heterogeneous 

log character. While it generally correlates with brittleness, it accentuates some 

intervals where the fracture toughness is particularly low (e.g. the Pendleside 

Sandstone Member). Equally, in some areas high brittleness index is accompanied 

by relatively low fracture toughness, which serves to reduce the overall 

fracability. These observations suggest that using either of these metrics in 

isolation is not sufficient for a detailed assessment of rock failure. 

4. The intervals of shale with the best CQ have low effective stress, high brittleness 

and low fracture toughness. Cluster analysis is used to refine the high RQ sections 

from Chapter 3 based on their CQ characteristics. The technique produces useful 

results and clear clusters can be observed when a stress and geomechanical 

property are compared (e.g. effective stress and brittleness). We use this approach 

to interpret a series of CQ classes illustrated through a pseudo-traffic-light system. 

Plotting these classes in depth, and using a rolling count of each class, we propose 

three landing zones with high counts of the best CQ classes. These are separated 

by less brittle, highly stressed intervals that may act as a fracture barrier but 

require further investigation. 

5 HYDRAULIC FRACTURE CHARACTERISTICS AND 
THEIR INFLUENCE ON WELL PLACEMENT STRATEGY  

5.1 Introduction 
The body of this thesis opened with an examination of the structural geology in an area 

surrounding the PH-1 shale exploration well, concluding that the complexity observed at 

Bowland Shale reservoir level was owed to multiple deformation events experienced by 
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the basin (Chapter 2). This complexity places limits on the number of locations where 

long (~ 2 km) horizontal wells can be drilled without intersecting major structural 

features. On this basis, the thesis proceeded with a detailed study of the stratigraphic 

variability in Bowland Shale rock properties to determine if there were multiple 

prospective pay zones in the shale, thus allowing stacked, but shorter wells to be drilled 

whilst retaining economic feasibility. These works focused on PH-1 and incorporated 

elements of petrophysics and rock physics (Chapter 3) to assess RQ and stress regime and 

geomechanics (Chapter 4) to assess CQ. From these sections, it was concluded that three 

intervals, all located within the UBS, hold the best rock properties for hydraulic fracture 

stimulation. 

However, several key questions remain. Firstly, if stimulated along horizontal wells, do 

these three landing zones produce fractures of desired geometries; are the fractures 

simple, or complex, how tall and long are the fractures and does the fracture pressure 

allow for proppant to be mobilised in the area immediately around the perforated interval? 

Secondly, if stacked wells were to form the primary production strategy for the shale, are 

there intervals of sufficiently high stress (i.e. often colloquially referred to as a ‘frac 

barrier) to provide vertical constraints to fracture growth and avoid interference from one 

lateral well to another? Thirdly, how do the fracture dimensions relate to the structural 

setting of the basin, specifically, what are the consequences in determining how close a 

fracture stage can be placed to a significant fault whilst avoiding interference with, and 

potential reactivation of that fault, if critically stressed? Finally, what are the 

consequences of these observations for the extractable resource in this portion of the 

PEDL165 licence (Figure 1.6); how many sites could theoretically be drilled and what 

range of gas production could be expected from the area?  

In this chapter, these points are addressed through studying the Bowland Shale’s response 

to hydraulic fracturing using a hydraulic fracture simulator. The model of stress and 

geomechanical logs determined at the PH-1 well in Chapter 4 forms the primary input to 

the simulation, however, it is supplemented with further information from the minifrac 

tests described in Section 4.2.2. We aim to use the simulations to further understand the 

typical fracture geometries produced within the landing zones highlighted in Chapter 4, 

test if potential pressure barriers could indeed halt vertical hydraulic facture propagation 

(providing confidence in the possibility of stacking production wells without 

interference), and determine the spatial extent of the hydraulic fractures away from the 

wellbore to suggest suitable drilling locations located sufficiently far from major faults. 
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The chapter begins with providing some key contextual points in Section 5.2. The 

challenge posed by the structural geological setting of the basin is re-iterated but also 

expanded on for the area around PH-1 (Section 5.2.1). The first lateral well to be drilled 

and hydraulically fractured in the basin (PNR-1Z; Figure 1.6, Table 1.1) is introduced, 

and it is discussed how data from this can be used to build a representative horizontal 

pseudo-well for the modelling work (Section 5.2.2). The concept of fracture barriers is 

reviewed, focusing specifically on why they are important in shale plays (Section 5.2.3), 

and finally, the use of numerical hydraulic fracture simulators for studying fracture 

behaviour is reviewed and specific details provided as to the background to and theory 

behind the commercial simulator used in this work (Section 5.2.4). In Section 5.3, the 

specific details relating to the setup of the simulations are documented. These both relate 

to the formation of the geological model (the calculated logs used as input data and the 

upscaling and gridding process) and the building of horizontal pseudo-wells and their 

completion setup (number and size of completion stages and fluid and proppant injection 

rates). Section 5.4 presents the results of hydraulic fracture simulations in synthetic, 

layered models (but with mechanical properties representative of the Bowland Shale) to 

provide an initial assessment of fracture behaviour. Section 5.5 then presents the results 

of a multi-stage, vertical hydraulic fracture simulation through the Bowland Shale 

stratigraphy at PH-1, designed to test the geomechanical zonation scheme developed in 

Chapter 4 and observe the hydraulic fracture geometries developed in the best landing 

zones. Importantly, the effectiveness of fracture barriers in halting hydraulic fracture 

propagation is considered (Section 5.5.2). In Section 5.6, the results of simulations in a 

along horizontal pseudo-wells with completion characteristics like PNR-1Z are presented. 

The spatial extent of the hydraulic fractures is assessed, and the impact of stress 

shadowing considered. This insight is used to consider how close to major faults hydraulic 

fracture stages can be placed in this portion of the Craven Basin. We consider the 

proximity of hydraulic fractures to a fault as a proxy for the likelihood of reactivation of 

that fault, though recognise the actual risk of reactivation will be dependent on the fault’s 

specific stress state. Using these modelled fracture lengths, we then consider where (and 

of what length) wells could be confidently be drilled without hydraulic fractures 

intersecting major faults. Finally, in Section 5.7 the implications of the findings are 

considered in terms of how the modelled fracture lengths relate to existing microseismic 

data and other authors’ modelling work, and what the results suggest about the production 

potential of the shale in this area of the Craven Basin. 
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5.2 Background 
5.2.1 Constraints Imposed by the Geological Structure 
In the portion of PEDL165 in which PH-1 is located, the structural geology is 

characterised by steep reverse faults and folded Carboniferous stratigraphy that in turn, 

compartmentalises and deforms the Bowland Shale (Figures 2.4, 2.6 and 2.7) (Anderson 

and Underhill, 2020). As a consequence, if horizontal wells are to be drilled along the 

direction of minimum horizontal stress (thus optimising the opening of hydraulic 

fractures in that same orientation and to propagate along the azimuth of maximum 

horizontal stress), the maximum length that can be achieved within each block is typically 

less than 2 km (Figure 2.7) (Anderson and Underhill, 2020).  

However, a further challenge is posed by the geometrical mismatch between the 

orientation of major faults and the maximum horizontal stress orientation, in which 

hydraulic fractures will propagate. This is well exemplified in the area around the PH-1 

well. Figure 5.1 illustrates the LBS time-structure map (after Anderson & Underhill 

(2020)) near PH-1. The minimum horizontal stress orientation is shown as a black line 

extended from the PH-1 well, east, up to the Moor Hey Fault. PH-1 was drilled on the 

western edge of the Weeton Block, bound by the Summerer Fault in the north-west and 

the Moor Hey Fault in the south-east. The width of this block along minimum horizontal 

stress orientation is ~3 km, and if a lateral section was side-tracked from PH-1 along this 

azimuth, a lateral of ~2.5 km could be achieved before the Moor Hey Fault was 

encountered.  

However, as estimates of the maximum horizontal stress orientation and the strike of the 

major faults are not parallel (Anderson and Underhill, 2020), there is a risk of hydraulic 

fractures interacting with these faults at the heel and toes of this hypothetical well. Near 

the heel, there is a risk of hydraulic fractures propagating north and interacting with the 

Summerer Fault, whereas near the toe of the well, there is a risk of hydraulic fractures 

propagating south and interacting with the Moor Hey Fault (Figure 5.1). Assessing this 

risk and placing completion stages accordingly will require knowledge of the expected 

fracture propagation lengths. Naturally, the risk of encountering induced seismicity 

depends on whether the associated faults are critically stressed. However, even if this 

were not the case, hydraulic fractures interfering with such structures may still ultimately 

deflect the imposed energy from fracturing the desired matrix around the wellbore and 

would be detrimental to production. 
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Figure 5.1 Lower Bowland Shale time structure map near PH-1, the location of which is shown in Figure 1.6. A 

hypothetical lateral well is drawn from PH-1, along the azimuth of minimum horizontal stress up to the Moor Hey 
Fault. The image exemplifies the geometrical problem posed by mapped faults whose strike is not parallel to 

maximum horizontal stress orientation. If a well is drilled near the edge of a fault block (as was the case at PH-1), 
there is a risk of hydraulic fractures interfering with those block-defining faults.  

5.2.2 The PNR-1Z Well 
While this work focuses on the PH-1 well, treatment data relating to the hydraulic 

fracturing of an adjacent well, PNR-1Z is used to design a typical horizontal well for 

simulation. PNR-1Z is a lateral well side-tracked from the semi-vertical PNR-1 well, both 

drilled by Cuadrilla Resources over a period between September 2017 and April 2018 

(Table 1.1). The site is located ~4 km south of PH-1 (Figure 1.6) but also within the 

Weeton fault block (Figure 2.6). PNR-1Z comprises a 782 m horizontal section targeting 

the LBS that was subsequently stimulated between October and December 2018. Induced 

seismicity was encountered during hydraulic fracturing operations, as described in 

Section 2.2.4.3, Clarke et al. (2019b) and Anderson & Underhill (2020). 

As a consequence of the induced seismicity at PNR-1Z, a comprehensive dataset relating 

to the hydraulic fracturing operations was made publicly available by the Oil & Gas 

Authority (Oil & Gas Authority, 2019). The dataset consists of daily operations reports, 

fracture sleeve depths, fluid and proppant pumping schedules and recorded microseismic 

activity. In subsequent sections (5.3.3 and 5.3.4), data relating to the well trajectory, 

completion setup and pumping schedules are used in to design representative pseudo-

wells at the PH-1 site for simulation.  
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5.2.3 Fracture Barriers 
The concept of multi-lateral, stacked drilling and production and how it may be deployed 

as a production strategy for the Bowland Shale was discussed in Section 3.1. However, it 

is not sufficient to simply say that the Bowland is a suitable candidate for this due to its 

thickness, reservoir and completion characteristics. Stress barriers above and below the 

target reservoir zone are a key component of a successful shale play as they play a role in 

containing hydraulic fractures to within the desired interval. 

In a conventional setting, a simple example often used to illustrate fracture containment: 

a situation comprising a sandstone reservoir with overlying and underlying shales. 

Simonson et al (1978) discussed how if the shales are more stressed relative to the 

sandstone, hydraulic fractures created in the sandstone will likely be contained. However, 

numerical simulations have proven that containment is highly dependent on the treating 

fluid pressures and durations (Wasantha et al., 2019).  

Applying this logic to unconventional settings where shales are the reservoir itself proves 

a more challenging task. Highly-stressed, tight limestones have proven successful stress 

barriers in successful US shale plays, such as the Tully and Onandaga Limestones 

bounding the Marcellus Shale (Zhang, 2019b) and the Viola/Simpson and Marble Falls 

Limestones bounding the Barnett Shale (Bowker, 2003). Similarly, the Wolfcamp 

Formation, which is targeted using stacked wells, contains several thinner, highly-

stressed limestones which form barriers to vertical hydraulic fracture growth (Parsegov 

et al., 2018; Rutledge et al., 2018; Stegent and Candler, 2018). Conversely, highly 

stressed zones can also be attributed to clay-rich, ductile shales and these may form 

barriers to hydraulic fractures. Such a phenomenon may be a factor in containing 

hydraulic fractures within the Eagle Ford Shale (Mullen, 2010). Evidently, this suggests 

that a pure lithological-based discriminator is not sufficient in characterising if a unit is 

to form a barrier or not. 

As part of Chapter 4, geomechanical characteristics were used to highlight highly stressed 

zones of the shale which may prove suitable barriers to fracture growth, and intervening 

areas were highlighted as potential landing zones. Whether these zones are of adequate 

thickness or magnitude to prevent well interference is a question further studied in this 

chapter. 
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5.2.4 Hydraulic Fracture Models 
To model the propagation of transverse and longitudinal fractures from a stimulated well 

into the Bowland Shale we use a commercial hydraulic fracture simulator, GOHFER, one 

of several analytical models designed for the modelling of hydraulic fracture geometries 

in the subsurface. Such analytical models take physical laws relating to fluid, solid, 

fracture and thermal mechanics and in combinations of varying complexity to produce 

models of fracture geometry. They can be crudely classified into three categories: 2D 

models, pseudo-3D models, and planar-3D models. A drawback that is common to all 

three types of such models is their failure to account for a natural fracture network, and 

we discuss the uncertainty associated with this in Section 6.1.4. Comprehensive reviews 

have been previously presented in Warpinski et al (1993a) and Mack & Warpinski (2000), 

and this section draws on their works and considers the basic theories behind each model 

in turn. 

5.2.4.1 PKN and GDK 2D Models 

The earliest hydraulic fracture models considered the 2D propagation of a single vertical 

fracture with fixed height into a homogeneous medium. Such pioneering analytical 

models include the Khristianovich-Geertsma-de Klerk (KGD) model (Geertsma and De 

Klerk, 1969; Khristianovic and Zheltov, 1955) and the Perkins-Kern-Nordgren (PKN) 

model (Nordgren, 1972; Perkins and Kern, 1961) (schematic illustrations of which are 

demonstrated in Figure 5.2). The KGD model assumes plane-strain deformation in the 

horizontal plane (i.e. the crack width at any distance from the well is independent of 

vertical position); considered a suitable assumption for short fractures (i.e. the height of 

the fracture is much greater than its length) (Mack and Warpinski, 2000). The PKN model 

follows a similar approach, but assumes plane strain deformation in the vertical plane; 

considered a suitable assumption for long fractures (i.e. the length of the fracture is much 

greater than its height) (Mack and Warpinski, 2000).  
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Figure 5.2 Illustration of the Khristianovich-Geertsma-de Klerk (KGD) and Perkins-Kern-Nordgren (PKN) planar 

2D hydraulic fracture models (after Mack & Warpinski, 2000). 

5.2.4.2 Pseudo-3D Models 

One of the significant limitations of the 2D planar fracture models is that the height of the 

hydraulic fracture remains constant and needs to be specified by the user. In reality, the 

height at any point in the fracture will be controlled by the presence of stress barriers 

above or below the fracture, lateral variations in stress and distance from initiation point. 

It is expected that the height will be greatest near the pressurised interval (i.e. the 

stimulated well), before reducing at some function with distance from the well. Pseudo-

3D models were developed as an evolution of the PKN model with equations to better 

represent fracture height growth. However, these models make simple assumptions about 

fracture geometry (e.g. radial, 2D, elliptical) and are therefore less appropriate in settings 

where complex fracture geometries might be expected, say due to the presence of 

numerous stress contrasts over the perforated interval. Such models include ‘cell-based’ 

models (Fung et al., 1987; Simonson et al., 1978) and ‘lumped’ models (Cleary, 1980) 

and remain popular today within commercial simulators such as FracPro (originally 

presented in Settari & Cleary, (1984)) and MFrac. 

5.2.4.3 Planar 3D Models (GOHFER Software) 

Planar-3D models seek to overcome the main drawback of pseudo-3D models; that a 

simple and pre-determined fracture geometry needs to be assumed. A planar fracture is a 

narrow channel of variable width through which fluid flows; and because the fluid flow 

within the fracture, the resulting fluid pressure, and the fracture geometry are all closely 

coupled (Mack and Warpinski, 2000), solving planar-3D models can be computationally 

expensive. The first implementation of this approach involved separating a fracture into 

discrete elements and solving coupled fluid flow and solid deformation equations on each 
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element (Clifton and Abou-Sayed, 1979) (illustrated schematically in Figure 5.3a). A 

drawback to this approach, however, is that the grid elements near the fracture edge distort 

to fit the new fracture shape as it propagates, often resulting in cells of very large aspect 

ratios (Mack and Warpinski, 2000). To overcome this, Barree (1983a) developed an 

approach whereby the reservoir is divided into a grid of equal size (Figure 5.3b), that is 

instead stationary and becomes open to flow when certain failure criteria are met (Mack 

and Warpinski, 2000). This latter approach has become a widely used tool for predicting 

hydraulic fracture geometry in the industry and is presented as GOHFER (Grid Oriented 

Hydraulic Fracture Extension Replicator). The simulator has been used to model the 

complex hydraulic fracture geometries created during the stimulation of unconventional 

reservoirs, such as tight gas sands of the Uinta Basin (Mohammad, 2012), the Wolfcamp 

Shale (Patterson, 2017; Parsegov, 2019) the Eagle Ford shale (Al Mulhim 2019) and the 

Niobrara-Codell shales (Levon, 2018). 

As this work uses GOHFER for simulation, this section further describes some of the 

details behind the numerical solution. 

 
Figure 5.3 Schematic representation of two types of planar 3D fracture models (redrawn from Mack & Warpinski, 

2000) (a) Illustration of a planar fracture separated into grid elements. Near the fracture edge, the elements become 
distorted and have very high aspect ratios. (b) Illustration of the approach taken in GOHFER software whereby a 

fracture is represented as a series of grid elements each of equal shape and size. 

GOHFER was originally developed in a PhD thesis presented by Barree (1983b) and is 

now offered by Halliburton as a standalone software application. Its ability to handle a 

3D input grid of geomechanical properties makes it a useful application in studying 

complex fracture geometry in heterogeneous formations. The fracture model 

implemented in the software uses a combination of classical point mechanics theory 

(Boussinesq, 1885) for determining fracture width and a 2D finite-difference formulation 

to solve for fluid pressures within the fracture (Barree, 1983a, 1983b). Fracture width is 

calculated by assuming that the propagating fracture is the surface of a semi-infinite half-

space and that the fluid pressure within the fracture is a load acting to displace the surface 

between each half-space. The displacement of the fracture plane caused by an imposed 
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concentrated load can be calculated as (Boussinesq, 1885; Sneddon and Elliott, 1946; 

Timoshenko and Goodier, 1951): 

 
𝑢𝑢(𝑧𝑧=0) =

(1 − 𝜈𝜈2)
𝜋𝜋𝐸𝐸𝑈𝑈

𝑃𝑃𝑐𝑐𝑠𝑠𝑛𝑛 5-1 

Where u(z=0) is the displacement of the fracture plane, Pcon is the concentrated load, ν is 

Poisson’s ratio, E is Young’s modulus and r is the radial distance from the plane (Barree, 

1983b). Furthermore, the displacement caused by a distributed load (Pdis) is calculated 

through the integration of individual point displacements over the surface. Taking this 

further, Barree (1983b) placed geomechanical rock properties (E and ν) under the integral 

to allow for a spatially variable (i.e. heterogeneous) grid. Their formulation then becomes: 

 
𝑢𝑢 = �

(1 − 𝜈𝜈2)
𝜋𝜋𝐸𝐸

𝑃𝑃𝑑𝑑𝑖𝑖𝑠𝑠  𝑑𝑑𝑑𝑑𝑑𝑑𝑆𝑆 5-2 

Figure 5.4 illustrates how the displacement of a grid element relative to a single point 

displacement is calculated, schematically. An arbitrary grid element (grey box) can be 

connected to the single point displacement (m) by two radii. S is the radial distance from 

the element to the point displacement and dS (in Equation 5-2) is the radial length. ψ is 

the angle of each radius from point m and dψ (in Equation 5-2) is the difference in angle 

between the two radii. Setting the grid in this manner allows displacement of the fracture 

face at each grid point to be determined for a variable pressure distributed over a 

heterogenous, but isotropic, medium. 

 
Figure 5.4 Schematic representation of the integral equation for fracture displacement (Equation 5-2) (redrawn from 

Barree, 1983b) 
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Determining net pressure requires the calculation of the fluid pressure within the fracture. 

The second major formulation in the GOHFER software is the use of a 2D finite-

difference formulation to solve for fluid flow velocities. Assuming a 2D flowing pressure 

distribution within the fracture plane and using a form of the Navier-Stokes equation, 

fluid pressure (Pfl) is considered a function of flow rate (Q), apparent viscosity (η a) and 

fracture width (w) as: 

 
𝑄𝑄 =

ℎ
12𝜂𝜂𝑓𝑓

𝑑𝑑
𝑑𝑑𝑠𝑠

(𝑃𝑃𝑓𝑓𝑠𝑠 + 𝛿𝛿ℎ)𝑤𝑤3 5-3 

Where h is the length of a grid block normal to the direction of flow and δ is the fracture 

flow gradient. The flowing pressure distribution in the fracture is then obtained using a 

five-point finite-difference grid centred on the grid node (i,j) and accounting for fluid 

flows to and from adjacent nodes (i±1,j ±1) (shown schematically in Figure 5.5). The full 

derivation of the working pressure equation is lengthy and is outlined in Barree (1983b) 

Appendix B.  

Combining the flowing fluid pressure equation with the fracture width equation (Equation 

5-2) creates a pair of simultaneous equations that need to be evaluated iteratively: 

𝑇𝑇𝑇𝑇𝑖𝑖,𝑖𝑖𝑃𝑃𝑖𝑖,𝑖𝑖−1 + 𝑇𝑇𝐵𝐵𝑖𝑖,𝑖𝑖𝑃𝑃𝑖𝑖−1,𝑖𝑖 − �𝑇𝑇𝑇𝑇𝑖𝑖,𝑖𝑖 + 𝑇𝑇𝐵𝐵𝑖𝑖,𝑖𝑖 + 𝑇𝑇𝐵𝐵𝑖𝑖+1,𝑖𝑖 + 𝑇𝑇𝑇𝑇𝑖𝑖,𝑖𝑖+1�𝑃𝑃𝑖𝑖,𝑖𝑖 + 𝑇𝑇𝐵𝐵𝑖𝑖+1,𝑖𝑖𝑃𝑃𝑖𝑖+1,𝑖𝑖

+ 𝑇𝑇𝑇𝑇𝑖𝑖,𝑖𝑖+1𝑃𝑃𝑖𝑖,𝑖𝑖+1

= �
2𝑎𝑎2

Δ𝑡𝑡
� ���

(1 − 𝜈𝜈2)
𝜋𝜋𝐸𝐸

𝑑𝑑𝑑𝑑𝑑𝑑𝑆𝑆 + 𝑢𝑢𝑘𝑘𝑐𝑐𝑓𝑓� (𝑃𝑃𝑖𝑖,𝑖𝑖𝑛𝑛+1 − 𝑃𝑃𝑖𝑖,𝑖𝑖𝑛𝑛 )� − 𝑇𝑇𝐵𝐵𝑖𝑖,𝑖𝑖𝛾𝛾𝑎𝑎

+ 𝑇𝑇𝐵𝐵𝑖𝑖+1,𝑖𝑖𝛾𝛾𝑎𝑎 − 𝑞𝑞𝑖𝑖𝑛𝑛𝑖𝑖𝑖𝑖,𝑗𝑗 + 𝑞𝑞𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖,𝑗𝑗  

 

5-4 

The left side of Equation 5-4 refers to the fluid pressure distribution where TI and TJ are 

node transmissibilities and P is fluid pressure. The right-side refers to the fracture width 

calculation where cf is fluid compressibility, a is mesh size in the fracture model, t is time, 

uk is the displacement at iteration k, δ is fracture fluid gradient, qloss and qinj are fluid loss 

and injection rates from/to the node.  
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Figure 5.5 Schematic representation of the five point finite difference grid used for fluid flow in GOHFER (redrawn 

from Barree, 1983b). 

Lastly, the region outside of the pressurised fracture is assumed to be held together by 

tensile forces that prevent the continued extension of the fracture. The boundary of the 

fracture is taken where the fracture width is equal to zero (Barree, 1983a). To ensure the 

pressures determined through Equation 5-4 honour zero displacement at the fracture 

boundary, a simultaneous solution is made (Equation 5-5). The negative, unknown 

boundary stresses (Equation 5-5; subscript b, left side) must balance the positive 

displacements caused by the pressurised interval (subscript f, right side). 

 
���

(1 − 𝜈𝜈2)
𝜋𝜋𝐸𝐸

𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑆𝑆�
𝑏𝑏𝑏𝑏

= −���
(1 − 𝜈𝜈2)
𝜋𝜋𝐸𝐸

𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑆𝑆�
𝑓𝑓𝑓𝑓

 5-5 

In short, the workflow followed by the GOHFER simulator, as summarised by Barree 

(1983a & 1983b) proceeds as follows: 

1. Calculate apparent fluid viscosities (ηa) in each fracture node using the power 

viscosity model of Veatch (1983). 

2. Calculate node transmissibility coefficients (TI, TJ) as a function of ηa and 

fracture width (w). 

3. Calculate fluid injection rate (qinj) and fluid loss rate (qloss). 

4. Calculate flowing fracture pressures in each node (Equation 5-4). 

5. Solve for boundary stresses such that fracture width at the boundary is zero 

(Equation 5-5). 

6. Recalculate fracture widths (Equation 5-2). 

7. Iterate until fracture widths and pressures converge. 
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8. Check boundary node stresses and extend the fracture into those with tensile 

stresses greater than the material tensile strength. 

9. If the fracture is extended, recalculate and if a stable shape develops, move to the 

next time step. 

5.3 Data/Methods/Simulations Setup 
5.3.1 Input Logs 
The primary input in the GOHFER simulator is the closure stress of the rock unit to be 

hydraulically fractured. Provided the tectonic setting is not one of compression, the 

closure stress, minimum horizontal stress, and least principal stress are considered 

equivalent and their terms often used interchangeably (see Section 4.2.3). The software 

is designed to handle well logs and implements the same equation for stress as was used 

in this thesis previously (Equation 4-9; as described in Section 4.2.3.3). Vertical stress, 

static elastic properties, pore pressure, Biot coefficient and lateral microstrain, all 

calculated in Chapter 4, were imported into GOHFER whilst ensuring that the closure 

stress calculated internally within the software matched that was calculated independently 

in Chapter 4. 

In addition to the total closure stress, the net pressure (also referred to as process-zone 

stress (PZS)) is another important parameter to consider when determining the fracture 

characteristics of a material. It is equivalent to the net pressure above closure stress 

(Ramurthy and Hendrickson, 2007) required to propagate the fracture and create fracture 

width (Belyadi et al., 2017). It represents a complex region of induced micro-cracking a 

certain distance ahead of a propagating fracture (Barree et al., 2013), the stress field of 

which is a function of several components including intact rock tensile strength, the fluid-

lag region at the fracture tip and leak-off plasticity (Ramurthy and Hendrickson, 2007). 

Commonly, it is determined from DFIT by taking the difference between instantaneous 

shut-in pressure and closure pressure (Figure 4.5) (Ramurthy and Hendrickson, 2007).  

To incorporate this parameter, the results of minifrac analysis presented by de Pater & 

Pellicer (2011) and outlined in Section 4.2.2 are again drawn upon. Their estimates for 

PZS, taken from G-function analysis, are added to our calibration dataset for stages 1-3, 

which is outlined in Table 5.1. 

For estimating continuous profiles of PZS for simulation purposes, Halliburton (2019) 

recommend a linear transform of effective porosity, calibrated to any PZS values 

measured from DFIT. 
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 𝑃𝑃𝑃𝑃𝑆𝑆 = 𝑃𝑃𝑃𝑃𝑆𝑆𝐻𝐻𝑓𝑓𝑒𝑒 + 𝑃𝑃𝑃𝑃𝐵𝐵𝐸𝐸 ∗ 𝑘𝑘 5-6 

Where: 

 𝑘𝑘 = −(𝑃𝑃𝑃𝑃𝑆𝑆𝑆𝑆𝑠𝑠𝑛𝑛𝑡𝑡𝐶𝐶𝑓𝑓𝑠𝑠𝑡𝑡 ∗ 𝑃𝑃𝑃𝑃𝑆𝑆𝐻𝐻𝑓𝑓𝑒𝑒)/𝑃𝑃𝑃𝑃𝐵𝐵𝐸𝐸𝐻𝐻𝑓𝑓𝑒𝑒 5-7 

Referring to the PZS calibration points in Table 5.1, it was found that setting PZSMax to 8 

MPa whilst keeping PZSContrast and PHIEMax at their default values (1 and 0.25 

respectively), produced a reasonable fit to the data (Figure 5.6). 

Stage Depth (MD-
M) 

Pore Pressure 
(MPa) 

Closure Stress 
(MPa) 

Process Zone Stress 
(MPa) 

3 2577 35.1 44.5 6.39 

2 2661 37.9 49.8 7.74 

1 2711 37.3 44.1 6.36 
Table 5.1 Pore pressure, Closure stress and Process zone stress values from minifrac tests conducted across three 
stages of the PH-1 well, and collated from de Pater & Pellicer (2011) and Clarke et al. (2019). The depth quoted is 

the arithmetic average taken over the complete stage interval which can be up to 70 m in size. 

 
Figure 5.6 Log display illustrating the input logs used for the hydraulic fracturing simulation. From left to right, 
YMES: Static Young’s modulus, PR: Poisson’s ratio, PHIE: Effective porosity, Pp: Pore Pressure, Pc: Closure 

Pressure, PZS: Process Zone Stress. The black curves represent the wireline logs used as inputs to the simulations. 
The blocky red logs represent the equivalent log, upscaled to 5 m vertical grid size. The upscaling process is outlined 

in Section 5.3.2.2. 
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5.3.2 Gridding and Upscaling of Log Properties 
The fracture model implemented in GOHFER simulates 2D planar fracture propagation 

within a 3D geological model. Such a geological model is referred to as a grid; a series 

of cells which contain upscaled stress and rock properties derived from the input data 

(described in the above section).  

5.3.2.1 Orientation and Structure of the Grid 

The grid can be described as consisting of a longitudinal axis (Figure 5.7b) which is 

oriented parallel to the orientation of minimum horizontal stress, and a transverse axis 

(Figure 5.7c) which is parallel to the orientation of maximum horizontal stress. In 

subsequent sections, whilst describing the simulation setup, we describe simulated 

fractures as either longitudinal or transverse, in alignment with these orientations, 

accordingly. The limits of the grid in the transverse direction are set to a 2000 m distance 

from the well, and in the plots presented later in this chapter, the x-axis refers to this 

distance, expressed either as a positive (where the fracture propagates to the north) or 

negative (where the fracture propagates to the south). 

GOHFER allows some editing of the structure of the grid, to represent for example, tilting 

beds or faults (though the latter is expressed as an offset in the gridded properties, not a 

specific zone of fault properties). Adding structure does not distort or alter the dimensions 

of the individual grid blocks but adjusts how the gridded properties (e.g. closure stress) 

are extrapolated away from the well location. For this work, our initial simulations use an 

entirely un-structured grid (Sections 5.4 and 5.5) to represent a simple geology where the 

geological beds are flat lying. In such a case, the gridded properties are extrapolated 

horizontally away from the well. 

However, in later sections (Section 5.6), we add structure to the grid to better represent 

the tilted geology to the east of PH-1. To do this, a simple 3D depth surface was created 

in Petrel software that was tilted at an angle of 20°. Once this surface is loaded into the 

GOHER software, the program extrapolates the gridded properties away from the well 

according to the dip of that surface (Figure 5.7 (b) and (c)). Whilst still a relatively 

simplistic scenario, this is a better reflection of the actual geology to the east of PH-1 (as 

discussed in Chapter 2). 
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Figure 5.7 Illustrations of the GOHFER grid for the lateral multi-stage simulations where angled, horizontal wells 

are used and beds are dipping. (a) Map view showing the extent of the transverse and longitudinal grids relative to a 
horizontal well trajectory shown in red. (b) Plane view along the longitudinal axis showing the upscaled and gridded 

total stress in relation to an inclined, horizontal well. (c) Plane view along the transverse axis. 

 

5.3.2.2 Upscaling Log Properties 

Wireline log data, which forms the primary input to GOHFER simulations, consists of a 

data sample every 0.1524 m (though bed resolution varies by tool (see Table 1.2)). While 

in an ideal setup, a simulation grid would be devised such that the cell size was equal to 

the input log data resolution (0.1524 m in this case), this would result in simulations that 

were too computationally demanding to be practical. In practice, upscaling of fine-scale 

input data is a common and important step in defining simulation grids, and is an issue 

that has received particular attention in the field of conventional reservoir flow 

simulations (Christie, 1996; Farmer, 2002). However, it is also an important issue when 

seeking to simulate fracture propagation in heterogeneous shales. Parsegov et al (2018) 

found that the cell size of fracture simulation grids has a profound effect on modelled 
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fracture geometries. Using a small cell size results in proppant pooling preferentially 

within thin layers of low stress, longer fractures and more complex fracture geometries, 

whereas larger cell sizes results in wider and smoother fractures (Parsegov et al., 2018). 

In the simulations reported in Section 5.5 and 5.6, the grid is designed such that the X, Y 

and Z cell sizes are 5 m. However, for the simple layer model presented in Section 5.4, 

we use a finer grid where each cell is 2 m in the Z direction and 4 m in both the X and Y 

direction. The upscaling process within GOHFER is not explicitly detailed in either the 

software interface or the user manual (Halliburton, 2019), but by comparing input logs 

and upscaled grids, we deduce that the software calculates the arithmetic average of that 

input log over the desired grid interval starting from the top of the grid. For example, if 

the grid top is set to 2000 m and a 5 m cell size is selected, the average log value assigned 

to the 2000 m grid cell is calculated over an interval between 2000 m and 2005 m depths. 

The 5 m intervals do not overlap.  

Figure 5.6, shown previously, also demonstrates the relationship between the original 

wireline log (smoothed log, in black) and the up-scaled wireline log (blocky log, in red). 

The original wireline log resolution is a data point every 0.1524 m and the up-scaled 

resolution is a data point every 5 m which naturally, removes some of the fine-scale 

heterogeneities present in the Bowland Shale. Once the logs are up-scaled, the properties 

are extrapolated across the grid without any consideration of lateral variations in rock 

properties. 

However, using the arithmetic average in such a manner to upscale highly layered 

formations is recognised as a significant drawback of the methodology followed by the 

GOHFER software. The issue of upscaling the elastic properties of shales has been well 

studied in the field of rock physics, where it is often necessary to build predictive models 

at the seismic (low frequency) scale, based on observations made at higher frequency 

scales (via ultrasonic experiments and/or acoustic wireline logging). The effect of 

complex microstructures and fine-scale layering is known to provide issues for upscaling 

such elastic properties (Bayuk et al., 2008). Accordingly, several key studies have 

employed various modelling approaches to upscaling layered media including using the 

Backus (Backus, 1962) average (effectively the harmonic average) (Folstad and 

Schoenberg, 1992; Valcke et al., 2006), a modified version of the Hashin-Strikhman 

approach (Castañeda and Willis, 1995; Sayers, 1998) and coupled fluid flow models 

(Chapman, 2003). The Backus average in particular is a popular approach for the 
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upscaling of well log elastic properties to seismic scale (i.e. 10s m) (Kumar, 2013; 

Lindsay and Van Koughnet, 2001).  

Furthermore, upscaling the stress properties of a highly heterogeneous formation using 

the arithmetic average does not account for any anisotropy in those properties owed to 

the fine-scale layering. Some authors have proposed alternative formulae for determining 

anisotropic minimum horizontal stress, that account for differences in horizontal and 

vertical elastic properties (Goodway, 2015; Suarez-Rivera et al., 2009, 2006). A concise 

approach was proposed by Sayers (2010): for a VTI medium, ignoring the terms regarding 

horizontal strains, the minimum horizontal stress can be expressed in a similar manner to 

Equation 4-7 as (Goodway, 2015; Sayers, 2010): 

 𝑆𝑆𝐻𝐻𝐻𝐻𝑖𝑖𝑛𝑛 = 𝐾𝐾0�𝑆𝑆𝑣𝑣 − 𝛼𝛼𝑣𝑣𝑃𝑃𝑝𝑝� + 𝛼𝛼ℎ𝑃𝑃𝑝𝑝 5-8 

Where αh and αv are the horizontal and vertical Biot coefficients respectively, Sv is vertical 

stress and Pp is pore pressure. K0, as proposed by Sayers (2010) to replace the isotropic 

Poisson’s ratio parameter (( 𝜈𝜈
1−𝜈𝜈

) in Equation 4-7), represents the ratio of horizontal to 

vertical effective stress (𝜎𝜎′ℎ
𝜎𝜎′𝑣𝑣

), and can be determined from the full stiffness tensor as: 

 
𝐾𝐾0 =

𝜎𝜎′ℎ
𝜎𝜎′𝑣𝑣

=
𝑐𝑐13
𝑐𝑐33

 5-9 

Where c13 and c33 are derived from Voigt stiffness matrix (see Equation 3-1) for the VTI 

formation.  

This approach provides a method for determining the anisotropic minimum horizontal 

stress from a VTI stiffness tensor. Therefore, if an anisotropic approach such as the 

Backus average could be implemented to upscale elastic properties to the desired cell size, 

Equations 5-8 and 5-9 can be employed to determine the anisotropic stress for that cell. 

This is recognised as a topic for further study, as practical constraints imposed by the 

GOHFER software rendered it difficult to employ alternative averaging techniques and 

stress equations.   

5.3.3 Pumping Schedule 
The increase in fluid pressure which drives the propagation of fractures within the 

hydraulic fracture software (Section 5.2.4.3), is achieved by simulating a hydraulic 

fracturing treatment at the appropriate completion interval. For this work, slickwater 

hydraulic fracturing treatments similar to that conducted at PNR-1Z were simulated. A 

slickwater hydraulic fracturing job involves the pumping of a mixture of water, sand, and 
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chemicals into the reservoir at high rates to generate a complex fracture system (Belyadi 

et al., 2019). This technique was originally developed within the Barnett Shale as an 

alternative to traditional, gel-based treatments (Bowker, 2003) and is now the industry 

standard for several successful shale plays including the Marcellus, Eagle Ford and 

Haynesville Shales (Belyadi et al., 2019). The term “slickwater” is owed to the friction 

reducer chemical added to allow high rates of pumping without encountering high degrees 

of friction (Belyadi et al., 2019). 

The key elements of a slickwater hydraulic fracturing job are the pumping rate of the fluid 

(water and chemicals) and the proppant concentration. A typical job will include a steady 

pump rate, but with the proppant concentration progressively increased (‘ramped’) either 

smoothly or in steps. At PNR-1Z, where the first multi-stage slickwater hydraulic 

fracturing in the Bowland Shale was undertaken, the operations were designed such that 

400 m3 of fluid and 50 t of proppant were to be pumped into each stage (Oil & Gas 

Authority, 2019). As induced seismicity encountered during these treatments breached 

government limitations, requiring the operator to re-assess injection rates, only one of the 

stages ultimately achieved these targeted volumes (stage 41, in which 431 m3 of fluid and 

50.4 t of proppant were injected).  

For this work, a single treatment schedule is designed and applied to all stages for each 

simulated case (Figure 5.8). In practice, the treatment schedule would normally be 

designed to optimise hydraulic fractures for formations at different pressures and depths, 

or to avoid fracture extension outside a permitted site boundary. However, as the PNR-

1Z location is very near PH-1 and the Bowland Shale is at a similar depth, we deemed it 

appropriate to use the same treatment schedule. Total volumes of fluid and proppant 

injected are designed to match those planned at PNR-1Z (400 m3 and 50 t respectively). 

The slurry rate is set to 4 m3/min (again, similar to that used at PNR-1Z), which results 

in the desired 400 m3 of fluid being injected within 100 mins (Figure 5.8). The proppant 

concentration is ramped from 0 to 250 kg/m2 (Figure 5.8 – proppant concentration), with 

increases every ~10 mins which result in the desired 50 t (50,000 kg) of proppant being 

injected at the end of the treatment (Figure 5.8 – cumulative slurry).  
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Figure 5.8 Illustration of the pumping schedule used for all hydraulic fracture simulations. The schedule is designed 

based on the planned treatments at PNR-1Z whereby 400 m3 of fluid and 50 t of proppant are pumped into each 
completion stage. Proppant concentration is ramped from 0 to 250 kg/m2 and the slurry rate is fixed at 4 m3/min. 

5.3.4 Well Stage Design 
For the lateral multi-stage simulations presented in Section 5.6, three side-tracked 

pseudo-wells were created from the main PH-1 well, targeting the three landing zones 

determined previously (Table 4.2). The pseudo-wells are simplistic in design, with the 

kick-off point taken at the depth of the relevant landing zone and then the horizontal 

section angled immediately at 20° to follow the bedding orientation. Such a design creates 

a sharp angle with the vertical wellbore (e.g. Figure 5.7b) that is unrealistic for any 

drilling scenario, but we ensure all completion stages are situated away from this section 

of the well. A 500 m gap between the vertical well is maintained (effectively the build 

section of a lateral well), which is followed by a 1000 m horizontal section along which 

the 41 stages are placed at regular intervals. 

In recent years, as operators have sought to maximize the recovery and profitability of 

unconventional reservoir targets it has been routine to drill long lateral wells (>2 km) with 

multiple hydraulic fracture ‘stages’ along their length. A stage refers to a section of the 

wellbore, separated from adjacent sections by a pair of plugs, in which perforations are 

made through the casing to hydraulically fracture the reservoir (Figure 5.9). Several 

methods are employed to complete a lateral well in such a manner including ‘plug and 

perf’ and sliding sleeves (Belyadi, 2017), the latter of which was implemented at PNR-

1Z. 
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Figure 5.9 Illustration of the completion design used for each pseudo-well. The pseudo-wells are inclined to 20° to 
track the bedding dip to the east of PH-1. For simplicity, no build section is included and the lateral kicks-off at a 
sharp angle from the main vertical well. 41 stages are placed along the horizontal section, each of 5m length and 

with 12m separation. 

While reservoir properties ultimately guide the spacing of each stage and cluster of 

perforations, a typical shale play will have a total stage length of 250-500 ft, consisting 

of 4-6 perforation clusters each around 5-100 ft apart (Beard, 2011). When a multi-stage 

hydraulic fracturing test was carried out at PH-1, five stages were tested in total, each 

consisting of three perforation clusters of 9 ft (2.74m) length and between 3 and 40 m 

between each cluster. At PNR-1Z, a sliding-sleeve design was implemented, consisting 

of 41 stage sleeves, each of 5 m length and positioned 12 m apart. 

Another component of the completion design is the perforation density. It is expressed as 

the number of perforations made per unit length of the gun and typically ranges between 

4 and 12 shots per foot (SPF) (or 13 to 39 shots per metre (SPM)) (King, 2007). The 

perforation density for the hydraulic fracturing job at PNR-1Z is unknown, however, three 

SPF was used at PH-1 (De Pater and Pellicer, 2011). 

Figure 5.9 illustrates the design of the lateral well used in the hydraulic fracture 

simulation: mimicking the PNR-1Z design where possible. A total of 41 stages are placed 

along each the well: 12 m apart and each of 5 m length. While the number of perforation 

clusters and perforation density is unknown, single cluster for each stage is used, and the 

perforation density employed at PH-1 was copied to add a representative number of 

perforations (resulting in 45 perforations over the 5 m interval). In the case of the vertical 

simulations, the same treatment schedule and perforation interval and densities are used; 
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however, stages are placed at defined sections to test individual zones (rather than placed 

along the entire well). 

5.3.5 Further Simulation Parameters and Outputs 
A simulation is ready to be run once the geomechanical grid has been created, and the 

well stages designed with their appropriate fluid/proppant injection volumes and 

pressures. GOHFER can simulate either longitudinal fractures, transverse fractures, or 

both. The former represents fractures that propagate along the well azimuth and the latter 

represents fractures propagate along the azimuth of maximum horizontal stress. In this 

work, our simulations that involve vertical wells and a flat-lying geological grid (Sections 

5.4 and 5.5) are set to model longitudinal fractures only, whereby the simulations that 

involve horizontal wells and a tilted geological grid (Section 5.6) are set to model 

transverse fractures only.  

Furthermore, several parameters related to the leakoff behaviour of the formation were 

maintained at program defaults for all simulations. Leakoff refers to the process whereby 

injected fluid leaks out of the main hydraulic fracture and into the formation (Economides 

and Nolte, 2000). In high permeability formations, matrix leakoff can be significant, 

however it is less prolific in low permeability formations such as shales (Belyadi et al., 

2019) and is most likely to occur due to the main fracture intersecting a secondary (natural 

or induced) fracture network. Determining the type and magnitude of leakoff behaviour 

is usually achieved through analysis of pressure falloff plots during mini-frac tests (Barree 

and Mukherjee, 1996). However, while some such plots were presented in de Pater & 

Pellicer (2011), we were unable to use these to perform detailed fissure leakoff analysis. 

Instead, the parameters related to leakoff were maintained at program defaults and are 

outlined in Table 5.2.  

Parameter Short Description Default Value 

Pressure Dependant Leakoff 
(PDL) Coefficient 

Magnitude of leakoff change 
caused by the opening of 

natural fractures 
2.9E-5 kpa-1 

Transverse Storage 
Coefficient 

Magnitude of slurry ‘storage’ 
in a secondary fracture 

system 
7.2E-5 kpa-1 

Modulus Stiffness Factor 
The amount of increase in 

Young’s modulus due to the 
opening of natural fractures 

1.0E-6 kpa-1 

Relative Permeability Factor 
Describes the reduction in 

permeability due to injected 
fluid replacing reservoir fluid 

1 

Table 5.2 Leakoff parameters and their default values within the GOHFER application. These values were used for 
all subsequent simulations. 
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Following completion of a simulation, several grids that contain simulated parameters 

within the fracture are reported. This work draws primarily on two key outputs: proppant 

concentration and fracture width. These grids can be exported at any time step throughout 

the duration of the simulation, however in most cases (Figures 5.12-5.19), the property at 

the end of the simulation/treatment is shown. However, as part of Section 5.4 (Figures 

5.10 and 5.11), a snapshot of simulated properties at several time steps are presented to 

facilitate discussion of hydraulic fracture development. 

5.4 Results – Test Layer Model 
We first consider two synthetic simulations designed to study the modelling process 

followed by the GOHFER simulator and investigate the nature of fracture propagation in 

simple examples but with stress and mechanical properties typical of the Bowland Shale. 

Both simulations use a grid where each cell is 2 m x 4 m x 4m (in the Z, X and Y directions 

respectively), and the simulation mode is set to model longitudinal fractures only. In the 

first instance, a three-layer model is constructed. A 50 m layer that has mechanical 

properties representative of the potential landing zones identified within the Bowland 

Shale (Table 5.2) is placed at 2250 m depth. Weaker layers with mechanical properties 

representative of the potential fracture barriers in the Bowland Shale are placed above 

and below it. When the minimum horizontal stress is determined for these layers 

(Equation 4-9), this results in a low-stress unit (~29 MPa) between two high-stress units 

(> 30 MPa) (Table 5.2). 

Layer Depth Poisson’s 
ratio 

Young’s 
modulus 

(GPa) 

Porosity 
(fraction) 

Overpressure 
(MPa) 

Fracture 
Barrier 2200 0.24 22 0.07 8 

Landing 
Zone 2250 0.15 28 0.04 6 

Fracture 
Barrier 2300 0.24 22 0.07 8 

Table 5.3 Stress and mechanical properties used in the three-layer model presented in Figure 5.10. The properties 
are representative of a Bowland Shale landing zone and the adjacent high-stress layers identified as potential 

fracture barriers. Pore pressure at each depth point is calculated as the hydrostatic pore pressure gradient plus the 
overpressure value assigned to that layer.  

During the simulation, a 20 m interval within the low-stress unit is perforated and 400 m3 

of fluid and 50 t of proppant are injected into the perforations. Figure 5.10 illustrates the 

results of the simulation. A graph is presented showing the variations in pressure, 

cumulative slurry and proppant and fracture length with time. Also shown are four time 

snapshots (at 10, 20, 70 and 140 minutes). These represented the beginning (10 minutes), 

middle (70 minutes) and end (140 minutes) of the treatment schedule, with an additional 
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snapshot at 20 minutes as most of the fracture-dominated pressure response occurred 

during those first 20 minutes (see Bottom-hole pressure graph in Figure 5.10). At each 

snapshot, the proppant distribution within the fracture is plotted on top of the three-layer 

model (shaded by minimum horizontal stress). Also shown are the depth curves of 

minimum horizontal stress, pore pressure and effective stress. 

Where this simple scenario is considered, the modelled hydraulic fracture is contained 

within the low-stress interval. The fracture will propagate towards the lowest effective 

stress (yellow curve) thus initially propagates upwards (shown at the 20 minute time-

step). It cannot pass the stress contrast between the target layer and the overlying layer 

and subsequently propagates laterally within the low-stress layer (shown at the 70 and 

140 minute time-steps). As the layer is laterally homogeneous, it encounters no barriers 

to propagation along the low-stress layer itself and propagates a total distance of ~750 m 

away from the well. 

In the second synthetic test, we consider where an interval is perforated of greater 

effective stress than adjacent intervals. A four-layer model is built, over the same range 

of depths as shown in Figure 5.10. The layer previously given mechanical properties 

representative of the identified landing zones is instead changed to a weak, high-stress 

layer. A stronger (higher Young’s modulus, lower Poisson’s ratio), low-stress layer is 

placed immediately above it, and another high-stress layer is again placed on top of this 

(Table 5.3). 

Layer Depth Poisson’s 
ratio 

Young’s 
modulus 

(GPa) 

Porosity 
(fraction) 

Overpressure 
(MPa) 

Fracture 
barrier 2200 0.24 22 0.07 8 

Landing 
zone 2225 0.15 28 0.04 6 

Fracture 
barrier 2250 0.24 22 0.07 8 

Landing 
zone 2300 0.15 28 0.04 6 

Table 5.4 Stress and mechanical properties used in the three-layer model presented in Figure 5.11. The perforations 
are placed within the fracture barrier at 2250m. Pore pressure at each depth point is calculated as the hydrostatic 

pore pressure gradient plus the overpressure value assigned to that layer. 

The same perforation depth and treatment is used as part of the simulation and Figure 

5.11 presents the results in the same manner as previously shown in Figure 5.10. We 

observe no lateral fracture propagation within the high-stress layer. Instead, the fracture 

propagates upwards (tracking the subtle reduction in effective stress with decreasing 

depth) until it reaches the layer with substantially reduced effective stress (10 minute time 
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step). One it reaches this layer, it propagates laterally, remaining within the layer and 

contained by the high-stress layer above. As this layer is thinner than the target layer of 

the previous simulation, the fracture is restricted to a smaller height and instead 

propagates over greater distance laterally (> 1000 m).  

These simple simulations provide evidence that the different mechanical units determined 

in Chapter 4 are behaving differently upon hydraulic fracture stimulation. In all instances, 

the simulated fractures propagate towards adjacent grid blocks of lower effective stress. 

Within a homogeneous layer, a fracture will propagate vertically until it reaches a stress 

boundary. If this boundary is with a higher effective stress unit, the fracture tends to be 

contained within its original layer and propagates laterally. However, if the boundary is 

with a lower effective stress unit, the fracture passes across the boundary and continues 

to propagate vertically until it reaches a high-stress boundary. We also observe the 

variation in fracture length with the thickness of low-stress layers. If a formation is highly 

heterogeneous and low-stress zones of fracture propagation are thin, and perhaps 

separated by high-stress barriers, the resulting fracture will be much longer than if the 

low-stress zone is thicker but bound by a single, overlying, high-stress layer.  

These results also provide insight into the impact that upscaling of rock properties will 

have on simulated fractures. Evidently, vertical fracture propagation is impeded if a high 

stress unit is encountered, but if the shale within a grid block of, say, 5 m in height consists 

predominantly of low-medium stress rock and a thin high stress unit, taking an arithmetic 

average will conceal that high stress unit. Thus, that grid block will likely be ‘broken’ and 

the fracture will continue to propagate. This pitfall is an aspect that needs to be considered 

when interpreting the results of planar fracture models such as that used in GOHFER. 



134 
 

 

Figure 5.10 Results of a hydraulic fracture simulation in a synthetic three-layer model but using stress and mechanical 
properties representative of the Bowland Shale. The perforations are placed within an interval of lower stress than the 
layers above and below. The pressure response and fracture length with time is shown in the graph and a series of 
snapshots illustrating the proppant distributions are also shown. 
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Figure 5.11 Results of a hydraulic fracture simulation in a synthetic four-layer model but using stress and mechanical 
properties representative of the Bowland Shale. The perforations are placed within an interval of greater stress than 
the layers above and below. The pressure response and fracture length with time is shown in the graph and a series of 
snapshots illustrating the proppant distributions are also shown. 

5.5 Results – Vertical Multi-Stage Simulation 
Following this, two simulations were then conducted along the PH-1 well itself and using 

a grid consisting of flay-lying stratigraphy. The first simulation focused on testing 

different geomechanical units (including the landing zones) identified in Chapter 4 and is 

presented in Section 5.5.1. The second simulation focused specifically on studying the 

behaviour of two potential fracture barriers (discussed in Section 4.3.3) and the results 

are presented in Section 5.5.2. 

5.5.1 Testing a Selection of Geomechanical Intervals 
Figure 5.12 presents the results of a multi-stage hydraulic fracture simulation whereby 

each stage is positioned at a different stratigraphic interval within the UBS. The three 

landing zones (Landing 1, Landing 2 and Landing 3) determined in Section 4.4.3 are 

tested (shown as pale green), in addition to two potential fracture barriers (Barrier 1, 

Barrier 2) (shown as dark pink) and an intermediate zone (Poor CQ) (shown as pale pink), 

which has been highlighted as poor CQ in Chapter 4, but may not be sufficiently poor to 

form a barrier to hydraulic fracture propagation. The plot presents logs of upscaled 
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effective stress (minimum horizontal stress minus pore pressure) and crack density (the 

latter having been determined in Chapter 3) for reference and shows a background grid 

of effective stress in each fracture panel. 

The uppermost landing zone (Landing 1) exhibits a simple, narrow fracture. It is 25 m tall 

and appears to be contained by a subtle increase in effective stress at ~ 2040 m. The 

behaviour is similar to that observed in the three-layer synthetic model (Figure 5.10), 

however as the sections contain much greater heterogeneity in rock properties than the 

synthetic models, we observe more complex fracturing patterns on the whole. The 

perforated interval is surrounded by high proppant concentrations, with the greatest 

concentration (2.8 kg/m2) at the base of the fracture, likely due to the gravity effect. The 

fracture propagates ~1500 m away from the well, however, the concentration of proppant 

is very low over much of this interval (~ 0.1 kg/m2). If concentrations beneath 1 kg/m2 

are discarded (i.e. the green shading from the colourbar in Figure 5.12), the half-length 

can be instead measured as 800 m. 

The stage placed at the uppermost potential fracture barrier (Barrier 1) exhibits a 

contrasting result and one similar to that observed in the second synthetic model (Figure 

5.11). The perforated interval is not fractured, besides a narrow zone of very small 

proppant concentrations (~0.5 kg/m2), and instead, the fracture propagates above and 

through the high stress layer and propagates laterally within the overlying zone (of poor 

RQ). The fracture that develops in this zone is narrow and of similar character to that 

observed in Landing 1. This result is somewhat unusual as although the fracture develops 

in an area of very low effective stress, it propagates across a highly stressed layer to each 

it. A zone of low effective stress is present immediately below the perforation, however 

this is not preferred during the simulation. Taking a 1 kg/m2 cut-off, this fracture 

propagates less far (~600 m) than observed at Landing 1. Note that in this interval, crack 

density could not be inverted for due to the presence of many drilling-induced fractures. 

A similar effect is observed within the poor CQ section whereby the perforated interval 

is not fractured, and the main fracture instead propagates in an adjacent interval of better 

CQ. In this instance, while there is zone of high crack density immediately above (which 

we interpret as a likelihood for that interval to be naturally fractured), this zone is also of 

greater effective stress and instead, the fracture is forced to propagate downwards where 

in this case, effective stress is lower. The underlying good CQ interval at 2260 m is 

fractured, where effective stress reaches a local minimum. This suggests that despite not 
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being flagged as a potential fracture barrier in the previous chapter, this interval is acting 

as a pressure barrier under this treatment schedule. 

Landing 2 and Barrier 2 demonstrate similar simulated fractures despite the perforated 

intervals being situated ~30 m apart. In the case of Landing 2, a thin fracture is created at 

the base of the perforated section. This appears to correlate well with the highest crack 

density value (0.05) in the section, suggesting that this layer is capable of being fractured.  

A layer of high effective stress and low/medium crack density at 2275 m appeas to act as 

a baffle to fracture development and instead, we observe the development of a larger 

fracture immediately above the perforated interval (within the good CQ interval that is 

also accompanied by high (but variable) crack densities). This fracture propagates ~600 

m away from the well. In the case of Barrier 2, the same pattern of fractures develop, 

which suggests that this highly stressed zone is indeed acting as a barrier to hydraulic 

fracture development. This is also supported by the consistently low crack densities 

within this zone suggesting that it lacks significant development of pre-existing natural 

fractures. It appears that the landing point (Landing 2) chosen at 2285 m is not fracturing 

as effectively as predicted, and the overlying section at 2260 m is exhibiting a better 

fracture response. 

The deepest landing (Landing 3) exhibits a simple fracture geometry similar to that of 

Landing 1. Most of the proppant is placed in the area immediately around the perforated 

interval and the maximum concentrations (3.2 kg/m2) are found at the base of the fracture 

perforations. The fracture is very narrow (20 m tall) and long (over 1000 m in total). The 

small increase in effective stress at 2410 m may be sufficient in containing the fracture, 

forcing it to propagate over large distances laterally. While the total half-length is 1500 

m, this reduces to 765 m if a 1 kg/m2 proppant concentration cut-off is taken. 

This simulation suggests that the intervals picked for Landings 1 and 3 are producing a 

good response, characterised by simple, contained fractures. It suggests that Landing 2 

needs re-evaluated and moved up to the interval at 2260 m which is fracturing more 

readily than the original target at 2285 m. Furthermore, it does suggest that intervals 

designated as either potential fracture barriers or poor CQ may impede fracture 

propagation. This notion is further tested in the following section. 

Finally, we see some indications that crack density, inverted from rock physics analysis, 

can help explain hydraulic fracturing results. This is most notable in the section around 
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2300 m depth where high effective stress, low crack density and a lack of hydraulic 

fracture development all appear to align.  

5.5.2 Presence of Pressure Barriers 
The next set of simulations are designed to test the two zones of high in situ stress that 

may act as barriers to hydraulic fracture propagation. The results are presented in Figures 

5.13 and 5.14, the layouts of which are identical to Figure 5.12. A detailed study of these 

potential barriers is necessary as they separate each proposed landing zone and could be 

key in avoiding interference between potential stacked landing zones. In each case, a 

series of perforations are made at 20 m separations covering the interval above the 

fracture barrier, the barrier itself and the interval below the barrier. Figure 5.13 focuses 

on the potential fracture barrier a 2150 m and Figure 5.14 focuses on the potential barrier 

at 2325 m. 

In both instances, there is clear evidence that these intervals form a barrier to fracture 

propagation under this treatment schedule. In Figure 5.13, tall fractures can be observed 

in the perforated intervals located above the fracture barrier (2100 m and 2120 m). Most 

fracture propagation is within the low effective stress interval at 2115 m. Where the top 

of the fracture barrier is perforated (2140 m), no fracture forms in the barrier itself and 

the fracture instead propagates in the overlying interval. Similarly, when the lower portion 

of the barrier is perforated (2160 m), the main fracture propagates in the interval below. 

However, a very small fracture does form within the fracture barrier in this case. Where 

the intervals below the barrier are perforated, the main fracture forms in the region of the 

perforation, with limited growth up into the barrier. The top of the fracture at 2180 m does 

encroach into the barrier, which taken along with the observation at 2160 m, does suggest 

that the lower portion of the barriers does afford some limited fracture development. On 

the whole, there does appear sufficient evidence this zone is acting as a pressure barrier 

and the upper section of the zone (2140 m depth) appears to be particularly capable at 

containing fracture propagation. Note that the crack density parameter was unavailable 

for this section due to the degree of drilling-induced fractures in the well significantly 

affecting the cross-dipole sonic readings. 

Similar behaviour can be observed in the lower potential fracture barrier at 2325 m depth 

(Figure 5.14). Tall fractures develop when the interval above the barrier is perforated. As 

highlighted in Section 5.5.1, the main fracture is propagating within the interval between 

2250 and 2265 m, rather than the previously identified landing point at 2285 m. This 
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section also appears to be naturally fractured, exhibiting inverted crack densities of 

around 0.03 at 2250 m depth. Where the fracture barrier itself is perforated, the fracture 

propagates into adjacent zones, growing upwards in the case of the upper perforation 

(2315 m) and downwards in the case of the lower perforation (2335 m). The lower 

perforation at 2335 m sits just above a very low effective stress interval which likely 

explains why the fracture in this instance propagates downwards.  Where the zone beneath 

the barrier is perforated (2355 and 2375 m), tall fractures develop in the perforated 

section. There is some very limited growth into the barrier above (see 2345 m depth in 

the 2335 m and 2355 m perforations), but it does appear that almost the entire barrier 

section is halting fracture propagation and this is further supported by the low crack 

densities observed throughout the barrier section.
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Figure 5.12 Results of a vertical hydraulic fracture simulation plotted next to a selection of input logs for a section of the UBS between 2000 and 2500 m depth. Six intervals were tested; three landing 

zones, two potential barriers and an interval of poor CQ. The perforated interval is shown as the white box with a red outline. While Landings 1 and Landings 3 exhibit simple fracture geometries, 
Landing 2 exhibits a more complex fracture consisting of two individual fractures. For the remaining perforations, there is little fracture development within the perforated zone, as was to be expected. 
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Figure 5.13 Results of a vertical hydraulic fracture simulation designed to test the containment of hydraulic fractures by a potential fracture barrier highlighted at 2150 m. In each case, the perforated 
interval is shown as a white box with a red outline. The depth of each interval is highlighted at the top of the corresponding panel. The results suggest that the interval is efficient in halting hydraulic 

fracture propagation as there is almost no propagation within the highly stressed zone. There is, however, a small fracture that develops at the base of the interval (e.g. at the 2160 m perforation). 
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Figure 5.14 Results of a vertical hydraulic fracture simulation designed to test the containment of hydraulic fractures by a potential fracture barrier highlighted at 2325 m. In each case, the perforated 

interval is shown as a white box with a red outline. The depth of each interval is highlighted at the top of the corresponding panel. The results suggest that this interval is also efficient in halting 
hydraulic fracture propagation as there is almost no propagation within the highly stressed zone. 
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5.6 Results – Lateral Multi-Stage Simulation 
The following section describes the results of simulations performed along horizontal 

pseudo-wells that specifically target the three previously defined landing zones. The 

geological grid used as input is tilted to create a scenario more representative of the 

dipping stratigraphy east of PH-1 (Figure 5.7). The results are used to assess the impact 

of stress shadowing along the horizontal well, the fracture geometries with respect to the 

heterogeneity in stress properties and the spatial extent of modelled fractures. 

5.6.1 Stress Shadowing 

5.6.1.1 Background to Stress Shadowing 

As previously outlined in Section 5.3.4, the drive to increase productivity of shale plays 

has resulted in operators drilling increasingly long horizontal wells with numerous 

perforation clusters along their lateral sections, ensuring maximum stimulation of the 

target reservoir. However, field observations including analysis of treatment pressure 

responses (Simpson et al., 2016; Skomorowski et al., 2015) and microseismic patterns 

(Fisher et al., 2004; Nagel and Sanchez-Nagel, 2011) suggest that hydraulic fractures alter 

the subsurface stress state to such a degree that subsequent fracture stages can perform 

less efficiently. Numerical studies focusing on the changing stress state around a 

hydraulic fracture  (N. Nagel et al., 2013; N. B. Nagel et al., 2013; Nagel and Sanchez-

Nagel, 2011; Rios et al., 2013) suggest that the inter-fracture region experiences an 

increase in minimum horizontal stress, which then in turn makes that area more resistant 

to subsequent hydraulic fracturing.  

The increase in minimum horizontal stress owed to the stress shadow effect can be 

expressed as ‘transmitted’ stress from one fracture plane to another (Barree, 2015). In the 

GOHFER simulator, Boussinesq (1885)’s stress solution is used to consider the decay in 

stress with distance around a propagating fracture with the rate of decay is controlled by 

the transverse exponent (t). The equation for transmitted stress (σ) then becomes (Barree, 

2015): 

  𝜎𝜎 =
𝑤𝑤𝐸𝐸

12𝑃𝑃𝑡𝑡
 5-8 

Where w is the fracture width of adjacent planar fracture, E is the Young’s modulus of 

the rock and Z is the distance from the adjacent planar fracture. The transverse exponent 

(t) typically ranges from 1.2 (plane strain case and strong fracture interference) to 2 (point 

load case and no fracture interference) (Barree, 2015). 
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5.6.1.2 Stress Shadowing Experiment 

A simulation was designed to investigate the impact of stress shadowing on fracture 

stages placed 12 m apart and test a range of transverse exponent values. Two fracture 

stages were created in Landing 1 (referred to below as Stage 1 and Stage 2). The 

GOHFER simulation mode was set to simulate transverse fractures only, thus two 

transverse fractures were created. The simulator was set to include the effects of stress 

shadowing whereby Stage 2 was fractured after Stage 1 and thus the pre-fracture stress 

state of Stage 2 was altered by the transmitted stress owed to the fracturing of Stage 1. To 

assist with our interpretation of the simulation results, the transmitted stress from the 

Stage 1 fracture was calculated as per Equation 5-8. The modelled fracture width is the 

only simulated parameter in this derivation. The Young’s modulus of the formation is 

taken from the geological grid and the distance taken as the distance between transverse 

fractures (12 m). 

Simulations were repeated for a range of transverse exponent values between 1.2 and 2 

and Figure 5.15 illustrates the results. Each row of panels presents results using a different 

transverse exponent value and within each row. The minimum horizontal stress before 

(left) and after (right) the fracturing of Stage 1 is shown as shaded background. The 

simulated fracture shown on the left panel highlights the transmitted stress from the Stage 

1 fracture for that transverse exponent. Note that while the distribution of transmitted 

stress does not change with transverse exponent, the magnitude increases from ~ 0.3 MPa 

to ~ 7 MPa. The simulated fracture on the right panels shows the Stage 2 fracture which 

is affected by the stress shadowing of the Stage 1 fracture. 

Where the transverse exponent is highest (value of 2; the uppermost row), the Stage 1 

fracture has little impact on the surrounding stress state. The maximum transmitted stress 

observed (~ 0.36-0.38 MPa; red/purple colours) is within a narrow section of the fracture 

which develops primarily above the perforation and extends to the left of the panel 

(south). Seemingly, this degree of transmitted stress increase has negligible effect on the 

Stage 2 fracture propagation. As per the Stage 1 fracture (left panel), the Stage 2 fracture 

propagates south with the majority of the proppant distributed within the interval above 

the perforation.  

Similar results are observed when a transverse exponent of 1.8 is used (second to top 

row). The maximum transmitted stress recorded is 0.8 MPa, which is again distributed in 

the area above and south (left) of the perforation. However, for the Stage 2 fracture (right) 

we begin to observe an altering in the fracture geometry owed to this higher transmitted 
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stress. The left (south) section of fracture is narrower and the main fracture above the 

perforation contains less of the proppant than it did in the previous simulation case. 

Instead we observe more proppant mobilised into the smaller fracture beneath the 

perforation.  

Where transverse exponent is lower (values of 1.6 to 1.2; bottom three rows), the effect 

of stress shadowing is clearer. For a transverse exponent of 1.6, we observe transmitted 

stresses from Stage 1 up to 1.66 MPa (left), which in turn serves to truncate the Stage 2 

fracture in this direction (right). Where a transverse exponent of 1.4 is used, we record 

transmitted stresses up to 3.47 MPa which causes a dramatic change in the geometry of 

the Stage 2 fracture. In this instance, no fracture propagation occurs to the left (south), 

where transmitted stress is highest. The transmitted stress serves to significantly increase 

the minimum horizontal stress in this instance, which can be seen as a darker blue shading 

in the area where the fracture had previously been propagating. Where a transverse 

exponent of 1.2 is used, we observe transmitted stresses up to 7.23 MPa, however there 

is little change in the geometry of the Stage 2 fracture relative to when an exponent of 1.4 

was used. The increase in minimum horizontal stress is shown as very dark blue shading 

(specifically, at -500 m offset and 1825 m depth), the stress of which exceeds that of the 

highly stressed layer above the main fracture that has been containing both hydraulic 

fractures. 

GOHFER suggests that 1.2 is a reasonable value for the transverse exponent. However, 

it is clear from these simulations that this value provides no time for transmitted stress to 

dissipate between stages, resulting in a profound shadowing extent. If this value is used, 

and stages are placed 12 m apart and treated with a treatment schedule similar to PNR-

1Z, hydraulic fractures of spurious geometries are simulated. Notably, we see a shift from 

fracture propagation predominantly in one direction (initially left (south) and up-dip) to 

the other (right (north) and down-dip). While there is limited field evidence to assess if 

such complex hydraulic fracture patterns are created when the Bowland Shale is fractured, 

we consider it unlikely that such an extreme phenomenon would occur. There was no 

evidence of such a pattern when PNR-1Z was hydraulically fractured. Microseismic 

events measured during operations produced a relatively consistent pattern, albeit with 

predominantly north-ward propagation from the well (Clarke et al., 2019b). Therefore, 

for subsequent simulations we considered transverse exponents of 1.2 and 1.4 too low.  

However, we also consider it unlikely there to be no stress shadowing effect when stages 

are placed in such proximity. This modelling experiment shows that picking a transverse 
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exponent of 2 or 1.8 produces negligible stress shadow ( < 1 MPa increase in minimum 

horizontal stress) and bears little influence on the subsequent fracture behaviour. 

Therefore, we consider an exponent of 1.6 as a reasonable value as it produces some 

transmitted stress (up to 1.66 MPa) that from our simulations, does appear to influence 

subsequent fracture geometry (mainly restricting fracture propagation in the zone of high 

stress).  
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Figure 5.15 Results of a series of simulations designed to assess the influence of the transverse exponent parameter (t) 
on the stress shadow effect and resulting proppant distributions. Each row of panels represents a series of results for 
a single transverse exponent. The background blue shading refers to the minimum horizontal stress grid in all cases, 
though the right column includes the increase in that parameter due to the transmitted stress of Stage 1. The simulated 
fracture in the left panel shows the geometry of the Stage 1 fracture, coloured by transmitted stress. Note that the 
colourbar is adjusted to highlight just the areas of highest transmitted stress and the low values are shaded as grey. 
The simulated fracture in the right panel shows the Stage 2 fracture, accountinf for the stress shadow from Stage 1 and 
with shading corresponding to proppant concentration. 

5.6.2 Modelled Fracture Geometries 

5.6.2.1 Fracture Geometries in Cross-Section View 

Following this exercise, multi-stage simulations along each horizontal well were 

conducted, using the stage configurations and treatment schedules detailed in sections 

5.3.3 and 5.3.4. The kick-off points for Landings 1 and 3 were placed at the depths 

outlined in Table 4.2, however, the depth of Landing 2 was adjusted to 2260 m depth after 

analysis of the vertical fracture simulation presented in Section 5.5.1. 

Figures 5.16, 5.17 and 5.18 illustrate the simulation results for Landings 1, 2 and 3 

respectively. Each figure presents ten panels organised as five rows and two columns. 

Each row represents a stage (the first five stages) and for each stage, the simulated 

proppant distribution within that fracture is shown on the right column. The left column 

shows the tilted effective stress grid for reference. In each case, a transverse fracture is 

shown along the plane of maximum horizontal stress (the transverse grid, shown in Figure 

5.7), centred on the perforation and with north to the right. 

Observing Landing 1 (Figure 5.16), in alignment with the observations made during the 

vertical simulations, we find narrow and long fractures are created from the perforated 

interval. All fractures are dipping; tracking the dipping beds and geological grid used as 

input to the simulations. A high-stress layer (shown as dark colours on the grid) contains 

the fractures in all cases, with the main fracture forming between the perforations and this 

barrier. In several instances (stages 1, 2, 4 and 5), the fracture appears to form as two 

separate fractures separated by a small baffle whereas in stage 3 a fracture only develops 

in the upper zone. 

Despite increasing the transverse exponent to 1.6, we can observe the influence of stress 

shadowing on fracture geometry. While the stage 1 fracture propagates south, stage 2 

propagates north. Both stage 2 and stage 3 propagate north, and seemingly the stress 

increase owed to the hydraulic fracture width (Equation 5-8) in this region serves to limit 

fracture development in that region by stage 4. This asymmetric pattern creates complex 

fracture patterns that if observed in the field, would not be desirable. 
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When observing Landing 2 (Figure 5.17), we can see more consistent fracture geometries. 

The main fracture propagates up from the perforations and then laterally within a unit of 

lower effective stress than surrounding layers. In all instances, the fracture is more 

symmetrical than observed in Landing 1, though the fracture does extend further south 

(left) than north. The stress shadow effect does not appear to significantly alter the 

fracture geometry, though we observe a more irregular proppant distribution in later 

stages (i.e. 2, 3, 4 and 5) than in stage 1. The modelled fractures are narrow, appear to be 

contained by the hight stress unit 25m above the perforations, and propagate ~ 1000m 

from the well. 
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Figure 5.16 Modelled fractures for five stages along Landing 1. For each stage, the effectives stress grid (left) and 

modelled proppant distribution within the fractures (right) are shown. 
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Figure 5.17 Modelled fractures for five stages along Landing 1. For each stage, the effectives stress grid (left) and 

modelled proppant distribution within the fractures (right) are shown. 



151 
 

 
Figure 5.18 Modelled fractures for five stages along Landing 1. For each stage, the effectives stress grid (left) and 
modelled proppant distribution within the fractures (right) are shown. 

Observing the fracture geometries at Landing 3 (Figure 5.18) we again observe complex 

fracture geometries as a result of the stage shadowing. While stage 1 produces a simple 

fracture that propagates upwards from the perforations and then laterally, confined by the 

high effective stress layer ~ 30 m above, the subsequent stages show more complexity. In 

the stage 2 and 3 fractures, several intervals form baffles to fracture development, and we 

observe a pattern of stacked, smaller fractures rather than the single fracture of stage 1. 
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By stage 4 we observe the main fracture propagating south, and then no fracture 

development in this area by stage 5. 

These multi-stage simulations provide an insight into the complex fracture geometry 

caused by stress shadowing and tilted stratigraphy that is not evident from our previous 

exercise studying the fracture geometries in isolation and using a flat-lying grid (Section 

5.5). While the fracture geometries modelled for each landing zone in Figure 5.12 are 

relatively simple, in this section we see switching in the direction of propagation (e.g. 

Landing 3, stages 4 and 5) and examples of complex, staked fracture/baffle pairings (e.g. 

Landing 3, stages 2 and 3). However, in some cases, stress shadowing does not 

significantly alter the main fracture geometry (Landing 2) but does produce more 

irregular proppant distributions within the fracture. However, on the whole, these 

observations do suggest that when using a stage separation of 12 m, the impact of stage 

shadowing is particularly high, and needs to be accounted for in any hydraulic fracture 

modelling. 

5.6.2.2 Fracture Geometries in Plan View 

Figure 5.19 illustrates the results of the above simulations in plan view for each landing 

zone. To facilitate this method of plotting the fractures, the maximum proppant 

concentration (for all depths) was calculated for each X-Y location along the fracture and 

is represented as the colour value. Also presented is a line graph showing the maximum 

and minimum fracture length for each landing zone. A minimum proppant cut-off of 1 

kg/m2 was taken and all statistics and plots described herein refer use these modified 

fracture lengths. 

The clearest observation from this plot is that Landing 3 exhibits the longest and most 

variable fracture lengths. These range from 750 m to 2200 m and the longest fractures 

appear to be produced nearest to the heel of the well. Landings 1 and 2 show similar 

ranges of fracture extent and are shorter than those observed in Landing 3. The fractures 

in Landing 1 range between 690 m and 1400 m and those of Landing 2 range between 

895m and 1475 m. Differences in the distribution of proppant within each landing zone 

can also be observed. Where in Landing 2, most of the proppant is placed within an 

interval near (< 100 m) to the well, in Landing 3 the proppant is more distributed, with 

high proppant concentrations up to 500m away from the well. 

The total area covered by all the fractures was also determined. A simplistic approach 

was followed whereby the fracture length was multiplied by the grid size (5 m) calculate 
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the area covered per fracture. These were then summed to produce a final area stimulated 

per fracture. Following this approach, the fracture areas for Landings 1, 2 and 3 were 

determined to be 0.227 km2, 0.240 km2 and 0.245 km2. 

 
Figure 5.19 Maps illustrating the spatial extent of modelled fractures and a line graph showing the maximum and 

minimum length of modelled fractures for each well. Note that the X and Y scales are not equal and so the azimuths 
of well trajectory and fracture propagation may not reflect their true orientations. The location of the map is shown 

in Figure 1.6. 

Table 5.4 summarises the above-measured fracture lengths and areas in addition to 

quoting them using a 2 kg/m2 proppant cut-off for comparison. 
 

Landing 1 Landing 2 Landing 3  

1 
kg

/m
2  

cu
t-o

ff
 Min length (m) 690 895 750 

Max length (m) 1400 1475 2200 

Area (km2) 0.227 0.240 0.245 

2 k   

Min length (m) 10 10 30 
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Max length (m) 855 735 1090 

Area (km2) 0.082 0.053 0.093 
Table 5.5 A summary of fracture lengths and areas for the three landing zones and quoted using both a 1 kg/m2 

proppant concentration cut-off and a 2 kg/m2 cut-off. In the subsequent section, these are referred to as Scenarios A 
and B. 

5.6.3 Fracture Extents and Major Faults 
The results of the simulations described in Section 5.6.2 can be used to further understand 

the limits placed by the structural features described in Chapter 2. This naturally only 

considers mapped faults (i.e. those of significant throw to be interpreted from seismic 

data). We discuss how un-mapped faults may be accounted for in subsequent studies in 

Section 6.1.6.  

We consider this issue in two parts; firstly, addressing how close a completion stage can 

be placed near to a major fault without risk of interference of hydraulic fractures with said 

fault and secondly, studying where, within the 100 km2 study area there is potential for 

other wells be drilled. These two points are addressed in Sections 5.6.3.1 and 5.6.3.2 

respectively. 

5.6.3.1 Positioning of Stages 

To quantify the distance from major faults that completion stages can be placed for the 

Bowland Shale in this area, two scenarios are envisaged. Each scenario corresponds to a 

different effective fracture length, determined by taking a cut-off as to the maximum 

concentration of proppant within the fracture. The placing of proppant within a fracture 

is considered a proxy for the likelihood of it generating microseismic events at that 

location. Some studies have suggested that microseismic activity peaks at the onset of 

proppant placement in a stimulation (McKenna, 2014), however, it is challenging to 

determine at what concentration a fracture is sufficiently pressurised and propped to pose 

a risk to geological structures. To attempt to express this uncertainty, we take two cut-

offs of proppant concentration, which in turn correspond to two ‘effective’ fracture 

lengths. 

In the first scenario (Scenario A), an effective fracture is considered where proppant 

concentrations exceed 1 kg/m2 concentrations. Observing the maximum fracture lengths 

for this cut-off (Figure 5.19, Table 5.4) reveals that Landing 3 holds the longest maximum 

fracture length (2200 m), which is significantly greater than the other landings (~ 1500 m 

maximum lengths). In the second scenario (Scenario B), an effective fracture is 

considered whereby proppant concentrations only exceed 2 kg/m2. Where the maximum 

length is measured accounting for this cut-off (Table 5.4), Landing 3 again holds the 
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longest maximum fracture length (1090m), though it is substantially smaller than for 

Scenario A. 

Figure 5.20 illustrates a simplified version of the map presented in Figure 5.1 for both 

scenarios (A-upper and B-lower). A lateral well is side-tracked from PH-1 along the 

azimuth of minimum horizontal stress as far as the Moor Hey Fault. In Scenario A, no 

stages can be placed along 1800 m of the lateral well without the risk of the northward-

propagating fractures interfering with the Summerer Fault. Similarly, no stages can be 

placed within the last 1230 m of the horizontal section without the risk of southward-

propagating fractures interfering with the Moor Hey Fault. Consequently, there is a 400- 

m section of the lateral well (shaded in red) where hydraulic fracture stages could be 

placed with minimal risk. This suggests that using this scenario, drilling pilot wells at the 

edge of the fault blocks may not be the optimal approach as over 1800 m of deviated 

section is needed before a hydraulic fracturing stage can be placed. Instead, the wells 

should be placed more centrally within the block and with short horizontal sections. 

Smaller faults such as that immediately south-east of PH-1 and that to the west of the 

Moor Hey Fault are not considered in this analysis.  

In Scenario B, a 1900 m section of the lateral well can be stimulated (red shading) without 

risk of the shorter effective fractures encountering the Summerer and Moor Hey Faults. 

Near the heel, no stages can be paced in the first 870 m without risking northward 

interference with the Summerer Fault, and likewise, no stages can be placed within the 

last 615 m of the well, near the toe. In this scenario, a well placed near the edge of the 

block can still provide a useful vertical well from which to side-track horizontal sections, 

however, a ~500-1000 m deviated section is needed before hydraulic fracture stages can 

be placed on the horizontal section.  

5.6.3.2 Well Placements in the Area 

The final objective was to consider the implications of these typical fracture geometries 

not just for the region near PH-1, but for the region mapped using the Bowland-12 seismic 

survey (Figure 1.6). Specifically, it was sought to determine where lateral wells could be 

placed without hydraulic fractures interfering either with fractures from adjacent wells or 

significant structural features such as faults. 

For this task, we assume that all fractures are symmetrical, with the lateral well forming 

the axis of symmetry and with all fractures the same length. As a result, the overall 

footprint then becomes a rectangle, centred on the lateral well and rotated such that the 
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well trajectory is parallel to minimum horizontal stress. In a similar manner to Section 

5.6.3.1, two scenarios are considered, corresponding to 1 kg/m2 and 2 kg/m2 proppant 

cut-offs, and are presented, respectively, in Figures 5.21 and 5.22. 

Figure 5.21 illustrates the surface map for the LBS, contoured in two-way-time 

milliseconds, in addition to key wells and structures (Anderson and Underhill, 2020). 

Potential lateral wells are represented as black lines along an azimuth of 80° (minimum 

horizontal stress orientation) and the fractures represented as red lines, approximately 100 

m apart with length double chosen fracture half-length. The brown shading is placed 

where steep dips associated with faulting and folding, or a lack of seismic reflectivity 

would inhibit drilling. The trajectory of the well is not explicitly considered, and the heel 

could be placed in the ENE or WSW of the lateral section. The placements are made 

based on the information contained in the map; though it is recognised some other 

important parameters need considering as part of the well planning process (including 

geography, site access, overburden geology). 
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Figure 5.20 Maps illustrating the distance from major faults that need to be kept to avoid hydraulic fractures interfering 
with said faults. The location of the maps is shown in Figure 1.6. Two scenarios corresponding to two different fracture 
lengths are presented. In the upper map (Scenario A), an effective fracture is considered where proppant concentration 
is >1 kg/m2 and thus the maximum fracture half-length is 1100 m. In the lower map (Scenario B), an effective fracture 
is considered were proppant concentrations is >2 kg/m2 and thus the maximum fracture half-length is 545 m. 

Using a 1100 m half-length, few sites can accommodate a lateral well without fractures 

intersecting significant faults. The Poulton Block in the NW corner can accommodate a 

1.3 km long lateral well, though approaches the limit of the Bowland-12 survey. The 

Singleton Block is too narrow to accommodate a well without fractures intersecting either 

the Haves Ho or Summerer Fault. The Weeton Block is widest in the region immediately 

south of the PH-1 well and near the PNR wells. In this area, a 0.9 km long lateral can be 

achieved. The trajectory is placed slightly further north than the current PNR location to 

avoid south-propagating fractures interfering with the Anna’s Road Fault. Between this 

location and PH-1, a shorter, 0.7 km lateral can be achieved, but its easterly limit is 

restricted by a series of small reverse faults near to the larger Moor Hey Fault. As the 

Weeton Block narrows to the north of PH-1, it becomes impossible to accommodate a 
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lateral well using this cut-off without intersecting either the Summerer Fault or the 

aforementioned reverse fault zone immediately west of the Moor Hey Fault. While the 

focus of our work has been in the footwall to the Thistleton Fault, where the overlying 

Permo-Triassic sequences are less developed, we do place a lateral well in the Elswick 

Graben hanging-wall. Two longer wells (1.4 km and 1.2 km in length) can be achieved; 

however, a caveat in placing wells in this location is the uncertainty in the mapping of 

Carboniferous sequences beneath the thicker Permo-Triassic succession (Anderson and 

Underhill, 2020). A total area covered by this configuration (calculated as lateral length 

multiplied by fracture length) is 12.1 km2. 

 
Figure 5.21 Map highlighting the areas within the Bowland-12 survey that lateral wells could be placed without 

hydraulic fractures interfering with major faults or with hydraulic fractures from adjacent wells. The 1100 m 
predicted half-length of the hydraulic fractures is taken using a proppant cut-off of 1 kg/m2. The underlying contour 
map is the Lower Bowland Shale contoured in two-way time (in milliseconds) (Anderson and Underhill, 2020). The 

black lines represent the lateral well drilled along minimum horizontal stress orientation and the hydraulic fractures 
represented as red lines.  
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Figure 5.22 Map highlighting the areas within the Bowland-12 survey that lateral wells could be placed without 

hydraulic fractures interfering with major faults or with hydraulic fractures from adjacent wells. The 545 m 
predicted half-length of the hydraulic fractures is taken using a proppant cut-off of 2 kg/m2. The underlying contour 
map is the Lower Bowland Shale contoured in two-way time (in milliseconds) (Anderson and Underhill, 2020). The 

black lines represent the lateral well drilled along minimum horizontal stress orientation and the hydraulic fractures 
represented as red lines 

When the maximum hydraulic fracture length for a 2 kg/m2 proppant concentration is 

considered, many more lateral sections can be achieved within the survey area (Figure 

5.22). In the Poulton Block, the stage closest to the east can be moved closer to the Haves 

Ho Fault, thus allowing the lateral section to increase in length from 1.3 to 2.3 km before 

reaching the end of the survey. A further two shorter wells of length 1.5 km and 0.7 km 

can be placed in the block further south. A small lateral of 0.8 km length can now be 

achieved within the narrow Singleton Block. The Weeton Block can accommodate more 

lateral wells around PH-1. These wells are generally short (<1 km length) as lengths 

longer than this would risk hydraulic fractures interfering with either the Summerer Fault 

or the fault zone around the Moor Hey Fault. Around PNR, the lateral well placed north 

of the current PNR site can reach 1.8 km length and another well can be placed adjacent 

to this site (1.6 km in length). In the Elswick Graben, four wells can be drilled, reaching 

2 km in length, though the caveat to this area discussed earlier remains. A total area 
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covered by this configuration (calculated as lateral length multiplied by fracture length) 

is 18.9 km2. 

5.7 Discussion 
5.7.1 Uncertainties in Fracture Lengths 
This work presents forward-models for assessing hydraulic fracture geometries before 

any drilling of production wells, using a calibrated geological model for the state of stress 

in the subsurface. If production data is available, further calibration can be achieved by 

matching modelled pressures with actual pressures measured during hydraulic fracturing 

operations or by adjusting model parameters to match a known distribution of 

microseismic events. Data of this kind has been published for an adjacent well (PNR-1Z), 

however as the focus of this thesis has been the PH-1 well, it was not directly used to 

calibrate the fracture model and was used only to assist with creating a typical pseudo-

lateral section through the Bowland Shale from the main PH-1 well. 

The microseismicity observed following hydraulic fracturing of PNR-1Z has been well 

documented by Clarke et al. (2019b). Events were monitored using a combination of 

surface sensors (seismometers and geophones) and subsurface geophones placed in the 

adjacent PNR-2 well. While the surface sensors identified 54 events, the borehole 

geophones identified 39,000 events which extend ~200 m north of their corresponding 

sleeve and ~150 m above and below the well (Clarke et al., 2019b). This pattern of 

microseismicity suggests that typical fracture lengths do not exceed 200 m and does 

question the results of this work.  

However, Clarke et al. (2019b) proceed to use the microseismic events to identify a small, 

sub-seismic-scale fault upon which elevated levels of microseismicity are occurring. The 

interaction of faults, or indeed natural fractures, has not been considered in the modelling 

work presented herein, which considers only the mechanical properties of shale as 

measured using wireline logs. While such logging will reflect the presence of natural 

fractures (e.g. in reducing the bulk density and elevating the compressional slowness), a 

lateral change in such parameters (say, to reflect the position of a fault or fracture zone) 

has not been considered. It is reasonable to expect, however, that such a feature would 

drastically alter the stress state in the area and result in simulated hydraulic fractures 

concentrating around the area of the fault. 

Validating the fracture lengths modelled during this work is a challenging task without 

extensive microseismic data. Some previous hydraulic fracture modelling has been 
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conducted for the Bowland Shale, though these are un-published and usually in the form 

of consultancy reports and company presentations. Gilbert (2012) specifically used 

GOHFER software to pressure match a single stage from the PH-1 multi-stage test. Their 

modelled fracture extends ~1220 m from the well, with most of the proppant placed 

within the 760 m of the well. These distances are comparable with the result presented 

herein. However, Third Energy modelled a maximum fracture length of 375 m as part of 

their hydraulic fracture plan (Third Energy, 2017) for the KM-8 well which is lower than 

predicted herein. Their model appears to use a pseudo-3D fracture model (possibly 

FracPro), so is perhaps not as suitable as a direct comparison as Gilbert (2012)’s study 

might be.  

The differences in magnitudes between our study, Gilbert (2012)’s and Third Energy 

(2017)’s is evidence of the degree of uncertainty regarding hydraulic fracture simulations. 

The long hydraulic fracture lengths modelled herein may be a consequence of the 

stratigraphic variability in stress, restricting fracture height growth and instead, permitting 

extensive fracture growth along the stratigraphic interval from which it was initiated. In 

reality, spatial heterogeneities in stress and rock properties will influence fracture 

propagation and these have not been considered in this model. Fundamentally, while 

many very important can be insights can be drawn from such simulations, the precise 

numbers derived from them should be treated with caution. 

5.7.2 Implications for the Production Potential 
Assessment of the production potential of the Bowland Shale, across the UK, is still at an 

early stage. Probabilistic modelling of well rates conducted by Anderson Thompson 

suggests that a single, 2.5 km long well in the Bowland Shale could deliver 6.5 billion 

cubic feet (Bcf) of gas over 30 years (EUR), with initial 30-day production rates of c. 15 

million standard cubic feet per day (MMscf/day) (Edison Investment Research, 2018), 

though the approach to building such a model is un-published. The first production results 

for the shale were reported by Cuadrilla Resources following the hydraulic stimulation 

and partial gas flow testing of two and six stages of their PNR-1Z and PNR-2 wells, 

respectively. While only two stages were gas flow tested at PNR-1Z, stable flow rates of 

0.1 MMscf/day were reported (Cuadrilla Resources, 2019a). At PNR-2, six stages were 

gas flow test, and rates of between 0.06 and 0.1 MMscf/day were reported (Cuadrilla 

Resources, 2019b). They continued to state that upscaling of these results to a 2.5 km 

long well would provide potential initial flow rates of between 3 and 8 MMscf/day 
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(Cuadrilla Resources, 2019b). These initial flow rates are around half that originally 

considered in Anderson Thompson study.  

Drawing on analogue plays is an important task in the early steps of a shale evaluation. 

As discussed in Section 3.1, the Barnett Shale is considered as a suitable analogue for the 

Bowland Shale (Andrews, 2013), while we point to the Wolfcamp Formation as a key 

formation in considering production strategy. Harrison et al. (2019) concluded that the 

Marcellus Shale is the most suitable analogue for the Bowland Shale based on its average 

depth of burial, mineralogical content and geochemistry. Furthermore, they compiled 

EUR per 1000 ft values for varying lengths of lateral section in the Marcellus. Combining 

this with Clancy et al (2018)’s deduction that a typical Bowland Shale lateral would be 

of 500 m lateral length, Harrison (2019) projected that for a typical Bowland Shale well, 

EUR would be between 0.33 and 1.64 Bcf. While we draw on the data presented in 

Harrison et al (2019)’s study to estimate production for horizontal wells in the Bowland 

Shale, it is important to highlight that their study does not consider the degree of 

overpressure within analogue plays. Overpressure has been found to be a key geological 

factor in controlling Marcellus Shale well productivity (Zagorski, 2011). 

Figure 5.23 presents a redrawn copy of Harrison (2019)’s Figure 8. The slopes of their 

lower and upper limits for EUR/1000 ft were calculated and are added to the figure itself. 

These equations were then used to calculate lower and upper EUR estimates for the lateral 

well lengths determined in Figure 5.21 and Figure 5.22, and a mid-case was also 

calculated as mid-point between the lower and upper estimates. The resulting range of 

EUR for all lateral lengths (combining both fracture length cut-offs) is then presented in 

Figure 5.24. The mid-case EUR ranges from 1 Bcf to 20 Bcf for well lengths ranging 

from 500 m to 2.3 km. Note the possible range increases dramatically with lateral length, 

and a 2 km lateral could achieve EUR ranges up to 40 Bcf. This reflects the uncertainty 

originally expressed in Harrison (2019)’s Figure 8. 
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Figure 5.23 Plot of well lateral length versus EUR/1000m for the Marcellus Shale (redrawn after Harrison (2019)). 

The data points represent values for the Marcellus Shale compiled by the original authors and the black slops 
represented minimum and maximum trends. For this work, these slopes were calculated and used to determine the 

minimum and maximum EUR/1000m values for the Bowland Shale.  

For the 1100 m fracture half-length scenario in which 5 well locations can be selected, if 

a single well is drilled at each location, we estimate total EUR for the area to range 

between 6 and 41 Bcf, with a mid-case of 24 Bcf. Similarly, for the 545 m half-length 

scenario, where 13 well locations can be selected, if a single well is drilled at each 

location, EUR for the area is estimated to range between 27 Bcf and 172 Bcf with a mid-

case of 100 Bcf.  

 
Figure 5.24 Plot of lateral length versus calculated EUR using ranges presented in Harrison (2019). The data points 
represent the mid-case EUR with the lines representing the maximum and minimum EUR for that lateral length. The 

range of lateral lengths encompasses all the lengths achievable in Figures 5.21 and 5.22.  



164 
 

5.7.3 Stacked Well Potential 
The results presented in Section 5.5.2 provide strong evidence that there are at least two 

intervals in the UBS which are sufficiently stressed and thick to impede fracture height 

growth from overlying or underlying units. The two intervals tested lie between Landings 

1 and 2 and Landings 2 and 3, which suggests that these target zones could be drilled and 

produced from at the same site, using stacked multi-lateral wells (Figure 3.1). As this 

work has only considered the rock properties at the PH-1 location, this naturally assumes 

homogeneous geology in the horizontal plane. In the simplest sense, if the same lateral 

length and EUR are assumed for each landing zone (though we recognise this is a 

simplistic assumption), we can multiply the EUR ranges quoted in Section 5.7.2 by a 

factor of three to reflect stacked production from the three landing zones. Therefore, for 

the 1100 m and 545 m half-length scenarios, the low-mid-high EUR ranges become 18-

72-123 Bcf and 81-300-516 Bcf respectively. To provide some context to these estimates, 

we refer to the Frigg Gas Field, located in the northern North Sea. It spans an area of 100 

km2 (Brewster, 1991), and is thus in similar aerial extent to that shown in Figure 5.21 and 

Figure 5.22. Between 1977 and 2004 it produced ~6000 Bcf of gas; 2000 Bcf of which 

was produced from UK waters (Oil & Gas Authority, 2020), and the remaining extracted 

from Norwegian waters (Norwegian Petroleum Directorate, 2021). Our numbers in 

context, suggest that using stacked production, and with well placements based on a 

conservative estimate of hydraulic fracture half lengths, the mid-case ultimate recovery 

that could be achieved from the area is 1/20th that of this major gas field. 

However, this simplistic case may not be true for actual production. The complex 

relationship between rock properties, hydraulic fracture propagation and fluid flow means 

that vertical interference is common in stacked reservoirs, even when apparent barriers 

exist (Shin and Popovich, 2017). The impact of production wells drilled in proximity to 

each other is exemplified by the growing problem of parent-child well interactions, now 

a common problem in mature US unconventional plays. As operators are increasingly 

drilling infill (child) wells near to pre-existing (parent) wells to maximise recovery, 

drastic variations in production are being observed. Reservoir depletion, hydraulic 

fracture communication and reservoir heterogeneity can all drive to reduce the 

productivity of child wells (Lindsay et al., 2018). While this specific problem may not be 

true if all three stacked UBS intervals are brought in to production at the same time, it 

serves as a reminder of the further work that is needed to characterise the precise 

production strategy moving forward.  
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5.8 Conclusions 
In this final chapter, a fracture modelling study is presented using stress and 

geomechanical properties of the Bowland Shale at PH-1. A vertical, multi-stage 

simulation targeting different stratigraphic sections has been used to assess the 

effectiveness of stress barriers within the shale at containing hydraulic fractures and to 

test fracture extent in pre-defined landing zones. Following the establishment of pseudo-

lateral wells placed within the desired landing zones, multi-stage simulations along the 

horizontal sections have been used to assess fracture lengths and the effect of stage 

shadowing. Bringing the results of these simulations together, some important discussion 

into the production potential and well placement strategy has been provided. In summary, 

the following insights have been gained from this work: 

1. Two highly stressed zones which are located between proposed Landings 1 and 

2, and between proposed Landings 2 and 3 appear to be effective in impeding 

hydraulic fracture propagation. An additional zone of poor CQ between Landings 

1 and 2 also appears to impede fracture propagation which together provides 

further evidence as to the potential for stacked well placement and production 

within the Bowland Shale. 

2. Stimulation of all picked landing zones results in hydraulic fractures that are 

generally simple, narrow and propagate over large distances. While the gross 

fracture length can exceed 1 km in half-length, the greatest fracture pressures and 

proppant concentrations are found within distances of ~500-700 m of the well.  

3. When completion stages are placed every 12 m along the horizontal well section 

(the placement used at PNR-1Z), the effect of stage shadowing is profound and 

can result in unusual hydraulic fractures including asymmetric geometries, 

irregular proppant distributions and variations in fracture length from stage to 

stage.  

4. The mismatch between maximum horizontal stress and typical fault azimuth 

means that drilling wells at the edge of fault blocks may not be the optimal drilling 

strategy. The first completion stage along a horizontal section needs to be at least 

800 m (measured along the minimum horizontal stress/well orientation) from the 

adjacent fault to avoid a risk of hydraulic fractures interacting with that fault. 

5. Using fracture half-lengths calculated using a 2 kg/m2 proppant concentration cut-

off, up to 13 locations can be identified within the Bowland-12 survey area where 

lateral wells (> 0.5 km length) could be drilled stimulated without hydraulic 
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fractures interfering with either major structural features or adjacent hydraulic 

fractures. Only 5 locations can be identified if a maximum fracture length based 

on a 1 kg/m2 cut-off is used. 

6. Using production rates analogous to the Bowland Shale, the shortest wells 

achieved in the area (< 1 km) generally would be expected to produce <8 Bcf over 

their lifetime, whereas the intermediate length of wells (~1.5 km) might be 

expected to produce between 8 and 25 Bcf. The longest wells achievable (~2 km) 

could produce between 15 and 50 Bcf. This suggests a mid-case recovery for the 

area of 24 Bcf if a well placement strategy based on 1100 m fracture half-lengths 

is used and 100 Bcf if 545 m half-lengths are considered. Drilling stacked wells 

targeting the three defined landing zones, however, could result in production of 

three times these values (72 Bcf and 300 Bcf respectively). 

6 DISCUSSION 

This thesis has considered how a series of models relating to rock, stress and fracture 

properties can be used to inform the placement of horizontal wells in a structurally 

confined setting. We use the results of these models to ultimately, simulate the 

characteristics of hydraulic fractures, and compare these with faults that are of sufficient 

offset to be imaged and confidently interpreted on 3D seismic data. Whilst effort has been 

made to calibrate and sense-check all model parameters and results, and specific 

uncertainties have been addressed in their relevant thesis sections, it is important to 

address some of the key limitations in this approach and to consider what future studies 

may help mitigate these. This chapter opens by highlighting some of these key points and 

considers their implications for the ultimate thesis findings (Section 6.1). Following this, 

the chapter proceeds to suggest areas for future work that may address such limitations 

(Section 6.2) and thus add to the findings presented herein.   

6.1 Key Limitations and Uncertainties 
6.1.1 Uncertainties in Wireline Logging and Analysis 
Errors that manifest during either the acquisition, processing, calibration or interpretation 

of wireline logs are recognised as a fundamental uncertainty in this work. While most 

modern logs include corrections for well-known, systematic environmental and 

calibration errors, such corrections do not eliminate these effects completely (Moore et 

al., 2011). Such complex sources of uncertainty include the discrepancy between how the 

tools are developed and calibrated (under laboratory conditions to artificial blocks) and 
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true subsurface conditions, the use of mathematical models to derive certain aspects of 

the logging measurements, and environmental effects (such as temperature, pressure or 

mud properties) (Theys, 1997). 

A clear example of this is the bulk density response in intervals where the borehole is 

enlarged. A washed-out and rugose borehole will lead to the pads of the density tool 

losing contact with the borehole wall, responding in part to the drilling mud rather than 

the formation and ultimately resulting in a vastly reduced density response. Corrections 

are typically made by the contractor and a resulting bulk density correction curve 

provided, however, the washed-out sections are generally perceived to remain unreliable.  

Furthermore, bulk density is routinely used in this work, forming part of the calculation 

of dynamic elastic properties, calculating vertical stress and feeding into the calculation 

of minimum horizontal stress (through Young’s modulus). The bulk density correction 

log is largely below 0.05 g/cm3 for the Bowland Shale interval, but some intervals do 

exhibit readings up to 0.20 g/cm3 which would be considered unreliable. These intervals 

correspond to the most clay-rich sections of the shale. While further correction was not 

attempted during this study, it does suggest that the bulk density of the clay-rich sections 

might be greater than the value used. Such an error would then propagate into further 

calculations of elastic properties (i.e. the interval would appear weaker than it should).  

6.1.2 Geomechanical Modelling Uncertainty 
The geomechanical modelling followed in Chapter 4 uses established methods (e.g. Eaton 

method to estimating pore pressure and poroelastic method for estimating minimum 

horizontal stress), however, there are some limitations to these techniques that need to be 

considered. The Eaton method works best in young (Mesozoic-Cenozoic) sedimentary 

basins (such as the Gulf of Mexico or the North Sea) and does not consider the effects of 

unloading (Zhang, 2011), which does place uncertainty on its use in this work in a 

Paleozoic basin and one known to be affected by uplift. 

However, the modelled curves for pore pressure do honour the calibration dataset and 

produce sensible responses regarding the onset of overpressure beneath the Manchester 

Marl. The use of such calibration data, however, does introduce a layer of uncertainty. In 

the first instance, the tests are limited to a 130m section near the base of the well and 

within the LBS. None of the data points used are located within the UBS, which forms 

the focus of the analysis in Chapter 5.  
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Furthermore, there is some uncertainty in the estimates of stress magnitudes made from 

these pressure tests. The results from de Pater & Pellicer (2011)’s analysis of minifrac 

pressure declines were taken for values of fracture closure pressure in Section 4.2.3.3. 

However, those authors state that fracture closure pressure is “hard to determine uniquely 

from pressure decline” and that additional flow-back and step-rate tests would reduce this 

uncertainty (de Pater & Pellicer, 2011). Figure 6.1 highlights the approach in determine 

fracture closure pressure from minifrac pressure decline analysis where a value of 6460 

psi can be determined with relative confidence however, clear breaks in the G-function 

are not always identifiable, which can lead to errors in picking accurate fracture closure 

pressures.  

 
Figure 6.1 G-function and derivative for minifrac pressure decline in stage 3 at PH-1 (after de Pater & Pellicer, 

2011). Fracture closure pressure is picked at the point whereby the G-function derivative (green) deviates below the 
straight line (dashed red). The pressure is then read from the measured bottom hole pressure (grey). Using this 

process, de Pater & Pellicer (2011) picked a value of 6460 psi (44.5 MPa)  

6.1.3 Validation of the Geomechanical Classification Scheme 
From analysis of the results presented in Chapters 3 and 4, we ultimately interpret the 

most optimal landing zones for horizontal wells in the UBS that hold excellent reservoir 

properties and geomechanical characteristics. This interpretation is assisted with an un-

supervised cluster model, the results of which are also interpreted in terms of the 

geomechanical quality of each cluster. Our interpretations are based around well-

grounded theories that a prospective candidate for hydraulic fracturing will hold low 

effective stress, will be brittle and exhibit low fracture toughness. However, with the 

current data available for the Bowland Shale, we cannot independently validate our 

analysis to test the performance of our classification scheme. Ultimately, the true test of 

this work will be when production wells are drilled, completed and flow tested within the 
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Bowland Shale; ideally targeting different stratigraphic intervals thus providing insight 

into the production capabilities of different sections of our zonation scheme. Only limited 

flow test data has been released for the Bowland Shale and this has been from partially 

fractured wells PNR-1Z and PNR-2 (Cuadrilla Resources, 2019b, 2019a). We would 

require further productivity data for our identified landing zones to be able to fully assess 

our classification scheme.  

Furthermore, in Chapter 5 we highlighted the importance of fracture barriers to potentially 

limit vertical fracture growth and facilitate the stacking of horizontal wells without risk 

of well interference. Interference between stacked wells is common (Shin and Popovich, 

2017) and fully assessing if this is an issue for the Bowland Shale would require a 

combination of microseismic data analysis to ensure events do not cross the identified 

fracture barrier, and comparison of well productivities, initial reservoir pressures, 

stimulated rock volumes and EUR against forecasted well performance (Shin and 

Popovich, 2017). As with assessing the performance our proposed landing zones, this 

cannot be achieved without further drilling and flow testing and the release of such data 

for subsequent research. 

6.1.4 Accounting for Natural Fractures 
In Chapter 5, we use a hydraulic fracture simulator to model planar fractures at chosen 

intervals of the Bowland Shale. Each input grid cell contains parameters related to the 

strength of the rock (mainly geomechanical properties and stress) which are used in the 

simulation, but we do not consider the influence of natural fractures on simulated 

hydraulic fractures. GOHFER was picked as a useful simulator due to its ability to handle 

a 3D geological model and model complex fracture geometries. However, it is limited by 

its failure to consider natural fracture networks. Moreover, in Chapter 3, we describe 

some of the natural fractures observed on core and micro-imagery data for the Bowland 

Shale and it does appear that they are a common feature in the shale. 

This is acknowledged as a key limitation in this work. Natural fractures have been proven 

to have direct implications on hydraulic fracture development. Generally speaking, as 

pre-existing planes of weakness, they will readily absorb energy associated with the 

hydraulic fracturing job and fail more readily than un-fractured intervals. Field 

experiments, including mine-back and core-through studies (Jeffrey et al., 2009; Jeffrey 

and Weber, 1994; Warpinski et al., 1993b; Warpinski and Teufel, 1987) have 

demonstrated that natural fractures cause branching and offset of hydraulic fractures. 
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Weng (2015) suggested that a hydraulic fracture can interact with a natural fracture in 

several ways, including crossing with or without offset, arresting and branching (Figure 

6.2). 

 
Figure 6.2 Map view of a hydraulic fracture network illustrating the interaction of hydraulic fractures with natural 

fractures in various scenarios (Weng, 2015) 

Accounting for such interactions in a hydraulic fracture model can be challenging. If the 

natural fracture network is well-connected and permeable, fracturing fluid will likely 

follow the existing fracture network with little creation of new fractures. In this instance, 

the interaction of hydraulic with natural fractures becomes of little concern. Conversely, 

if natural fractures are poorly-connected, they only become part of the active system if 

intersected by the hydraulic fractures and thus the interaction is very important (Weng, 

2015). While many studies have presented models that account for this interaction in 

some way (Dershowitz et al., 2010; Fu et al., 2011; McClure, 2012; Meyer and Bazan, 

2011; Nagel et al., 2011; Savitski et al., 2013; Weng et al., 2011; Wu and Olson, 2013; 

Xu et al., 2009), many of them rely on simplifying assumptions that limit their 

applicability to specific conditions (Weng, 2015). 

The impact of natural fractures on hydraulic fracture propagation in the Bowland Shale 

requires further study. As more wells are hydraulically fractured (pending lifting of the 

UK moratorium), and associated microseismic events monitored, some insight into the 

role of natural fractures may be gleaned. Some authors have demonstrated that 

microseismic clouds can be used to predict natural fracture distribution and intensity 



171 
 

(Hunt et al., 2010; Rich and Ammerman, 2010). Clarke et al (2019b) studied the focal 

mechanisms and positions of the largest microseismic events recorded during hydraulic 

fracturing operations at PNR-1Z to map a sub-seismic fault (or fracture network) north of 

the well. Further studies of this nature addressing the impact of natural fracture networks 

and hydraulic fractures may help calibrate future hydraulic fracturing models for the role 

of natural fractures. 

6.1.5 Upscaling of Mechanical Properties for Fracture Simulations 
As discussed in Section 5.3.2.2, we recognise that a key drawback of the GOHFER 

simulator is the manner in which wireline log properties are upscaled to a grid size 

appropriate for conducting simulations (5 m cell size in our study). We deduced that the 

software takes an arithmetic average and assigns this single log value to each grid cell, 

however, for layered, VTI media, the arithmetic average is known to not necessarily be 

appropriate. Averaging layered elastic properties is usually achieved using the Backus 

average or similar anisotropic averaging technique, to account for the anisotropy owed to 

the fine-scale layering. Furthermore, this anisotropy in elastic properties then translates 

into anisotropy in minimum horizontal stress which is also not accounted for in the 

GOHFER approach. We discussed a possible workaround involving the Backus average 

and anisotropic formulations of the minimum horizontal stress equation, however, the 

GOHFER software does not allow alternative property averaging techniques and advises 

against user-defined stress derivations. These practical constraints provided an obstacle 

to us implementing such an approach and instead, we note this uncertainty and suggest 

our proposed alternative necessitates further study.  

6.1.6 Accounting for Un-Mapped Faults 
Our work purely considers how mapped faults can be avoided through using a well 

placement strategy guided by petrophysics, rock physics, geomechanical and fracture 

modelling. However, Clarke et al (2019b) demonstrated that unusual microseismic 

patterns observed during hydraulic fracturing of PNR-1Z could be used to identify a sub-

seismic fault that was clearly influencing hydraulic fracture geometry. Such features are 

very difficult to predict and incorporate in fracture modelling until hydraulic fracturing 

operations begin. However a solution could involve drawing on fault densities and 

orientations from suitable analogues (for example, the East Pennines Coalfield (Bailey et 

al., 2005)) and incorporating these in 3D geomechanical models. The GOHFER software 

does facilitate spatially variable geomechanical grids as input data. Analogue fault 

densities may be used to calculate representative faulted geomechanical properties (using 
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effective medium theories such as the Hudson model (see Chapter 3)), the results of which 

can then be input into the fracture simulator. We tested this approach during the course 

of the PhD study whereby a sub-seismic fault plane represented as a zone of 

geomechanical weakness in a 3D model generated in Petrel software. However, technical 

issues loading this model into GOHFER and generating reasonable results resulted in this 

aspect not being included in our thesis, however we recognise this should be subject to 

further study.  

6.1.7 Error Propagation and Sensitivity Analysis 
We recognise that the models developed in each chapter of this thesis have their 

individual associated uncertainties, which can propagate into deeper errors in later 

sections of the thesis. In Chapter 2, faults that offset the Bowland Shale stratigraphy are 

mapped on 3D seismic data. However, seismic data quality is variable within our study 

area. Limitations of onshore seismic acquisition combined with structural complexity 

including highly-dipping reflectors and reverse-offset faults render seismic interpretation 

very challenging in some sections of the survey. Uncertainties around fault mapping 

propagate through to the final section of this thesis, where we ultimately propose well pad 

locations based on avoiding the interaction of hydraulic fractures with mapped faults. 

However, to attempt to mitigate this, we identify and exclude patches of poor reflectivity 

(see Figure 5.21; brown shading) from our proposed well sites. 

As subsequent modelling was performed using a variety of platforms (Schlumberger’s 

Techlog, Halliburton’s GOHFER, and our own bespoke Python scripts) it was not 

practically feasible to run a full sensitivity analysis to test the degree of error propagation 

throughout our models. Given the uncertainties associated with wireline log data (as 

discussed previously) and specific difficulties in deriving Poisson’s ratio from sonic 

logging (Barree et al., 2009), we speculate as to whether errors in tool readings/calibration 

may form a more substantial uncertainty than using unsuitable parameters in the models 

presented. The Poisson’s ratio forms a key component of the minimum horizontal stress 

equation (see Equation 4-9 and the results presented in Figure 4.12), and effective stress 

(minimum horizontal stress minus pore pressure) strongly influences modelled hydraulic 

fracture propagations, as shown in Chapter 5. We highlight this as a key risk for the 

propagation of errors from geomechanical modelling through to fracture models (and 

subsequent, guided well positioning). 
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6.1.8 Economic Uncertainty  
We finally presented estimates of recoverable gas guided by the results of our well 

placement strategy and by drawing on well production rates of an analogue shale gas play. 

In the absence of production data for the Bowland Shale, we consider this a viable 

approach, however it does bring a degree of uncertainty. Figure 5.24 illustrates how the 

range of production rates increases exponentially with horizontal well length. For 

example, for a 2 km long well, EUR ranges from 5 to 25 Bcf. Clearly there are other 

factors that affect the productivity of a well within a specific shale gas reservoir, which 

are the root of this uncertainty. These could include reservoir depth, degree of 

overpressure, spatial changes in mineralogy and/or porosity amongst others. Our model 

assumes homogeneous geology away from the well location, and no depth variation 

across the study area, which is clearly a simplistic assumption. If these were incorporated 

into our model, modelled fracture lengths (and therefore estimated well production rates) 

would likely change, but it would also be possible to refine the large spread in EUR shown 

in Figure 5.24.  

Furthermore, we do not consider the economic viability of exploiting shale gas resources 

in this study. A present moratorium prohibits the hydraulic fracturing for shale gas in 

England and it is currently unclear if this will be lifted. However, if it is, commodity 

prices, well rates and government incentive schemes are just a few political and economic 

factors that will ultimately determine if the volumes of gas we suggest it is possible to 

produce from the area, can indeed be produced commercially. 

6.2 Further Work 
6.2.1 Further Prospective Basins 
This thesis has focused the northern portion of PEDL165 which spans a section of the 

western Craven Basin. However, the Craven Basin is just one of a series of Carboniferous 

basins deemed prospective for shale gas exploration in North England. Recently, 

exploration has been undertaken in the Gainsborough Trough in the East Midlands, and 

the Bowland Shale has been targeted by both a new vertical well (Springs Road-1) and a 

new 3D seismic survey (Gainsborough-14). These new datasets, when combined with 

some legacy wells that penetrate Dinantian-Namurian sequences (e.g. Scaftworth-B2) 

and 2D seismic data may provide a suitable area to form an extension of this work. 

Comparing the subsurface structure with that observed in Chapter 2 of this work may help 

assess if the pervasive faulting and folding observed in the Craven Basin is present in 

other Carboniferous basins or if it forms an isolated example. 
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6.2.2 Pre-stack Seismic 
In Chapter 3 we used produced rock physics plots using well log data and used a rock 

physics model to produce templates to aid the interpretation of geophysical data with the 

purpose of understanding lithology, porosity and geomechanical properties of the 

Bowland Shale. As pre-stack seismic data was not available for this study, the inversion 

of geophysical parameters and their subsequent analysis using these cross-plots was not 

possible.  

An immediate extension of this work could be the inversion of Vp, Vs, λρ, μρ, E and ν 

from pre-stack seismic data. There are four vertical wells in the region covered by the 

Bowland-12 seismic survey which could provide the basis of the inversion. Once these 

properties are inverted, the rock physics templates determined herein could be used to 

produce 3D surfaces of lithology, porosity and geomechanical properties that could help 

in understanding the distribution of these in the subsurface.  

6.2.3 Characterising VTI Anisotropy 
Further quantification of the effects of VTI anisotropy is required for the Bowland Shale. 

The work of Chapter 3 focuses on the inversion of crack density from shear-wave splitting 

by assuming that the sub-vertical fractures lead to HTI anisotropy. As discussed in 

Section 3.2.3, further work could include ultrasonic velocity experiments conducted on 

plugs oriented at varying angles to bedding/lamination. Such experiments accompanied 

with analysis of XRD and/or SEM to characterise mineralogy and/or texture would allow 

differences in compressional and shear-wave velocities to be identified and Thomsen’s 

anisotropy parameters quantified. This work would lead to a better understanding of the 

degree and causes of VTI anisotropy in the Bowland Shale. 

7 CONCLUSIONS 

This thesis presents important new findings around the production potential of the 

Bowland Shale and proposes a strategy for determining horizontal shale gas well 

placements in structurally confined basins. 

The Bowland Shale gas target in Lancashire is situated in a geological basin that is highly 

faulted and folded. The trends of the Carboniferous-level faults are consistent with Early 

Carboniferous extensional activity. Variscan inversion has reactivated these faults, 

resulting in reverse offset and the folding of Carboniferous stratigraphy, including the 

Bowland Shale. Subsequent Permo-Triassic faulting has overprinted this configuration 
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with some NNE-SSW extensional faults. These structural observations are important as 

they serve to compartmentalise the shale resource, place limitations on how long 

horizontal wells can be drilled in un-faulted segments and increases the risk of hydraulic 

fracturing resulting in large induced seismic events. 

However, our analysis suggests there are several intervals of good reservoir quality within 

the Bowland Shale. If multiple prospective intervals are present within the shale, this is 

important as there may be potential to produce gas from the Bowland Shale using stacked 

horizontal wells, that are shorter than typical shale gas wells. The Upper Bowland Shale, 

in particular, is found to hold numerous zones of high-quality shale reservoir.  

The shale is overpressured; an important observation as overpressure is often a key 

parameter in determining well productivity for a shale gas resource. Furthermore, the 

shale exhibits heterogeneity in its geomechanical stratugraphy. We use cluster analysis 

using the results of geomechanical models as input to pick three ideal landing zones 

within the shale. These intervals are separated by high-stress zones which may impede 

fracture propagation, suggesting that concurrent production from stacked horizontal wells 

may be possible. 

 

The results of hydraulic fracture simulations suggest that stacked well production is 

possible within the Bowland Shale and that high stress barriers should serve to limit 

vertical fracture growth and associated well interference. We find that hydraulic fractures 

propagate over large lateral distances, which does limit where wells could be placed with 

respect to major, mapped faults in the area. However, using stacked shorter wells, there 

remains significant production potential in the area of up to 300 Bcf. 
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Abstract: Detailed interpretation of a 3D seismic data volume reveals the detrimental effect that post-depositional tectonic
deformation has had on buried Lower Carboniferous (Dinantian–Namurian) shales and its consequences for shale gas
exploration in the SW part (Fylde area) of the Craven Basin in NWEngland. The structural styles primarily result fromDevono-
Carboniferous (syn-sedimentary) extension, post-rift subsidence and Variscan inversion, a renewed phase of Permo-Triassic
extension, and Cenozoic uplift and basin exhumation. In contrast to the shallow dips and bedding continuity that characterizes
productive shale gas plays in other basins (e.g. in the USA and Argentina), our mapping shows that the area is affected by
deformation that results in the Bowland Shale Formation targets being folded and dissected into fault-bound compartments
defined by SW–NE striking (Lower Carboniferous and Variscan) reverse faults and SSW–NNE to N–S striking (Permo-
Triassic) normal faults. The fault networks and the misalignment between the elongate compartments they contain and the
present-day minimum horizontal stress orientation limit the length over which long lateral boreholes can remain in a productive
horizon, placing an important constraint on optimal well positioning, reducing the size of the shale gas resource and affecting
well productivity. Our subsurface mapping using this high-fidelity dataset provides an accurate picture of the Upper Palaeozoic
structure and demonstrates that faulting is denser and more complex than apparent from geological mapping of the surface
outcrop. That structural complexity has direct and significant consequences for: the location of well pads; the lateral continuity
of target shale gas horizons; the evaluation of the risk of inducing seismicity on seismically resolvable (large displacement)
fault planes prior to drilling; and the likelihood of faults with small throws (below seismic resolution) being present.
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Introduction and rationale

Unconventional shale plays have revolutionized the petroleum
industry in the USA to the extent that the country has reverted to
being self-sufficient for its energy needs and become a net gas exporter
for the first time in over half a century. Founded on that exploration
success, other plays have been investigated around the world, but
with a varying degree of success. Selley (2005) suggested that there
was shale gas potential in the UK, production fromwhich could arrest
the marked decline in gas supplied by UK offshore sources, and a
number of basins were subsequently screened by Smith et al. (2010).

While the Jurassic of the Weald Basin and Lower Carboniferous
(West Lothian Oil Shale Group) in the Midland Valley of Scotland
provided some encouragement, Smith et al. (2010) suggested that the
Carboniferous (Visean–Namurian) deep-water sediments ascribed to
the Bowland and Hodder shales in the Craven Basin, Edale Basin,
Widmerpool Gulf, Gainsborough Trough and Cleveland Basin of
northern England (Fig. 1) were especially prospective. Subsequent
studies have served to underline the potential (Roche 2012; Andrews
2013; Słowakiewicz et al. 2015; Yang et al. 2015; Könitzer et al.
2016; Hennissen et al. 2017; Harvey et al. 2018; Hughes et al. 2018;
Newport et al. 2018) and extend the opportunity to include parts of
North Wales too, where the corresponding units are known as the
Holywell Shale Formation (Newport et al. 2016).

The shale gas potential that was recognized by the aforemen-
tioned regional studies led to a renewed exploration interest in the
Carboniferous basins, and a number of petroleum exploration and
development licences (PEDLs) were bid for, and subsequently
awarded, in the 13th and 14th Onshore Licensing Rounds in 2011
and 2015. Initial resource estimates for all of the main plays were
published in 2013–14 and suggested that the UK’s shale resources

were large (Andrews 2013, 2014; Monaghan 2014). Collectively,
the studies acted as a catalyst for renewed industry activity and
promoted the notion that shale gas resources could be sufficient to
help wean the country off its increasing dependency on petroleum
imports (Harvey et al. 2018).

The aim of the paper is to present the results of an independent
evaluation of the subsurface geology in a strategic part of the PEDL
165 licence in the Fylde area, NW Lancashire. The licence is
situated in the southwesterly extension of the Craven Basin, where it
is buried beneath a Permo-Triassic sedimentary cover (Fig. 2). The
area was identified as a prime candidate for shale gas extraction and
is the one licence where hydraulic fracturing has already taken place
(Clarke et al. 2018).

Important new insights regarding the subsurface stratigraphy and
structure of the area have emerged from ourmapping including the role
of Permo-Triassic extension, the severity of Late Carboniferous
(Variscan) fold-and-fault deformation, and their combined effect on
shale gas targets. The results have direct implications for unconven-
tional shale gas exploration in the PEDL 165 licence, since the
deformation compartmentalizes and limits the play with a consequent
impact on resource estimates. The identification of fault networks also
poses further challenges, as demonstrated by human-induced seismi-
city during hydraulic fracturing operations at two drill sites (Preese
Hall-1 and Preston New Road (PNR): Clarke et al. 2014, 2019).

Regional setting

The 3D seismic data volume upon which this study is based was
acquired in 2012 over an area where Permian and Triassic clastic red
beds outcrop (Fig. 2), the occurrence of which represents the
onshore expression of the East Irish Sea Basin (EISB). The basal
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sequences extend east and have an unconformable or faulted contact
with truncated Carboniferous sediments belonging to the SW–NE-
striking Craven Basin (Figs 1 and 2). The basin is one of a number of
Late Devonian–Carboniferous (Mississippian) depocentres that
formed in response to north–south- to NW–SE-orientated rifting
(Fig. 1), the orientation of which appears to have been largely
governed by the reactivation of Caledonian structures (Leeder 1982;
Fraser and Gawthorpe 1990, 2003; Fraser et al. 1990; Corfield et al.
1996; Glennie and Underhill 1998; Worthington and Walsh 2011).

The Craven Basin underwent a phase of (post-rift) thermal
subsidence during the Namurian and Westphalian (Pennsylvanian)
before being affected by foreland deformation associated with the
Variscan Orogeny to the south (Glennie and Underhill 1998). The
main zone of deformation is known as the Ribblesdale Fold Belt, and
consists of a suite of largely SW–NE-striking en echelon folds and
reverse faults (Arthurton et al. 1988) that collectively plunge beneath
the Permo-Triassic succession to the SW (Fig. 2). The SE margin of
the fold belt is marked by the Pendle Monocline, which effectively
separates the Craven Basin from the West Lancashire High and
represents the surface expression of a reactivated (structurally
inverted), NW-dipping planar normal fault (Chadwick and Evans
2005). Its northwestern margin counterpart separates the basin from
the Lancaster High (Lawrence et al. 1987) and is marked by a SE-
dipping (antithetic) fault against which a series of oblique folds occur
(e.g. the Sykes and Catlow anticlines, etc.: Moseley 1962; Arthurton
1984; Brandon et al. 1998; Kirby et al. 2000) (Fig. 2). A recent study
by Pharaoh et al. (2019) has also suggested that the fold belt extends
across southern parts of the EISB to affect parts of NW Wales
including Anglesey and called it the Môn–Deemster fold–thrust belt.

Uplift and peneplanation led to the erosional truncation of the
Carboniferous sequences and formation of the Base Permian
Unconformity (BPU: Fig. 3). Sedimentation was renewed during
the Permian–Triassic when continental red beds onlapped and
draped on to the BPU. The locus of basin subsidence lay to the west

to create the EISB (Kirby et al. 2000); one of a series of major rifts
that developed in response to east–west extension across the region.
The development of the EISB was accommodated by large NNE–
SSW-striking normal faults that transect the Carboniferous structure
(Fig. 2). Some of the structures extend onshore to affect the Fylde
area, with the local development of major normal faults to create
local extensional depocentres, of which the Elswick Graben and
Sollom Sub-basin that cut through PEDL 165 represent prime
examples (Fig. 2) (Clarke et al. 2018).

The basin continued to subside through the Mesozoic before
being uplifted during the Cenozoic, which brought the
Carboniferous, Permian and Triassic sediments back to outcrop
(Holford et al. 2008). The Ribblesdale area is also transected by
numerous, late, NW–SE-striking extensional faults that include the
Billsborrow and Grimsargh faults (Fig. 2). Since these structures
offset the Permo-Triassic structures like the Woodsfold Fault
(Fig. 2), they clearly formed later and may form part of a suite of
Cenozoic structures that developed in response to pervasive Atlantic
plate-margin deformation (Underhill 2009).

Stratigraphy

Lithostratigraphy

The Carboniferous stratigraphy of the Craven Basin is well
displayed throughout the Ribblesdale Fold Belt and the Burnley
Coalfield on its eastern margin. Distinct facies and thickness
variations are seen between the basin depocentre and its margins
during Dinantian times (Fig. 3), something that reflects the palaeo-
bathymetric changes between upstanding blocks and intervening
troughs resulting from (syn-rift) extension (Gawthorpe 1987).

Lower Dinantian (Tournaisian) and older rocks are absent from
marginal blocks like the West Lancashire High, Askrigg Block and
Lake District Massif, where deposition only began in the Visean

Fig. 1. Early Carboniferous structural elements of north
England and Wales highlighting the key basins and platform
areas (modified after Fraser et al. 1990). The gross tectonic
setting was that of a series of blocks and basins formed by
contemporaneous rifting. Mudstone-dominated sequences
(Bowland Shale and equivalents) filled the basins and
extensive carbonate platforms developed on the blocks.
The Ribblesdale Fold Belt and its offshore counterpart
(the Môn–Deemster Fold Belt) are also highlighted
(after Pharaoh et al. 2019).
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(Arthurton et al. 1988). In these areas, condensed shallow- to
marginal-marine platform carbonates (including those ascribed to
the Great Scar Limestone Group) were established on highly
deformed and weakly metamorphosed Upper Paleozoic
(Caledonian) roots before passing up into cyclical clastics ascribed
to the Yoredale Group (Fig. 3).

In contrast, deposition in the basinal areas started earlier with
deposition of red-bed clastics like the Sedbergh Conglomerate
Formation (Underhill et al. 1988) and sediments ascribed to the
‘Old Red Sandstone’ in the Boulsworth borehole (Ramsbottom
1974). The earliest sediments known at surface in the Craven Basin
are mudstones belonging to the (Upper Courceyan (Ivorian)–Lower

Fig. 2. Simplified bedrock lithostratigraphy, geological structure and key well penetrations within the Craven Basin and surrounding areas. Also shown is the
location of Figure 4, which illustrates the outline of the 3D seismic data volume used in this study. The figure draws upon British Geological Survey materials.
© UKRI 2019. BABH, Becconsall–Ashnott buried high; BbF, Billsborrow Fault; Bc, Becconsall-1 well; Bk, Banks well; Bw, Boulsworth borehole; CA,
Catlow Anticline; CFS, Clitheroe Fault System; CoA, Clitheroe Anticline; DF, Dent Fault; EF, Elswick Fault; GA, Gisburn Anticline; GF, Grimsargh Fault;
HC, Holme Chapel well; Hk, Hesketh well; LbF, Larbeck Fault; NCF, North Craven Fault; OF, Oakenclough Fault; PF, Pendle Fault; PM, Pendle Monocline;
Rw, Roddlesworth well; SA, Sykes Anticline; SbA, Slaidburn Anticline; SCF, South Craven Fault; SkA, Skipton Anticline; Sw, Swinden borehole; SwA,
Swinden Anticline; TnA, Thornley Anticline; TtA, Thornton Anticline; TtF, Thistleton Fault; WF, Woodsfold Fault; Wm, Whitmoor well.
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Chadian) Chatburn Limestone Formation (Fig. 3) (Fewtrell and
Smith 1980), which were also seen in the Swinden-1 borehole near
Skipton (Charsley 1984).

The Chatburn Limestone Formation is overlain by the (Chadian–
Asbian) Worston Shale (or Craven) Group, which includes
Waulsortian reef knolls (Miller and Grayson 1972) and boulder
beds (Dunnington 1945) belonging to the Clitheroe Limestone
Formation in its lower section (Fewtrell and Smith 1980). The
remainder of the succession consists of the (Late Chadian–
Holkerian) Hodder Mudstone, (Holkerian) Hodderense Limestone
and (late Holkerian–Asbian) Pendleside Limestone Formations
(Earp et al. 1961; Fewtrell and Smith 1980; Aitkenhead et al. 1992).

The Bowland Shale Group (BSG) sits conformably upon the
Worston Shale Group and consists of two component parts: the (Late
Asbian–Brigantian) Lower Bowland Shale and (Pendelian) Upper

Bowland Shale Formations, the contact between which is marked by
the Cravenoceras leion marine band (Aitkenhead et al. 1992)
representing the boundary between the Dinantian and Silesian
(Visean and Namurian). The upper boundary of the BSG is marked
by the Cravenoceras malhamense marine band (Fig. 3). The BSG
locally reaches thicknesses of over 1500 m and is organic rich with
total organic carbon (TOC) values of up to 7% (Clarke et al. 2018).
The unit is considered to be the main source rock for the oil and gas
fields in the EISB (Lawrence et al. 1987; Armstrong et al. 1997) and
East Midlands petroleum province (Fraser et al. 1990).

The Millstone Grit Group marks the onset of coarse clastic,
southerly-prograding deltaic sedimentation across northern England
(Collinson 1969; Collinson 1970; Steele 1988; Hampson 1997). The
group can be subdivided into several component parts, the most
notable of which are the (Pendleian E1–E2a) Pendleton (or Pendle

Fig. 3. Stratigraphic summary chart for the Carboniferous, Permian and Triassic sequences of NW England. The Lower Carboniferous sediments that
accumulated in deep-water basins (e.g. Craven Basin) are differentiated from those that are extensively developed on adjacent platforms (e.g. West
Lancashire High). Also included are key marine bands that define the Carboniferous chronostratigraphy in the region and seismic markers shown in the
cross-sections presented in Figures 5–10.
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Grit) Formation, Warley Grit, Sabden Shale, Kinderscout Grit,
Middle Grit and Rough Rock. Their recognition across the region
suggests that basin subsidencewasmore uniform by Namurian times.
Upper Carboniferous deposition is completed by the fluvial-deltaic
sediments of the CoalMeasuresGroup, the lower boundary for which
is defined by the Subcrenatum marine band (Fig. 3).

A major unconformity separates folded and truncated
Carboniferous sediments from a Permo-Triassic continental red-bed
succession, the base of which is marked by the Upper Permian
(Rotliegend Group) Collyhurst Sandstone Formation and (Zechstein
Group) Manchester Marl Formation (Fig. 3). Higher parts of the
succession comprise the Sherwood Sandstone and Mercia Mudstone
Group, which outcrop over western areas of Lancashire and extend
offshore into the East Irish Sea. With the exception of the Preesall
Halite, which is developed in and around Fleetwood, none of the
evaporites that characterize offshore parts of the EISB is developed in
the Fylde area (Wilson 1990). Apart from a thin Quaternary cover, the
Triassic represents the youngest solid-rock stratigraphy in the area
because of the effects of Cenozoic uplift and erosion.

Seismic stratigraphy

These variations in lithology lead to changes in density and/or
seismic velocities that in turn create acoustic impedance contrasts
which enable seismic interpretation. The most continuous strati-
graphic surface that can be recognized and mapped is the BPU,
which is marked by erosional truncation of Carboniferous sediments
and structures, and by the onlap and drape of its Permo-Triassic
cover. Additionally, a marked regional seismic facies contrast marks
the top of the Lower Bowland Shale Formation, which enables the
component parts of the Bowland Shale Group to be mapped. Our
interpretations have focused on mapping these two prominent
horizons and the base of the basinal Carboniferous, the results of
which illustrate the main structural styles that characterize both the

Ribblesdale Fold Belt and its Permo-Triassic (EISB) and younger
tectonic overprint.

Data and methods

Seismic data

The Bowland-12 seismic survey upon which this study is based was
acquired in 2012 by CGG for Cuadrilla Resources. The 3D seismic
volume covers a c. 100 km2 area of the Fylde Peninsula (Fig. 4) and
was released into the public domain in January 2018. We have
gained access to the data as a result of public release through the UK
Onshore Geophysical Library (UKOGL) and produced an inter-
pretation thereof using Schlumberger Petrel software mounted on
workstations housed at Heriot-Watt University. A processed zero-
phase post-stack time migrated volume was used for this study,
where the data has been interpolated into a cube consisting of 427
inlines and 433 crosslines; with a horizontal spacing of 25 m.
Vertical resolution at the Bowland Shale level is c. 40 m, based on
an average frequency of 30 Hz and a velocity of 4800 m s−1.

The interpretation of the 3D volume has been combined with
those derived from vintage regional 2D seismic data acquired in the
1980s and 1990s as part of an earlier campaign of conventional
hydrocarbon exploration, including the UKOGL regional line
published by Butler and Jamieson (2013). All of the seismic data
are calibrated by five exploration wells (Table 1), leading to high
confidence in the interpretations and mapping. All three shale gas
exploration wells drilled by Cuadrilla Resources (Grange Hill-1Z,
Preese Hall-1 and Preston New Road -1 (PNR-1)) have been
integrated into the study to calibrate the seismic interpretation using
their wireline logging suites, well reports and core studies. Electrical
wireline logs and well reports for two legacy conventional British
Gas wells (Thistleton-1 and Elswick-1) were also used. The shale
gas well data were provided by the British Geological Survey (BGS)
and the legacy wells obtained via CGG’s DataManagement Service.

Fig. 4. Location map illustrating the extent of the seismic
coverage, locations of key wells and cross-sections illustrated
from within the Bowland-12 3D seismic data volume. Line of
section C–C′ intersects the PNR-1 well at the Base Permian
Unconformity (BPU) and the line of section D–D′ intersects
the PNR-1Z side-track at the Bowland Shale level.
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Well ties and seismic interpretation

The wireline signature and seismic character at the Grange Hill-1Z,
Preese Hall-1 and PNR-1 wells are illustrated in Figure 5. Synthetic
seismograms were created for each of the well locations and
correlated with the adjacent seismic data. Use was then made of
stratigraphic horizons marked by acoustic impedance reflections
and their terminations to interpret the whole 3D data volume.

The most prominent horizons in the Permo-Triassic section
belong to anhydrites of the Manchester Marl Formation, and can be
correlated between PreeseHall-1 and PNR-1wells. As the underlying
Collyhurst Sandstone Formation is poorly developed over much of
the study area, these provide a useful aid and are an effective proxy for
mapping the Base Permian Unconformity (BPU).

Reflectivity in the Carboniferous section also permits the main
stratigraphic units to be recognized and key horizons to be mapped.
The underlying Millstone Grit is characterized by a series of strong
reflectors indicative of thick sand units interbedded with shales.
Preese Hall-1 and Grange Hill-1Z penetrated a full Millstone Grit
sequence but it is absent in the PNR-1 well. The Upper Bowland
Shale shows a contrasting seismic signature characterized by a lack
of clear reflectivity. This formation consists mainly of silty shale
interbedded with thin (5–10 m thick), low-impedance shales and
very-thin (1–2 m thick) high-impedance carbonates/siltstones. The
individual thicknesses of these contrasting units are, however,
below seismic resolution at this depth (c. 40 m) and explain the lack
of reflectivity response. Finally, the Lower Bowland Shale is
characterized by the occurrence of strong reflectors. These are
produced by thicker (20–30 m) low-impedance shales interbedded
with high-impedance carbonates or sandstones (50–60 m thick)
which show a more distinctive seismic character visible at the base
of the Grange Hill-1Z and Preese Hall-1 wells. While this unit can
still be identified at the base of the PNR-1 well, reflection amplitude
is notably lower than that observed in the other wells (Fig. 5).

Three NW–SE-striking arbitrary dip sections (Figs 6–8), two
(eastern and western) arbitrary strike lines (Figs 9 and 10) and
selective seismic time slices (Figs 11 and 12) were initially used to
tie the wells that lie within the seismic volume, constrain the horizon
interpretation and identify the main faults. Good correlations were
possible and no significant time shift was apparent at the threewells,
lending confidence to the wider interpretation seeded by these data.
The time–depth relationships obtained from check-shot surveys in
the Thistleton-1 and Elswick-1 wells, and vertical seismic profiles
(VSPs) for Grange Hill-1Z, Preese Hall-1 and PNR-1were also used
in depth conversion to determine stratigraphic horizon depths and
estimate bedding dips.

A number of key and consistent stratigraphic markers were
apparent in the wells, and these provided a basis upon which to
extend interpretations across the whole survey. Although all the
prominent stratigraphic horizons have been mapped, we use the two
that are most relevant to illustrate the critical stratigraphic and
structural geometries for shale gas exploration in the area in this
paper, namely:

• the Base Permian (Variscan) Unconformity (BPU), which
represents the boundary between the high-amplitude Permian
Collyhurst Sandstone Formation and the lower-amplitude,
tilted and truncated Carboniferous sands and shales;

• the top of the Lower Bowland Shale, which represents the
youngest hard calcareous sand unit within the shale.

The interpretation of the Bowland-12 survey using a combination of
seismic sections and time slices has enabled us to define the principal
structural features that affect the Bowland Shale and offset the BPU.
Horizon and fault mapping was carried out across the study area to
identify the main structural elements and produce time–structure
maps. The maps were gridded using convergent interpolation and

Table 1. Summary of the five key well sites (and two horizontal well side-tracks at Preston New Road (PNR)) that calibrate the interpretations described in this
paper (see Fig. 4 for the locations). The wells are ordered by the date upon they reached TD (total depth)

Name Operator Date spudded Date TD’d Type
TD
(m) TD (stratigraphy) Additional notes

Thistleton-1 British Gas 23 December
1987

11 February
1988

Conventional 2140 Lower Bowland
Shale

Exploration well with Permo-Triassic
(Collyhurst Sandstone) target. Plugged and
abandoned as a dry hole

Elswick-1 British Gas 29 April 1990 24 May
1990

Conventional 1615 Carboniferous
(undifferentiated)

Permo-Triassic gas discovery. Produced 1 Bcf
of gas between 1996 and 2013. Production
licence operatorship transferred to Warwick
Resources

Preese Hall-1 Cuadrilla
Resources

16 August
2010

4 December
2010

Unconventional 2774 Lower Bowland
Shale

Vertical shale gas evaluation well. Following
completion in December 2010, six hydraulic
fracture treatments were carried out between
March andApril 2011 and induced seismicity
was recorded up to ML= 2.3

Grange Hill-1Z Cuadrilla
Resources

15 January
2011

20 July
2011

Unconventional 3284 Lower Bowland
Shale

Vertical shale gas evaluation well

Preston New
Road-1
(PNR-1)

Cuadrilla
Resources

16 September
2017

2 January
2018

Unconventional 2712 Lower Bowland
Shale

Vertical shale gas evaluation well

PNR-1Z Cuadrilla
Resources

11 January
2018 (kick-
off date)

21 March
2018

Unconventional 3424 Lower Bowland
Shale

A 782 m lateral well side-tracked from PNR-1
targeting the Lower Bowland Shale.
Following completion in March 2018,
hydraulic fracture operations were carried
out in late 2018 across 15 stages with
induced seismicity recorded up to ML= 1.5

PNR-2 Cuadrilla
Resources

17 August 2018 4 July 2018 Unconventional 3163 Upper Bowland
Shale

A 744 m lateral well within the Upper
Bowland Shale. Following completion in
July 2018, hydraulic fracture operations
were carried out in 2019 and induced
seismicity was recorded up to ML= 2.9
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then displayed with overlays of the mapped fault planes (Figs 13 and
14). In some parts of the survey, however, interpretation was limited
by data quality, and it has been necessary to infer fault traces or
horizon picks honouring adjacent trends and regional knowledge.

The western strike line (Fig. 9) was deliberately selected in order
to compare our interpretations with those described by Clarke
et al. (2018, fig. 3b). However, we found it impossible to replicate
their line whilst honouring the check-shot-calibrated stratigraphy
in the Grange Hill-1Z well since the latter lay on the downthrown
side (footwall) of a major, large-displacement reverse fault,

separating it from the corresponding upthrown side (hangingwall)
in which the Preese Hall-1 well is situated. This fault is named
here as the Summerer Fault after the farm and woods over which it
is situated, and may correspond to the PH-1 Fault first identified as
present to the north of the Preese Hall-1 well by the Oil and Gas
Authority (2018). In order to duplicate Clarke et al. (2018)’s line
requires the Grange Hill-1Z well to be projected across the
aforementioned fault and time shifted up by c. 300 ms, neither of
which can be justified. As a consequence, we present a new
interpretation for the three-well tied strike line which demonstrates

Fig. 11. A time slice extracted from the Bowland-12 survey at
600 ms, which corresponds to the Base Permian Unconformity
(BPU) in the centre of the survey, and intra-Permo-Triassic in
the west and east. The time slice is shown without (upper) and
with (lower) annotated major faults. The intersection with the
BPU surface map (Fig. 13) is also highlighted. El-1, Elswick-
1; GH-1Z, Grange Hill-1Z; PH-1, Preese Hall-1; RW, Roseacre
Wood; Th-1, Thistleton-1.
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the role of the Summerer Fault that is evident between the Grange
Hill-1Z and Preese Hall-1 wells (Fig. 9).

Permian and Triassic structure

Permo-Triassic strata outcrop or lie beneath a thin Quaternary cover
across the whole of the Bowland-12 3D seismic survey. In eastern
areas of the survey, the disposition of the Permo-Triassic is affected

by the occurrence of several NNE–SSW-striking normal faults. The
most significant structure is the WNW-dipping Woodsfold Fault, the
surface trace of which lies outwith the 3D volumewhere it defines the
NW limit of the West Lancashire Coalfield (Kirby et al. 2000).

The Woodsfold Fault defines the eastern edge of a major graben,
the Elswick Graben of Clarke et al. (2018), and deeper parts of the
fault are well imaged on the dip and strike lines (Figs 6–8 and 10)
and time slices (Figs 11 and 12), allowing the course of the structure

Fig. 12. A time slice extracted from the Bowland-12 survey at
1200 ms, which is equivalent to the Lower Bowland Shale in
the centre and the east of the survey. The time slice is shown
without interpretation (upper) and with interpretation (lower).
The lower panel includes interpreted fault planes and the four
fault-bounded compartments identified within the footwall of
the Thistleton Fault. The intersection with the Lower Bowland
Shale surface map is also highlighted (Fig. 14). Please refer to
Figure 11 for a list of well acronyms.
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to be mapped over the SE part of the survey (Figs 13 and 14). The
western part of the graben is defined by three east-dipping
(antithetic) faults (from east to west: the Elswick, Thistleton and
Larbeck faults: see Aitkenhead et al. 1992) (Fig. 6). While the
Elswick Fault defines a terrace in the hangingwall to the large-
displacement Thistleton Fault, the Larbeck Fault lies in the footwall
to the Thistleton Fault and has a more modest offset. The faults are
observedmost clearly on dip sections in the north (Figs 6 and 7), and
the Thistleton and Elswick faults have been mapped throughout the
seismic volume (Figs 11 and 13). The southern part of the graben is
separated by a large cross-fault which downthrows the Permo-
Triassic and older sequences to the south (Fig. 10). This fault runs
perpendicular to the Woodsfold and Thistleton faults, and is
considered to be an example of a release fault (Destro 1995) formed
in response to differential displacement along the strike, and in the
hangingwall, of the former. It is named herein as the Wesham Fault
after the village under which it lies.

The increase in thickness of the Manchester Marl Formation and
the presence of the Collyhurst Sandstone Formation in the graben
(Figs 6–8 and 10) demonstrate that the fault systems were active
during Permo-Triassic deposition. Folding of upper parts of the
Triassic sequence to create the Kirkham Syncline and Elswick
Anticline at outcrop (Wilson 1990; Aitkenhead et al. 1992) may be a
consequence of compactional drape over a buried western terrace
that forms the fault-bound three-way dip closure that hosts the
Elswick gas field itself (Fig. 13) or be a consequence of regional
basin inversion.

One major effect of the Permo-Triassic extension is to add
additional complexity to the Carboniferous section, with NNE–
SSW striking faults transecting the earlier NE–SW striking Variscan
structures and a consequent lower level of confidence in horizon
mapping beneath the BPU. In contrast to eastern parts of the survey,
its occurrence in the Grange Hill-1Z and Preese Hall-1 wells and its
distinctive reflectivity demonstrate that the Permo-Triassic only
forms a thin veneer to their Carboniferous subcrop in the west, thus

allowing the Variscan structures that lie below to be mapped with
confidence.

Although there is a complete absence of younger sediments in the
area, porosity–depth plots, sonic velocity values and apatite fission-
track analysis all point to there having been a substantive (>1 km)
post-Triassic sedimentary cover in the area. Its removal is thought to
have occurred in the Cenozoic in response to regional uplift and
plate margin forces, the differential effects of which led to fault (re)
activation. This mechanism may explain some of the normal fault
offsets that affect the Permo-Triassic sequence in a similar way to
that seen elsewhere in the UK (e.g. Argent et al. 2002; Guariguata-
Rojas and Underhill 2017).

Carboniferous structure

Mapping of the Lower Bowland Shale has highlighted the severity of
deformation in the area, whichmanifests itself as a series of high-angle
reverse faults (that result from the contractual reactivation of normal
fault precursors (tectonic inversion structures)) and by the folding and
erosion of Carboniferous sequences. These features are best demon-
strated through the use of three dip lines (Figs 6–8), two strike lines
(Figs 9 and 10) and a time slice extracted at 1200 ms (Fig. 12).

A short dip line in the NW of the 3D survey tie-ing the Grange
Hill-1Z and Elswick-1 wells with the site of the proposed Roseacre
Wood well pad illustrates the presence of large reverse faults
affecting the Carboniferous sequences (Fig. 6). To the west of the
Grange Hill-1Z well, a SE-dipping reverse fault with a throw of c.
300 ms (c. 1 km) is present separating the block in which the well
was drilled from an undrilled deeper block at 1800 ms (c. 3880 m).
This fault is considered the northwards continuation of the Haves
Ho Fault identified in the operator’s hydraulic fracture plans for the
PNR-1Z and PNR-2 wells (Cuadrilla Resources 2018a, b). To the
east of the well, another SE-dipping reverse fault with a throw of c.
300 ms (c. 1 km) separates this block from another characterized by
steeply-dipping continuous reflectors. This fault is the

Fig. 13. Time–structure map for the Base Permian
Unconformity (BPU) across the Bowland-12 dataset showing
the distribution of the extensional fault network that largely
affects the SE of the survey and defines the course of the
Elswick Graben. Well-defined footwall highs lie to the west of
the Thistleton and Elswick faults. In the case of the latter, the
fault-bound three-way dip closure that hosts the Elswick gas
field has been highlighted. The latter produced 1 Bcf of gas
between 1996 and 2013; and while it is now depleted, it still
constitutes a possible site for gas storage. Please refer to
Figure 11 for a list of well acronyms.
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aforementioned Summerer Fault. Further SE, the Millstone Grit is
truncated beneath the BPU in the footwall of another SE-dipping
reverse fault (considered synonymous with the Moor Hey Fault of
Cuadrilla Resources 2018a, b), resulting in the Upper Bowland
Shale being brought directly beneath the unconformity. Within the
hangingwall of the Thistleton Fault and within the Elswick Graben,
the Upper and Lower Bowland Shale are buried beneath a thicker
Permo-Triassic section. Elswick-1 was completed in a
Carboniferous sequence, and the corresponding stratigraphic top
lies directly beneath a strong reflector interpreted as the BPU.

A long dip line tie-ing the Preese Hall-1 and Thistleton-1 wells
further illustrates the structural features (Fig. 7). The Haves Ho and
Summerer faults appear to begin to converge and the block in which
Grange Hill-1Z was drilled narrows. The seismic facies of the Lower
Bowland Shale between the two tied wells is that of continuous but
steeply-dipping (c. 30°) reflectors. Within the Elswick Graben, the
Lower Bowland Shale is present at a shallower depth than observed in
Figure 6 and a small west-dipping reverse fault is identified.

A dip line that ties the PNR wells illustrates a contrasting picture
(Fig. 8). The Haves Ho and Summerer faults are absent on this line.
The Lower Bowland Shale is present at c. 1200 ms (c. 2270 m)
depth and is characterized as a series of gently undulating low-
amplitude reflectors. The Moor Hey Fault is present east of the well,
although reflectivity is very limited in the hangingwall. Within the
hangingwall of the Thistleton Fault, a thick Triassic sequence is
present, burying the Carboniferous to c. 1200 ms (c. 2270 m). The
Lower Bowland Shale is interpreted as absent in this area.

Use of a composite section along the strike of the major structures
(Fig. 9) and predominantly within the block between the Preese
Hall-1 and Thistleton-1 wells illustrates a more continuous section
but not one without structure complexity. The Summerer Fault is
present between the Grange Hill-1Z and Preese Hall-1 wells. To the
south, the Carboniferous sequences are brought up to beneath the
BPU, with the Millstone Grit truncated beneath the unconformity to
the north of the PNR wells. The latter entered the Upper Bowland
Shale directly beneath the unconformity.

The features identified in these cross-sections were interpreted
throughout the entire 3D volume, and have allowed us to map the
Lower Bowland Shale surface and associated fault planes. This has
concluded that the Bowland Shale is dissected into discrete fault-
bound compartments, four of which can be mapped within the
footwall of the Thistleton Fault (Fig. 12):

Poulton Block

Positioned in the far NW of the 3D survey, the Poulton Block
(named after the business park situated above it) contains the Lower
Bowland Shale buried to a depth of around 1800 ms two-way
time (TWT: c. 3880 m) (Figs 6, 7, 12 and 14). The structural
compartment ranges in width from 800 m to 2.5 km between the
edge of the survey and the Haves Ho Fault, which defines the block
to the SE. The Lower Bowland Shale forms a small syncline in the
block which dips steeply (c. 50°) to the SE and terminates against
the Haves Ho Fault. This block is undrilled to date and has been
mapped based purely on seismic character.

Singleton Block

Named after the village beneath which the fault-bound compart-
ment lies, the Singleton Block forms a narrow compartment
separated from the Poulton Block by the Haves Ho Fault (Figs 6, 7,
9, 12 and 14). The block is 1.5 km wide in the north and narrows to
the SW. It is defined in the east by the Summerer Fault. The Grange
Hill-1Z well drilled in 2010 targeted the Bowland Shale within this
specific fault block.

Weeton Block

The largest fault block is separated from the Singleton Block by the
Summerer Fault. Its easternmost limit is defined by the Moor
Hey Fault. We have termed this fault-bound compartment the
Weeton Block after the most significant village lying above the

Fig. 14. Time–structure map for the Top of the Lower
Bowland Shale. Comparison between the structures at the Top
Lower Bowland Shale, at the Base Permian Unconformity
(Fig. 13) and at outcrop (Fig. 2) serves to demonstrate the
added structural complexity affecting the Lower Carboniferous
shale gas target horizons, something that is not apparent from
surface mapping. Mapping of three significant SW–NE reverse
faults allows the area to the west of the (Permo-Triassic)
Thistleton Fault to be subdivided into four main structural
compartments. The identification of these structural
subdomains places severe constraints on shale gas extraction.
The Permo-Triassic normal faults that define the Elswick
Graben overprint buried Carboniferous reverse faults and add
structural complexity, meaning that shale gas exploration may
be more challenged in this area. The line of section shown in
Figure 8 intersects the PNR-1 well at the Base Permian
Unconformity (BPU) and the line of section shown in Figure 9
intersects the PNR-1Z side-track at the Bowland Shale level.
Please refer to Figure 11 for a list of well acronyms.
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feature (Figs 6, 7, 9, 12 and 14). It is synonymous with what
Cuadrilla have termed the ‘Thistleton fairway’. The throw of the
Moor Hey Fault is estimated at c. 300 m but this is uncertain due to
lack of clear reflectivity in the area. The width of this block is the
largest of those we can identify; varying between 1.5 and 3.2 km
and also hosting the Thistleton-1, Preese Hall-1, and PNR-1, PNR-
1Z and PNR-2 wells (Fig. 14). The block can be further subdivided
into two contrasting portions. Towards the south and west, there is
little deformation and beds are generally subhorizontal (Fig. 9: PNR
well location). Towards the north and east, there is evidence of
stronger deformation with steeply-dipping beds east of the Preese
Hall-1 well (c. 30°), and further reverse faulting and folding present
up to the Moor Hey Fault (Figs 6 and 7). The Millstone Grit is
folded to the south and east, and truncated beneath the BPU in the
footwall of the Moor Hey Fault, positioning the Upper Bowland
Shale directly beneath the Permian sequences. Reflector strength
begins to diminish in the east of this block, making for a more
challenging interpretation and some uncertainty to the mapping in
that subarea.

Greenhalgh Block

The final fault-bound compartment to be identified in the footwall of
the Thistleton Fault is the Greenhalgh Block. The structural domain
is defined in the west by the Moor Hey Fault and to the east by the
Thistleton Fault. We have named it after the village of Greenhalgh
that lies directly above the feature. The compartment forms a narrow
block (maximum width of 1.5 km), where reflectivity is very
limited, but the Upper Bowland Shale is interpreted as present at c.
600 ms (c. 950 m) directly beneath the BPU.

Other fault-bound compartments can be identified in the tract
beneath the Elswick Graben in the SE part of the survey. However,
the inherent structural complexity imposed by the subsequent
Permo-Triassic extensional structures and their offsets has caused
the Carboniferous sequences to be dissected, and mapping of the
compartments containing the Bowland Shale is all the more
challenging. As a consequence, we have not sought to define or
name individual compartments in this area in the way that has
proved possible to do in the area affected to the NW, where the
effects of Permo-Triassic extension are absent.

We interpret the compartments defined by our mapping as the
buried extension to the Ribblesdale Fold Belt since the structural
signature observed is entirely consistent with the steep reverse faults
and NE–SW-striking asymmetrical anticlines that characterize areas
to the NE. The results of the seismic interpretation allow us to
reconstruct the development and evolution of the area (Fig. 15). The
structural geometries for the Variscan reverse faults are consistent
with dip-slip contractional reactivation of normal faults (structural
inversion), proposed by Gawthorpe (1987); however, we are
mindful that our observations are at a seismic scale and so a
component of strike- or oblique-slip (transpression), as proposed by
Arthurton (1984), may also play a role.

Implications for shale exploration

Reserve estimates and optimal drilling locations

An understanding of the subsurface structure is vital in any shale
resource assessment and when seeking to evaluate the risk of
intersecting critically stressed faults, upon which seismicity might
be induced. Due to shale’s low permeability, it is necessary to
hydraulically fracture the rock at multiple stages along a horizontal
well in order to initiate the flow of hydrocarbons. As such, long-
reaching lateral wells are required in order to maximize contact with
productive shale horizons and ensure the viability of the play. As an
example, typical lateral sections within the Lower Carboniferous

Barnett Shale play of the Appalachians in the USA usually have
lengths of between 600 and 1800 m (Yuan et al. 2017).
Furthermore, given the rapid decline in flow, it is necessary to
drill wells at a close spacing during intense drilling programmes in
order to produce hydrocarbons at commercial rates (Baranzelli et al.
2015; Clancy et al. 2018). Pad-based drilling allows this to be
achieved efficiently, whereby multiple wells are drilled in varying
directions out from a single surface location.

As our mapping has shown, the Bowland Shale is folded and
transected by several large displacement faults, the combined
effects of which lead to irregular bedding dips and create fault-
bound compartments, the maximum width of which (3.2 km)
occurs in the Weeton Block. Not only does this restrict the
connected shale resource in the Fylde area, it also provides a
constraint upon the drilling of long laterals in the optimal direction
to maximize production. Similar structural challenges have been
recognized in other areas of the UK, such as the Midland Valley of
Scotland (Underhill et al. 2008), where shale gas extraction is likely
to be equally challenged (Underhill 2018).

The productive shale plays in North America and Argentina are
largely characterized by shallow dips, a lack of folding and absence
of large faults, leading to lateral continuity of target horizons. In
such relatively undeformed areas, wells are preferentially drilled
such that fractures will propagate in the direction of the greatest
principal stress (usually the maximum horizontal stress (SHmax)
direction in deep reservoirs). Therefore, horizontal sections are
typically drilled to align with the minimum horizontal stress
orientation. There is limited borehole information available to
determine the SHmax orientation in the Fylde region, however,
Kingdon et al. (2016) reported a mean SHmax orientation of 154.5°
from the Sellafield and Clarke et al. (2018) reported mean SHmax

orientations of 173°, values that are consistent with regional data
(Heidbach et al. 2016).

Based on these regional stress observations it would be necessary
to drill horizontal wellbores at an azimuth of between 60° and 80°
(WSW–ENE) in order to most effectively fracture the formation
(Fig. 16a and b). However, as our mapping in the area has shown,
the structural grain imposed by Upper Paleozoic (Carboniferous,
Variscan and Permian) and younger activity comprises two main
WSW–ENE and SSW–NNE fault networks, which both complicate
the subsurface structure and place a major constraint on exploration.
Using this wellbore orientation, even in the widest (Weeton) block,
where the effects of the Permo-Triassic structure are absent, the
spacing of the Variscan block-bounding steep, reverse, faults restrict
the maximum achievable length to 4.2 km (Fig. 16d).

Avariation in bedding dip can also be observed within eachmajor
fault compartment, usually associated with smaller-scale faulting
which will also provide a constraint upon where low-angle lateral
wells can be drilled. In order to investigate this, a bedding dip angle
map was calculated using a depth-converted Lower Bowland Shale
surface, and the region was classified based on dip angle cut-offs
and reflector continuity (Fig. 16c and d). This approach allows us to
define four main common risk segments from which it is apparent
that PNR, Grange Hill-1Z and the previously-proposed site at
Roseacre Wood lie in the most prospective areas characterized by
bedding dips of <30° and where there is good reflector continuity
(Fig. 16d). While a 4.2 km lateral could potentially be achieved
within the Weeton Block at a drilling azimuth of 60°–80°, the
occurrence of high bedding dips, particularly in areas situated to the
east of Preese Hall-1, adversely impacts prospectivity. The most
prospective region is then limited to an area around the PNR site
with a maximum width of 1.9 km (Fig. 16d).

One additional, significant consequence is that the optimal well
pad locations lie along the eastern margin of a compartment, since
that potentially allows the maximum lateral length of a wellbore to
be drilled in continuous and largely undisturbed horizons outwith
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and away from zones of step dip (Fig. 16d). It is apparent that the
Grange Hill-1Z well lies in a narrow compartment and Preese Hall-1
is situated on the western side of another, and so only PNR is
positioned to the east of a compartment with the possibility to drill a
longer lateral in the desired direction through gently-dipping shale
target horizons (Fig. 16d).

Avoiding major structures could pose a significant challenge if
drilling is along the azimuth of WSW–ENE. To counteract the effect

of the spatial limits imposed by the fault-bound blocks and achieve
maximum (commercial) flow rates might necessitate the hydraulic
fracture of numerous, vertically-stacked, multi-lateral wells that target
specific and numerous benches within the Bowland Shale. Naturally,
adopting such an approach also presupposes several intervals with
high TOC, suitable geomechanical properties (Anderson et al. 2019)
and sufficient gas yields to be present; the latter of which has been
recently been challenged by Whitelaw et al. (2019).

Fig. 15. Schematic cross-sections
orientated approximately NW–SE
through the Craven Basin illustrating
the key tectonostratigraphic events that
led to the development of the main
structures affecting shale gas
exploration in the area. (a) The
Craven Basin is established during a
phase of Lower Carboniferous
extension and is bound by the West
Lancashire High and the Pennine
High (off the section in the NW). (b)
Upper Carboniferous Variscan
deformation results in the formation of
reverse faults, the structural inversion
of pre-existing normal faults and
folding of Carboniferous strata,
including the Bowland Shale. These
lead to the creation of significant
palaeotopography towards the end of
the Carboniferous. (c) The Variscan
topography is eroded to produce the
Base Permian Unconformity (BPU)
above which Permian–Triassic
continental clastics are deposited.
(d) Permian–Triassic extensional
faulting leads to the creation of
significant depocentres that overprint
the Carboniferous structural
configuration. While clearly important
in its subsequent history of burial, the
effects of Mesozoic subsidence and
deposition, and Cenozoic uplift,
exhumation and local fault
reactivation are not shown in order to
emphasize the Late Paleozoic
(Variscan) and Permo-Triassic
evolution that created the main
structures seen on the 3D seismic
dataset. BABH, Becconsall–Ashnott
buried high; ElF, Elswick Fault; GB,
Greenhalgh Block; HHF, Haves Ho
Fault; LbF, Larbeck Fault; MHF,
Moor Hey Fault; PB, Poulton Block;
PF, Pendle Fault; SB, Singleton
Block; SF,: Summerer Fault; TtF,
Thistleton Fault; WB, Weeton Block;
WF, Woodsfold Fault; WLH, West
Lancashire High.
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Induced seismicity on seismically resolvable faults

Fault reactivation and induced seismicity are well documented
during hydraulic fracturing and are believed to be triggered by stress
changes in the rock mass following injection, or by pore pressure
changes along a permeable fault zone (Bao and Eaton 2016).
Attempts have been made to quantify the distance at which a fault
may be at risk of reactivation during hydraulic fracturing operations
(Westwood et al. 2017) where the authors modelled ‘respect
distances’ of between 63 and 433 m. However, this is clearly limited
to those faults which are seismically resolvable and critically
stressed. Our mapping has demonstrated the Lower Carboniferous
to be heavily structured by seismically resolvable faults, which
would limit the areas in which hydraulic fracturing could occur even
using the maximum respect distance proposed by Westwood et al.
(2017).

In 2011, prior to the acquisition of the Bowland-12 dataset, a
hydraulic fracturing programme consisting of five fracture treat-
ments across a 1000 m section of the Bowland Shale was carried out
at Preese Hall-1 (Clarke et al. 2014). A total of 50 seismic events
were recorded during and after operations; the largest two of which
(ML= 1.5 and ML= 2.3) occurred 10 h after shut-in of stages 2 and
4, respectively (De Pater and Baisch 2011; Green et al. 2012). These
events led to a review of the government regulations on induced
seismicity around hydraulic fracturing operations and, ultimately,
the development of a ‘traffic light system’. This scheme still remains
in place, and requires the cessation of operations and the
readjustment of fluid pressures/injection volumes if events of
ML= 0.5 or larger occur (Green et al. 2012).

De Pater and Baisch (2011) reviewed a number of geomechanical
and microseismic studies focusing on the Preese Hall-1 well, and
concluded that reactivation of a critically stressed pre-existing fault
was the likely mechanism to explain the patterns of induced
seismicity. Following acquisition of the 3D seismic survey in 2012,
Clarke et al. (2014) used a microseismic event recorded during the
flowback phase with better spatial constraint to locate a previously
unmapped fault directly to the east (Fig. 7) of the well. While their
analysis is not disputed, the Summerer reverse fault mapped herein
is interpreted to lie directly north and west of the well, and we
speculate as to whether it may also have played a role in the induced
seismicity recorded.

The role of subseismic faulting

The events at Preese Hall-1 stress the importance of the mapping of
faults using high-quality 3D seismic data prior to any hydraulic
fracturing operations. However, the limited vertical resolution of
modern-day seismic data places a minimum constraint on the size of
displacement, and therefore inferred fault, that an interpreter can
confidently identify and map. As mentioned previously, the vertical
resolution at the Bowland level is c. 40 m but it seems likely that in
such a structurally complex area there are further faults with
displacements below this cut-off that cannot be observed using
this dataset. The nearby East Pennines Coalfield provides an
analogue where fault patterns have been extensively studied within
the Westphalian Coal Measures (Walsh and Watterson 1988;
Watterson et al. 1996; Bailey et al. 2005), and those authors found a
dense fault network of 7.58 faults per km2 (Bailey et al. 2005;
Westwood et al. 2017) with throws as small as 0.91 m (Bailey et al.
2005).

In 2018, hydraulic fracturing operations were undertaken at the
PNR-1Z lateral well. Fifteen hydraulic fracture treatments were
made (of a planned 41) and resulted in the recording of 38 383
microseismic events, of which nine were reported to the Regulator
under the aforementioned traffic light system. This led to four
suspensions in drilling operations. Six of these large events occurred

during pumping and three (including the largest ML= 1.5) were
trailing events (Cuadrilla Resources 2019).

Clarke et al. (2019, their figure 5) produced maps showing the
unusual pattern of microseismic events around the PNR-1Z well,
notably the northward propagation away from each stage and an
overall SW–NE trend. Their analysis of the microseismic focal
mechanisms, events with ML > 0 and cumulative seismic moment
led them to identify a subseismic plane striking at 237° and dipping
at 70°, which was argued to be the cause of the microseismic
pattern. Such a structure would be impossible to identify within the
limits of modern seismic reflection data but a case can be made for
real-time identification of these structures if operations can be
adjusted accordingly.

Taken together, our results underline how important it is to
characterize and understand the subsurface geology and regional
stress field prior to the drilling of, and hydraulic fracturing along, long
horizontal wells. The acquisition and accurate interpretation of high-
quality 3D seismic datasets is crucial when seeking to identify and
map all faults, including those that may be critically stressed prior to
fluid injection. Our work seeks to directly address Green et al.
(2012)’s recommendation that any potentially active faults be
mapped prior to proceeding with hydraulic fracture operations. This
recommendation was, in part, made following the conclusion that
knowledge of the fault networks around the Preese Hall-1 well prior
to fluid injection and associated induced seismicity was ‘poor’ (Green
et al. 2012). However, exploration in such a structured area also
highlights risks that cannot be mitigated through analyses of seismic
data alone. The events at PNR-1Z confirms this and poses serious
questions as to whether subseismic faulting is pervasive, induced
seismicity is to be expected and how it should be planned for prior to
hydraulic fracturing operations. Further induced seismicity has
subsequently been recorded with magnitudes up to ML = 2.9 at the
PNR-2 well (Oil and Gas Authority 2019).

Conclusions

Integration of regional geology, the analysis of exploration wells
and the interpretation of a newly released 3D seismic data volume
highlights the structural complexity of the Craven Basin in the
Fylde area of NW Lancashire and its impact for shale gas
exploration. The results demonstrate that deformation of the
Lower Carboniferous is much more complex than at shallower
levels or surface mapping would suggest. The (Dinantian–Early
Namurian) Bowland Shale exploration targets are affected by a suite
of folds and faults resulting from syn-sedimentary extension,
Variscan contraction that led to large-offset reverse faulting and
basin inversion, renewed extension in the Permo-Triassic, and
renewed movement during subsequent Cenozoic uplift and
exhumation. Structuration is most intense beneath the Base
Permian Unconformity (BPU) and is consistent with it being part
of the SW extension to the Ribblesdale Fold Belt that is exposed
along strike. Variscan folds and steep reverse faults, together with
other structures resulting from subsequent Permo-Triassic exten-
sion and post-depositional (Cenozoic) reactivation, define elongate
fault-bound compartments containing steep and variable bedding
dips. The occurrence, size and dimensions of the compartments
place important constraints on the size of shale resources, the
optimal location of well sites and on horizontal wellbore lengths.
The accurate mapping of faults prior to the drilling and hydraulic
fracturing of wells may also help to reduce the risk of fault
reactivation and induced seismicity. However, in such a structurally
complex area, subseismic faults should also be anticipated and
plans drawn up to mitigate for their reactivation. Our structural
interpretations suggest that the Bowland Shale gas play remains
highly challenged, with significant uncertainty in its resource
estimates, the planning of well site locations, horizontal wellbore
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pathways and risk of induced seismicity on faults that are
seismically resolvable and those that are of subseismic scale.
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APPENDIX 2. FURTHER ROCK PHYSICS CROSS-PLOTS 

 
Figure 1 λρ/μρ (upper-left), AI/VpVs (upper-right), Vp/Vs (lower-left) and ν/E (lower-right) cross-plots for the Bowland Shale. 

The scattered data is well log elastic properties from PH-1, coloured by brittleness as determined using the Rickman et al 
(2008) method and further outlined in Chapter 4. 



 
Figure 2 λρ/μρ (upper-left), AI/VpVs (upper-right), Vp/Vs (lower-left) and ν/E (lower-right) cross-plots for the Bowland Shale. 
The scattered data is well log elastic properties from PH-1, coloured by clay fraction as determined using the ELAN model 

outlined in Section 3.3.1. 

 



 
Figure 3 λρ/μρ (upper-left), AI/VpVs (upper-right), Vp/Vs (lower-left) and ν/E (lower-right) cross-plots for the Bowland Shale. 

The scattered data is well log elastic properties from PH-1, coloured by quartz fraction as determined using the ELAN 
model outlined in Section 3.3.1. 

 



 
Figure 4 λρ/μρ (upper-left), AI/VpVs (upper-right), Vp/Vs (lower-left) and ν/E (lower-right) cross-plots for the Bowland Shale. 

The scattered data is well log elastic properties from PH-1, coloured by carbonate fraction as determined using the ELAN 
model outlined in Section 3.3.1. 



 
Figure 5 λρ/μρ (upper-left), AI/VpVs (upper-right), Vp/Vs (lower-left) and ν/E (lower-right) cross-plots for the Bowland Shale. 

The scattered data is well log elastic properties from PH-1, coloured by porosity fraction as determined using the ELAN 
model outlined in Section 3.3.1. 

 



 
Figure 6 λρ/μρ (upper-left), AI/VpVs (upper-right), Vp/Vs (lower-left) and ν/E (lower-right) cross-plots for the Bowland Shale. 
The scattered data is well log elastic properties from PH-1, coloured by kerogen fraction as determined using the Uranium 

concentration log and outlined in Section 3.3.1.2 

 



 
Figure 7 λρ/μρ (upper-left), AI/VpVs (upper-right), Vp/Vs (lower-left) and ν/E (lower-right) cross-plots for the Bowland Shale. 
The scattered data is well log elastic properties from PH-1, coloured by water saturation as determined using the Indonesia 

method (Poupon & Leveau,. 197) outlined in Section 3.3.1. 
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