
Document:  Hydraulic Fracture Plan 

Document Number: ER-W1-HFP-001 

 
 
 

Page 1 of 144 
 
 
 

Hydraulic Fracture Plan  

for the Proppant Squeeze Operations 

Wressle-1 Well (W1) 

 

 

 

 

 

November 2020 

  



Document:  Hydraulic Fracture Plan 

Document Number: ER-W1-HFP-001 

 
 
 

Page 2 of 144 
 
 
 

*** Page Left Blank Intentionally *** 

 

  



Document:  Hydraulic Fracture Plan 

Document Number: ER-W1-HFP-001 

 
 
 

Page 3 of 144 
 
 
 

CONTENTS 

1. Introduction ........................................................................................................................................... 6 

2. Scope ..................................................................................................................................................... 7 

3. Definitions ............................................................................................................................................. 9 

4. Well Summary ..................................................................................................................................... 11 

4.1 Well Location ............................................................................................................................... 11 

4.2 Well Construction ......................................................................................................................... 11 

5. Background Analysis ............................................................................................................................ 13 

5.1 Background Stress and Structural Geology.................................................................................... 13 

5.2 Background Seismicity .................................................................................................................. 16 

5.3 Background to Proposed Operations ............................................................................................ 17 

5.4 Historical Hydraulic Fracturing in the W1 Region .......................................................................... 18 

5.5 Planning and Environmental Permitting ........................................................................................ 18 

6. Proposed Well Operation – Proppant Squeeze ..................................................................................... 19 

7. Seismic Hazard Risk Assessment ........................................................................................................... 22 

8. Risk to Groundwater ................................................................................................................................ 25 

8.1 Planned Operational Activities ........................................................................................................... 26 

8.2 Regulatory Regime and Permit Management Constraints ................................................................... 26 

8.3 Subsurface Geology Defined by W1 .................................................................................................... 26 

8.4 Installed Well and Site Tertiary Containment System ......................................................................... 27 

8.5 Direct Input to Groundwater Within the Millstone Grit ...................................................................... 28 

8.6 Conclusion: Risk to Groundwater ....................................................................................................... 28 

9. Controls, Monitoring and Reporting ..................................................................................................... 29 

9.1 Proposed Monitoring Plan ............................................................................................................ 29 

9.2 Fracture Height Growth Assessment and Monitoring Plan ............................................................ 30 

9.3 Well Integrity Monitoring ............................................................................................................. 33 

9.4 Groundwater Monitoring ............................................................................................................. 33 

10. Communication and Engagement ........................................................................................................ 35 

10.1 Communication and Reporting to Regulators ............................................................................... 35 

10.2 Community Engagement .............................................................................................................. 35 

Appendix 1 – Wressle Wellsite Location ....................................................................................................... 37 

Appendix 2 – W1 Lithology Log .................................................................................................................... 38 



Document:  Hydraulic Fracture Plan 

Document Number: ER-W1-HFP-001 

 
 
 

Page 4 of 144 
 
 
 

Appendix 3 – W1 Completion Schematic: Single Packer Completion ............................................................ 39 

Appendix 4 – W1 Fault Interpretation & Analysis ......................................................................................... 40 

1. Introduction ................................................................................................................................. 41 

2. 3D Data & Study Area ................................................................................................................... 41 

3. Fault Interpretation Methodology & Classification Criteria ........................................................... 44 

4. Faulting ........................................................................................................................................ 45 

4.1 Faulting by Horizon ........................................................................................................................ 45 

4.2 Fault Orientation ............................................................................................................................ 49 

4.3 Sub-seismic Lineaments ................................................................................................................. 49 

4.4 Proximity to W1 ............................................................................................................................. 50 

5. Conclusions .......................................................................................................................................... 51 

Appendix 5 – Seismic Hazard Risk Assessment ............................................................................................. 53 

Appendix 6 – Proposed Procedure to Design, Control, & Verify the Geometry of a Proppant Squeeze in W1 99 

1. Introduction ................................................................................................................................. 99 

2. Proppant Squeeze Geometry: Proximity to Nearest Fault ............................................................. 99 

3. Control of Fracture Geometry: Containment within Target Formation ........................................ 100 

4. Data-frac: Process, Purpose, Operational Sequence, and Interpretation ..................................... 101 

5. Update of Proppant Squeeze Design ........................................................................................... 102 

6. Conclusion .................................................................................................................................. 102 

7. Proppant Squeeze Operation: Communication and Engagement ................................................ 103 

Appendix 7 – Induced Seismic Event Environmental Risk Assessment ........................................................ 107 

1. Introduction ............................................................................................................................... 108 

2. Scope ......................................................................................................................................... 108 

3. Definitions .................................................................................................................................. 109 

4. Methodology .............................................................................................................................. 110 

5. Risk Assessment ......................................................................................................................... 111 

Appendix 8 – Seismic Array Monitoring...................................................................................................... 118 

Appendix 9 – Groundwater Monitoring Borehole Locations ....................................................................... 125 

Appendix 10 – As-Built Construction Details For GWMBH1R, 2R, 3R & 5 .................................................... 126 

Appendix 11 – As-Built Construction Details For GWMBH 4 ....................................................................... 132 

Appendix 12 – Wressle Hydrogeological & Flood Risk Assessment (HRFA) Summary .................................. 133 

SUMMARY (Extracted from HRA (July 2018) compiled by Envireau Water .............................................. 133 



Document:  Hydraulic Fracture Plan 

Document Number: ER-W1-HFP-001 

 
 
 

Page 5 of 144 
 
 
 

Appendix 13 – FracCADE (Schlumberger) – Summary Description .............................................................. 135 

Appendix 14 – W1 Well Integrity Testing Programme For Recompletion Operation ................................... 137 

Appendix 15 – Bibliography ....................................................................................................................... 140 

REFERENCED PUBLIC DOCUMENTS & REGULATIONS .............................................................................. 144 

 

 

 

  



Document:  Hydraulic Fracture Plan 

Document Number: ER-W1-HFP-001 

 
 
 

Page 6 of 144 
 
 
 

1. INTRODUCTION 

Egdon Resources U.K. Limited (Egdon) is a subsidiary of Egdon Resources PLC, which was formed in 1997. The 

company was awarded its first licence in 1998 and gained its first operated licence in 2000. Egdon is a 

petroleum exploration, development, and production company with operations in the United Kingdom. 

Operations are conducted through Egdon and are directed from its registered office in Hampshire. 

Egdon holds 30% equity in the Petroleum Exploration and Development Licence 180 (PEDL180) and 182 

(PEDL182) with the remaining interests held by Europa Oil and Gas (30%) and Union Jack Oil (40%). Planning 

consent for the Wressle field development was awarded (following appeal) on the 17 January 2020, and a 

variation to the Environmental Permit (EPR/AB3609XX) to enable production was determined on 18 May 2017. 

Within PEDL180 and PEDL182, Egdon, as licence Operator, has successfully drilled and flow tested the Wressle-

1 (W1) exploratory borehole in 2014 and 2015, respectively. Appendix 1 illustrates the well trajectory of W1 

from PEDL182 into PEDL180 and the Wressle field outline, as defined by the Wressle Field Determination Area. 

Analyses of the flow tests have confirmed poor connectivity between the Ashover Grit reservoir and the well, 

due to the effects of high ‘skin’ also known as formation damage. Skin or formation damage occurs as a result 

of interaction between fluids in the well and the reservoir which causes an impairment to the reservoir. It is 

characterised by a localised zone of reduced permeability within the immediate vicinity of the wellbore. To 

address the skin issue and hence improve the flow rate, it is planned to sequentially: - 

1. re-perforate through the casing into the reservoir; and 

2. undertake a ‘proppant squeeze’.  

The proppant squeeze would entail a small-scale propped hydraulic fracture to be created in the near wellbore 

area.  

The Infrastructure Act (Section 4A: supplementary provision) defines the volumetric thresholds for “associated 

hydraulic fracturing” to mean the hydraulic fracturing of shale or strata enclosed in shale, involving the 

injection of: 

• More than 1,000m3 for each “stage” (that is, more than 1 million litres for each fracturing 

operation); or 

• More than 10,000m3 in total (i.e. more than 10 million litres) where multiple stages i.e. multiple 

fractures are conducted in a particular well. 

By contrast, the planned proppant squeeze operation on the Ashover Grit conventional sandstone reservoir 

at Wressle will only use up to 150m3 of fluid and is therefore not covered by the Infrastructure Act and current 

moratorium1.  

 
1 Following publication of the OGA’s Interim report of the scientific analysis of data gathered from Cuadrilla’s operations 
at Preston New Road, which concluded that it is not possible with current technology to accurately predict the probability 
of tremors associated with fracking, the Government introduced a moratorium on shale gas fracking in England, from 
November 2019 
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2. SCOPE 

Although the scale and duration of the proposed proppant squeeze falls outside the definition of associated 

hydraulic fracturing, this Hydraulic Fracture Plan (HFP) has been prepared as a requirement of the Oil and Gas 

Authority (OGA) and the Environment Agency (EA). It is applicable to the W1 proppant squeeze, to be 

undertaken in accordance with planning consent which was granted on appeal on 17 January 2020 and the 

consolidated Environmental Permit variation (EPR/AB3609XX) dated 18 May 2017. 

This Hydraulic Fracture Plan is intended to provide detailed information to comply with the requirements of 

Environmental Permit Pre-Operational Condition PO1, and to gain the Environment Agency’s written approval. 

This information includes: 

• A map showing faults near the well and along the well path, with a summary assessment of the faulting 

and formation stresses in the area and the risk that the operations could reactivate existing faults  

➢ This is summarised in Section 5.1 and detailed in Appendix 4  

• Information on the historical seismicity and an assessment of the risk of induced seismicity  

➢ This is summarised in Section 5.2 and detailed in Appendix 5 and Appendix 7 

• A summary of the planned operations, including stages, pumping pressures and volumes  

➢ This is summarised in Section 6 and detailed in Appendix 6  

• The processes and procedures that will be put in place before or during the proppant squeeze to 

identify the vertical and horizontal extents of the fractures within the target formation and ensure 

that they are not near the permitted boundary  

➢ This is summarised in Section 6 and detailed in Appendix 6  

• The steps that would be taken to assess, and if necessary, mitigate the effect and limit further 

propagation outside the target rocks  

➢ This is summarised in Section 8.2 and detailed in Appendix 6 

• A comparison of proposed activity to any previous operations and relationship to historical seismicity 

➢ This is summarised in Section 5.4, Section 7 and detailed in Appendix 5 

• The proposed measures to monitor local seismicity during the operations 

➢ This is summarised in Section 8 and detailed in Appendix 8 

• The proposed method of reporting during the proppant squeeze and the proposals for post fracturing 

reporting of the location, orientation, and extent of the induced fractures to demonstrate that the 

permit has been complied with  

➢ This is summarised in Section 9 and detailed in Appendix 6 

This HFP is applicable to Egdon, its contractors and subcontractors and can be used in support of applications 

and notifications to the Oil and Gas Authority and the Environment Agency.  
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In addition to the Pre-Operational Condition PO1 this Hydraulic Fracture Plan will document: 

• The nature, extent and criticality of the seismic features which would be encountered in the vicinity 

of W1  

➢ This is introduced in Section 5.1 and documented in detail in Appendix 4 

• An estimate of the upper boundary for the maximum induced seismic event magnitude and the 

likelihood of it occurring  

➢ This is introduced in Section 5.2 and documented in detail in Appendix 5 

• The effectiveness of the monitoring of possible fault interactions, unexpected seismic responses, and 

the adjustments to the operations in response to these, including reducing pumped volumes 

➢ This is introduced in Section 8.2, 8.3 and documented in detail in Appendix 6 and Appendix 8 

• The application and effectiveness of operational measures set out in the HFP to mitigate seismicity 

➢ This is discussed in Section 8.2 and documented in detail in Appendix 6 

• Details of the real-time monitoring plan and the operational procedures that Egdon will follow should 

a detectable seismic event occur during or after the operation, and how this will be reported 

➢ The seismic monitoring design is introduced in Section 8 and detailed in Appendix 8 

➢ A Decision Tree (based upon the OGA’s Traffic Light System (TLS)) summarises the operational 

and reporting procedures to be followed, and is documented in Appendix 8 
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3. DEFINITIONS 

Associated Hydraulic Fracturing:  

Hydraulic fracturing of shale, also known as High Volume Hydraulic Fracturing (HVHF), 

defined in the Infrastructure Act, 2015; Section 50, as more than 1,000 cubic metres 

of fluid at each stage, or expected stage, of the hydraulic fracturing, or more than 

10,000 cubic metres of fluid in total 

BGL: Below Ground Level  

BGS: British Geological Survey 

BOPD: Barrels of oil per day 

BRT: Below Rotary Table  

BS: British Standard 

EA:   Environment Agency 

EPR 2016: Environmental Permitting (England and Wales) Regulations 2016, as amended 

GR Gutenberg-Richter Law, expresses the relationship between the magnitude and total 

number of earthquakes in any given region and time period of at least that magnitude 

HFP: Hydraulic Fracture Plan 

Hydraulic Fracturing: The pumping of fluid (and often proppant) under pressure to generate a fracture in 

the formation; this can be differentiated from ‘associated hydraulic fracturing’, as 

defined by the Petroleum Act 1998, as amended by the Infrastructure Act 2015, that 

specifically relates to treatments above specific fluid volume thresholds (HVHF)  

JAGDAG: Joint Agencies Groundwater Directive Advisory Group 

MD: Measured Depth 

NORM: Naturally Occurring Radioactive Material 

OGA: Oil and Gas Authority 

PEDL: Petroleum Exploration and Development Licence 

Proppant Squeeze: A small scale hydraulic fracture treatment to overcome and bypass skin damage 

(formation damage) in the near well bore area 

Screen-out: Whereby the proppant in the fracture fluid creates a bridge that blocks access to the 

perforations, thus restricting fluid flow 

Skin: Formation damage that occurs as a result of interaction between fluids in the well and 

the reservoir that causes an impairment to the reservoir 
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TLS: Traffic Light System 

TVD: True Vertical Depth  

TWT: Two-way-time 

W1:   Wressle-1 Well 
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4. WELL SUMMARY 

This section provides a summary of W1, its environmental setting and baseline conditions, in advance of the 

proposed proppant squeeze within the Ashover Grit formation. Appendix 2 provides a summary of the 

geological sequences penetrated by W1. 

4.1 Well Location 

The W1 site is located within PEDL182 in North Lincolnshire approximately 1.6km north of the hamlet of 

Wressle, with the W1 deviated trajectory extending south-west into PEDL180. A well location map is provided 

as Appendix 1. 

The nearest residential property to W1 is North Cottage, located approximately 530m to the west. Decoy 

Cottage is located approximately 580m to the south-east of the wellsite. 

The W1 coordinates, both surface and subsurface, in British National Grid are provided in Table 1. 

Description: Easting: Northing: 

Surface Location 496792.5 411105.6 

Ashover Grit Formation (2006.7mMDBRT) 496488.8 410035.3 

Total Depth (2240mMDBRT) 496477.0 410000.0 

Table 1: W1 Coordinates (British National Grid metres) 

4.2 Well Construction 

The drilling of W1 commenced in July 2014, following construction of the Wressle wellsite and installation of 

a 20” (508mm) conductor casing to a depth of 15 metres below ground level (mBGL). 

The well was designed with a directional hole trajectory, targeting various geological formations (Appendix 2).  

A detailed Drilling Programme was prepared and independently examined in accordance with Regulation 18 

of the Offshore Installations and Wells (Design and Construction, etc.) Regulations 1996. 

The Notification to Drill was submitted to the Health and Safety Executive in accordance with Regulation 6 of 

the Borehole Sites and Operations Regulations 1995. Thereafter, Egdon submitted weekly drilling reports to 

the Health and Safety Executive, in accordance with Regulation 19 of the Offshore Installations and Wells 

(Design and Construction, etc.) Regulations 1996. 

During well construction, the 9 5/8” (244.5mm) casing string and 7” (177.8mm) casing string were pressure 

tested after installation and a formation integrity test performed immediately after drilling out the respective 

casing shoes. The 4 ½” (114.3mm) production liner was pressure tested after installation. The casing design 

and downhole completion for W1 is documented in Appendix 3. 

During drilling and well testing operations, site inspection visits to the W1 site were made by the Health and 

Safety Executive (one visit) and the Environment Agency (fourteen visits). 

A Cement Bond Log was run across the 4 ½” (114.3mm) liner. This wireline operation was conducted as a 

precursor to the well test operations, which commenced in January 2015 and concluded in August 2015. 
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Further detail on the well test results and the rationale for the proposed operations are documented in Section 

5.3 of the Wressle HFP.  
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5. BACKGROUND ANALYSIS 

This section provides background analysis of W1, its geological setting and the proposed operation. 

5.1 Background Stress and Structural Geology 

Western continental Europe is currently subject to a compressional regional stress regime due to the ongoing 

collision between Europe and Africa. Data from the World Stress Map indicates that the predominant 

orientation of maximum horizontal stress (σHmax) across NW Europe is NW-SE (Kingdon, A. et al., 2016), with 

some local variations observed around plate boundaries (http://www.world-stress-map.org).  

The World Stress Map is a global database of tectonic stress measurements. It does not contain any data 

specifically related to the South Humberside region. However, a study of borehole breakouts in wells across 

Yorkshire by Kingdon et al., (2016), indicated a σHmax orientation of 147.5°, with a circular standard deviation 

of 7.4° (Figure 1). This provides a good estimate of the σHmax orientation for the South Humberside region, 

with Althorpe-1 being the nearest well to W1 to be analysed, located approximately 16km to the west. As W1, 

or other nearby wells, do not have borehole image logs, no site-specific analysis of the σHmax orientation is 

possible.  

Analysis of the in-situ stress conditions for W1 (Figure 2) and offset Broughton-B1 well indicates that the site 

is subject to a strike-slip stress conditions (detailed in Appendix 5), whereby:  

 Maximum Horizontal Stress (σHmax) ≥ Overburden Stress (Sv) ≥ Minimum Horizontal Stress (σHmin) 

 
Figure 1: Map of orientations of σHmax derived from breakouts observed on borehole image logs for Yorkshire, showing a mean σHmax 
orientation of 147.5° (after Kingdon, A. et al., 2016); W1 is located approximately 16km east of Althorpe-1  
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Figure 2: Stress vs depth plot for W1; overburden stress (Sv) gradient calculated using the Zoback et. al (2003) method; the lower bound 
for W1 minimum horizontal stress (σHmin) estimated based upon W1 FIT pressure data; maximum horizontal stress (σHmax) gradient 
from published study of regional stress conditions in central England by the BGS (Fellgett et al., 2017) and is considered representative 
of the region in the absence of W1 specific data 

The Wressle field has been mapped from 3D seismic data, which was acquired in 2012 (Figure 3). After the 

drilling of W1, the 3D seismic was reprocessed resulting in improved resolution of the Carboniferous 

stratigraphy and fault definition. The interpretation and mapping of the reprocessed seismic data indicates 

that there are no seismically definable faults within 300m of the Ashover Grit penetrated in W1; an example 

of the seismic data can be seen in Figure 4. The immediate near wellbore area around W1 is un-faulted (Figure 

5). Further details of the seismic reprocessing, interpretation, and fault analysis are provided in Appendix 4.  
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Figure 3: Map showing extent of 3D seismic coverage over PEDL180 and PEDL182; the Wressle Field Determination Area is highlighted 
in pink; the blue line defines the PEDL180 – PEDL182 licence boundary 

  
Figure 4: Northeast - southwest seismic line (TWT) through W1 illustrating offset from nearest Late Westphalian aged seismically 
definable fault (red fault c. 380m) 
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Figure 5: Ashover Grit depth structure map (m TVDss), faults represented by black polygons (10m contour interval) 

5.2 Background Seismicity  

The seismicity of the UK is monitored by the British Geological Survey (BGS), using a network of permanent 

stations, as well as 34 temporary broadband sensors known as the UK Array. The UK Array is currently 

stationed in the north of England and is providing high quality data for natural seismic events along with 

human induced events, such as those caused by coal mining.  

The specially commissioned report prepared by Outer Limits Geophysical LLP, Seismic Hazard Assessment for 

Proposed Proppant Squeeze Operation at the Wressle W1 Well in Appendix 5, provides a detailed analysis of 

background seismicity. In summary, W1 is located in a region of moderate baseline levels of seismicity. Figure 

6 shows all earthquakes within the 100 × 100km square centred on W1. There are two aspects that are of 

particular interest: large numbers of smaller-magnitude (M < 3) events to the west and southwest of W1, 

associated with coal mining activities, and the 2008 M 5.2 Market Rasen earthquake. 

The 2008 Market Rasen earthquake was one of the largest to have been recorded in the UK – located 

approximately 20km laterally southeast of the W1 site. This event occurred at mid-crustal depths > 20km, far 

below any depth that could be affected by the proposed operation. No M > 3 events have been recorded at 

depths shallower than 10km within the region. No induced seismicity caused by oilfield activities of any kind 

have been identified within the region shown in Figure 6.  

PEDL180 

PEDL182 

Wressle Field Determination Area 
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Figure 6: Outer Limits map (see Appendix 5) showing instrumentally recorded earthquake seismicity within a 100 x 100km square 
centred on W1 (black square). The 2008 Market Rasen M 5.2 event is the most significant to have occurred in the region, located 
approximately 20km south-east of W1 

5.3 Background to Proposed Operations  

In January 2015 initial well testing operations were conducted over the Ashover Grit formation which resulted 

in oil flowing to surface at a rate of 80 barrels of oil per day (bopd). Analysis of the well test data indicated the 

measured flow rates were impaired by the development of ‘skin’ or ‘skin damage’ in the Ashover Grit. Without 

the development of ‘skin’, flow from the Ashover Grit has the potential to flow at more than 500 bopd. 

Following the initial well testing operations an Extended Well Test (EWT) programme took place between June 

and August 2015. The Ashover Grit was flow tested along with the younger Penistone Flags reservoir. When 

the well was opened the Ashover Grit failed to flow. Despite several attempts to re-establish production, there 

was no indication of pressure communication between the Ashover Grit reservoir and the completion string 

in the well, leading Egdon to conclude that further ‘skin damage’ had developed between the initial flow tests 

in January and the EWT operation in June 2015. 

Egdon has identified a number of operational options that may be required to address the skin damage in the 

Ashover Grit reservoir. Skin damage can occur as a consequence of the use of drilling fluids (“mud”) used to 

lubricate and cool the drill bit and bring rock cuttings to the surface. The fine particles within the mud and the 

drilled rock cuttings can “stick” around the perforations (holes) in the casing, and within the pores of the rock 

itself which reduces natural flow forming the “skin”. In addition to this, formation damage can occur because 

of chemical reaction between the naturally occurring clay minerals in the Ashover Grit reservoir and the well 

fluid used to control reservoir flow. In the case of W1, following the January flow test, the well was filled with 

a brine (sodium chloride and potassium chloride) before testing operations recommenced in the June and 

could also have induced further ‘skin damage’.  
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To overcome the ‘skin’ and in order to optimise oil production from the well a number of operations may be 

undertaken, including a ‘proppant squeeze’; and the drilling of a short (c. 25m) sidetrack;  

The current operational plan is to: 

I. replace the existing completion in W1, then  

II. re-perforate the Ashover Grit 

III. undertake a production test to ascertain flow rates 

IV. undertake a ‘proppant squeeze’ operation 

V. undertake an extended well test to ascertain flow rates 

VI. begin production 

5.4 Historical Hydraulic Fracturing in the W1 Region 

Small scale hydraulic fracturing operations in similar reservoirs have taken place in the area for more than 50 

years, particularly at the Gainsborough, Beckingham, Bothamsall, Corringham, Welton, and Egmanton fields. 

In total 150 stimulated wells have been identified within 50km of W1, including one operation at the nearby 

Crosby Warren oilfield, ~6km to the north-west. Analysis of the historical operations with respect to seismicity 

has been carried out by Outer Limits Geophysical and can be found in Appendix 5. It concludes that no 

seismicity has been recorded in association with any of these historical operations.  

5.5 Planning and Environmental Permitting  

The construction, drilling and subsequent successful testing of W1 was subject to planning permission, in 

accordance with the Town and Country Planning Act 1990, which was granted by North Lincolnshire Council 

on 18th June 2013 (Ref: MIN/2013/0281).  

Two planning applications to develop the W1 wellsite for longer-term production – although recommended 

for approval by the Planning Officer - were refused consent by North Lincolnshire Council (11 January 2017 

and 3 July 2017). In addition, a third planning application to extend the date for restoring the wellsite until 

April 2018 was also refused on 3 July 2017. 

Egdon appealed these decisions; all three appeals were co-joined into a single appeal held in November 2017. 

The Planning Inspectors decision, issued 4 January 2018, was to refuse the two production applications, but 

allow the appeal for the extension of time application.  

Given the time needed to prepare a new development application, a planning application was submitted in 

April 2018 to extend the existing planning consent. This again was refused by the Planning Committee in 

August 2018. Egdon appealed this decision and the appeal was upheld by the Planning Inspector on 24 January 

2019, granting an extension until 24 January 2020. 

A new planning application for longer-term production was submitted in July 2018. This application included 

a significantly enhanced scheme to address the Planning Inspectors concerns as set out within his decision 

dated 4 January 2018. The application again received a recommendation for approval from the Council’s 

Planning Officers but was rejected in November 2018 by the Planning Committee. Egdon appealed the decision 
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which went to a Public Inquiry in November 2019. The appeal was upheld, and planning consent granted on 

17 January 2020.  

Section 8.5 of this document references the specific planning condition that relates to the monitoring of 

groundwater quality. The risk to groundwater from the proposed proppant squeeze is assessed by Egdon and 

Outer Limits as being low (see Appendix 7 for the Induced Seismic Event Environmental Risk Assessment), but 

groundwater quality will be monitored to demonstrate that the embedded environmental mitigation 

measures are effective.  

In terms of environmental regulation, under the Environmental Permitting (England and Wales) Regulations 

2016, as amended and the Water Resources Act 1991, as amended by the Water Act 2003, Environmental 

Permit (Ref: EPR/AB3609XX) was issued by the Environment Agency on 17th March 2014. Following drilling, a 

permit variation was issued by the Environment Agency on 1st December 2014, which provided for the testing 

of W1. Subsequent variations were requested in 2016 and 2017 culminating in the permit determination dated 

18 May 2017 (EPR/AB3609XX). Significant to this Hydraulic Fracture Plan, the permit variation assessed the 

proposed well activities and provided directives for the management of extractive mining wastes from side-

track drilling, radial drilling and near well bore treatments (acid squeeze, hot oil wash, solvent treatment, 

nitrogen injection and ‘hydraulic fracturing for conventional oil’). 

6. PROPOSED WELL OPERATION – PROPPANT SQUEEZE 

This section provides a description of the proposed proppant squeeze well operation. 

To improve the connectivity between the Ashover Grit formation and the wellbore, it is very likely to be 

necessary to undertake a proppant squeeze. This is a well stimulation technique which creates a small bi-

directional fracture in the near wellbore reservoir rock through high-pressure injection of fluid (primarily 

water, containing a chemically inert ceramic based proppant suspended with the aid of thickening agents). 

When injection stops the fracture closes under the influence of earth stresses trapping the proppant which 

holds the fracture partially open. 

The proppant squeeze will utilise a small volume of proppant and gelled water (less than 150m3 of fluid in 

total). It differs completely in scale and intent from “associated hydraulic fracturing” as defined by the 

Infrastructure Act that involves fluid volumes of an order of magnitude higher in shale rocks, as summarised 

above in Section 1 (Introduction).  

A pre-treatment injectivity test will first be undertaken using approximately 22m3 of gelled liquid. The purpose 

of the injectivity test is to determine the breakdown pressure, propagation pressure and carrier fluid leak-off 

rate, which in turn will inform the design of the main proppant treatment.  

The main proppant treatment will consist of approximately 20 tonnes of a chemically inert ceramic proppant 

and approximately 123m3 of gelled liquid. The fluid mix is injected at a surface pressure of not more than 

8,000psi for one (1) to two (2) hours, then flowed back through the production facilities in a controlled manner. 

The proppant squeeze is designed to generate a fracture extending circa 40m bi-laterally and 20m in a vertical 

direction from above and below the mid-point of the perforations. A schematic showing the proposed 
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proppant squeeze design is illustrated in Appendix 6. The Ashover Grit formation is part of a much thicker 

sequence defined as the Carboniferous Millstone Grit Group, which extends from 1,530m TVD GL to 1,792m 

TVD GL in W1. As the proppant squeeze is designed to extend some 20m in a vertical direction both above and 

below the perforations, fracture simulation modelling by Egdon’s preferred operational service provider has 

concluded the proppant squeeze will extend beyond the Ashover Grit formation but remain confined to within 

the Carboniferous Millstone Grit Group. 

The proppant squeeze is a small-scale operation, similar in scope and duration to those which historically have 

taken place in Lincolnshire (e.g. nearby Crosby Warren well), where formation damage issues restricted oil 

flow from the reservoir. The implementation of a proppant squeeze at Crosby Warren was successful in 

overcoming the impairment to oil flow. 

The Crosby Warren discovery was made by RTZ Oil and Gas in 1986. Hydrocarbons were logged in four 

separate reservoir intervals before conducting an extensive programme of open and cased hole flow tests, 

which for the most part were unsuccessful in establishing commercial flow rates. These tests comprised a 

variety of stimulations which included acid washes and squeezes. The well test analyses indicated that a high 

initial skin (>60) was impairing the natural flow from the different reservoir intervals. To overcome the high 

skin, the operator undertook a propped fracture test (like Egdon’s planned proppant squeeze) comprising 76 

cubic metres of treatment liquid, carrying 12 tonnes of sand proppant. The propped fracture stimulation had 

an immediate and positive effect on reservoir deliverability. The maximum flow rate achieved was 730 barrels 

of oil per day through a 48/64-inch choke. The average flow rate achieved following the fracture stimulation 

was 409 barrels of oil per day. The quantitative well test analyses concluded that the fracture stimulation had 

successfully achieved its objective by removal of the high skin (>60), down to a negative skin of 1.9. Having 

attained a significant and positive well test result, the discovery was sanctioned for development and placed 

on production at a rate of ~500 barrels of oil per day in 1987. 

Extensive modelling of production flow has been carried out for W1 by the PEDL180 joint venture to quantify 

the outcome of Egdon’s proposed proppant squeeze operation. The mechanically induced fracture is designed 

to bypass the near wellbore formation damage that is believed to exist in the Ashover Grit. The model 

calculates analytical pressure and flow rate estimates for infinitely conductive vertical plane-source fractures. 

In the absence of core from the reservoir to determine the vertical permeability to horizontal permeability 

ratio, a mechanically induced fracture is insensitive to this permeability ratio. As a result, fluid flow is 

essentially horizontal into the fracture vertical plane. Furthermore, a fracture plane provides a very large 

surface area through and along which flow can occur. As a result, the ‘flux’ (flow / area) is very low and the 

pressure drop between the exposed reservoir and the mechanically induced fracture is small. Using modern 

stimulation technology, a successful proppant squeeze operation conducted on the Ashover Grit should 

enable flow rates of ~500 barrels of oil per day to be achieved when W1 is placed on production. 

The proppant fluid will comprise of a cross linked gel and differs from slick water fracture operations for shale 

gas. The proppant squeeze treatment planned for W1 is designed to create a dominant fracture with a low 

probability of dilating should it intersect a natural fracture i.e. reactivation of the natural fracture is mitigated 

and is controlled by the in situ natural stress network. 



Document:  Hydraulic Fracture Plan 

Document Number: ER-W1-HFP-001 

 
 
 

Page 21 of 144 
 
 
 

A full disclosure of the proposed proppant fluid, including a component breakdown was submitted within the 

Environmental Permit application, which has been assessed and determined by the Environment Agency (18 

May 2017). 

A percentage of the proppant carrier fluid will be returned to surface (flowback water) via the production 

facilities and stored onsite for subsequent offsite transfer. This will be to an Environment Agency approved 

waste treatment facility for disposal in accordance with the receiving waste treatment facility’s environmental 

permits. The percentage returned is expected to be circa 30% with a maximum of 50%, based upon experience 

from previous proppant squeeze operations undertaken by the industry.  

The remaining 50% to 70% of proppant fluid will be retained within the formation, having been adsorbed on 

the (electrically) charged, high surface area minerals within the formation. All the chemical constituents within 

the proppant fluid are designated as non-hazardous to groundwater, having been assessed using the Joint 

Agencies Groundwater Directive Advisory Group (JAGDAG) assessment methodology. The Environmental 

Permit (EPR AB3609XX) allows for the injection of fracturing fluid into the target formation as a groundwater 

activity, as defined by the Groundwater Directive and Schedule 22 of the Environmental Permitting (England 

and Wales) Regulations 2016. The fluids and constituent additives are considered as “de-minimis” in respect 

of any impact on groundwater i.e. discharges that are so small in concentration and quantity that they pose a 

low risk of polluting groundwater. For clarity, the proppant squeeze will take place through the casing 

perforations, across a depth interval 1579m to 1588m vertically below ground level. The depth at which the 

United Kingdom Technical Advisory Group (UKTAG) suggests that a groundwater loses its value as a resource 

that can be either exploited for human activities, or support surface flows and ecosystems, is 400m (UKTAG, 

2012).  

The Environmental Permit also classifies the Wressle development as a Mining Waste Facility, as defined by 

the Mining Waste Directive and Schedule 20 of the Environmental Permitting (England and Wales) Regulations 

2016, as amended, for the permanent deposit of hydraulic fracturing fluid within the formation. 

As is the case with all onshore oilfield, flowback water has the potential to contain low levels of Naturally 

Occurring Radioactive Material (NORM), which predominantly relate to the isotopes of radium (and associated 

progeny), which find their way into the water due to their chemical solubility. Elevated concentrations of 

radium-226 and radium-228 progeny may also be present due to dissolved Rn-222 (radon) and to a lesser 

extent, Rn-220 (thoron) gas. Samples of flowback water will be sent to a laboratory holding the appropriate 

accreditations for radionuclide analysis to determine if NORM is present. 

A radioactive substances permit (EPR/HB3295DH) has previously been issued for the Wressle wellsite, 

covering the handling and storage of NORM contained within formation and flowback fluids. Whilst 

hydrocarbon production from the Ashover Grit formation may also generate levels of radioactivity (if and 

when associated water is produced), the site Environmental Management System will implement monitoring 

and analysis procedures to determine if any such radioactivity levels fall within the scope of the EPR2016 

regulations. In terms of the accumulation of fluids and solids that are considered waste and may contain levels 

of radioactivity, the activity limits set within the existing radioactive substances permit are deemed suitable. 
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7. SEISMIC HAZARD RISK ASSESSMENT 

This section details the assessment of risk associated with the W1 proppant squeeze, including an assessment 

of the potential for an induced seismic event and ground vibration impact. 

Egdon has contracted the services of Dr James Verdon (Outer Limits Geophysics LLP) to provide an 

independent assessment of the seismic hazard associated with the proppant squeeze operation planned at 

W1. This report (dated May 2020) and included as Appendix 5 differentiates between the scale of operation 

at W1 (injection of <150m3) and hydraulic fracturing for shale gas (injection of several thousands of m3 into a 

very low permeability reservoir). It also differentiates between formation characteristics, for example, the 

permeability of the unconventional Bowland Shale target, is at the scale of tens of nanodarcys (nD) (Clarke et 

al., 2018), whereas the conventional Ashover Grit reservoir permeability is ~55 millidarcys (mD) (derived from 

well test data), some six orders of magnitude greater than the Bowland Shale.  

Outer Limits has reviewed the outcome of well stimulation operations, conducted on wells in the region from 

the late 1950s through to the 2000s. In total, 150 such wells have been identified via published literature. 

Outer Limits found no recorded seismicity associated with any of these operations, indicating that the hazard 

posed by such activity is low. Mustanen et al. (2017) also studied the possible relationships between hydraulic 

fracturing in conventional reservoirs in this region, concluding that there have been no cases of induced 

seismicity caused by these activities anywhere in the UK. 

Using a much broader international database, energy technologies that inject or extract fluid from the Earth, 

such as oil and gas development, have been found or suspected to cause seismic events (National Research 

Council, 2013). The occurrence of hydraulically fractured induced seismicity is observed to vary significantly 

between and within basins, and between types of operation. Hydraulic fracturing of conventional reservoirs, 

such as planned for W1, has routinely been undertaken across the East Midlands and none of these operations 

have been observed to induce seismicity. In fact, worldwide there have been no recorded cases of induced 

seismicity for an operation of this scale, or for operations within reservoirs of a similar nature to the Ashover 

Grit. Observations from other hydrocarbon plays indicates that the seismogenic potential of a formation is 

relatively quick to reveal itself as it is developed. Hence, the observation of many stimulated wells in the East 

Midlands oil province, without any detected induced seismicity, provides a robust indication that such 

activities are highly unlikely to generate events if further wells are stimulated. 

Egdon’s preferred contractor to undertake the proppant squeeze operation has shared its recent experience 

(five years), from both the United States of America and continental Europe, for stimulation projects of a 

similar scale and scope to Wressle (Table 2). Again, there was no seismicity notified in relation to any of these 

operations. 
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Table 2: Analogous hydraulic fracture operations conducted by Egdon’s preferred contractor in the USA and continental Europe. These 
projects are similar in scope and scale to the planned W1 operation. In all these wells there was no operation specific seismic monitoring 
undertaken and nor were there any reports of related induced seismicity. 

Levels of induced seismicity are observed to scale with the volume of fluid injected (e.g., Shapiro et al., 2010; 

Hallo et al., 2014; Langenbruch and Zoback, 2016; Verdon and Budge, 2018; Schultz et al., 2018; Kwiatek et 

al., 2019; Clarke et al., 2019). The proppant squeeze operation at W1 will use a volume of fluid (<150 m3) that 

is far smaller than volumes typically used to conduct hydraulic fracturing in shale formations (where typical 

fluid volumes are at least several thousand m3 per well). Levels of induced seismicity have also been observed 

to be far greater during hydraulic fracturing of some shale gas formations in comparison to stimulation of 

conventional reservoirs. Stress conditions in the Wressle reservoir are less conducive to the occurrence of 

induced seismicity when compared to seismogenic formations such as the Bowland Shale of northwest 

England, and the Duvernay Formation in Alberta, Canada (Appendix 5). For these reasons, the seismic hazard 

posed by the proposed proppant squeeze operation at W1 is significantly lower than that associated with 

hydraulic fracturing for shale gas.  

As discussed in Section 5.2 (Background Seismicity) W1 lies in an area that has experienced moderate levels 

of background seismicity. Significant numbers of low-magnitude events associated with coal mining are found 

to the west and south-west of the site. However, the mechanism by which coal-mining induced earthquakes 

are generated is entirely different to that by which hydraulic fracturing-induced events are generated, and the 

subsurface perturbations generated by longwall mining are far larger than those generated by hydraulic 

fracturing. Therefore, the occurrence of coal-mining induced events has no bearing on the potential 

susceptibility of Carboniferous-age formations to hydraulic fracturing induced seismicity.  

Year Field Frac Fluid
Perm 
(mD)

HC 
Phase

Reservoir 
Pressure 

(bar)
Country Comments

2015 Jonah YF122LGD 30.00 Oil 189.034 USA No seismic monitoring records and no notification of any related seismicity 

2015 Jonah YF125 30.00 Oil 189.034 USA No seismic monitoring records and no notification of any related seismicity 

2015 Jonah YF125_Flex 30.00 Oil 189.034 USA No seismic monitoring records and no notification of any related seismicity 

2015 Jonah YF125_Flex 30.00 Oil 189.034 USA No seismic monitoring records and no notification of any related seismicity 

2015 Jonah YF125_Flex 30.00 Oil 189.034 USA No seismic monitoring records and no notification of any related seismicity 

2015 Jonah YF125_FlexD 30.00 Oil 189.034 USA No seismic monitoring records and no notification of any related seismicity 

2015 Jonah YF230 30.00 Oil 189.034 USA No seismic monitoring records and no notification of any related seismicity 

2016 Jermenovci YF125D 50.00 Oil 70.800 Serbia No seismic monitoring records and no notification of any related seismicity 

2016 Jermenovci YF125D 50.00 Oil 80.000 Serbia No seismic monitoring records and no notification of any related seismicity 

2016 Jermenovci YF125D 50.00 Oil 70.800 Serbia No seismic monitoring records and no notification of any related seismicity 

2016 Jermenovci YF125D 50.00 Oil 70.800 Serbia No seismic monitoring records and no notification of any related seismicity 

2016 Jermenovci YF125D 50.00 Oil 72.000 Serbia No seismic monitoring records and no notification of any related seismicity 

2016 Jermenovci YF125D 50.00 Oil 71.400 Serbia No seismic monitoring records and no notification of any related seismicity 

2017 Mokrin YF135HTD 10.00 Oil 112.800 Serbia No seismic monitoring records and no notification of any related seismicity 

2017 Mokrin YF130HTD 10.00 Oil 112.000 Serbia No seismic monitoring records and no notification of any related seismicity 

2017 Jermenovci YF125D 50.00 Oil 74.000 Serbia No seismic monitoring records and no notification of any related seismicity 

2017 Jermenovci YF130D 50.00 Oil 75.000 Serbia No seismic monitoring records and no notification of any related seismicity 

2018 Ticleni ClearFRAC XT 20 20.00 Oil 80.000 Romania No seismic monitoring records and no notification of any related seismicity 

2019 Jermenovci YF130D 6.18 Oil 65.000 Serbia No seismic monitoring records and no notification of any related seismicity 

2019 Jermenovci YF130D 10.00 Oil 65.000 Serbia No seismic monitoring records and no notification of any related seismicity 
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The 2008 M 5.2 Market Rasen earthquake represents one of the largest earthquakes to be recorded in the UK. 

However, it occurred at substantial depth within the crust (>20 km), far beyond that which could be influenced 

by oilfield activities. 

Outer Limits Geophysical has performed a geomechanical assessment of faults around W1 identified using 3D 

seismic survey data, as described in Appendix 4. The nearest seismically definable fault is ~ 340m from the 

well, far further than the maximum expected fracture length of 40m. The state of stress on the faults is 

moderate – the smallest mean expected perturbation required to reactivate any of the identified faults is 5 

MPa: a perturbation of this magnitude at a distance of over 300m, given the proposed operation, is very 

unlikely. However, studies of observed faults cannot rule out the potential for undetected faults on which 

seismicity could occur.  

To address this uncertainty, Outer Limits has performed a probabilistic assessment of seismic hazard for the 

proposed operation. The maximum possible magnitude, MMAX, for an event induced by well stimulation in the 

UK is poorly constrained, with suggested values ranging from M 3.0 to 6.5. However, if the recurrence rate for 

events in this range is low, then the choice of MMAX has minimal impact on the event likelihood.  

To estimate the recurrence rate, Outer Limits has made use of the scaling between injection volume and 

earthquake rate that is widely established for injection-induced seismicity (Shapiro et al., 2010). When 

combined with the Gutenberg-Richter (GR) distribution (earthquake magnitude and occurrence within a 

specified period), it is possible to make a forecast of the largest expected event magnitude. The scaling 

coefficient between volume and rate – the seismogenic index – is poorly constrained, so a logic tree is used 

that extends across the range of observed values, with strongest weighting at mid-range values. This logic tree 

includes values for seismogenic index that are towards the top end of those observed in the most seismogenic 

shale plays, including values measured during hydraulic fracturing in the Bowland Shale. 

The resulting assessment produces a most likely largest event magnitude of M -2.0. An event of this size would 

not be detectable at the surface and might be at the limit of detectability for a downhole system. Outer Limits 

assessment indicates a 95% probability that events do not exceed M 0.6, a level that could be detected at the 

surface, but would not be felt by the nearby public. Outer Limits’ extreme case, with a 99% probability that it 

is not exceeded, is a maximum magnitude of M 1.6. Such an event might be felt by the public nearby but would 

not pose a risk of causing even cosmetic damage.  

These forecasts are in line with the observations from similar past activities in the region, where 150 wells 

have been stimulated without any detected seismicity. They are also in line with observations from stimulation 

in the Bowland Shale, where no M > 0 seismicity was recorded after injection of less than 200m3 of fluid in any 

of the three stimulated wells, even in cases that subsequently produced felt seismicity as injection volumes 

were increased up to thousands of cubic metres. 

Outer Limits has concluded that the proposed well stimulation activities at W1 activities pose a low risk with 

respect to seismic hazard. The work undertaken by Outer Limits has focused on providing a probabilistic 

expectation of the event magnitude for the W1 proppant squeeze operation. By recognising that the scale of 

the operation is linked directly to the likelihood of an event, Egdon has used this as input for the Wressle 

Hydraulic Fracture Plan as a real-time mitigation parameter to limit the seismicity risk. 
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The Outer Limits induced seismic event risk assessment has been used to assess the risk to the environment 

from the proposed operation at W1. Appendix 7 (Induced Seismic Event Environmental Risk Assessment) 

identifies each of the elements of the operation that pose a potential risk to the environment, the potential 

hazard, the source, and the pathway to its receptor. Each of the identified hazards and mitigation measures 

that Egdon will take are detailed in the risk assessment tables in Appendix 7. 

8. RISK TO GROUNDWATER 

Notwithstanding that the primary objective of this Hydraulic Fracture Plan is to address the potential for 

impact from induced seismicity from the proposed operation, it is noted that a summary with regard to the 

potential risks to groundwater should be included. This section therefore addresses this requirement.  

It has always been acknowledged, and understood, that all measures must be taken to prevent detrimental 

impact on groundwater aquifers, that have a resource value. As part of the proposed development, a 

Hydrogeological Conceptual Model (HCM) formed the basis of a Hydrogeological Risk Assessment (HRA), 

which was undertaken with reference to the methodology and framework for groundwater risk assessment 

set out by DEFRA in Green Leaves III (GL III), and the Environment Agency’s approach to groundwater 

protection and technical guidance. The HRA confirmed the near-surface usable groundwater-bearing 

formations, and assessed the potential for impact from the Wressle development, concluding that there is a 

‘Low’ to ‘Very Low’ overall residual risk from the Proposed Development, to shallow sensitive Aquifers and 

usable groundwater.  

As context, the depth at which the United Kingdom Technical Advisory Group (UKTAG) suggests that a 

groundwater loses its value as a resource that can be either exploited for human activities, or support surface 

flows and ecosystems, is 400m (UKTAG, 2012).  

At the W1 site, the shallow geology to a depth of approximately 50m contains significant aquifers, from which 

local abstractors obtain water and which connects local water courses. The Lincolnshire Limestone Formation, 

‘Principle Aquifer’ at 25 – 50m below ground level is the main aquifer within the Inferior Oolite Group 

(Bajocian, Middle Jurassic). The aquifer rocks within the shallower geological sequences that occur above the 

Lincolnshire Limestone are of a lower hydrogeological status, and comprise the Unconsolidated Sutton Sands 

Formation and the Cornbrash Limestone Formation, both of which are classified as ‘Secondary A Aquifers’. In 

terms of potential receptors: -  

• The Lincolnshire Limestone is the principle aquifer from which groundwater is abstracted. 

• The Unconsolidated Sutton Sands are connected to and therefore form a pathway to the Ella Beck 

surface watercourse. This aquifer has the potential to provide private water supplies (although no 

unlicensed/unregistered private water supplies have been identified). 

• The Cornbrash Limestone, whilst unlikely to be supporting local abstractions due to its limited 

thickness, could connect the geology below the W1 site with the Clapgate abstraction boreholes. 

The HRA concludes that there is a low risk to near surface groundwater. This conclusion is based on four key 

considerations:  
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1. The planned operational activities, 

2. The regulatory regime and Permit management constraints,  

3. The subsurface geology defined by W1; and 

4. The physical mitigation measures present in respect of the installed well and site tertiary containment 

system. 

8.1 Planned Operational Activities 

• The proppant squeeze operation will utilise a small volume of fluid (gelled water), no more than 150m3 

in total, that will be injected into the oil bearing reservoir Ashover Grit, through the casing perforations 

at a depth interval of 1579m to 1588m vertically below ground level. 

• The concentration of chemicals within the proppant carrier fluid is very low at less than 2% of the fluid 

volume, meaning that 98% of the carrier fluid is water. 

• All the chemical constituents within the proppant fluid are designated as non-hazardous to 

groundwater, having been assessed using the Joint Agencies Groundwater Directive Advisory Group 

(JAGDAG) assessment methodology. 

In summary, the planned operational activities and proppant fluid chemicals are concluded to have limited 

impact, with a low risk to groundwater aquifers and related interceptors.  

8.2 Regulatory Regime and Permit Management Constraints 

• The Environmental Permit (EPR AB3609XX) allows for the injection of fracturing fluid into the target 

formation as a groundwater activity, as defined by the Groundwater Directive and Schedule 22 of the 

Environmental Permitting (England and Wales) Regulations 2016. The fluids and constituent additives 

are considered as “de-minimis” in respect of any impact on groundwater i.e. discharges that are so 

small in concentration and quantity that they pose a low risk of polluting groundwater. 

• Groundwater from the Lincolnshire Limestone has, via the installed groundwater monitoring 

borehole, been sampled and analysed in accordance with the parameter criteria set out within the 

Environmental Permit over a period of at least three months to provide a water quality baseline. 

Sampling and analysis will continue on a weekly basis through well operations to ensure that there 

has been no detrimental impact on groundwater. 

• Surface water from the Ella Beck watercourse will be monitored, again in accordance with analysis 

criteria set out within the Environmental Permit, against pre-operational baseline data, on a weekly 

basis through the well operations. 

• Both ground and surface water will be monitored through the life of the W1 site, with all analyses 

conducted by independent third-party accredited laboratories. 

Therefore, there are robust regulatory and management controls in place to ensure that the installed 

mitigation measures are effective, and that the quality of ground and surface water is not adversely impacted 

by well operations. 

8.3 Subsurface Geology Defined by W1 

• The W1 proppant squeeze will target the Ashover Grit which belongs to the Carboniferous (Namurian 

in age) Millstone Grit Group lying some 1550m below the Lincolnshire Limestone (Middle Jurassic, 
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Bajocian in age). At the W1 wellsite, the Lincolnshire Limestone is present at 25 - 50m below ground 

level with a significant stratigraphic and structural offset (greater than 1.5 kilometres) from the 

operational focus on the Ashover Grit.  

• Overlying the Carboniferous formations, the Permian Zechstein Group is present from c. 800m to c. 

1,100m below ground level, comprising a number of different rock types, including anhydrite, an 

impermeable lithology and some 85m in thickness. Together with a number of other low permeability 

rock types, these combine to provide an effective vertical barrier that separates the oil reservoir in the 

Ashover Grit from aquifers that hold groundwater with a resource value.  

• Extending from a depth of approximately 220m down to approximately 465m below ground level are 

the Triassic aged Penarth and Mercia Mudstone Groups. These low permeability rocks provide an 

additional “hydraulic barrier” of around 245m in thickness, between the overlying groundwater 

aquifers and the deeper hydrocarbon-bearing rocks which prevent the vertical movement of fluids –

up or down.  

• The presence of very low permeability clay/mudstone layers beneath the site and above the 

Lincolnshire Limestone means that the aquifers (other than the Unconsolidated Sands formation), are 

sandwiched between clay layers. 

• Simulation modelling of the proppant squeeze operation indicates that the induced fractures will 

extend 20m in a vertical direction above and below the casing perforation points, remaining 

stratigraphically confined to the Carboniferous Millstone Grit Group. The simulation modelling 

concludes that the generated fracture from the proppant squeeze operation will have a limited bi-

lateral extent of just 40 metres in length, also confined within the Millstone Grit. 

• Detailed interpretation of the reprocessed 3D seismic data indicates that there are no seismically 

definable faults within 300m of the Ashover Grit in W1 (the closest being ~340m offset). 

Given the depth at which the proppant squeeze operation will take place and the cumulative thickness of low-

permeability rock between the Ashover Grit perforations and the shallow near-surface groundwater, it is 

accepted that there is no credible risk to the shallow aquifer system from the planned operation. 

8.4 Installed Well and Site Tertiary Containment System 

• During the drilling of the W1 well in 2014, three sets of steel casings were cemented in place across 

the near surface formations that contain groundwater with a resource value i.e. is used for potable 

and other water supplies. 

• Once installed and cemented in place, these casing strings were pressure tested to ensure that meet 

the requirements put in place by the HSE (Regulation 18 of the Offshore Installations and Wells (Design 

and Construction, etc.) Regulations 1996). 

• A Well Integrity Testing programme (attached as Appendix 14) will be implemented to ensure that the 

installed casing, tubing and isolated (cemented) shallower perforations across the Penistone Flags and 

Wingfield Flags retain integrity i.e. to ensure there is no loss of fluid to these formations during the 

proppant squeeze operation. 

• Pressure testing will be applied in accordance with the Well Integrity Testing programme (see 

Appendix 14). 
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• Well integrity testing and annulus/production tubing monitoring will continue through the life of the 

well in accordance with procedures defined within Egdon’s Health and Safety Management System.  

• The W1 site has been completely reconfigured with the installation of a new High Density Polyethylene 

(HDPE) impermeable membrane with protective geotextiles that forms the tertiary containment 

system. 

• The membrane has been installed in accordance with a Construction Quality Assurance Plan (CQA) 

that has been assessed, approved, and verified by the Environment Agency. 

• The depth of screened and re-graded stone aggregate layer installed over the membrane system 

prevents any damage to this liner; the Environment Agency and North Lincolnshire Council have both 

verified that the thickness of stone is sufficient to prevent any impact on the tertiary containment 

system. 

• A concrete internal roadway has been installed for the main HGV oil collection tanker route. 

• Storage tanks will be contained within a concrete bund, designed, and constructed in accordance with 

Construction Standard CIRIA C736. 

The well has been installed and constructed to ensure there will be no loss of fluid into aquifers. In addition, 

the site has been reconfigured with a new impermeable membrane and tertiary containment system which, 

in addition to the primary and secondary containment measures (storage tanks, bunds) will prevent any 

downward transmission of any spillages through to the Unconsolidated Sands aquifer and beyond. There is 

therefore a very low risk of impact on groundwater. 

8.5 Direct Input to Groundwater Within the Millstone Grit 

The four-way dip closure (anticline) that controls the trapping mechanism at Wressle has enabled the 

accumulation and entrapment of oil in the Ashover Grit (Millstone Grit Group) reservoir. No free water is 

evident from the electric logging tool responses that were run in the hole after drilling, nor was any water 

flowed to surface during the initial flow tests in February 2015.  

Beyond the mapped closure i.e. deeper than the structural spill point (1594m TVDSS) mapped from seismic, 

the trapped oil is underlain by water. However, the water is a ‘fossil brine’ and is salt saturated with a salinity 

in excess of 175,000ppm Cl- and therefore has no resource value. 

A geomechanical simulation of the proppant squeeze operation indicates that the lateral and vertical extent 

of the fracture will be limited to the Millstone Grit. The salinity of water outside of the mapped closure, like 

the Ashover Grit will be salt saturated.  

8.6 Conclusion: Risk to Groundwater 

The risk to groundwater has been fully assessed and documented through the Environmental Permit 

application (and in particular the Site Condition Report, Environmental Risk Assessment, and the 

Hydrogeological and Flood Risk Assessment (summary in Appendix 12)). These conclude that there is a “Low” 

to “Very Low” overall residual risk from the proposed development to shallow sensitive aquifers and the 

surface water system.  
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With reference to the proppant squeeze operation, given the factors set out in relation to the planned 

operational activity; the regulatory regime and management constraints; the subsurface geology defined by 

W1; and the physical mitigation measures present in respect of the installed well and site tertiary containment 

system, there are appropriate levels of isolation and mitigation measures to ensure that the planned proppant 

squeeze operation does not pose a risk to groundwater. 

9. CONTROLS, MONITORING AND REPORTING  

This section sets out the control measures and monitoring, identified through risk assessment, which Egdon is 

proposing to demonstrate that the planned operation is safe and will have no adverse impact on those living 

and working nearby. As input to this Hydraulic Fracture Plan, Egdon has integrated the results of its 

probabilistic prediction of the maximum induced seismic event for the proppant squeeze operation planned 

for W1. This is summarised in the preceding Section 7 and detailed in Appendix 5. It should be noted that the 

proposed W1 proppant squeeze is a short duration, low volume hydraulic fracturing operation, designed to 

extend circa 40m in a bi-lateral direction and 20m in a vertical direction from above and below the mid-point 

of the perforations to create communication between the formation and the wellbore. 

The W1 proppant squeeze is a significantly smaller operation, both in duration and impact to that of associated 

hydraulic fracturing of unconventional reservoirs, so the control measures and monitoring are proportionate 

to the potential impact. 

9.1 Proposed Monitoring Plan 

As identified through probabilistic risk assessment (Appendix 5), the risk of an induced seismic hazard 

occurring as a result of the proppant squeeze operation is low. The Environmental Risk Assessment (Appendix 

7) indicates that the likelihood, and consequence, of such an event causing harm to health, safety, or the 

environment (e.g. from ground shaking) is low. The Residual Risk Rating has therefore been assessed as Low. 

Egdon will undertake real-time monitoring of the proppant squeeze operation to ensure that the conclusions 

of the risk assessment are met and validated. 

To control operations during the proppant squeeze treatment, Egdon’s monitoring plan will comply with the 

OGA’s Traffic Light System (TLS) as it is currently constituted: 

➢ M = 0.0 → Green Light: injection proceeds as planned 

➢ 0.0 < M < 0.5 → Amber Light: the operator will consider reducing the injection rate and/or pressure 

if appropriate given the point within the injection programme 

➢ M > 0.5 → Red Light: flush well, halt injection and reduce well pressure. The OGA and EA to be advised. 

Egdon’s Seismic Hazard Risk Assessment (Appendix 5) has concluded that the risk of a seismically 

induced event greater than M 0.5 is low (5.1%) 

As a prudent and safety conscious operator, Egdon will ensure that its routine checks on well integrity will be 

conducted throughout the proppant squeeze operation, during the monitoring programme and when the well 

is placed on production. This will be accomplished through the monitoring of surface pressures and production 

data. 



Document:  Hydraulic Fracture Plan 

Document Number: ER-W1-HFP-001 

 
 
 

Page 30 of 144 
 
 
 

Egdon will install a network array of five seismometers (four stations for robust location detection, plus one 

acting as a redundancy) to enable an effective real-time implementation of the OGA’s TLS. This will enable the 

detection and location (hypocentre) of events with a magnitude of less than M 0.0 (Appendix 8). Instruments 

will be deployed at least one week prior to the start of the proppant squeeze operation. Monitoring of the W1 

site by experienced seismologists will continue for at least twenty days after the proppant squeeze has been 

completed. 

In Section 9.2, Egdon has set out the monitoring mechanism to ensure that the predicted fracture extent 

defined by fracture simulation modelling is achieved in practice, to ensure that the fracture growth remains 

within the context of the model. 

9.2 Fracture Height Growth Assessment and Monitoring Plan 

Mathematical models to design a fracture treatment have been in existence since the mid-1950s. Advances in 

computing technology supported by laboratory research and development, in mathematical modelling and 60 

years of field experience have provided very sophisticated models to predict fracture growth. It is standard 

practice to first design the treatment based on data collected while drilling the well. This model is then 

“calibrated” on site by pumping fluid without proppant and allowing it to leak off into the formation (data-

frac). The data received from the data-frac provides measurements of fracture growth and closure that can 

be used to make design changes and improve the success of stimulation treatments. Egdon’s operational 

design and procedure to control and verify the geometry and extent of the proppant squeeze in W1 is detailed 

in Appendix 6. 

The data-frac and proppant squeeze and operation will use a combined total of no more than 150m3 of 

fracture fluid and 20 tonnes of proppant. The proppant squeeze operation itself will last for one to two hours 

in duration. Petrophysical logs acquired from W1 have been processed to characterise the rock mechanics of 

the Ashover Grit reservoir (Figure 7). Growth of the fracture is taken to be in the plane of the maximum 

horizontal stress which regional data suggests is along an azimuth of ~147 degrees, with a radial geometry. 

Egdon’s modelling indicates the generated fracture will extend ~40m bi-laterally from the mid points of the 

perforations. Interpretation and mapping of the 3D seismic data indicates the closest mapped fault to be some 

340m offset from the Ashover Grit perforations. 

The proppant squeeze has been designed to remain within the Millstone Grit Group that accommodates the 

Ashover Grit (Figure 8). 
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Figure 7: Modelled rock property parameters used to simulate fracture propagation within the Ashover Grit reservoir of W1 

Data on rock properties in the W1 well were determined from interpretation of open hole logging tools in the 

borehole.  

Figure 8 below shows Young’s Modulus, Formation Lithology and Stress plotted against total vertical depth. 

To the right is plotted the calculated propped fracture height, width, and length distribution associated with 

the proppant squeeze. 
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Figure 8: W1 proppant squeeze design and Best Estimate modelled fracture dimensions. Young’s Modulus, Formation Lithology and 
Stress are plotted against total vertical depth. To the right is the simulated propped fracture height, width, and length distribution 
associated with the proppant squeeze treatment 

Prior to conducting the proppant squeeze operation, a ‘data-frac’ will be undertaken. The data-frac comprises 

a series of pumping tests (22m3 total fluid volume) on the target reservoir to quantify the fracture gradient 

and monitor the reservoir pressure. The information obtained in the data-frac operation will enable 

refinement, calibration, and validation of the fracture simulation model. This will enable calibration of fracture 

extent ahead of the main proppant squeeze treatment.  

The updated simulation will inform the proppant squeeze operation, notably pump rate, fluid (pad) volume, 

proppant concentration and fluid rheology characteristics, the details of this procedure are documented in 

Appendix 6. 

Simulation modelling undertaken by Egdon’s preferred contractor, highlights the difference between the 

proppant squeeze operation planned for the conventional Ashover Grit reservoir in W1 and an unconventional 

low permeability tight reservoir. Figure 9 depicts two graphs to show the difference in surface pump pressure 
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during a calibration injection test. On the left is a conventional reservoir, analogous to the Ashover Grit in W1 

and on the right is the pressure response in a low permeability, unconventional reservoir. The drop off in pump 

and dissipation to zero is much swifter in the more permeable conventional reservoir target compared to the 

low permeability reservoir. Although the cross-linked gel used for the conventional reservoir has a greater 

viscosity than the proppant fluid in the unconventional reservoir treatment, breakers are added to the 

proppant fluid that reduce fluid permeability once the pumping stops. This enables leak off and fracture 

closure. Fracture closure in a ~50mD reservoir occurs within 30 to 60 minutes of the pumping operation, 

thereafter the pressure dissipates via pseudo-radial flow into the reservoir. By contrast, despite the 

deployment of a lower proppant fluid viscosity, the drop off in decline in an unconventional is very slow, taking 

up to several hours and sometimes days, for the fracture to close. 

 

Figure 9: Pressure decline between a conventional reservoir, analogous to the Ashover Grit in W1 and a treatment for an unconventional 
reservoir 

9.3 Well Integrity Monitoring 

Fluids and proppant are pumped down the central tubing in the wellbore. The annulus between the tubing 

and the deep-set casing will be monitored continuously with pressure sensors throughout the operation. All 

surface equipment including the wellhead will be monitored by pressure sensors and by visual inspection. An 

automatic pump shut down will be initiated should any pressure exceed the pre-set limit  

9.4 Groundwater Monitoring 

Although it is not a specific requirement for this Hydraulic Fracture Plan, for completeness this section provides 

details of the process that is being, and will be, applied in relation to monitoring of near surface groundwaters. 

It should be noted that the Environmental Permit issued in May 2017 has comprehensive groundwater quality 

monitoring parameters; these parameters have been determined by the Environment Agency, taking account 

of the fluids and constituent parts proposed for the proppant squeeze operation. The Environment Agency, 

the Planning Authority and the Planning Inspector have concurred with Egdon’s assessment that there will be 

a Low risk to groundwater from the proposed operation (see Appendix 7). As context, a Hydrogeological and 

Flood Risk Assessment (HFRA) was undertaken in support of Egdon’s Planning Application to North 
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Lincolnshire Council in 2018. This assessment followed on from a previous process, and was compiled to take 

account of the proposed reconfiguration of the wellsite and the installation of a High Density Polyethylene 

(HDPE) impermeable membrane.  

The HFRA concluded that there was either a low to very low overall residual risk to shallow sensitive aquifers 

and the local surface water system; the HFRA summary extract is included as Appendix 12. 

A scheme of ground and surface water monitoring was agreed with the Environment Agency through the 

Environmental Permitting process, to demonstrate the effectiveness of the embedded environmental 

mitigation measures. 

Four groundwater monitoring boreholes (GWMBH 1-4) were originally installed in March 2018, in accordance 

with the Planning Permission granted by North Lincolnshire Council on the 11th January 2017 (ref 

PA/2016/808). These were installed to enable monitoring of near-surface groundwater that has a resource 

value i.e. groundwaters that feed to drinking water supplies, abstraction, or agriculture. Three boreholes 

(GWMBH1, 2 and 3) were shallow (c.6m depth), and GWMBH 4 was installed deeper (c.50m) into the 

Lincolnshire Limestone.  

Following the award of Planning Permission through Appeal in January 2020, Planning Condition 15 sets out 

the requirement for a revised groundwater borehole installation plan as follows: - 

“Prior to the commencement of development, a borehole installation plan for the deepening of three existing 

groundwater monitoring boreholes and the installation of an additional groundwater monitoring borehole 

within the Unconsolidated Sands Aquifer shall be submitted to and approved in writing by the local planning 

authority. The borehole installation plan shall include details of the design, logging, and construction of the 

boreholes. No development shall take until the additional monitoring borehole is in place. Both the existing 

and the additional groundwater monitoring boreholes shall be constructed and monitored in accordance with 

the approved borehole installation plan.”  

As it was not possible to deepen the existing boreholes, a borehole installation plan was developed for three 

new boreholes to replace shallow wells GWMBH1, 2 and 3, plus one new borehole (GWMBH5) targeting the 

Unconsolidated Sands Aquifer (Appendix 9). The replacement boreholes were numbered GWMBH1R, 2R and 

3R. The borehole installation plan was approved by the Environment Agency on 17th April 2020, followed by 

discharge of the Planning Condition by North Lincolnshire Council on 29th April 2020. The boreholes were 

installed in May 2020, detailed in Appendix 10. 

For clarity, GWMBH4, the deeper borehole installed into the Lincolnshire Limestone, remains in-situ (see the 

as built construction detail in Appendix 11). Original boreholes GWMBH1, 2 and 3 have been permanently 

decommissioned. 

Monitoring and analysis of groundwater from all boreholes commenced in May 2020 in accordance with the 

analysis criteria set out within the Environmental Permit. Groundwater samples have already been taken over 

a period of at least three-months in advance of site operations and analysed at an independent accredited 

laboratory to establish the baseline water quality. During the proppant squeeze itself, the sampling and 
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analysis process will be undertaken weekly, and then monthly throughout the production phase, to monitor 

and confirm that there is no change to the water quality when compared to the baseline data.  

All analytical results will be issued to the Environment Agency under the conditions of the Environmental 

Permit.  

10. COMMUNICATION AND ENGAGEMENT 

This section sets out Egdon’s proposals for communication and engagement prior to and during the proposed 

W1 proppant squeeze. 

10.1 Communication and Reporting to Regulators 

By virtue of the planning application and environmental permitting application consultation process, the 

Regulators, who are statutory consultees, have been made aware of the proposed proppant squeeze. 

All chemicals used in the proppant squeeze have been fully disclosed in the environmental permit application. 

The regulators will be informed of the intention to undertake a proppant squeeze. In the case of the Oil and 

Gas Authority and the Health and Safety Executive, this will be communicated via the statutory notification 

process. Although there are no specific conditions attached to the Planning and Permit approval, Egdon will, 

as good practice, formally notify the Minerals Planning Authority and Environment Agency of its intent to 

conduct the proppant squeeze operation. 

10.2 Community Engagement 

In support of the planning application in 2016, Egdon submitted a Statement of Community Involvement (SCI) 

summarising the communication and engagement activity undertaken with local communities and key 

stakeholders. A brief overview of consultation activity is provided in Table 3 below. 

Leaflet distribution Distribution of 2,175 invitation letters to local residential and business 
addresses, in respect of the public drop-in exhibition/event 

Liaison with Council clerks Briefings with Appleby and Broughton Council clerks 

Councillor briefing session Briefing session with Appleby and Broughton Councillors 

Email communications and 
meetings 

Distribution to ward councillors, portfolio holders and Council Leader 

Briefing note and meeting with local MP 

Public Event Drop-in information day at Broughton Community Centre to display 
plans and enable communication with Egdon team 

Project web page Dedicated project web page with exhibition panels, additional 
information 

Dedicated email address and 
phone number 

Referenced on all communications to enable direct contact with 
Egdon’s PR representatives 

Information letters Contact and update letters issued regularly to local residents 
Table 3: Communication and engagement 

Communication with nearby residents, local Parish Councils and representative Members of Parliament has 

continued in the period following submission of the planning application.  
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Following the award of Planning Permission via Appeal in January 2020, Egdon are establishing a Community 

Liaison Group (CLG) to provide a platform for local people, stakeholders, and regulators to meet regularly with 

Egdon representatives to discuss the Wressle development. The CLG is intended to provide a platform for 

interested parties to raise concerns, to ask questions and seek expert opinion from within the business and 

from other bodies such as the Environment Agency and local authorities. Establishing the CLG has been 

delayed due to the Covid-19 pandemic, which has placed restrictions on movements and physical meetings, 

but it is planned to implement the CLG and convene meetings in advance of the planned W1 well operations. 

A dedicated Community website has been established and provides a platform to share project updates, 

environmental monitoring results and Newsletters. The Newsletters will also be circulated to Ward and Parish 

Councillors, local residents and key Community members.  

As well as these forms of communication, project update letters will be sent to local residents ahead of key 

operations. 

Egdon will continue to maintain engagement with the local community at all stages in the lead up to, and 

during, site operations. Specific to the proppant squeeze operation, Egdon will ensure that local people are 

informed on the timing of the planned operation, and of the measures that will be implemented as set out 

within this document.  

A specific section of Egdon’s website will inform of any Red-Light event (as defined by the TLS, Section 9.1) 

associated with the proppant squeeze operation. 

Many of the Planning Conditions as set out within the Planning Permission granted in January 2020 are set out 

to ensure there will be no adverse impact on local communities. To this end, noise thresholds have been 

defined within planning conditions, and Egdon will undertake noise monitoring during the proppant squeeze 

operation to ensure that these limits are not breached. Seismicity monitoring will also be undertaken, which 

is summarised in Section 9 above and detailed in Appendix 8. 

All contractors will be issued with an approved HGV route, as was in place for the drilling and testing operations 

conducted in 2014 and 2015, to ensure HGV movements are controlled and do not pass through main 

residential areas.   
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APPENDIX 1 – WRESSLE WELLSITE LOCATION  
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APPENDIX 2 – W1 LITHOLOGY LOG 
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APPENDIX 3 – W1 COMPLETION SCHEMATIC: SINGLE PACKER COMPLETION 

  

27-Jul-20

All depths are MD-KB ref BDF-28 unless stated

Casing In-hole Components: Top/m Completion

13-3/8" 61lb/ft
L80 BTC

66m 60

7" 26lb/ft VAGT
tie-back

to surface

7" liner packer:   
422m

9-5/8" 47 lb/ft
K55 BTC
472m MD 472

455m TVDRT 2-7/8" 6.4lb/ft L80 EUE tubing in 7" casing

Cross-over, 2-7/8" EUE x VAGT

Liner top 914

2-7/8" 6.4lb/ft VAGT in 4-1/2" liner

   4-1/2" top packer:
914m

7" 26 lb/ft Liner:
K55 VAGT

1023.5m MD
  850m TVDRT, 45°

Tri-Alta 2.28" rod pump hold-dow n nipple c. 1700
2-7/8" EUE connections + X/O's

1428m TVDRT, 38° Zone 3: 1831 - 1840m (cemented perforations)
Zone 3a: 1848 - 1855m (perforations to be cemented)

N.B. 2-7/8" VAGT tubing within 4-1/2" liner

Cross-over, 2-7/8" VAGT x EUE
1520m TVDRT, 24° Zone 2: 1937 - 1940m (cemented perforations)

2-7/8" XA-SSD
Cross-over, 2-7/8" x 2-3/8" EUE

4-1/2" x 2-3/8" EUE 1-X MECHANICAL packer #1 1977

1583m TVDRT, 18° Seating nipple w ith 1x 2-3/8" joint below
Ashover Grit current perforations: 2006 - 2015.5m

 4-1/2" 10.5 lb/ft Liner
K55 VAGT

to 2234m MD Float collar at 2224m (not tagged)
6-1/8" hole TD:
2240m MD/2.4˚
1814m TVDRT

Completion for Proppant Squeeze: Wressle-1, Ashover Grit

Above-ground:
10kpsi 2-9/16" Xmas 

tree

Tubing hanger, 
2-7/8" x 7"

Sliding Side Doors:
XO = dow n to open
XA = up to open
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APPENDIX 4 – W1 FAULT INTERPRETATION & ANALYSIS 

  

W1 FAULT INTERPRETATION & 
ANALYSIS 

 
 

 
 
WRESSLE 3D SEISMIC DETAILED FAULT 
INTERPRETATION TO SUPPLEMENT THE W1 
HYDRAULIC FRACTURE PLAN 

 

 

 

July 2020 



Document:  Hydraulic Fracture Plan 

Document Number: ER-W1-HFP-001 

 
 
 

Page 41 of 144 
 
 
 

1. Introduction 
A 3D seismic survey was acquired over the Wressle field by Egdon in 2012. This was subsequently reprocessed 

following the success of the Wressle-1 (W1) exploration well in 2015. The pre-stack time migrated (PSTM) 

reprocessed volume provided improved resolution in the Carboniferous section that allowed for mapping of 

the main hydrocarbon bearing intervals, post discovery by W1. The interpretation objectives in 2016 were to 

characterise the trapping mechanism, aid volumetric calculations, reserves estimation, and inform the Wressle 

Field Development Plan. 

The 2016 interpretation did not focus on small scale intra-formational faulting in and around W1 as this was 

not a requirement at the time. Detailed interpretation, analysis, and classification of the faults around W1 has 

since been undertaken by Egdon and has been integrated into the Seismic Hazard Assessment (Outer Limits) 

to provide input to the Hydraulic Fracturing Plan for the Wressle Field Development.  

2. 3D Data & Study Area 
The Wressle 3D survey covers PEDL182, PEDL180 and some of PEDL241 in North Lincolnshire, (Figure 1). It was 

acquired as the Broughton-12 3D land seismic survey by Tesla Exploration International Ltd in February 2012 

and covers an area of approximately 45 square kilometres, with W1 located approximately in the geographical 

centre of the survey. Egdon sought to reprocess the data following the discovery of the Wressle field, this was 

undertaken by DownUnder GeoSolutions in 2015. The main objectives of the reprocessing project were to: 

• Improve the bandwidth of the survey 

• Improve the signal to noise ratio 

• Improve the imaging at the Namurian interval 

These objectives were achieved using a combination of pre-stack and post-stack processing methods that 

included: 

• Pre-stack noise attenuation, deconvolution, and residual statics (multiple passes) 

• 5D interpolation (regularisation)  

• Pre-stack Kirchoff time-migration 

• Time variant filtering (post-stack) 

• Amplitude scaling (post-stack) 

• Structurally orientated noise attenuation (post-stack) 

• Zero-phasing 

Figure 2 highlights the detailed study area for the fault interpretation. For the purposes of the study a 1km 

radius around the Ashover Grit penetration in W1 was the focus for small scale fault interpretation, whilst all 

major faults within the Wressle Field Determination Area were also included in the analysis.  
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Figure 1: Map identifying the footprint of the Wressle 3D seismic survey; the Wressle Field Determination Area is highlighted by pink 
line 

 
Figure 2: Shows the focus of the study area in the context of the 3D survey and licences; 1km radius in green centred on the location of 
Ashover Grit in W1; an arbitrary 80m (diameter) buffer (grey circle) is used to highlight the maximum frac length that could be expected 
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The reprocessed 3D data is of good quality with good fold coverage over the area of interest. This has allowed 

for high-confidence interpretation of events from the shallow section down to depths well below that of the 

proposed operation in W1. Several horizons have been mapped in the Carboniferous section (Figure 3), in 

particular, strong events such as the Dinantian Limestone and the Late Westphalian Marker have been 

mapped with very high confidence. The Ashover Grit and deeper Namurian section still exhibit evidence of 

some residual flat-lying multiple noise that can reduce the confidence in the pick where this cross-cuts against 

the dip of the reflectors; however this is not material or wide-spread enough to cause high levels of 

uncertainty.  

The major bounding fault and associated antithetic faults to the north of W1 are clearly imaged, especially 

where offset is greater in the deeper section. As a result of later inversion this offset is slightly more ambiguous 

in the younger Carboniferous section. The seismic data has a dominant frequency of approximately 23Hz over 

the Carboniferous section which equates to a wavelength of approximately 165m. As such a fault will be 

imaged with clear offset if it is greater than a ¼ wavelength (~41m). Zhou & Hatherly (2012) modelled various 

fault throws and concluded that with good quality 3D seismic data, faults may be identified by smaller 

inflections in the seismic event, especially when combined with computer-aided interpretation techniques 

such as vertical exaggeration and auto-tracked event picking. This allows for sub-millisecond variations in 

horizons to be mapped and enables the confident interpretation of faults with offsets down to 1/8 wavelength 

(~20m) and even offsets as low as 1/16 wavelength (~10m). This is dependent on the quality of the data and 

the structural setting, with low offset faults possibly being masked by noise or steep dips. As a result, we have 

taken a cautious approach in interpreting any correlatable TWT offsets as an indication of a potential fault, 

whilst acknowledging that there may be faults that remain below the resolution of the data. Therefore, we 

consider any fault with an offset of less than 10m to be sub-seismic. We have used additional interpretation 

techniques to identify potential sub-seismic lineaments. 

Key horizons were depth converted using a 5-layer velocity model. V0-k relationships were established and 

optimised for each layer using velocity logs (sonic) from three wells in the survey area that had this data 

available (W1, Broughton-B1 and Glanford-1). The resulting grids were then flexed to tie at each of the three 

wells in the survey area.  
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Figure 3: Inline185 (TWT) with key interpreted horizons annotated; Broughton-Brigg bounding fault in green  

3. Fault Interpretation Methodology & Classification Criteria 
Faults were interpreted using seismic amplitude displays in parallel with fault attribute analysis tools available 

in the industry standard IHS Kingdom software package. The fault attribute volumes were generated as 

follows:  

• Symmetry (coherency/similarity) – a measure of how symmetrical one trace is to the previous, areas 

of low symmetry are often associated with lineaments such as faults 

• I3D Azimuth – generated from the symmetry attribute volume and calculates the azimuthal trend of 

areas of low symmetry 

• I3D Dip – generated from the symmetry attribute volume and calculates the dip of the low symmetry 

areas 

• I3D Energy – generated from the symmetry attribute volume and calculates the relative amplitude 

variations between traces, illuminating subtle lineaments that may not have a clear offset 

These attributes can be extracted over a time window around interpreted horizons, displayed in vertical 

seismic displays, or viewed as time slices to quality control the fault picks. This can help guide interpretation 

where it may otherwise be difficult, such as for identifying potential lineaments below seismic resolution. 

 



Document:  Hydraulic Fracture Plan 

Document Number: ER-W1-HFP-001 

 
 
 

Page 45 of 144 
 
 
 

Analyses and interpretation of the attribute volumes focused on 4 horizons: 

• Top Ashover Grit (hydrocarbon bearing reservoir) 

• Brotherton Formation (significant litho-stratigraphic boundary above) 

• Top Dinantian (significant litho-stratigraphic boundary below)  

• Westphalian A Marker (high confidence pick directly above the hydrocarbon bearing interval) 

Faults were then analysed based on criteria such as: 

• Orientation 

• Length 

• Maximum throw 

• Age  

• Proximity to the W1 intersection with the Ashover Grit 

4. Faulting  

4.1 Faulting by Horizon 

Figure 4 shows the faults interpreted at top Ashover Grit that have been classified into two groups based on 

age (pervasiveness vertically through the stratigraphy). Red faults demonstrate offset into the Late 

Westphalian, with some showing evidence of inversion associated with Late Carboniferous compression and 

uplift. These inverted faults form part of the main bounding Broughton-Brigg fault system that trends NW-SE 

across the north of the study area. Yellow faults are slightly older with latest offset occurring in the Late 

Namurian and Early Westphalian; they are generally shorter in length and have smaller offsets. Table 1 lists all 

the faults identified from interpretation of the Wressle 3D seismic volume at Ashover Grit level, 16 of which 

are within 1km of W1. 

Fault interpretation of the Brotherton Formation (Permian) shows that none of the faulting seen at Ashover 

Grit are throughgoing to that horizon (Figure 5). The Permian Zechstein interval is recognised as a significant 

litho-stratigraphic boundary representing a major unconformity and therefore reduces the potential for 

pathways and connectivity through faulting to shallower/younger stratigraphy. This also demonstrates that 

none of the identified faults have shown significant movement since the end of the Carboniferous period with 

the Zechstein interval possibly acting as a dislocation surface for faulting in the overburden from that in the 

Carboniferous. 

 



Document:  Hydraulic Fracture Plan 

Document Number: ER-W1-HFP-001 

 
 
 

Page 46 of 144 
 
 
 

 
Figure 4: TWT structure contour map of the top Ashover Grit, with interpreted faults marked by fault polygons; Late Westphalian 
faults (red) and older Early Westphalian faults (yellow) 

 
Figure 5: TWT structure map for the Brotherton Formation (Permian age); shows no through-going faults from the underlying 
Carboniferous, but does show influences on the structure in the form of subsidence trending ~NW-SE 
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Figure 6 shows the fault interpretation at the deeper Dinantian horizon. This is also a significant litho-

stratigraphic boundary as it represents a significant change in Carboniferous depositional environments from 

the Visean into the Namurian. Only the major Broughton-Brigg fault system is apparent at this depth, with 

evidence of the Late Carboniferous inversion of the hanging wall. This clearly indicates that most of the faults 

in immediate vicinity of W1 are also limited in their pervasiveness with depth, which is important when 

considering connectivity to deeper tectonic features.  

Figure 7 shows the fault interpretation for an intermediate horizon, named Westphalian A Marker. This is a 

high confidence seismic horizon, where faults are easily identifiable, if present. This horizon is within the 

Westphalian Pennine Coal Measures Group and lies just above the top of the hydrocarbon bearing 

Carboniferous sequence. This horizon highlights that the smaller older faults at Ashover Grit (yellow) do not 

reach this marker horizon, and that the immediate area surrounding W1 is structurally quiescent. This is 

important as this horizon provides an effective top seal to the underlying hydrocarbon bearing reservoir 

sequences. 

Fault 
Code 

Classification 
Strike 

Azimuth 
(deg) 

Dip 
direction 

(deg) 

Segment 
Length (m) 

Approx. 
max TWT 
offset (s) 

Approx. 
max throw 

(m) 

Horizontal 
Offset from 

W1 (m) 
Age 

AG1 Normal 58 - 238 148 2262 0.015 30 2122 
Late 
Westphalian 

AG2 
Normal 
Antithetic  

115 -295 25 1879 0.019 38 384 
Late 
Westphalian 

AG3 
Normal 
Antithetic  

126 - 306 36 387 0.002 4 569 
Late 
Westphalian 

AG4 
Normal 
Antithetic  

124 - 304 34 992 0.014 28 499 
Late 
Westphalian 

AG5 
Inverted 
Normal 

118 - 298 208 1350 0.012 24 806 
Early Carb - 
Permian 

AG6 
Inverted 
Normal 

124 - 304 214 2760 neg neg 1299 
Early Carb - 
Permian 

AG7 
Inverted 
Normal 

118 - 298 208 3740 0.013 26 967 
Early Carb - 
Permian 

AG8 Normal 39 - 219 309 1045 0.018 36 708 
Late 
Westphalian 

AG9 Normal 17 - 197 287 639 0.02 40 1301 
Late 
Westphalian 

AG10 Normal 55 - 235 145 887 0.013 26 998 
Late 
Westphalian 

AG11 Normal 51 - 231 141 1409 0.009 18 769 
Late 
Westphalian 

AG12 Minor Normal 108 - 288 18 309 0.01 20 342 
Late Nam - 
Early West 

AG13 Minor Normal 85 - 265 175 369 0.005 10 - 
Late Nam - 
Early West 

AG14 Minor Normal 105 - 285 195 552 0.005 10 514 
Late Nam - 
Early West 

AG15 Minor Normal 95 - 275 185 176 0.005 10 520 
Late Nam - 
Early West 

AG16 Minor Normal 28 - 208 118 127 0.01 20 655 
Late Nam - 
Early West 

AG17 Minor Normal 43 - 223 313 200 0.006 12 743 
Late Nam - 
Early West 

AG18 Minor Normal 163 - 343 253 156 0.007 14 805 
Late Nam - 
Early West 

Table 1: Details of the faults interpreted at top Ashover Grit; faults with offsets < 10m were identified by offset in horizons above and 
below  
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Figure 6: TWT structure map for top Dinantian horizon where the Broughton-Brigg fault system is clearly defined, but smaller scale 

faults are absent 

 

Figure 7: TWT structure map of Westphalian A Marker; smaller scale older faults observed in the Ashover Grit horizon do not reach 
this horizon 
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4.2 Fault Orientation 

The strike of each of the faults was measured and rose diagrams have been generated for each fault set. Figure 

8 shows the fault orientation for the Ashover Grit faults. By looking at the orientation of just the Late 

Westphalian aged faults it is noticeable that the older smaller scale faulting is more variable in its orientation. 

This could be an indication that these small scale intra formational faults were the result of local changes in 

accommodation space i.e. syn-sedimentary tectonism, rather than as a result of regional stress and tectonic 

influences. The Late Westphalian faults demonstrate a clear NWN-ESE trending fault set, and an oblique set 

trending roughly ENE-WSW.  

  

4.3 Sub-seismic Lineaments 

The use of fault attribute volumes has led to the identification of lineament features at Ashover Grit (Figure 

9). These lineaments reflect subtle changes in trace symmetry, whilst it is difficult to confidently draw 

conclusions from them, some of them can be correlated to being sub-seismic extensions of existing fault 

trends.  

i) ii) 

Figure 8: i) shows a rose diagram for all Ashover Grit faults; ii) shows a rose diagram of the Late Westphalian faults only 
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Figure 9: Extracted Symmetry attribute using a 10ms window above and below the Ashover Grit horizon (TWT structure contours are 
overlain); purple represents areas of low symmetry, lineaments identified using this attribute (and others) are highlighted by the dashed 
lines, those that are interpreted to be sub-seismic extensions of picked faults have been assigned the colour of the fault 

In some areas the lineaments are identified where there are changes in dip around the crest of the Wressle 

structure, the dip change may reduce the symmetry between traces. There is evidence for cross-cutting noise 

in the seismic around the crestal area at Ashover Grit, so it is a possibility that the lack of symmetry in places 

is a result of seismic artefacts. No lineaments are observed in the overlying Westphalian A Marker horizon 

which is a high confidence strong seismic event to pick. Whilst we acknowledge that there could be a sub-

seismic fracture network developed in the Ashover Grit, the data available to make a reliable assessment of 

this is far too limited. There were no image logs acquired in any of the wells in the area and no core was cut 

in the Ashover Grit in W1. None of the lineaments highlighted occur within 100m of the proposed operation 

at W1.  

4.4 Proximity to W1 

The nearest seismically definable fault (AG12) to W1 in the Ashover Grit is ~ 340m away. AG12 is an Early 

Westphalian aged fault with a small offset (~20m maximum at Ashover Grit), approximately 300m in length. 

The nearest Late Westphalian aged fault to W1 is AG2, ~380m away with a maximum throw of ~40m. Figure 

10 shows seismic sections with AG2 and AG12 highlighted 
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Figure 10: i) Seismic Inline185 (TWT) showing fault AG12 in yellow; ii) arbitrary seismic line (TWT) along W1 path with fault AG2 in red; 
iii) Ashover Grit TWT structure map with position of each seismic line in green 

 

 

 

5. Conclusions 

Using conventional seismic interpretation methods and advanced fault attribute analysis, 16 faults have been 

identified in the Ashover Grit within 1km of W1. The faults can be grouped by age:  

I. older Early Westphalian faults that are relatively short in length with low throws; and  

II. younger Late Westphalian faults that are larger with slightly larger throws.  

i) ii) 

iii) 

i) 
ii) 
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The larger faults are all related to the major bounding Broughton-Brigg fault system that trends WNW-ESE, 

with an oblique set trending approximately WSW-ENE. The smaller, Early Westphalian age faults are more 

variable in orientation, suggesting that they may be the result of localised changes in subsidence during 

deposition rather than from regional stress and tectonic influences. 

The nearest fault is ~340m from the intersection of W1 within the Ashover Grit. This fault is a small low-

throwing (~20m), intra-formational fault, of Early Westphalian age. The second nearest fault is ~380m away 

and is larger, with a maximum throw of ~40m and is Late Westphalian in age. It is an antithetic fault to the 

main bounding Broughton-Brigg fault system located further to the north (>800m from W1). Other than the 

three segments of the major Broughton-Brigg fault system, all faults are contained within the Late 

Carboniferous (Namurian & Westphalian) formations. This reduces the potential connectivity with, or 

pathways to, younger overlying stratigraphy. This containment within the Late Carboniferous also limits the 

connectivity to deeper crustal lineaments. 

Potential sub-seismic lineaments have been identified, some of which can be correlated to seismically 

definable fault tips with a reasonable level of confidence. Others can be correlated with changes in dip in the 

Ashover Grit (which may influence trace symmetry). Some lineaments can be associated with seismic artefacts 

where we are confident that they are not structural features. 

Faults were depth converted using the nearby Broughton-B1 checkshot survey as the velocity model. The 

depth converted faults were shared with Outer Limits Geophysical for input into a geomechanical model in 

Appendix 5. 
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APPENDIX 5 – SEISMIC HAZARD RISK ASSESSMENT 
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SUMMARY 

• This report assesses any potential seismic hazards that maybe associated with the proppant squeeze 

operation planned at W-1. While the term “hydraulic fracturing” can be used generically to 

describe all well completion operations where fluid is injected into oil wells to create fractures, it 

is important to distinguish the very different scales between the proposed operation (injection of < 

150 m3 into a conventional reservoir), and shale gas hydraulic fracturing (injection of tens of 

thousands of m3 into a very low permeability reservoir).  

• In recent years, hydraulic fracturing in shale gas reservoirs has generated notable cases of induced 

seismicity. However, smaller-scale hydraulic fracturing has been used in conventional and tight 

reservoirs for over 70 years without generating any identified cases of induced seismicity. Levels of 

induced seismicity are observed to vary substantially between basins, and between different 

formations within the same basin.  

• We examine plays that have experienced induced seismicity elsewhere and find that their 

susceptibility is revealed relatively promptly as wells are drilled. Hence, the presence of a large 

number of wells that have not experienced seismicity is a good indicator that a play will not 

generate events as further wells are drilled.  

• The W-1 well lies in an area with moderate levels of background seismicity. The 2008 Market Rasen 

earthquake was one of the largest to have been recorded in the UK – it is located approximately 20 

km laterally southeast of the site. This event occurred at mid-crustal depths > 20 km, far below any 

depth that could be affected by the proposed operation. No M > 3 events been recorded at depths 

shallower than 10 km within the region.  

• A significant number of low-magnitude (M < 3) events induced by coal mining activities are located 

to the west and southwest of the site.  

• Hydraulic fracturing operations in similar reservoirs have taken place in the area for over half a 

century, particularly at the Gainsborough, Beckingham, Bothamsall, Corringham, Welton, and 

Egmanton fields. In total 150 stimulated wells have been identified within 50 km of the Wressle 

site. No seismicity has been recorded in association with any of these operations. 

• We examine the faults observed in 3D seismic data acquired across the site area, and assess their 

stability given the in-situ stress field. The nearest identified fault is over 300 m from the well, 

whereas the maximum expected fracture length is less than 50 m. The stresses acting on the 

identified faults are moderate, with the mean expected perturbation required for slip (the “critical 

pore pressure”) of at least 5 MPa for the most susceptible faults. The proposed operation is unlikely 

to produce a perturbation of this scale at the required distances.  
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• We perform a seismic hazard assessment to assess the likelihood of the largest event size during the 

proposed operations. We investigate MMAX, which describes the largest event that is physically 

possible given the proposed operation, finding it to be poorly constrained. Our view is that the 

appropriate MMAX is lower than the tectonic MMAX of M 6.5 used by the BGS, but clearly it must be 

equal to or larger than events that have been observed at shallow depth (both natural and induced 

by coal mining), that have had magnitudes of approximately M 3.0.  

• The value of MMAX (the largest event that is considered to be physically possible) is of little 

significance if recurrence rates at such magnitudes are very low. We assess the recurrence rates 

using the seismogenic index, Σ, which describes a linear scaling between the injection volume and 

the number of events. This model is well established in the scientific literature. Because Σ at this 

site is poorly constrained, we use a logic tree to assign probabilities for Σ, across a wide range of 

potential values, based on observed stimulation elsewhere.  

• Because the number of events scales with the injection volume, the expected rates, and therefore 

the expected sizes, of events for this very low volume operation are small. The most likely largest 

event size is M -2.0, which may be beyond the limit of detectability, even for a downhole 

monitoring array. The largest magnitude event at the 95% confidence limit is M 0.6, which would 

be detectable on a local surface array, but would not be felt by the public. An extreme case, with 

1% chance of exceedance, is a largest event of M 1.6. An event of this size would be detected by the 

BGS national monitoring array, and it might be felt by nearby residents, but would be well below 

the threshold that could cause even cosmetic damage.  

• Given that an extremely unlikely scenario indicates an event that is too small to pose any likelihood 

of damage, the seismic hazard posed by the proposed operation is low.  

• For comparison, 150 wells have been stimulated with similar techniques within the region, none 

of which produced detectable seismicity. Furthermore, even for injection into the Bowland Shale, 

which appears to be more seismogenic, in each of the 3 wells stimulated so far, the first 150 m3 of 

injection (which represents the entire scope of operation proposed here) did not generate any 

seismicity larger than M 0.0.   
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1. INTRODUCTION 

Egdon Resources U.K. Limited (Egdon) plans to conduct a proppant squeeze operation in the Wressle-1 

well (W-1). This operation involves the injection of a total of 150 m3 of fluid into the well, combined with 

proppant, which will create permeable pathways linking the reservoir to the well. Egdon’s Hydraulic 

Fracture Plan details the operational parameters, and includes models of the expected fracture propagation, 

which is expected to extend less than 50 m from the well.  

In the last decade, concerns about seismicity induced by oilfield operations has risen substantially. In this 

report we provide an assessment of the seismic hazard posed by the proposed operations. In Chapter 2 we 

provide a review of hydraulic fracturing-induced seismicity (HF-IS), and in particular how levels of 

seismicity vary between and within basins, and on the specific nature of the oilfield operation. We also 

examine the observed temporal evolution of induced seismicity within susceptible plays.  

In Chapter 3 we examine the seismological setting at the site, and the past occurrence of seismicity in the 

region. We compare these observations with past oilfield operations, finding no occurrence of detected 

seismicity associated with previous activities that are similar to that proposed by Egdon.  

In Chapter 4 we examine the geomechanical conditions at the site, and in particular the in-situ stress 

conditions relative to the orientations of faults identified in Egdon’s Hydraulic Fracture Plan (Proppant 

Squeeze), and whether they might be prone to reactivation.  

In Chapter 5 we perform a seismic hazard assessment for the proposed activity, based on widely accepted 

links between injection volumes and seismicity rates, in order to quantify the likelihood of felt or damaging 

events being generated. Finally, in Chapter 6 we provide our conclusions.  

Before commencing this analysis, we feel that it is appropriate to clarify some terminology, since certain 

terms that are widely used among petroleum engineers are often misinterpreted by non-experts, leading to 

confusion among the public. A key parameter for all hydrocarbon reservoirs is their permeability, since this 

defines the ability of gas and/or oil to flow through the formation to the well. Typically, reservoirs are 

grouped as “conventional” (moderate to high permeability), “tight” (low permeability) and “shale” (very 

low permeability) (Figure 1.1), though of course in reality reservoir permeabilities vary across a continuum, 

rather than falling into neat boxes.  

Hydraulic fracturing, or hydraulic stimulation, describes a technology used to enhance production from 

hydrocarbon wells. Fluids are injected at pressure into the formation to generate fractures. Once injection 

stops, proppant that is mixed with the injected fluid remains in the newly-created fractures, producing a 

permeable pathway linking reservoir rocks to the well, along which hydrocarbons can flow. A single 

hydraulic fracturing stage typically takes a few hours to complete, although for wells with multiple stages 

the overall process can therefore take several weeks. Once the stimulation process is complete, 

hydrocarbons are allowed to flow from the well over years and even decades, much like any other 

unstimulated well.  
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Hydraulic fracturing has been used to stimulate oil and gas reservoirs since the late 1940s (Hubbert and 

Willis, 1957; Montgomery and Smith, 2010). Prior to the invention of this technology, reservoir stimulation 

was often achieved using explosive charges (Montgomery and Smith, 2010). Rubinstein and Babaie Mahani 

(2015) estimate that hydraulic fracturing has been used to stimulate over one million wells in North 

America alone. Onshore in the UK, over 200 wells have received hydraulic stimulation of some kind. 

 

 

Figure 1.1: Illustration of reservoir types as defined by the permeability. Permeability ranges of many orders of 
magnitude, from good conventional reservoirs with high permeability to very low permeability shale reservoirs.  

 

While the technology of hydraulic fracturing is well established, the nature and scale of the technique has 

varied significantly both with time, and with the type of reservoir being targeted. It is important to 

distinguish between a proppant squeeze in a conventional reservoir, hydraulic fracturing in tight sandstone 

reservoirs, and hydraulic fracturing in shale reservoirs.  

A “proppant squeeze” is typically used in conventional reservoirs. The drilling process itself may create a 

zone of low permeability around a well, that limits flow from the reservoir. A proppant squeeze creates a 

fracture that is a few tens of metres long, extending through this low permeability zone and providing a 

connection with the reservoir. A proppant squeeze will typically use 100 – 200 m3 of injected fluid.  

If the reservoir itself has a lower permeability, such as a low permeability conventional reservoir or a tight 

sandstone formation, then more fractures are required to provide the principal pathway for hydrocarbon 

flow through the reservoir to the well. Hence, a larger scale of hydraulic fracturing is required. Hydraulic 

fracturing in tight sandstones might use a few thousand m3 of injected fluid per well, perhaps distributed 

over multiple stages.  

Shale formations have extremely low permeabilities. As such, the scale of hydraulic fracturing needed to 

achieve commercial production rates is large. Whereas hydraulic fracturing has been used in conventional 

and tight reservoirs for decades, extraction of shale gas resources only began in earnest in the mid-2000s. 

Hydraulic fracturing of shale gas formations requires wells with long horizontal sections (typically several 

km), with many tens of stimulation stages, and total injection volumes per well measured in the tens of 
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thousands of m3. As such, while all of the above methods may be described generically as “hydraulic 

fracturing”, there may be as much as 2 orders of magnitude difference in scale between these different 

applications.  

In this report we use the terms “hydraulic fracturing” or “stimulation” to refer generically to all of the above 

technologies where fluids are injected into a reservoir in order to generate fractures that enhance 

production. Where it is necessary to differentiate between these different types and scales of technique, we 

do so accordingly.  

 

  



Document:  Hydraulic Fracture Plan 

Document Number: ER-W1-HFP-001 

 
 
 

Page 61 of 144 
 
 
 

2. REVIEW OF HYDRAULIC-FRACTURING INDUCED SEISMICITY 

In this chapter we review the phenomenon of induced seismicity associated with hydraulic fracturing and 

other well completion activities, and its occurrence in basins around the world. We begin by considering 

the mechanisms by which induced seismicity is created. We then examine the variability of occurrence of 

Hydraulic-Fracturing Induced Seismicity (HF-IS) in different plays and basins, and the potential controls 

on this. Finally, we examine the temporal evolution of cases of HF-IS and consider the extent to which the 

presence of stimulated wells in an area or play can be used to infer the likelihood of induced seismicity.  

2.1. HYDRAULIC FRACTURING AND INDUCED SEISMICITY 

The term “induced seismicity” refers to earthquakes that occur in the same manner as tectonic events (i.e., 

abrupt rupture of geological faults), however their location and timing is determined by human activities 

in the subsurface.  

A distinction is commonly made between induced and triggered seismicity, whereby “induced” refers to 

events whose total slip is comparable to the scale of deformation caused by the activity, while “triggered” 

refers to events where the earthquake slip is much larger than the scale of deformation, with a smaller 

human-induced perturbation triggering the release of stresses that have accumulated over geologic time. 

The energy released by triggered earthquakes has been stored in the crust over geological time from tectonic 

processes. Where injection affects the stress or pore-pressure conditions on a fault that is well-orientated 

in the in situ stress field such that it is pushed towards failure, this may generate a triggered earthquake 

that releases the stored tectonic strain energy. With reference to the above terminology, sequences of HF-IS 

of sufficient magnitude to be of concern are triggered events. However, in this report we use the term 

“induced” in a generic manner to refer to both of the above classifications, as is common practice.   

Hydraulic fracturing is used to enhance the flow characteristics of low permeability reservoirs. It has been 

widely used since its invention in 1947 (Hubbert and Willis, 1957). By design, hydraulic fracturing creates 

fractures in the subsurface that are then filled with proppant. The hydraulic fracturing process commonly 

generates low magnitude (M < 0) microseismic events. These can be monitored with downhole geophone 

arrays, and this microseismic data is used to image the fracture dimensions and orientations in the 

subsurface (e.g., Maxwell et al., 2010). Events of this size are far too small to be felt at the surface. This 

operationally-induced microseismicity should not be conflated with induced seismicity, where injection 

causes slip on a pre-existing tectonically stressed fault, creating larger events that might be felt at the 

surface.   

The first widely-reported case of hydraulic fracturing induced seismicity occurred in the UK at the Preese 

Hall well near Blackpool in 2011 (Clarke et al., 2014), which was targeting the Bowland Shale Formation. 

Hydraulic fracturing induced seismicity was also occurring in the West Canadian Sedimentary Basin 

(WCSB) in the Horn River area between 2009 – 2011 (BCOGC, 2012; Farahbod et al., 2015), although these 

events were much less widely reported at the time. Since then, awareness of the potential for hydraulic 
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fracturing induced seismicity has increased substantially. Examples have been documented from Ohio, 

Oklahoma, Arkansas and Texas in the USA (e.g., Friberg et al., 2014; Skoumal et al., 2015, 2018, 2020; Yoon 

et al., 2017); from the Duvernay and Montney formations in the WCSB; from the Sichuan Basin in southern 

China (e.g., Lei et al., 2017; 2019); and from the Bowland Shale in the UK (Clarke et al., 2019). The WCSB 

is probably the most extensively-studied basin for HF-IS in the world.  

Magnitudes of events induced by hydraulic fracturing have typically been moderate, with M < 4 (e.g., 

Clarke et al., 2014; Farahbod et al., 2015; Yoon et al., 2017; Skoumal et al., 2018, 2020). However, in the 

WCSB the largest magnitudes have ranged between 4 < M < 5 (e.g., Babaie Mahani et al., 2017; Schultz et 

al., 2017; Babaie Mahani et al., 2019), and in the Sichuan Basin the largest magnitudes have ranged between 

5 < M < 6 (e.g., Lei et al., 2019).  

2.2. MECHANISMS FOR INDUCED SEISMICITY 

The mechanisms by which hydraulic fracturing induced seismicity occur are typically understood by 

reference to the Mohr Coulomb failure criteria, whereby in situ stress conditions are resolved into normal 

(𝜎𝑛) and shear (𝜏) stresses acting on a fault, and slip will occur if 

𝜏 > 𝜇(𝜎𝑛 − 𝑃) + 𝐶,        (2.1) 

where P is the pore pressure, 𝜇 is the friction coefficient and C is the cohesion. Equation 2.1 can be re-

written in terms of the Coulomb Failure Stress, (CFS): 

 𝐶𝐹𝑆 = 𝜏 − 𝜇(𝜎𝑛 − 𝑃),        (2.2) 

where 𝜎𝑛 − 𝑃 is the effective normal stress 𝜎′𝑛. A positive change in CFS implies that the stress conditions 

are moving towards the failure threshold, increasing the likelihood of induced seismicity.  

Equation 2.2 shows that failure can be reached in a number of ways: by increasing the shear stress; by 

decreasing the normal stress; or by increasing the pore pressure. The primary driving mechanism for HF-

IS is the increase in pore pressure, which reduces the effective normal stress (Terzaghi, 1943), moving faults 

towards the Mohr-Coulomb failure envelope and allowing slip. However, other mechanisms such as stress 

transfer through poro-elastic expansion of the rock frame (e.g., Deng et al., 2016), aseismic slip on pre-

existing faults (e.g., Eyre et al., 2019), and stress transfer from tensile fracture opening (e.g., Kettlety et al., 

2020a) have also been proposed (Figure 2.1). 

HF-IS therefore requires certain necessary conditions: (i) injection must create a perturbation in pore 

pressure or stress conditions; (ii) a pre-existing tectonic fault must be present; (iii) the fault must be close 

to its critical stress condition (the point in Mohr-Coulomb space at which slip will occur); (iv) the fault 

must have sufficient surface area such that an event of appreciable magnitude can occur on it; (v) there 

must be a plausible mechanism by which the pore pressure or stress perturbation can reach the fault and 
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increase the CFS; and (vi) the frictional properties of the fault must be such that the slip is released rapidly 

as a seismic event (as opposed to slow, aseismic slip).  

The existence or absence of these conditions will therefore determine the susceptibility of an operation, 

region or play to induced seismicity. The presence or absence of the necessary conditions described above 

will also determine the distances from the well at which induced seismicity might be expected to occur.  

 

Figure 2.1: Illustration of the mechanisms by which seismicity is induced (or triggered) during hydraulic fracturing 
(HF).  

2.3. VARIABILITY IN HYDRAULIC FRACTURING-INDUCED SEISMICITY RESPONSE 

The susceptibility of different formations and plays to HF-IS is observed to vary significantly. Some plays, 

such as the Barnett, Bakken and Marcellus in the USA have seen extensive hydraulic fracturing with little 

or no induced seismicity (Verdon et al., 2016; van der Baan and Calixto, 2017; Skoumal et al., 2018), while 

others such as the Duvernay and Montney formations in the WCSB (e.g., Bao and Eaton, 2016; Babaie 

Mahani et al., 2017), and the Sichuan Basin in China (Lei et al., 2017; 2019) have produced notable cases of 

induced seismicity.  

The susceptibility to induced seismicity is observed to vary between units within the same basin. For 

example, Skoumal et al. (2018) examined the Appalachian Basin and found cases of induced seismicity 

caused by hydraulic fracturing of the Ordovician Utica Formation towards the west of the basin, where this 

unit is in proximity to the Precambrian Basement. In contrast, induced seismicity is very rare from 

stimulation of the Devonian Marcellus Formation, which is more than 1 km shallower than the Utica 

(Figure 2.2). Skoumal et al. (2018) argue that the Salina evaporites provide a hydraulic and mechanical 

1.) Direct intersection 
between HFs and 

fault 

3.) Static stress transfer 
(poro-elastic deformation)  

2.) Transfer of elevated pore pressures 
through pre-existing permeable fracture 

network  

Injection 

point

Hydraulic
 fra

ctures

Pore
 pre

ss
ure

 fr
ont

P
re

-e
xi

st
in

g
 n

a
tu

ra
l f

ra
ct

u
re

 c
o
rr

id
o
r

SHM
AX

Stre
ss fie

ld pertu
rb

atio
n



Document:  Hydraulic Fracture Plan 

Document Number: ER-W1-HFP-001 

 
 
 

Page 64 of 144 
 
 
 

barrier (mechanical stratigraphy) that prevents pore pressure and stress perturbations created by 

stimulation of the Marcellus from propagating downwards into the underlying basement, where pre-

existing faults will be more common, and stress gradients may be higher.  

Similarly, hydraulic fracturing in the Duvernay and Horn River Shales (Devonian age), and in the Montney 

Shale (Triassic age) in the WCSB have generated notable cases of HF-IS. However, extensive stimulation of 

overlying Cretaceous-age tight sandstones such as the Cardium and Mannville Formations – with almost as 

many wells as for the Duvernay and Montney combined – has not generated any recorded cases of induced 

seismicity (Figure 2.3).  

We note that this difference in HF-IS susceptibility in the WCSB is recognised by the Alberta regulator 

(the AER), who apply Traffic Light Systems and other control measures to hydraulic fracturing in the 

Duvernay Shale, but these measures are relaxed substantially for hydraulic fracturing in overlying 

conventional formations. This analogy has clear relevance to the case under consideration for the Wressle 

W-1 well, because it shows the large differences in HF-IS that can occur in the same basin when comparing 

stimulation of conventional reservoirs with low-volume operations versus stimulation of underlying shale 

formations using high injection volumes, and it is therefore appropriate to apply different levels of risk 

management in response.    

 

Figure 2.2: Cross-section showing relationship between cases of induced seismicity (stars) and subsurface operations 
in the Appalachian Basin (Ohio and Pennsylvania), from Skoumal et al. (2018). The blue vertical lines show 

wastewater disposal wells, and the black dots show hydraulic fracturing in the Marcellus Shale (green line) and 
Utica Shale (red line). The orange shading shows the Salina evaporites, which present a geomechanical and 

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

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

The productivity of HF-IS can be described using the seismogenic index, Σ (Shapiro et al., 2010). This 

parameter is based on the observation that the number of induced earthquakes larger than a specified 

magnitude increases in proportion to the injected fluid volume (Shapiro and Dinske, 2009). As a result, the 
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Gutenberg and Richter (1944) (GR hereafter) earthquake recurrence relationship, which describes the 

number, N, of earthquakes larger than magnitude M:  

 log(𝑁) = 𝑎 − 𝑏𝑀,        (2.3) 

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

 log(𝑁) = Σ + log(𝑉) − 𝑏𝑀       (2.4) 

where V is the cumulative injected volume. Hence the seismogenic index describes the ratio of the number 

of events, 𝑁𝑡(𝑀), larger than magnitude M at time t, to the injected volume at this time, Vt:  

 Σ = log (
𝑁𝑡(𝑀)

𝑉𝑡
) − 𝑏𝑀        (2.5) 

Therefore, the seismogenic index is effectively a measure of how seismically sensitive the crust is to fluid 

injections at any particular location. 

 

(a) 
 

(b) 

 

(c)  

Figure 2.3. Lessons learned from HF-IS occurrence 
in the WCSB. In (a) we show the number of 
stimulated wells by age of formation. HF activities 
are dominated by stimulation of the Cretaceous-
age conventional and tight gas reservoirs (green), 
and of the Triassic Montney and Devonian 
Duvernay and Horn River Shales. In (b) we show 
the cases of HF-IS associated with these activites: 
HF-IS has occurred extensively in the older shale 
formations, but no cases have been recorded in the 
shallower conventional reservoirs. In (c) we 
compare the larger stimulation volumes used in the 
shale formations versus the far smaller volumes 
used in conventional and tight gas reservoirs such 
as the Cardium and Mannville. 
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Dinske and Shapiro (2013) show that Σ typically remains constant during injection at a given site. This 

demonstrates that the levels of induced seismicity will scale with the injected volume. Moreover, Dinske 

and Shapiro (2013) show extreme variability in Σ between sites, with a difference of over 10 orders of 

magnitude in the induced seismic response for different injection projects (Figure 2.4). The hydraulic 

fracturing cases considered by Dinske and Shapiro (2013) sit towards the lower end of their range. However, 

recent cases of hydraulic fracturing induced seismicity in the Horn River Basin, in the Duvernay, and in 

the Bowland Shale, UK, have produced values of -2.5 < Σ < -0.5 (e.g., Verdon and Budge, 2018; Schultz et 

al., 2018; Clarke et al., 2019), towards the higher end of the range identified by Dinske and Shapiro (2013). 

This variability highlights how the geomechanical conditions at different sites have a significant influence 

on the occurrence of induced seismicity.    

This variability has been explained in various ways, most of which refer back to the necessary conditions 

described above. Pre-existing faults of sufficient dimensions must be present, in sufficient proximity to the 

injection site, these faults must be near to their critical stress conditions, and they must release slip rapidly 

as seismic events, rather than aseismic slow slip. Therefore, induced seismicity will be more likely in rocks 

that have a higher abundance of faulting, and in rocks that have significant overpressure (since this will 

reduce the effective normal stress) or stress anisotropy (since this will increase the shear stress). The 

proximity of injection to the underlying crystalline basement has often been invoked as a key factor for 

induced seismicity (e.g., Verdon, 2014; Skoumal et al., 2018; Hincks et al., 2018; Pawley et al., 2018), since 

the basement will typically be more faulted and, being stiffer, will bear higher stresses (e.g., Vilarrasa and 

Carrera, 2015), and therefore will host more, and larger, seismic events.    

 

Figure 2.4: Seismogenic index from a selection of injection projects (including waste disposal, geothermal projects, 
and hydraulic fracturing), from Dinske and Shapiro (2013). The productivity of induced seismicity generation varies 

by 10 orders of magnitude between these projects. 
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For most of its history, therefore, hydraulic fracturing took place in conventional and tight sandstone and 

carbonate reservoirs, and was not associated with induced seismicity, leading the National Research Council 

to state that hydraulic fracturing “does not pose a high risk for inducing felt seismic events” (NRC, 2013). 

To date, we are not aware of any cases of induced seismicity associated with hydraulic fracturing in 

conventional reservoirs or in tight sandstone or carbonate formations. In contrast, the recent increase in 

cases of HF-IS has been associated with the increase in the use of hydraulic fracturing in shale formations. 

While many shale formations have not generated induced seismicity, where seismicity has been associated 

with hydraulic fracturing, it has occurred when shale plays are the target for stimulation.  

A combination of explanations may be considered to account for the difference in behaviour between 

conventional reservoirs and some shale plays. The injection volumes used for stimulation of shale gas 

formations are typically substantially larger than those used in conventional formations, which may be 

significant given that rates of induced seismicity are observed to correlate with injection volume (e.g., 

Shapiro et al., 2010; van der Elst et al., 2016; Hallo et al., 2014). The permeabilities of conventional 

formations are orders of magnitude larger than shale formations, which means that elevated pressures 

during stimulation will quickly dissipate, whereas in lower-permeability shales elevated pore pressures may 

persist for a longer period of time unless flowback is conducted. In many basins, shale gas plays are found 

at greater depths, near to basement rocks – as described above, proximity to basement rocks is often an 

important factor controlling the susceptibility to induced seismicity.  

The relative importance of these factors has not received extensive investigation. Nevertheless, it is clear 

that the levels of induced seismicity produced by hydraulic stimulation of some shale formations are very 

different to those generated by stimulation of conventional reservoirs. Therefore, assessments of seismic 

hazard derived from observations and/or modelling of shale formations cannot be applied to conventional 

reservoirs.  

2.4. TEMPORAL EVOLUTION OF HYDRAULIC FRACTURING-INDUCED SEISMICITY RESPONSE 

Seismic hazard is always based on projections of the past as the basis for modelling the future. In 

conventional seismic hazard assessment, observations of past earthquake occurrence rates provide the basis 

for predicted future recurrence relationships. The last few decades are typically covered by instrumental 

earthquake catalogues, and historical seismicity studies can significantly extend the observation period.  

In contrast, for induced seismicity the observations are not measured in terms of events over elapsed time. 

Instead, operational metrics such as the number of events per well, per injection stage, or per injected 

volume, should be used. Prior to the onset of fluid injections, developing a model for earthquake occurrence 

is extremely challenging, especially since many, if not most, wells do not produce induced seismicity.  

It is therefore important to establish whether induced seismicity occurrence emerges with the development 

of operations in a play or region. If so, observations at comparable injection sites can be adopted as an 

analogue for a specific location where injections are planned. In other words, can a large number of 
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stimulated wells without observed seismicity be interpreted as being similar to many years of observations 

of seismic quiescence for natural seismicity? 

In Figure 2.5 we examine the temporal evolution of HF-IS in the Horn River, Montney and Duvernay Shale 

plays. We chose to study these plays because they represent some of the best studied formations for induced 

seismicity, with good quality publicly available data regarding both stimulated wells and seismic events. 

Our objective in doing so is to establish typical temporal patterns for induced seismicity in areas where the 

geological and geomechanical conditions result in reservoirs that are susceptible to induced seismicity. This 

data allows us to address whether hydraulic fracturing can take place in such regions for a significant period 

of time before induced seismicity begins to occur; or whether induced seismicity will occur relatively 

quickly once hydraulic fracturing begins to take place. 

In all three cases, we find a close temporal correlation between the development of a play and the 

occurrence of seismicity. Typically, an elevated level of seismicity, with events larger than M 2.5, is 

observed after the construction and stimulation of roughly 100 wells.  

 

  

 

Figure 2.5: Temporal evolution of induced seismicity 
relative to hydraulic fracturing wells in the Horn 

River, Northern Montney, and Fox Creek clusters. We 
compare the cumulative number of M  2.5 

earthquakes with the cumulative number of hydraulic 
fracturing wells targeting the Horn River, Montney 

and Duvernay formations respectively. 

These observations show that, when hydraulic fracturing takes place in an area where the target formation 

is susceptible to induced seismicity, then that seismicity will occur relatively promptly. Similarly, prompt 

responses have been observed in other plays, such as the Bowland Shale in the UK, where all three 
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stimulated wells produced felt events (Clarke et al., 2014; Clarke et al., 2019; Cremen et al., 2020). We are 

not aware of any cases where extensive hydraulic fracturing has taken place and seismicity has not occurred 

immediately, but has then begun to occur a significant period of time later. In other words, for a given 

formation in a given area, the susceptibility (or otherwise) to HF-IS is relatively quick to reveal itself once 

operations begin. This matters because it means that, as discussed above, the presence of stimulated wells 

in a region, play or formation without observed seismicity can be interpreted with respect to hazard 

assessment of induced seismicity as being similar to many years of observations of seismic quiescence for 

natural seismicity. 
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3. SEISMICITY AND STIMULATION ACTIVITIES IN THE VICINITY OF W-1 

In this chapter we examine the regional seismic context for the proposed operations. We begin by 

examining the occurrence of earthquakes within a study region comprising a 100 × 100 km square centred 

on the W-1 well, including a consideration of the detection thresholds provided by the British Geological 

Survey (BGS) national seismic network, the depths at which events have occurred, and their relationship 

to industrial activities in the region.   

3.1. SEISMICITY IN THE WRESSLE STUDY REGION 

Figure 3.1 shows all earthquakes available from the BGS national catalogue, from 1970 to the present. 

Broadly speaking, levels of seismicity in England decrease from the NW to the SE, with our study area lying 

in a region of moderate baseline levels of seismicity. Figure 3.2 shows all earthquakes within the 100 × 100 

km square centred on the W-1 well. There are two aspects of particular interest: large numbers of smaller-

magnitude events to the west and southwest of the well site, associated with coal mining activities, and the 

2008 M 5.2 Market Rasen earthquake. 

 

Figure 3.1: Map of earthquakes in England and Wales (after BGS online viewer). Events are coloured by date and 
sized by magnitude. Rates of seismicity generally decrease from the NW to the SE. The region for our study is 

shown by the black dashed box.   
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Coal mining has long been associated with induced seismic activity in the UK (e.g., Redmayne, 1988). 

Indeed, Wilson et al. (2015) estimated that between 20 and 30 % of all earthquakes recorded in the United 

Kingdom between 1970 and 2012 were induced by coal mining. Magnitudes associated with this activity 

have been below M 3 (Green et al., 2012). Our study area includes the New Ollerton sequence, which 

experienced particularly high numbers of mining-induced events in 1989-1990 (Bishop et al., 1993), and 

again in 2013-2014 (Verdon et al., 2018), linked with mining activities at the Thoresby Colliery. Events 

were found to closely track the position of the mining front, with event source mechanisms showing dip-

slip movements in response to extraction from longwall mining panels.    

The dip-slip mechanisms demonstrated by Verdon et al. (2018) show that the induced seismicity associated 

with coal mining were caused by collapse and compression of the rock surrounding long-wall mining panels 

as they are allowed to cave in behind the mining front. The nature of this deformation, with a void of as 

much of 3 m allowed to collapse, is significantly larger than any perturbation created by hydraulic 

fracturing, which generates fractures of only a few mm width at most. As such, the coal mining induced 

events are of limited relevance when assessing the susceptibility of formations to hydraulic fracturing-

induced seismicity. Coal mining events can be used to inform the maximum possible event size, MMAX (see 

Chapter 5), but they cannot be used to estimate the likely rate of induced seismicity occurrence from 

hydraulic stimulation of Carboniferous formations. 

The 2008 Market Rasen earthquake was one of the largest earthquakes to have been instrumentally 

recorded in the UK. It was widely felt across England and Wales. Heyburn and Fox (2010) constrained the 

depth of this event to 22 km using a combination of surface and body wave observations. At least 12 

aftershocks from this event were also detected. This depth is far too deep to be affected by oil and gas 

activities in shallow sedimentary strata. 
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Figure 3.2: Locations of instrumentally-recorded earthquakes in a 50 km region around the Wressle site (black 
square). Events are coloured by date and sized by magnitude.  

Figure 3.3 shows the event magnitudes as a function of depth within our study area. This data feeds into 

the discussion of largest possible magnitudes in Section 5.2. Much like the mapped events in Figure 3.2, the 

abundance of shallow, small-magnitude events associated with coal mining is apparent, while larger events 

tend to occur at mid-crustal depths, with no events larger than M 3.0 within 10 km depth.  

3.2. HYDRAULIC FRACTURING IN THE WRESSLE STUDY REGION 

Various forms of well stimulation have been carried out in oilfields in the East Midlands, including 

hydraulic fracturing, proppant squeezes, and acidization (Mustanen et al., 2017). Most of these activities 

took place between the 1960s – 1990s. Data for well stimulations has been provided by the Oil and Gas 

Authority (OGA). However, because this sort of activity was considered routine in the oil industry, prior 

to the recent uptick in public interest around the growth of the shale gas industry, detailed records of fluid 

injection rates and volumes are often not available.  
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Figure 3.3: Earthquake magnitudes as a function of depth. A large number of small-magnitude events associated 
with coal mining are found at shallow depths. Larger earthquakes such as the ML 5.2 Market Rasen earthquake are 

found at mid-crustal depths > 10 km. No events larger than M 3.0 are found within 10 km depth.  

In total, 150 wells were identified within our study area in which stimulation activities have been carried 

out. These are shown in Figure 3.4. The majority of these wells are in the Beckingham, Bothamsall, 

Corringham, Egmanton, Gainsborough and Welton fields, all of which target Carboniferous-aged Millstone 

Grit (Namurian) or Pennine Coal Measures (Westphalian) formations. From an operational perspective 

they are therefore a good representation of the activities proposed in the W-1 well. Figure 3.5 shows a 

histogram of the rate of well stimulations by year. Activity peaked in the early 1960s and has continued 

through to the early 2000s.   

No cases of induced seismicity have been identified or reported that can be linked to these stimulation 

activities, or any other oilfield activities in the region. This can be confirmed by comparing well 

stimulations with the earthquakes shown in Figure 3.2. In no case is any seismicity found to occur within 

5 km and within 30 days of a well treatment. Hence, we may conclude that no induced seismicity has 

heretofore occurred in this region in association with the type of activity and target formation proposed for 

the W-1 well. These conclusions – that hydraulic fracturing of conventional reservoirs in the East Midlands 

has not caused any cases of induced seismicity, has also been reached by independent study of the same 

datasets by Mustanen et al. (2017). 

The thresholds for event detection, as defined by the magnitude of completeness (the magnitude above 

which we can be sure that all events will be detected) must be considered in this deliberation. 

Approximately half of the identified wells (76) were stimulated prior to 1970, the date from which 

instrumental records for the UK become available. Hence, for wells stimulated prior to 1970 it is reasonable 

to believe that this statement is true for earthquakes of sufficient magnitude to be felt at the surface by 

nearby populations, which is likely to be between M 2.0 – M 3.0. For the 73 wells stimulated during the 

period for which we have instrumental catalogues, we can use the data to estimate a detection threshold. 
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The BGS network description estimates a magnitude of completeness in this area of approximately M 2.0, 

although this estimate is calculated across a broad region, and will likely have decreased from M 3.0 to M 

2.0 as the UK network has improved during this time. From the magnitude-frequency distribution of the 

observed events (Figure 3.6), the low-magnitude roll-off from the GR relationship is observed at roughly 

M 1.5.  

It should be noted that these conclusions describe the most conservative case possible based on the 

detection threshold – i.e. that induced events may have occurred that are just below the magnitude required 

for detection. In reality, based on our experiences of similar types and scales of activity elsewhere, it is 

extremely unlikely that any induced seismicity has been associated with the stimulated wells shown in 

Figure 3.4, beyond the normal operationally-induced microseismicity with magnitudes lower than M 0.0.   

 

 

Figure 3.4: Map showing locations of hydraulically-stimulated wells in in a 50 km region around the Wressle site 
(black square). Wells are coloured by stimulation date.   
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Figure 3.5: Histogram showing the number of hydraulic stimulations performed through time (5-year increments) in 
the region shown in Figure 3.4. 

 

 

Figure 3.6: Magnitude-frequency distribution (black dots and line) for the earthquakes shown in Figure 3.2. The 
events follow a GR distribution with b ≈ 1 (red line), although the 2008 M 5.2 Market Rasen earthquake lies 

significantly above this trend. The roll-off at low magnitudes begins to occur at M 1.5, indicating the detection 
threshold for monitoring in this region.   
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4. GEOMECHANICAL ASSESSMENT 

In this chapter we perform a geomechanical evaluation of the in situ stress conditions with respect to the 

geometries of faults to assess whether faults are well orientated for slip. As described in Chapter 2, fault 

reactivation and induced seismicity can be understood in terms of the stress conditions relative to the Mohr 

Coulomb failure threshold (Equation 2.1). It is therefore possible to resolve the in situ stress conditions onto 

mapped faults in order to assess whether they are likely to slip. We do so by computing the critical pore 

pressure, PC, which represents the increase in pore pressure required for a fault to reach the Mohr-Coulomb 

failure threshold:  

 𝑃𝐶 = 𝜎′𝑛 − |𝜏|/𝜇          (4.1) 

A PC value of 0 implies that a fault is at the point of criticality, and therefore slip may occur with minimal 

perturbation. It should be noted that a low PC value is a necessary but not a sufficient condition for induced 

seismicity to occur: a fault must also have suitable frictional properties such that the slip occurs rapidly as 

a seismic event, rather than slow, aseismic slip, and the fault must be close enough to the well that any 

perturbation is able to reach it. Large PC values imply that significant pore pressure increases are required 

to cause slip, and therefore the fault is not critically stressed and is unlikely to produce induced seismicity.  

Egdon has acquired 3D reflection seismic data across the site area, in which several faults have been 

identified (Appendix 4). These faults form the basis of our fault stability analysis. In Figure 4.1 we show the 

positions of faults and fault segments around the W-1 well, at the proposed injection point (at depth of 

1,580 m). These lines show the best-fit planes fitted to the identified faults, from which the average strike 

and dip of each fault is determined.  

Table 4.1 shows the stress conditions used in our analysis. These values are derived from a combination of 

sources, including published studies of regional stress conditions in central England (Kingdon et al., 2016; 

Fellgett et al., 2018) for the maximum stress orientation, θSH, and maximum horizontal stress gradient, 

ΔσHmax, and measurements for minimum and vertical stress gradients, Δσhmin and ΔσV, and pore pressure 

gradient, ΔP, made in the W-1 well, as well as at the adjacent Broughton-B1 well. Based on these gradients, 

we compute the in situ effective stress conditions at the depth of operation of the W-1 well, 1,580 m True 

Vertical Subsea (TVSS). 

In some cases of induced seismicity, the causative faults have not been visible in 3D reflection surveys (e.g., 

Eaton et al., 2018; Clarke et al., 2019). Therefore, it is relevant to consider the potential implications of the 

in situ stress state for faults of arbitrary orientations. Figure 4.2 shows the values of PC for all possible fault 

orientations at the target depth. The minimum PC value is 2.2 MPa, implying that even an optimally-

orientated fault would require a pressure change of this magnitude for slip to occur. This can be contrasted 

with the stress conditions measured in the Bowland Shale by Clarke et al. (2019b), where the minimum PC 

value for a fault of arbitrary orientation is -4.4 MPa (Kettlety et al., 2020b); and with stress conditions in 

the seismogenic Duvernay Formation in the WCSB, where minimum PC values are approximately -1 MPa, 

implying that optimally orientated faults would be very close to their critical stress. Hence, the overall 
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stress conditions at the W-1 site are less conducive to induced seismicity in comparison to formations where 

HF-IS has been observed.    

 

Figure 4.1: Map of faults identified in 3D seismic data, coloured by their most likely critical pore pressure value (in 
MPa). These lines represent approximate positions based on best-fit planes to the faults picked in Appendix 4. The 

position of the W-1 well, and the largest expected fracture length, is shown by the black dot and line.  

 

Parameter Value Uncertainty (1 sd) 

θSH 147.5° ± 7.4° 

ΔσHmax 32 kPa/m ± 2 kPa/m 

Δσhmin 18.6 kPa/m ± 1 kPa/m 

ΔσV 24.2 kPa/m ± 0.5 kPa/m 

ΔP 10.8 kPa/m ± 0.5 kPa/m 

Table 4.1: Stress orientations and gradients for the W-1 geomechanical model.   

 

Each of the parameters in Equation 4.1 is subject to uncertainty, including the in situ stress and pore 

pressure gradients, the maximum horizontal stress azimuth, the orientation of the faults (from which σ’n 

and τ are resolved from the stress tensor), and the friction coefficient μ. Walsh and Zoback (2016) showed 
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how these uncertainties can be incorporated into a fault stability assessment using a Monte Carlo style 

approach, drawing parameters from within appropriate statistical distributions to create an ensemble of 

models, from which a probabilistic characterisation of fault stability can be drawn. We follow this approach 

to assess the stability of the faults identified in Figure 4.1.   

We assume that uncertainties for all parameters are normally distributed, with standard deviations given 

in Table 4.1 for the stress gradients and orientation, and standard deviations of ± 10o for fault strike and dip, 

and ± 0.1 for μ. For each fault we perform 10,000 model iterations in order to establish probabilities for PC 

exceedance. Figure 4.3 shows the resulting PC curves for each identified fault, showing the probability that 

a given increase in pore pressure will exceed the Mohr Coulomb threshold. We find that, even for faults 

that are closest to the optimal orientation, the mean expected PC value is 5 MPa, implying a significant 

perturbation required to enable slip. The likelihood of PC being ≤ 0 is approximately 10 % or lower. Again, 

this can be contrasted with the situation in the Bowland Shale, where the fault that generated the M 2.9 

event in August 2019 had an expected PC value of -2 MPa, with a 54% likelihood of PC ≤ 0.  

 

 

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

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

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

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

Figure 4.1 shows the positions of the identified faults relative to the W-1 well position. Given the planned 

injection volumes, any perturbations are unlikely to extend any significant distance beyond the injection 

interval, and so we consider the fault positions at this depth. The nearest fault is over 300 m laterally from 

the W-1 stimulation interval. This can be compared with the planned proppant squeeze fracture size, which 

has an expected size of 30 – 50 m. Hence, any significant pore pressure perturbation is very unlikely to 

extend as far as the identified faults, and therefore the likelihood of their re-activation is very small. 

However, at the Preston New Road site, the faults that reactivated to generate the M 1.5 and M 2.9 events 

were not identified in 3D surveys, and we must therefore consider the possibility of seismicity occurring 

on faults that are below the scale of seismic resolution. In the following chapter, we do this by performing 

a probabilistic seismic hazard assessment.  
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5. SEISMIC HAZARD ASSESSMENT 

In this Chapter we perform a seismic hazard assessment for the stimulation activities proposed for the W-

1 well. We begin with an overview of the seismic hazard assessment process as it is applied to induced 

seismicity, and our application of this method to the proposed activities. We go on to consider MMAX, which 

is a key parameter for hazard assessment, describing the largest earthquake that is physically possible for a 

given setting and activity. Finally, we apply a probabilistic approach, based on well-established links 

between injection volumes and induced seismicity rates, calibrated using observations of HF-IS around the 

world, to compute the expected largest event magnitudes for the proposed operation.    

5.1. SEISMIC HAZARD ASSESSMENT 

The objective of seismic hazard analysis is to estimate the amplitude of ground motions that could occur at 

the site of interest due to possible future earthquakes in the surrounding region. Seismic hazard analysis 

can be undertaken for industrial operations that might produce induced seismicity in a similar manner to 

methods that are now well established for natural earthquakes. A seismic hazard assessment typically 

consists of two model-based elements: a model for the likelihood of occurrence of further earthquakes with 

respect to their locations and magnitudes, and a model for the ground motion that will result at the site for 

a given earthquake scenario.  

Ground motions produced by earthquakes are typically estimated using a Ground Motion Prediction 

Equation (GMPE), whereby a measure of ground motion such as peak ground acceleration, PGA, or peak 

ground velocity, PGV, is computed as a function of event magnitude, M, and event distance, R.  

GMPEs are typically computed by regression of a mathematical function of appropriate form to large 

databases of observed ground motions. Recent cases of induced seismicity have raised a debate over whether 

ground motions from induced events are comparable to those from natural earthquakes (e.g., Hough, 2014; 

Atkinson et al., 2015). Induced earthquakes tend to occur at shallower depths. On the one hand, this reduces 

the path length from the source to the surface, potentially increasing ground motions, while on the other 

hand shallower earthquakes tend to have lower stress drops, reducing the level of ground motions. Atkinson 

et al. (2018) found that natural and induced events had similar intensities within 10 km of the epicentre, “a 

consequence of two focal-depth effects that have offsetting impacts on the strength of ground motion: (1) 

the epicenter is near the source for shallow events, and (2) the stress parameter scales with focal depth” 

(Atkinson et al., 2018). Similarly, Atkinson (2020) found that “ground-motion amplitudes for moderate 

events (M 3.5-5.5) are mutually consistent for natural earthquakes in California, induced earthquakes in 

Oklahoma and induced earthquakes in western Canada at close distances (< 40 km).” Hence there is no 

reason to expect different ground motion levels from induced versus tectonic earthquakes, and therefore 

inferences about the likely impact from induced events can be derived from observations of the impact of 

natural events of similar magnitude (e.g., Nievas et al., 2020).    
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The two primary concerns from induced earthquakes are nuisance and damage (Schultz et al., 2020). As 

described above, there are no recorded cases of operations of the type and scale planned in the W-1 well 

inducing earthquakes of sufficient size to cause structural damage to nearby buildings or infrastructure. 

Hence the primary consideration for this report is whether operations are likely to trigger an earthquake 

of sufficient size to pose a nuisance to nearby residents and businesses. Various ground vibration levels have 

been proposed as thresholds for being potentially felt by people, and for causing a nuisance or disturbance, 

typically defined in terms of PGV, and ranging between 0.5 – 4 mm/s (e.g., Westaway and Younger, 2014; 

Schultz et al., 2020).  

However, the expected position of any seismicity that might arise from the proposed operation is relatively 

well constrained. Our interest is focused on the area where the resulting ground motions will be highest, 

since this is where the largest potential for disturbance or damage will be. As such, rather than requiring a 

GMPE to compute ground motions as a function of R, we can simply consider the impacts at the epicentre 

that are typically observed for events of a given size. Therefore, rather than perform a full analysis 

incorporating probabilistic estimates of ground motion, our focus is on assessing the likelihood of 

occurrence for events of a given size, since this will provide sufficient characterisation of the seismic hazard 

posed by the proposed operation.      

5.2. MAXIMUM MAGNITUDES 

An important factor when considering the seismic hazard posed by HF-IS is to establish appropriate 

constraints on MMAX, the magnitude of the largest earthquake considered physically possible. We note that 

this describes the largest event that could occur, not the largest event that is likely to occur. McGarr (2014) 

proposed that the largest earthquake is limited by the total volume of injected fluid, whereas van der Elst 

et al. (2016) have argued that, while this volume controls the number of earthquakes, the size of the largest 

earthquake is determined by the tectonics of the region (although they also note that the largest event is 

also proportional to the total number of earthquakes). The findings of van der Elst et al. (2016) would 

suggest that MMAX for HF-IS should be the same as that used for tectonic earthquakes. However, both 

Skoumal et al. (2018), and Verdon and Bommer (2020), have examined sequences of HF-IS and found that 

key assumptions made by van der Elst et al. (2016) do not appear to hold for seismicity induced by hydraulic 

fracturing.    

McGarr (2014) proposed a cap on the largest possible event size that is based on the volume injected, arguing 

that: 

  𝑀𝑀𝐴𝑋 = 𝐺∆𝑉,          (5.1) 

where G is the rock shear modulus, and ΔV is the injected volume. This relationship, and the data that 

McGarr (2014) used to demonstrate it, are shown in Figure 5.1. For the combined operations proposed at 

the W-1 well, i.e. a total volume of 150 m3, and a generic value of G = 20 GPa, the resulting MMAX is M 2.3. 

However, more recent cases of induced seismicity, for example some of the cases described by Atkinson et 
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al. (2016), have exceeded this threshold, indicating that it probably does not provide a robust estimate for 

MMAX.    

 

Figure 5.1: Observed relationship between injection volume and largest event size (from Eaton and Igonin, 2018). 
Green squares show data from McGarr (2014), who proposes a cap where MMAX = GΔV (red line). Purple circles 

show cases described by Atkinson et al. (2016), which appear to breach this threshold.   

For standard seismic hazard assessment of tectonic earthquakes, MMAX defines the largest earthquake that 

could occur given the current tectonic regime. For induced seismicity, the question is subtly different since 

the subsurface perturbation is limited in both time and space, hence we must consider the largest 

earthquake that could be triggered during the short-lived period of injections. Hence these two values may 

be different. For example, the regional tectonic MMAX used by the Geological Survey of Canada for the plains 

and foothills of the WCSB is M 7.0. However, Atkinson et al. (2015) adopted a logic tree for MMAX of 

hydraulic fracturing-induced events ranging from 4.5 < MMAX < 6.5, with a 70% likelihood that MMAX ≤ 5.0, 

two orders of magnitude smaller than the tectonic MMAX. No hydraulic fracturing-induced earthquake in 

the WCSB has yet exceeded M 5.0, despite extensive use of high-volume hydraulic fracturing in shale plays 

(Figure 2.3).  

Similarly, for the Groningen gas field in the Netherlands, where seismicity is driven by compaction of a 

large, mature reservoir, the tectonic MMAX in the Groningen region is estimated to be  6.5 (Woessner et 

al., 2015). In contrast, studies of induced seismicity at Groningen have proposed MMAX values for induced 

seismicity in the range of 4.0 – 4.5 (Zöller and Holschneider, 2016; Dempsey and Suckale, 2017; Beirlant et 

al., 2017), and the largest observed earthquake to date was ML 3.6. Bommer and van Elk (2017) developed 

a logic-tree for Groningen that yielded a probability of less than 10% that MMAX for induced seismicity is 

the same as MMAX for tectonic seismicity.  

Mancini et al. (2019) adopted the UK tectonic MMAX of M 6.5 as the basis for their study into the Preston 

New Road seismicity, although we note that their modelling did not constrain this parameter, and their 

results were not sensitive to this choice. Our view is that the adoption of the regional tectonic value for 
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MMAX is not appropriate for hazard assessment of induced seismicity associated with hydraulic fracturing, 

and may lead to an overestimate of the true hazard.  

A key issue in the consideration of appropriate MMAX values for induced seismicity is depth of earthquake 

nucleation. Large earthquakes tend to occur at mid-crustal depths, with a large portion of the rupture 

propagating upwards from the hypocenter (e.g., Mai and Thingbaijam, 2014). For the case of fluid injections 

associated with hydrocarbon activities, events typically occur in the sedimentary column, or within the 

upper few kilometres of the underlying basement (e.g., Verdon, 2014). Since these rocks will be 

rheologically softer and weaker, and have lower in situ stresses, it is unlikely that they will be physically 

capable of hosting earthquakes as large as those that occur naturally at larger depths, and our view is that 

the regional tectonic MMAX is not an appropriate value for the MMAX for HF-IS.  

The data shown in Figure 3.3 are relevant in this regard, since they show that within our study area no 

seismicity with magnitude larger than M 3.0 has been recorded shallower than 10 km depth within the 

total period of monitoring (from the 1970s onwards). However, caution must be taken when making such 

inferences, since catalogue depths for small-magnitude earthquakes may not be well constrained. Hicks et 

al. (2019) deployed a local seismic monitoring array to improve event depth constrained for the Newdigate, 

Surrey, sequence, and observed earthquakes at depths of 2 – 3 km the largest of which had a magnitude of 

M 3.2.   

Green et al. (2012) used observations from coal mining-induced seismicity as their basis for estimating MMAX 

for HF-IS in the UK. Their argument was that the largest seismicity during the very large disturbances 

created by longwall coal mining never exceeded magnitude M 3.0, and hence it was not possible that 

hydraulic stimulation, which represents a far smaller subsurface disturbance than mining, would exceed 

this. However, seismicity during stimulation of the Preston New Road PNR-2 well reached M 2.9: while 

still below this threshold, this has reduced the confidence in this value.  

It is arguable whether past mining-induced seismicity can really be used as a proxy to estimate MMAX for 

hydraulic fracturing-induced events. The mechanisms of deformation that generated mining induced 

events was generally roof collapse above longwall panels, resulting in dip-slip motions (Verdon et al., 2018), 

a sense of motion that is not favoured by the strike-slip stress regime in these regions (Fellgett et al., 2018). 

Hence mining may not be as effective at releasing accumulated tectonic strain (as opposed to the strain 

accumulated by the induced deformation during coal mining), and this might therefore limit magnitudes 

during mining. In contrast, HF-IS in the UK has been observed to generate strike-slip motions that match 

the regional stress conditions (e.g., Clarke et al, 2014; 2019). Moreover, most coal mining in the UK took 

place at depths within 1 km of the ground surface, whereas hydraulic stimulation in the Bowland Shale 

took place at over 2 km depth.  

Hence, the question of an appropriate MMAX for hydraulic stimulation in the UK remains relatively 

unconstrained. It is almost certainly less than the tectonic values for the UK of M 6.5, but it is probably 

larger than the M 3.0 estimated by Green et al. (2012). We do not attempt to constrain it further here.  
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The role of MMAX in seismic hazard assessment is to remove the contribution of unfeasibly large magnitudes 

that would otherwise be generated by an unbounded extrapolation of the GR distribution. Hence, its 

significance will depend on whether events of that size are in play given the estimated recurrence 

parameters. If events of a size within a range of possible MMAX choices are considered very unlikely to occur 

based on the expected recurrence, then the choice of MMAX value becomes relatively unimportant. This was 

in fact the case for the Mancini et al. (2019) Preston New Road study – while they chose an MMAX of M 6.5, 

the likelihood of events larger than M 3.0 generated by their model-based forecasting was very small, and 

so their choice for the MMAX parameter was immaterial. Therefore, for the purposes of our analysis, the 

statement in the paragraph above is sufficient with respect to possible values for MMAX for hydraulic 

stimulation in the UK.  

5.3. EVENT RECURRENCE RATE ESTIMATES 

We can use the concept of the seismogenic index Σ, described in Chapter 2, to estimate the likelihood of 

events exceeding a given magnitude. Equation 2.4 shows that the seismogenic index, combined with the 

injected volume V, describes the total number of events that will occur that are larger than magnitude M 

(Shapiro et al., 2010). If the occurrence of individual events within the overall GR distribution can be 

treated as an independent Poissonian process, then the probability that an event larger than M does not 

occur if a total volume VT is injected can be calculated as: 

 ℙ = exp(−𝑉𝑇 × 10Σ−𝑏𝑀).        (5.1)  

We can rearrange this equation to arrive at a forecast for the size of event that will not be exceeded, 𝑀𝑀𝐴𝑋
𝑀  

given a confidence level χ:  

 𝑀𝑀𝐴𝑋
𝑀 =

(Σ−log[
− ln(𝜒)

𝑉𝑇
])

𝑏
.         (5.2) 

If Σ is known then we can use this equation to forecast the largest expected event size. Figure 5.2 shows an 

example calculation of 𝑀𝑀𝐴𝑋
𝑀  likelihood for a given combination of b, VT and Σ. This approach has been 

successfully applied for real-time forecasting of seismicity that occurred at the Preston New Road wells 

(Clarke et al., 2019). This approach was also used to manage induced seismicity during stimulation of a 

geothermal energy plant in Helsinki (Kwiatek et al., 2019), and to forecast induced seismicity due to 

wastewater disposal in Oklahoma (e.g., Langenbruch and Zoback, 2016).   
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Figure 5.2: Likelihood of 𝑀𝑀𝐴𝑋
𝑀  for a given scenario with Σ = -5, b = 1, and an injection volume of VT = 150 m3. 

However, whereas during operations Σ can be determined by comparing the rate of seismicity with the 

injected volume, for an a priori study of HF-IS, potential values of Σ must be inferred, based on observations 

of HF-IS elsewhere. The appropriate framework within which to consider this source of uncertainty is with 

a logic tree. In seismic hazard assessment, a logic tree describes potential choices for a parameter, with each 

branch carrying a weight that reflects the likelihood of that choice being the most appropriate. 

Figure 5.3 shows the logic tree that we adopt for this analysis, with the relative weights that we assign for 

each branch. These choices should be viewed in the context of the data shown in Figure 2.4 (compiled by 

Dinske and Shapiro, 2013), noting that many of the cases shown in that figure are from geothermal sites, 

and so not directly analogous to hydrocarbon sites. Values for Σ observed by Dinske and Shapiro (2013) for 

hydraulic fracturing range between -9 to -4. Values for Σ observed by Verdon and Budge (2018), Schultz et 

al. (2018), and Clarke et al. (2019) for hydraulic fracturing in some of the more seismogenic shale plays such 

as the Horn River and Duvernay Shales in the WCSB, and the Bowland Shale at Preston New Road, range 

from -2.5 ≥ Σ ≥ -0.5.  
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Figure 5.3: Choices and assigned probabilities for the values of Σ used in our logic tree. Our distribution is centred 
on Σ = -4.5, and ranges from -9.0 ≥ Σ -0.5. 

Our distribution of values is centred on Σ = -4.5, in the middle of the range that is found when the 

distribution observed by Dinske and Shapiro (2013) is combined with the studies described in the previous 

paragraph, and ranging from -9.0 ≥ Σ -0.5, representing the range of Σ values that have been observed. As 

described in Chapter 2, some shale plays are observed to be more seismogenic than conventional and tight 

reservoirs. Also, stress conditions in the Wressle reservoir appear to be less conducive to induced seismicity 

compared to stress conditions in formations where induced seismicity has occurred (Chapter 4). We 

therefore consider values of Σ larger than -2.0 to be extreme for the nature of operation that is proposed. 

Nevertheless, since such values have been observed during hydraulic fracturing (albeit a very different type 

and scale of operation), we include them in our study, albeit at a relatively low level of probability (< 10 % 

for Σ ≥ -2.0).  

In Figure 5.4 we show the 𝑀𝑀𝐴𝑋
𝑀  probabilities for each choice of Σ, adjusted by their logic tree weights 

(Figure 5.3). In these scenarios we use a total injection volume of VT = 150 m3, and assume b = 1.0. In Figure 

5.5 we combine these scenarios to compute the probability of exceedance for an event of a given size.  

We find that the most likely largest event size from the proposed operation is a magnitude of M -2.0. There 

is a 95 % likelihood that the largest event size is less than M 0.6, and the extreme case, with a 1% chance 

of exceedance, is a largest event with magnitude M 1.6. Since these values fall well below our range of 

potential values for MMAX, constraining this value is not necessary for the purposes of our assessment. The 

likelihood of an event of magnitude 3.0 is 0.05 %, and of magnitude 4 is 0.005 %.  

As described in Section 5.1, while it would be an option to use a GMPE to compute the probabilities of 

ground motions given the 𝑀𝑀𝐴𝑋
𝑀 probabilities shown in Figure 5.5, in our view this is unnecessary given 

the predicted event sizes. We can instead consider the likely impacts from events of this size. The most 

likely 𝑀𝑀𝐴𝑋
𝑀  value is a magnitude of M -2.0. An event of this size is too small to be detected using a local 

array of surface seismometers and may even be at the limit of what can be detected using a downhole 
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geophone array, depending on its noise levels and configuration. In other words, the most likely scenario 

is that the largest event during the proposed operation is too small to be detected even using a downhole 

array.  

 

Figure 5.4: Likelihood of 𝑀𝑀𝐴𝑋
𝑀  for each of the Σ scenarios, with b = 1 and an injection volume of VT = 150 m3. 

Probabilities are scaled by the logic tree weightings shown in Figure 5.3.  

 

 

Figure 5.5: Cumulative probability for the largest event size, produced by combining each of the Σ scenarios shown 
in Figure 5.4.   

At the upper end of the distribution, there is 95% likelihood than the largest event is smaller than M 0.6. 

An event of this size is too small to be felt by people, and below the magnitude of completeness for the BGS 

national seismic monitoring array (Figure 3.6). It would be detectable if a dedicated array of local seismic 

monitoring stations were to be deployed. Our extreme scenario, with a 1% chance of exceedance, is an 

event with magnitude M 1.6. An event of this size would be detected by the BGS national seismic 

monitoring array, and it could be felt by nearby residents.  
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As described above, use of GMPEs to characterise the ground motion from an M 1.6 event is unnecessary 

to characterise the potential for damage, since we are not aware of any cases of damage associated with an 

event of this size worldwide (e.g., Nievas et al., 2020), despite their being commonplace (the UK experiences 

approximately 15 M 2.0 earthquakes per year). Nevertheless, in Figure 5.6 we show an estimate of PGV 

associated with an event of this size, occurring at a depth of 1,700 m, computed using the Akkar et al. (2014) 

GMPE, which has been widely applied to assess seismic hazard associated with induced seismicity in the 

UK (e.g., Cuadrilla, 2014). We use a conservative value for VS30 of 300 m/s to represent relatively 

susceptible ground conditions. The mean PGV value at the epicentre is lower than 1 mm/s, but the upper 

(95 %) limit is within the range at which the motion might be felt (typically 0.5 – 4 mm/s). The upper 95% 

limit of modelled ground motion of 5 mm/s is well below the minimum threshold of 15 mm/s at which 

minor cosmetic damage (such as cracking of plaster) may occur (BS7385-2:1993). The geographical radius 

at which the upper limit of modelled ground motion would typically be felt for a M 1.6 event is 

approximately 5.92 km and is shown in Figure 5.7. It should be noted that this radius represents a 

probability of 0.05% (1% likelihood of the event occurring and a 5% chance that these levels of ground 

motion are reached should the event occur). These values confirm our conclusions described above, that 

our extreme case, with only a 1% chance of exceedance, may create an event that is felt by nearby residents, 

but poses a negligible risk of even minor or cosmetic damage.  

 

Figure 5.6: Modelled ground motion for an M 1.6 event at a depth of 1,700 m, computed using the Akkar et al. 
(2014) GMPE, assuming a near surface condition of VS30 of 300 m/s. The black line shows the mean PGV, while the 
grey shaded area shows 95% confidence intervals. Thresholds typically associated with being felt (1 mm/s) and the 

minimum for potential for cosmetic damage (15 mm/s) are also shown.  
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Figure 5.7: OS map showing the geographical radius (approx. 5.92 km) at which the upper limit (95% confidence) of 
modelled ground motion (PGV = 1 mm/s) would typically be felt at the surface for a M 1.6 event; assuming an event 
located at the injection point in W-1 at a depth of  approx. 1,700 m. This radius reflects a probability of 0.05% (1% 
likelihood of the event (M 1.6) occurring and a 5% chance of these levels of ground motion being reached should 

the event occur. 

The computed probabilities of event occurrence can be compared to the observed levels of seismicity 

associated with similar operations in the East Midlands oil province. In Chapter 3 we showed that 

approximately 150 such stimulations have been conducted, none of which have produced any detected 

induced seismicity. With over 100 stimulation cases, and no detected events, this would appear to indicate 

that our assessment is conservative, since we might have expected the 99 % extreme case to have occurred 

once during such operations. While this is encouraging with respect to the true hazard profile of the 

proposed activities, the relative lack of data available does not justify a recalibration of our model on this 

basis alone.  

We can also make comparisons with the seismicity generated during stimulation in the Bowland Shale: as 

discussed above, on the Fylde Peninsula, where wells have been drilled into this formation, it appears to be 
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relatively seismogenic, with seismogenic index values that are towards the higher end of that which has 

been observed globally. Given the different responses observed worldwide between stimulation of 

conventional reservoirs and shale formations (described in Section 2.3), and the different stress conditions 

(Chapter 4), we would anticipate that the response for the proposed operation will be lower than that 

experienced in the Bowland Shale.  

Nevertheless, after the first stage of stimulation of the Preese Hall well in 2011, in which over 1,800 m3 of 

fluid was injected, no seismicity was observed. Although monitoring at this site was only provided by the 

national seismic network at the time, use of a matched-filter event detection approach allowed the 

detection of events down to M 0.0 (Clarke et al., 2014). Hence, we can conclude that at Preese Hall, the 

injection of an order of magnitude more fluid than proposed for Wressle, into a formation that, based on 

both worldwide comparisons of induced seismicity between shale versus conventional formations (Section 

2.3), and stress conditions (Chapter 4), is likely to be more seismogenic, did not produce any events larger 

than M 0.0.  

For the Preston New Road PNR-1z well, downhole microseismic data is publicly available, along with 

detailed injection data. This shows that, after injection of 150 m3 all of the observed microseismicity was 

below M -1.5 (when converted into the UK’s local magnitude scale). For the PNR-2 well, which ultimately 

generated an M 2.9 event, the first stage injected roughly twice the volume of fluid as that intended for the 

proposed operation. However, the only event detected by the surface monitoring array had a magnitude of 

M -0.2. Again, these operations show that similar (or larger) injection operations, into a formation that is 

known to be relatively seismogenic, did not generate seismicity of sufficient magnitude to be felt at the 

surface, and indeed the magnitudes of any microseismic events that were generated were significantly 

below this threshold. Larger seismic events only occurred at these wells after injection of significantly larger 

volumes, and the correlation of seismic moment release with injection volume was observed to hold (Clarke 

et al., 2019).   

We note that Cremen and Werner (2020) developed a seismic hazard model based on the PNR-1z 

seismicity, and concluded that “there is no chance of exceeding any of the considered tolerable risk 

thresholds for 500 m3 injected volume”, where the lowest threshold considered was a PGV of 0.9 mm/s, the 

limit at which pile driving becomes “barely perceptible”. The model developed by Cremen and Werner 

(2020) is considerably more involved than the analysis presented here, but reaches similar conclusions to 

those described above. Similarly, for the compilation of HF-IS cases compiled by Eaton and Igonin (2018) 

(reproduced in Figure 5.1), we note that there are no cases where M ≥ 2.0 events have been caused when 

injection volumes have been less than 500 m3. We are not aware of any case of HF-IS where an earthquake 

of M ≥ 2.0 has ever been caused by injection of less than 200 m3 of fluid. 
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6. CONCLUSIONS 

Egdon Resources U.K. Limited, Operator of the Wressle Field, plans to conduct a proppant squeeze 

operation in the W-1 well. In such an operation, fluid is injected to create a small fracture that is filled with 

proppant, providing a permeable connection with the reservoir. While the term “hydraulic fracturing” can 

be used as a catch-all term for such operations, the key factor here is the scale: whereas hydraulic fracturing 

in shale gas reservoirs, which has generated concern over the potential for induced seismicity, uses 1000s 

of m3, injected via multiple stages along horizontal wells, a proppant squeeze uses 100 – 200 m3 via a single 

injection stage. Given the induced seismicity is observed to scale with the volume of fluid injected, the 

hazard posed by the proposed proppant squeeze operation is significantly lower.  

The area has also experienced extensive use of well stimulation techniques, from the late 1950s until the 

2000s. In total, 150 such wells have been identified. There is no recorded seismicity associated with any of 

these operations, indicating that the hazard posed by such activity is low.  

The occurrence of HF-IS is observed to vary significantly between and within basins, and between types of 

operation. Hydraulic fracturing of conventional reservoirs, such as proposed here, is not observed to 

produce seismicity. Observations from other hydrocarbon plays indicates that the seismogenic potential of 

a formation is relatively quick to reveal itself as it is developed. Hence, the observation of a large number 

of stimulated wells in the East Midlands oil province, without any detected induced seismicity, provides a 

robust indication that such activities are unlikely to generate events if further wells are stimulated.  

The W-1 well lies in an area that has experienced moderate levels of background seismicity. Significant 

numbers of low-magnitude events associated with coal mining are found to the west and southwest of the 

site. The 2008 M 5.2 Market Rasen earthquake represents one of the largest earthquakes to be recorded in 

the UK. However, it occurred at substantial depth within the crust, far beyond that which could be 

influenced by oilfield activities.    

We have performed a geomechanical assessment of faults around the W-1 well identified using 3D seismic 

survey data. The nearest mapped fault is over 300 m from the well, far further than the maximum expected 

fracture length of 50 m. The state of stress on the faults is moderate – the smallest mean expected 

perturbation required to reactivate any of the identified faults is 5 MPa: a perturbation of this magnitude 

at a distance of over 300 m, given the proposed operation, is very unlikely. However, studies of observed 

faults cannot rule out the potential for undetected faults on which seismicity could occur. Hence, we have 

performed a probabilistic assessment of seismic hazard for the proposed operation. The maximum possible 

magnitude, MMAX, for an event induced by well stimulation in the UK is poorly constrained, with suggested 

values ranging from M 3.0 to 6.5. However, if the recurrence rate for events in this range is low, then the 

choice of MMAX has minimal impact on the event likelihood. We do not attempt to further constrain this 

parameter here.  

To estimate the recurrence rate, we make use of the scaling between injection volume and earthquake rate 

that is widely established for injection-induced seismicity. When combined with the GR distribution, this 
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allows us to make a forecast of the largest expected event magnitude. The scaling coefficient between 

volume and rate – the seismogenic index – is poorly constrained, so we use a logic tree that extends across 

the range of observed values, with strongest weighting at mid-range values. This logic tree includes values 

for seismogenic index that are towards the top end of those observed in the most seismogenic shale plays.  

The resulting assessment produces a most likely (i.e. 50 % chance of exceedance) largest event magnitude 

of M -2.0. An event of this size would not be detectable at the surface and might be at the limit of 

detectability for a downhole system. Our assessment indicates a 95% probability that events do not exceed 

M 0.6 a level that could be detected at the surface, but would not be felt by the nearby public. Our extreme 

case, with a 99% probability that it is not exceeded, is a maximum magnitude of M 1.6. Such an event might 

be felt by the public nearby but would not pose a risk of causing even cosmetic damage.  

These forecasts are in line with the observations from similar past activities in the region, where 150 wells 

have been stimulated without any detected seismicity. They are also in line with observations from 

stimulation in the Bowland Shale, where no M > 0 seismicity was recorded after injection of less than 200 

m3 of fluid in any of the three stimulated wells, even in cases that subsequently produced felt seismicity as 

injection volumes were increased up to thousands of m3. We are not aware of any case of HF-IS where an 

event with magnitude M ≥ 2.0 has been caused by injection of less than 200 m3 of fluid. 

As such, we conclude that the proposed activities pose a low risk with respect to seismic hazard.   
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APPENDIX 6 – PROPOSED PROCEDURE TO DESIGN, CONTROL, & VERIFY THE GEOMETRY OF A PROPPANT 

SQUEEZE IN W1 

1. Introduction 

This Hydraulic Fracture Plan describes the replacement of the existing completion with that shown in Error! 
Reference source not found., followed sequentially by one or more of the following operations to obtain an 
economic rate from the well: 

1. Re-perforate the Ashover Grit, 

2. Undertake a ‘proppant squeeze’  

A proppant squeeze is here defined as the creation of a proppant filled fracture extending some 40m bi-

directionally from the mid-point of the perforations.  

The overall proppant squeeze operation will use not more than 150m3 of fracture fluid (including flushing after 

the proppant squeeze) and 20 tonnes of proppant, comprising two stages: - 

1. A pre-treatment injectivity test will first be undertaken using approximately 22m3 of gelled liquid (6m3 

Linear Gel plus 16m3 Cross Linked Gel). The purpose of the injectivity test is to determine the 

breakdown pressure, propagation pressure and carrier fluid leak-off rate, which in turn will inform the 

main proppant treatment.  

2. The main proppant treatment consisting of approximately 20 tonnes of a chemically inert proppant 

(ceramic based) and approximately 122.5m3 of gelled liquid. The fluid mix is injected at a surface 

pressure of not more than 8000psi (2000psi below the working pressure limit of the wellhead and 

Frack Tree) for approximately one (1) to two (2) hours, then flowed back through the production 

facilities in a controlled manner. 

The Environmental Permit requires the Operator to document the processes and procedures that will be in 

place before and during any fracturing operations to identify the vertical and horizontal extents of the 

fractures within the target formation and ensure that they do not extend beyond the Mining Waste permit 

and remain well within the Carboniferous Millstone Grit sequence.  

This document describes the planned treatment design selection, wellsite management, data collection, 

analysis, and post fracturing reporting to demonstrate compliance with the Environmental Permit.  

2. Proppant Squeeze Geometry: Proximity to Nearest Fault 

• Modelling based on data derived from acquired logs demonstrates that the fracture will be essentially 

radial and is not sensitive to variations in fluid leak-off or stress contrast between formations.  

• The fracture will be created in the plane of the maximum horizontal stress (σHMAX), and this is 

estimated to be on an azimuth of 147.5° (with a circular standard deviation of 7.4°) based upon studies 

of regional well data by the BGS (Kingdon, A. et al., 2016).  

• The techniques available to determine fracture orientation are unlikely to provide reliable results 

given the small scale of the Wressle proppant squeeze operation and expected fracture extent. 

• Seismic data indicates that the nearest mapped fault to the Ashover Grit penetrated in W1 is ~340m.  

• Limiting the size of the planned treatment coupled with the minor variation in in-situ stress across the 

interval of interest, will result in the generated fracture being essentially radial.  
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• The fracture design generated with industry-standard modelling has been chosen to extend only circa 

40m laterally as two 180°-opposed wings from the mid-point of the perforations. This “fracture half-

length” is thus very small scale in relation to the lateral offset to the nearest fault (40m/340m~0.12). 

Its orientation is immaterial in demonstrating that the fracture remains within the permitted 

boundary. 

• It is therefore not proposed to attempt to measure the fracture orientation. 

3. Control of Fracture Geometry: Containment within Target Formation 

• The top of the Namurian Millstone Grit Group (within which is the Ashover Grit reservoir) in W1 is at 

1517.06m TVDss, 58m above the top perforation. The base of the Namurian Millstone Grit Group is at 

1778.74m TVDss, ~195m below the deepest perforation (1583.98m TVDss). Table 1 summarises the 

perforation depths relative to the formation tops. To avoid fracturing out of zone the critical 

parameter to control is therefore the propped fracture height above the perforations, which must be 

less than 58m. 

• In addition to fracture half-length, hydraulic fracture modelling sited above, calculates resulting 

fracture width and height, for the specified fracture fluid rheology and fluid loss characteristics 

coupled with pumping parameters (notably rate and pressure). As shown in Figure , modelling of the 

chosen treatment design indicates upwards propped fracture height growth of <20m from centre of 

perforations, which is less than 50% of the height to the top of the Namurian Millstone Grit Group. 

Limiting the selected treatment volume provides >100% safety factor on remaining within the target 

interval. 

• Immediately overlying the target interval are the Wingfield Flags with the Penistone Flags further 

above, both of which are hydrocarbon bearing. The oil bearing and flow tested Wingfield Flags is 

approximately 5m vertically above the top of the Namurian Millstone Grit Group. The Wingfield Flags 

is itself a target for future production via dedicated perforations; and it is not intended to be accessed 

via the propped fracture in the Ashover Grit. That said, fracturing out of zone by more than the 100% 

safety margin provided for in the Ashover Grit proppant squeeze, and partially penetrating the 

hydrocarbon bearing Wingfield Flags, would not represent a seismic hazard. From a risk assessment 

perspective, this implies both low likelihood (due to magnitude of safety factor) and low consequence 

(immediately adjacent zone is hydrocarbon-bearing and an eventual production target). 

• By applying the petrophysical data acquired in W1 to the fracture simulation model, an estimate of 

the fracture dimensions can be made through quantifying fluid leak-off. If the actual fracturing fluid 

leak-off rate is lower than assumed in the simulation modelling, then a greater fracture volume will 

be generated. Figure 2 illustrates the modelled fracture dimensions for a 50% lower (and 50% higher) 

leak-off. The modelling demonstrates that even with an extremely low leak-off, the fracture remains 

contained by the intra-formational shales of the Millstone Grit, above and below the perforations in 

the Ashover Grit. By contrast with high leak-off, the modelled fracture is smaller but will extend 

beyond the near wellbore area, bypassing the skin damage and achieving the treatment objectives. 

As described above, the geometry of the fracture has been designed using long established earth models 

combined with direct measurements of parameters specific to the formation and the well. The key parameters 

to be measured are:  
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• The efficiency of the fracturing fluid during injection i.e. how much fluid leaks away into the formation 

compared to how much is available to increase the size of the fracture, allowing for adjustment of the 

pumping schedule in order to restrict the fracture generation to the planned size; 

• Annular pressures (tubing to production casing, production casing to intermediate casing, 

intermediate casing to surface casing) to verify that unplanned pressure transmission via the wellbore 

has not occurred. 

4. Data-frac: Process, Purpose, Operational Sequence, and Interpretation 

Prior to conducting the proppant squeeze operation, a data-gathering injection test sequence, or “data-frac” 

will be carried out. The data gathering process and revaluation modelling will be managed by Schlumberger, 

Egdon’s preferred contractor, using its proprietary design and evaluation simulation software, FracCADE. A 

summary of the data collection process is as follows: -  

• Type (including characteristics) and volume of fluid being injected versus time 

• Total pump rate (= 0 during shut-in phases where pressure declines are recorded) 

• Surface injection pressure versus time (including during 0 pump rate periods) 

• Downhole pressure versus time, by means of an in-hole memory pressure/temperature recorder 

(hence data only obtained once the gauge is retrieved) 

• Downhole temperature versus time and depth, by means of the same in-hole recorder, whereby 

temperature versus depth provides the "temperature log" 

Within a data-frac a small fracture is created in the hydrocarbon bearing reservoir, which is then allowed to 

close. Measurements of pressure versus time can be combined with measurements of the pumped rate and 

volume to derive in-situ data that will inform the design of the propped fracture.  

The data-frac comprises a series of pumping tests: formation breakdown test, step-down pump test, mini-frac 

and pressure decline monitoring followed by step-up pump test. The planned pumping schedule is shown in 

Table 2. In terms of completing the data-frac, and then confirming/adjusting the design parameters of the 

proppant squeeze treatment, the operational timescales are as follows: -  

• Data-frac expected to be completed by noon on day 1 

• First two temperature log passes will be achieved day 1 (generally taken 4 hours apart) 

• Overnight shut-down day 1 

• Gauge retrieved day 2 and temperature data acquired on the way out of hole  

• Data download is usually completed within 2-3 hours day 2 

• Data processing starts immediately after download 

• Main treatment undertaken on day 3 

A summary of Schlumberger’s FracCADE simulation software is included in Appendix 13. 

The data-frac closure time allows the in-situ efficiency (leak-off control) of the treatment fluid to be assessed, 

which is then used to adjust the planned volume of the “pad” (unladen frac fluid) to be pumped ahead of the 

proppant-laden slurry in the main treatment. This serves mainly to ensure successful placement of the 

proppant within the hydraulic fracture and avoid premature “screen-out” (whereby the proppant in the 

fracture fluid creates a bridge that blocks access to the perforations, thus restricting fluid flow). It also provides 
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assurance of not creating a hydraulic fracture of greater volume than that modelled, and in turn keeping the 

propped fracture to within the geometric constraints selected. 

During the data-frac and related pumping operations, all surface pressures (tubing pressure and all casing 

annular pressures) are monitored which provides additional confirmation of equipment and wellbore 

(pressure) integrity in advance of the main propped treatment.  

5. Update of Proppant Squeeze Design 

Following acquisition of data-frac data, the reservoir model in the frac simulator (modelling tool) is calibrated 

with the newly acquired data. The key parameters derived from the data-frac include fracture closure pressure 

and fluid efficiency. The fracture model is re-run using a state-of-the-art simulator to determine how close the 

fracture forecast aligns with reality.  

If the data-frac pressure trends match with the simulation, this provides validation that the produced fracture 

geometry matches the simulated fracture geometry. 

If the pressure trends do not match, refinements are made to the parameter input to the simulation model. 

Parameters that are subject to change include: 

a. Fracture closure pressure, which represents a roughly average formation in-situ stress, across 

the Ashover Grit reservoir being fractured (obtained from the data-frac pressure decline 

analysis) 

b. Leak-off coefficient/fluid efficiency (obtained from the data-frac pressure decline analysis) 

c. Strength / in-situ-stress of the barriers above and below Ashover Grit reservoir (adjusted until 

pressure trend from simulator matches actual pressure trend) 

The frac simulation is run onsite before conducting the main proppant squeeze operation. The operational 

parameters which the data-frac data could change in the main frac design of the proppant squeeze operation 

include:  

• Treatment Pump Rate – this may be altered as follows: 

➢ Increased in case higher fluid leak off is observed while pumping during the data-frac.  

➢ Decreased in case higher tubular or perforation friction pressure is observed while pumping 

during the data-frac.  

• Pad Volume may be increased or decreased based on measured fluid efficiency. This is done to avoid 

premature proppant screen-out while at the same time minimising the pad volume during pumping.  

• Proppant concentration per stage may be adjusted to achieve optimum propped fracture conductivity 

while avoiding premature screen-out. This may also result in a reduction in maximum proppant 

concentration used in the final stage, if simulated treating surface pressure is close to the maximum 

working pressure rating of the system. 

• Gel Viscosity (Rheology) may be adjusted based on data-frac fluid efficiency and leak off behaviour. 

6. Conclusion 

The treatment to overcome the near wellbore formation damage or ‘skin’ that has impeded hydrocarbon flow 

from the Ashover Grit into W1 will utilize proppant squeeze technology supplied through the services of a 

specialist contractor. Fracture simulation modelling has been undertaken to limit and constrain the vertical 
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extent of the generated fracture such that it remains contained within the Millstone Grit Group that contains 

the Ashover Grit. 

The design of the proppant squeeze operation will be informed by the results of a data-frac operation. These 

data will be used to update the fracture simulation modelling ahead of the main treatment. The simulation 

update will be conducted onsite and in real-time. 

The planned treatment will utilize a total volume of less than 150m3, with a proppant weight of around 20 

tonnes.  

7. Proppant Squeeze Operation: Communication and Engagement  

Following the data-frac and proppant squeeze operations a summary report will be submitted via email to 

BEIS, OGA, HSE, and the EA during the hydraulic fracturing activity. This will include: 

• A summary frac treatment report that contains volume pumped of proppant and fluid, treating 

pressures and injection depths 

• An assessment of fracture growth showing frac growth in relation to permitted boundary 

• Induced seismicity in the Amber or Red zone of the Traffic Light System (TLS). Where no seismicity 

has been reported, an estimate of the detection threshold 

• Summary of well integrity test 

In addition, a summary of operations undertaken, and any TLS related events will be provided on the 
Company’s website. 

A Weekly HSE Report as required will be submitted to the HSE. 

Traffic Light System Reporting to the OGA and EA will take place. In the extremely unlikely event of a red-light 

event, notification will be given within 20 minutes of confirmation, or as soon as is reasonably possible. 

If there are indications that the fracture has extended beyond the permit boundary, then the required 

information and contributing factors will be gathered, including a provisional analysis, and submitted to the 

EA as early as possible, but no later than 12 hours after its detection. 

If wellbore integrity becomes compromised at any point during the operational period, then the required 

information and contributing factors will be gathered, including a provisional analysis and submitted to the EA 

as early as possible, but no later than 12 hours after its detection. 

All chemicals used in the operations will be released to all relevant UK government agencies and posted on 

the UKOOG website within 2-4 weeks of completion of operations and demobilisation. 

Egdon will compile a report of the data-frac and proppant squeeze operations and will share the raw data 

together with a report for the OGA and the EA. The format of the report will follow the structure listed below: 

1. Executive Summary 

2. Well Data 

3. Data-frac Programme 

4. Data-frac Execution Summary 
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5. Fracture Closure Pressure Analysis – Step Rate Test 

6. Fracture Closure Pressure Analysis – Pressure Decline 

7. Fluid Leakoff Coefficient - Pressure Decline 

8. Main Treatment (proppant squeeze) design refinement 

9. Main Fracture Programme (proppant squeeze) 

10. Main Fracture (proppant squeeze) Execution Summary 

11. Main Fracture Calibration Simulation with Resulting Fracture Shape 

12. Recorded Data 

13. Key Events Timeline 

14. Materials Used vs. Materials Planned 

 

 

 

Figure 1: Best estimate of propped fracture dimensions 
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Figure 2: Simulated fracture growth for different fluid leak-off scenarios 

Formation Top / Perforation MDRT (m) TVDRT (m) TVDSS (m) 

Top Millstone Grit Group 1943.95 1525.26 1517.06 

Top Perforation 2006.10 1583.11 1574.91 

Top Ashover Grit Formation 2006.70 1583.84 1575.64 

Base Perforation 2015.60 1592.18 1583.98 

Base Ashover Grit Formation 2020.18 1596.72 1588.52 

Base Millstone Grit Group / Top Dinantian Limestone  2214.44 1786.94 1778.74 

Table 1: W1 - Formation and Perforation Depths 
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Table 2: W1 Data-frac – documenting programme stages and associated fluid volumes (pumped) 

 

 

 

 

 

 

 

  

Obtained Data

Cubic 
metres 

(m3)

Fluid Type
Total 

m3

1 Breakdown test Measure formation breakdown pressure 9.40 Completion Brine 9.40

2 Stepdown test (optional) Fracture tortuosity and perforation friction 9.40

3 Shut-in pressure Confirmation of full system friction pressure 9.40

4 Pressure decline Formation transmissibility and permeability 9.40

5 Tubing fill Ensures only fracture fluid is used in data-frac 9.40

6 Shut-in pressure Friction characteristics of treating fluid 9.40

7 Data-frac Injection of treating fluid through perforations 22.00
Crosslinked gel 

& Linear gel 31.40

8 Shut-in-pressure
Measure shut-in pressure to determine fluid friction 
characteristics of displacement fluid

31.40

9 Pressure decline
Allows measurement of fracture cloure pressure 
(stress), fluid efficiency and leak-off

31.40

10 Step rate test Quantifies fracture closure pressure 10.00 Completion Brine 41.40

Step
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APPENDIX 7 – INDUCED SEISMIC EVENT ENVIRONMENTAL RISK ASSESSMENT 

 

Environmental Risk Assessment 

Wressle Wellsite 

 

Wressle-1 

Environmental Risk Assessment for an 

induced seismic event associated with 

Proppant Squeeze Operations 

 

 

October 2020 
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1. Introduction 

Planning consent for the Wressle field development was awarded (following appeal) to Egdon on the 17 

January 2020. The environmental permit variation EPR/AB3609XX that covers the proposed operations was 

issued by the Environment Agency on 18th May 2017.  

As a prudent and environmentally responsible operator, Egdon has examined each of the procedures that will 

make up the operational programme that is planned to take place on W1. In order to address the risk that the 

proposed operational programme may carry, a systematic assessment of each operation together with its 

consequential impact has been examined. 

2. Scope 

This Environmental Risk Assessment is applicable to the W1 site and is specific to the proposed proppant 

squeeze and the potential for an induced seismic event as a result of this operation.  
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3. Definitions 

Below is a list of definitions that may be used within this Environmental Risk Assessment format. 

Source: A source of pollutants from the activity taking place such as flaring. (Source can also 

be referred to as ‘hazard’). 

Receptor:  Although the likelihood of pollution is low it may have an adverse effect on 

surrounding residents, wildlife and habitats; these are known as the pollutants’ 

receptors. 

Pathway:  The pathway the pollutant is taking such as air or unsaturated zones. 

Risk Management: Mitigation measures that will be put in place to control the risks so far as reasonably 

practicable. 

Probability of Exposure:  The chance of the hazard occurring, having taken into account the planned 

mitigation measures.  

Consequence: A result of an event or action that has occurred. 

Overall Risk:   A hazard that has been assessed and has been given a risk rating level post mitigation 

measures i.e. not significant, low, medium, high very high etc. 

Low:  The consequence of risk together with the likelihood of the risk has low potential for 

causing harm to health, safety, or the environment.  

Medium: The consequence of risk together with the likelihood of the risk has a moderate 

potential for causing harm to health, safety, or the environment. 

High:  The consequence of risk together with the likelihood of the risk has a high potential 

for causing harm to health, safety, or the environment. 

Very High: The consequence or risk together with the likelihood of the risk has an unacceptable 

potential for causing harm to health, safety, or the environment 

PEDL:    Petroleum Exploration Development License. 
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4. Methodology 

The structure of the Environmental Risk Assessment is consistent with the Environment Agency guidance using 

a source pathway receptor model and includes: 

• Identifying the risk from the site 

• Identifying the potential receptor type, and the potential impact 

• Assessing risks and checking they are acceptable 

• Setting out appropriate measures to control the risk (if needed); and 

• Presenting the risk conclusion. 

 

  



Document:  Hydraulic Fracture Plan 

Document Number: ER-W1-HFP-001 

 

 Page 111 of 144 
 
 

5. Risk Assessment 

Table 1 sets out the definitions in relation to the likelihood of a risk/incident materialising. 

Table 1 

Likelihood of risk/incident materialising Score 

Cannot occur 0 

Unlikely to occur during the activity 
Infrequently occurs 
Not heard of in industry 

1 

Possibly could occur 
Occasionally does occur 
Type of incident is known/has occurred in industry 

2 

Likely to occur 
Occurs frequently in industry 
Is well known and documented in industry 

3 

Certain to occur 4 

Table 2 sets out the definitions of the consequence of an impact on health, safety or the environment 

Table 2 

Consequence  

Environmental Health and Safety  

 Score 

There are no consequences if the risk materialises 0 

The consequence of the risk actually materialising is deemed low due to: -  

• Low volumes of the material reaching a receptor 

• Low toxicity of the material i.e. classed as non-
hazardous 

• Few environmental receptors nearby 

• Low environmentally sensitive classification of the 
receptor 

• The site location in respect of local communities 

• Unlikely to result in injury 

• If injury manifests, minor in 
nature and no loss of work time 

• No injury, and minor asset, 
equipment or property 
damage/failure that would not 
result in injury 

1 

The consequence of the risk materialising is considered to be increased due to: - 

• Small volumes of the material reaching the receptor 
(below 100litres) 

• Mild toxicity of the material 

• Surface waters or receptors close to the site 

• Receptors classified as of moderate environmental 
importance 

• Minor or increased severity of 
injury resulting in lost work time 

• Asset, equipment, or property 
damage/failure that has the 
potential to cause a minor injury 

2 
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• The site location in respect of local communities 

There would be a more significant consequence due to:- 

• Significant volumes of material reaching a receptor 
(volumes dependent on toxicity), of 

• Materials that are classified as toxic or hazardous to 
human and environmental health 

• Immediate human and environmental health issues 

• Receptors that are classified as environmentally 
sensitive or significant and are in the immediate 
vicinity  

• The sensitivity of the site with regard to local 
communities 

• Major injury  

• Significant asset, equipment or 
property damage/failure that 
would cause a major injury 

3 

There would be a catastrophic consequence due to:-  

• Highly hazardous/toxic materials to human and 
environmental systems released into a receptor, or 
locally causing significant immediate impact on 
people or the environment  

• Receptors that are classified as environmentally 
sensitive or significant and are in the immediate 
vicinity  

• Significant or unabated volumes of highly toxic or 
hazardous material reaching a sensitive receptor 

• Catastrophic failure of containment systems that 
results in significant danger to the local environment, 
as fluids cannot be retained within site confines 

• Significant asset, equipment or 
property damage/failure that 
would cause death 

4 

In order to conclude the risk rating, a simple multiplication is applied by multiplying the likelihood score with 

the consequence score e.g. L (2) X C (1) = 2 

Resulting score multiplier matrix 

  Likelihood score 

C
o

n
se

q
u

en
ce

 s
co

re
 

0 1 2 3 4 

1 1 2 3 4 

2 2 4 6 8 

3 3 6 9 12 

4 4 8 12 16 
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Resulting score 

The concluding score figure is then entered into the “Risk” column and the Risk Rating concluded with 

either: - 

L = Low 

M = Medium 

H = High 

VH = Very High 

The scoring matrix provides the overall summary of the residual risk score as follows: -  

Risk Risk Summary Description/Action 

1-2 L = LOW Acceptable; No further control or mitigation measures required 

3-4 M - MEDIUM 
Broadly acceptable; Confirm the stated risk control measures are 

suitable and sufficient, and they are in place prior to the task starting.  

6-9 H = HIGH 
Review required; Review task to ensure whether there are additional 

risk-reduction measures that need to be implemented 

12-16 VH = Very High 

Unacceptable; Task does not proceed until a full review is 

undertaken, including additional requirements such as HAZID, 

HAZOP. 

The specific Risk Assessment applied to the proposed proppant squeeze, and the risk conclusion, is set out 

within the following tables. 

In summary, the risk assessment concludes that there is a low risk of impact in respect of induced seismicity. 
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Activity/Event  Hazard  Source Pathway  Receptor Mitigation Measures   Residual Risk  Additional 
control or 
mitigation 
measures 
required/ 

comments 

Specific 
operational 
activities  

 What has the 
potential to 

cause harm? 
(H1 Risk) 

Where is it 
coming 
from?  

How can the 
hazard get to 
the receptor? 

What is at risk Control and mitigation measures 

Li
ke

lih
o

od
  

C
on

se
qu

en
ce

  

R
is

k 
 

R
is

k 
R

at
in

g
  

Proppant 
squeeze fluid 
injection 

Induced 
earthquake; 
Ground 
shaking  

Earthquake 
located in or 
close to the 
reservoir 

Transfer of 
seismic 
energy 
through the 
rock frame to 
the ground 
surface 

Nearby 
residential 
buildings and 
infrastructure 

The operation has been designed to minimise the injection 
volume required, since seismicity scales with injected volume. 
The total injected volume is limited to 150 m3, a volume 
considered to pose a low risk with respect to seismic hazard.  

Injection will take place into a formation that has no history of 
generating induced seismicity, as demonstrated by the prior 
occurrence of a large number of similar operations without 
detected events.  

The wellbore has been positioned such that within the 
reservoir units it is a significant distance (> 300 m) from any 
faults identified in geophysical surveys 

The operation has been designed such that fracture lengths 
will not be larger than that required to connect with the 
formation. Simulated fracture lengths have been modelled to 
extend laterally 40m from the wellbore, and no more than 
40m, such that there is no possibility of intersection with faults 
identified from the 3D seismic data. Simulation modelling 
indicates he fracture height from top to bottom to be less than 
40m in extent and to remain within the permitted boundary of 
the Millstone Grit Group 

 

1 1 1 L  
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Activity/Event  Hazard  Source Pathway  Receptor Mitigation Measures   Residual Risk  Additional 
control or 
mitigation 
measures 
required/ 

comments 

Specific 
operational 
activities  

 What has the 
potential to 

cause harm? 
(H1 Risk) 

Where is it 
coming 
from?  

How can the 
hazard get to 
the receptor? 

What is at risk Control and mitigation measures 

Li
ke

lih
o

od
  

C
on

se
qu

en
ce

  

R
is

k 
 

R
is

k 
R

at
in

g
  

Proppant 
squeeze fluid 
injection 

Proppant 
carrier fluid 

Injection of 
proppant 
under 
pressure in 
wellbore 

Wellbore 
casing/tubing 
damage 
resulting in 
migration of 
fluid into 
shallower 
formations 

Proppant 
carrier fluid 
reaching 
groundwater 
with a resource 
value 

4 ½” Liner (K55,10.5lb/ft) burst strength 4785psi 
2 7/8” tubing (L80 6.4lb/ft), burst strength 10,570psi 
3 ½” tubing (L89 9.2lb/ft) burst strength 10,164psi 
 
Treatment limited to 150m3 in volume in total 
 
 
Maximum injection pressure at surface up to 8,000psi 
(2,000psi below the 10,000psi wellhead pressure 
specification) 
 
Pre-operational integrity pressure tests on installed casing and 
wellhead 
 
Continuous pressure monitoring of the 7” x 4-1/2” annulus and 

wellhead 
 
Automatic pump shut down initiated should any pressure 
exceed pre-set limit 
 
Well is constructed and maintained to industry standards and 
best practices 
 
Competent supervision 
 
Baseline monitoring of groundwater quality before operation, 
then monitoring during and after treatment 

1 1 1 L  
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Activity/Event  Hazard  Source Pathway  Receptor Mitigation Measures   Residual Risk  Additional 
control or 
mitigation 
measures 
required/ 

comments 

Specific 
operational 
activities  

 What has the 
potential to 

cause harm? 
(H1 Risk) 

Where is it 
coming 
from?  

How can the 
hazard get to 
the receptor? 

What is at risk Control and mitigation measures 

Li
ke

lih
o

od
  

C
on

se
qu

en
ce

  

R
is

k 
 

R
is

k 
R

at
in

g
  

Proppant 
squeeze fluid 
injection 

Ground 
vibration at 
surface 

Pressure of 
injected 
fluids 
causing 
localised 
formation 
fracture 

Transfer of 
seismic 
energy 
through the 
rock frame to 
the ground 
surface 

Local 
community 
concerns; 
Reputational 
rather than 
physical – 
mainly covered 
in first 
assessment 
table 

The operation has been designed to minimise the injection 
volume required, since seismicity scales with injected volume. 
The total injected volume is limited to 150 m3, a volume 
considered extremely unlikely to produce seismicity. 

Injection will take place into a formation that has no history of 
generating induced seismicity, as demonstrated by the prior 
occurrence of many similar operations without detected 
events.  

The seismic array monitoring and Traffic Light System (TLS) 
decision making will ensure that seismicity remains below a 
level that could be felt at surface. 
 
On-site attendance at monitoring points providing 
communication link to wellsite operations in the event of 
indication of exceeding vibration thresholds 
 
Compliance with the TLS 
 
Competent supervision. 

1 1 1 L  
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Activity/Event  Hazard  Source Pathway  Receptor Mitigation Measures   Residual Risk  Additional 
control or 
mitigation 
measures 
required/ 

comments 

Specific 
operational 
activities  

 What has the 
potential to 

cause harm? 
(H1 Risk) 

Where is it 
coming 
from?  

How can the 
hazard get to 
the receptor? 

What is at risk Control and mitigation measures 

Li
ke

lih
o

od
  

C
on

se
qu

en
ce

  

R
is

k 
 

R
is

k 
R

at
in

g
  

Proppant 
squeeze fluid 
injection 

Noise Injection 
pumps 
Injecting 
proppant 
fluids  

Noise carry 
to nearby 
residential 
properties 

Disturbance to 
local residents; 
Exceeding 
noise 
thresholds set 
within Planning 
permission 

Noise outputs from pumps are known and modelled into noise 
assessment submitted with planning application 
 
Conclusion of assessment was that minimal impact on local 
residential receptors  
 
Planning permission has defined noise thresholds  
 
Very short day-time operations of 1-2 hours per day over 2 
days 
 
No pump operations at night 
 
Site is on existing farmland, with associated levels of 
machinery and transport noise 
 
Noise monitoring will be undertaken during the operation to 
ensure that noise thresholds set within planning conditions are 
not breached 

1 1 1 L   
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APPENDIX 8 – SEISMIC ARRAY MONITORING 

 

 

 

EGDON RESOURCES U.K. LIMITED 

PROPPANT SQUEEZE AT WRESSLE-1 WELL SITE 

LODGE FARM, CLAPP GATE, BROUGHTON AND APPLEBY 

 

SEISMIC ARRAY MONITORING 
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SEISMIC ARRAY MONITORING 

Egdon Resources UK Limited (“Egdon”) has received Planning Consent and an Environmental Permit for the 

phased development of the Wressle oil discovery at Lodge Farm, Clapp Gate, Broughton, and Appleby. As part 

of the development, and described in Appendix 6, a proppant squeeze may be undertaken, whereby a slurry 

of gelled fluids and very small solid particles (i.e. chemically inert ceramic proppant) is pumped down the 

wellbore and out through the existing perforations in the steel wellbore casing into the Ashover Grit reservoir. 

This process is used where the natural permeability of the rock has been impaired or needs to be enhanced 

by creating channels of communication through formation damage (skin) in the near wellbore.  

This Appendix describes the arrangements that will be implemented to monitor seismicity during the proppant 

squeeze operation, and the circumstances under which operational decisions to further reduce the induced 

seismicity hazard may be taken. 

Egdon has undertaken a seismic hazard assessment for induced seismicity associated with the proposed 

proppant squeeze in the Wressle (W1) well (Appendix 5). This has indicated that the likelihood of causing 

seismicity that is of sufficient magnitude to be felt is low. Real-time seismic monitoring of the proppant 

squeeze will be used to ensure that the assumptions and conclusions of this assessment are met and validated 

during the operation.  

The OGA has previously released guidance for managing induced seismicity hazard during onshore oilfield 

operations. This strategy is based primarily on the implementation of a Traffic Light System (TLS) to control 

operations. It should be noted that this guidance has hitherto applied only to shale gas hydraulic fracturing 

which, as noted in our seismic hazard assessment, may carry a significantly higher induced seismicity hazard 

compared to the proposed conventional operation planned at W1. Nevertheless, as a prudent and safety-

minded operator, Egdon will conduct its proppant squeeze operations in compliance with the TLS as it is 

currently constituted, viz: 

M = 0.0 → Green Light: injection proceeds as planned 

0.0 < M < 0.5 → Amber Light: the operator will consider reducing the injection rate and/or pressure if 

appropriate given the point within the injection program 

M > 0.5 → Red Light: flush well, injection halted; pressure reduced. The OGA and EA to be advised. 

Checks on well integrity will also be made. 

The operational decision tree is illustrated in Figure 1. 

In Appendix 5, we find that the most likely largest event size from the proposed operation is a magnitude of 

M -2.0. There is a 95 % likelihood that the largest event size is less than M 0.6, and the extreme case, with a 

1% chance of exceedance, is a largest event with magnitude M 1.6. Since these values fall well below our range 

of potential values for MMAX, constraining this value is not necessary for the purposes of Egdon’s assessment. 

The seismic hazard assessment (Appendix 5) indicated a low likelihood of events larger than M 0.5 (5.1 % 

chance of exceedance). Hence, the occurrence of an event larger than this magnitude is a reasonable threshold 

at which to halt injection and conduct further investigation. 
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Figure 1: Operational decision tree for the Wressle proppant squeeze treatment of the Ashover Grit reservoir 

Instrumentation 

Egdon will undertake surface-based seismic monitoring at W1 wellsite to enable real-time implementation of 

the Traffic Light System. In consultation with experienced seismologists, a network array of five autonomous 

broadband seismometers will be deployed within three kilometres laterally from the Ashover Grit in W1. The 

monitoring stations will be sited in low-noise positions that are away from major roads, railways, and other 

sources of seismic noise. 
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Figure 2: Example monitoring station 

Each monitoring station will be comprised of an ultra-low power, light weight, triaxial broadband seismometer, 

such as a Guralp 6TD instrument, continuously operating data recorder (battery powered) and a GPS for timing 

synchronisation and positioning. The instrument responses will be independently calibrated by the equipment 

provider prior to deployment, with calibrated response data provided to the analysts for data processing. The 

seismometers will be buried to a depth of roughly one metre below ground level (see Figure 2), and the 

resulting surface footprint is minimal. Broadband seismometers that are capable of recording the full 

frequency response of any detected events will be used. Trace-based STA/LTA picking algorithms, such as 

FilterPicker (Lomax et al., 2012), will be used to identify potential earthquakes in the recorded waveforms.  

The network will be deployed approximately 1 week prior to the start of operations, allowing the array 

performance to be checked: monitoring stations at which noise levels are too high will be re-sited as necessary 

to ensure that these performance standards are met. Monitoring will take place for 20 days after operations, 

as this has been shown to be sufficient to capture post-injection seismicity at most hydraulic fracturing sites 

(Verdon and Bommer, 2020). If anomalous seismicity is continuing to occur at this time, then the monitoring 

period will be extended, as necessary. 

We have performed a preliminary assessment of array capability based on potential sites identified by a desk 

study. All sites are within 3 km of the injection point in the W1 well. We model signal strengths in terms of 

PGV based on the Akkar et al. (2014) GMPE, with events at a depth of 1,700 m, and a VS30 value of 500 m/s. 

This approach has been observed to provide a reasonable match with observed signals from hydraulic 

fracturing sites elsewhere in the UK (Figure 3). We consider scenarios with ground motion at the mean value, 

and ± 1 standard deviation.  
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Figure 3: Observed PGV (red circles) for 31 earthquakes induced during hydraulic fracturing at Preese Hall, recorded at the 

Hill House Farm station (GB:BHHF), compared with modelled ground motions (cross shows 50th percentile values, bars 

show 5 – 95th percentile values) using Akkar et al. (2014), assuming a hypocentral distance of 3.3 km, a VS30 value of 700 
m/s, and a strike-slip mechanism. Note that the magnitudes shown are not those computed by Clarke et al. (2014), but 
values computed using the Butcher et al. (2017) local magnitude scale based solely on displacements measured at the Hill 
House Farm station.  

Noise levels at the proposed sites are as yet unmeasured. In the following, we consider a high noise case, 

whereby signal strength must exceed 3 x 10-6 m/s for detection, and a moderate noise case where signal 

strength must exceed 1 x 10-6 m/s for detection. As described above, if noise levels at particular stations are 

too high such that the desired performance cannot be achieved, then stations will be re-sited.  

To determine the detection threshold for an event at a given point in the subsurface, we compute the expected 

signal strength at each station using the approach outlined above and compare this value with the assumed 

detection thresholds. We require successful detection by all 5 stations for an event to be identified. This 

provides a measure of redundancy, since in fact only 4 stations are necessary to fully constrain an event 

location in 3 dimensions, and so, by adopting this approach, the same level of detection threshold 

performance would in fact be achieved if any one station was offline.  

In Figure 4 we show the modelled detection thresholds for each of the scenarios described above. We note 

that, even for the most conservative scenario (high noise level, and signal strength 1 sd below the mean), the 

detection threshold is below M 0 within 1 km of the injection point, thereby meeting the required performance 

to operate the TLS. 
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Signal 1 sd below mean, moderate noise 

 

Signal 1 sd below mean, high noise 

 

Mean signal, moderate noise 

 

Mean signal, high noise 

  

Signal 1 sd above mean, moderate noise 

  

Signal 1 sd above mean, high noise 

 

Figure 4: Modelled detection threshold magnitudes for the moderate and high noise scenarios, with signal strength at the 
mean value as estimated by Akkar et al. (2014), and 1 sd above and below the mean. Red triangles show the modelled 
station positions, and the black square shows the injection position in the W1 well. A black line is drawn at the M 0 array 
performance requirement – for all scenarios the detection threshold is below M 0 within 1 km of the injection point.  
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The modelled array performance can be verified by comparison to observed performance levels of similar 

arrays at other hydraulic fracturing sites in the UK. Figure 5 shows observed waveforms from events with 

magnitudes between M -0.2 to M 0.0 recorded on stations within 2 – 3 km of the injection site during hydraulic 

fracturing of the PNR-1z well in 2018. We observe that signals from these events are well above the noise 

levels and so can are detected. This scenario is very similar to the type of monitoring array that is proposed 

for the Wressle site and serves to verify the array performance assumptions made above.    

 

 

 

Figure 5: Example waveforms from selected events recorded with magnitudes between M -0.2 to M 0.0 (at and just below 
the required performance level for the TLS system) during stimulation of the PNR-1z well by monitoring stations within 2 
– 3 km of the events. For events of this size, signals are clearly visible above the background noise levels, and so can be 
detected using trace-based picking algorithms.  
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APPENDIX 9 – GROUNDWATER MONITORING BOREHOLE LOCATIONS   



Document:  Hydraulic Fracture Plan 

Document Number: ER-W1-HFP-001 

 

 Page 126 of 144 
 
 

APPENDIX 10 – AS-BUILT CONSTRUCTION DETAILS FOR GWMBH1R, 2R, 3R & 5 
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APPENDIX 11 – AS-BUILT CONSTRUCTION DETAILS FOR GWMBH 4 
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APPENDIX 12 – WRESSLE HYDROGEOLOGICAL & FLOOD RISK ASSESSMENT (HRFA) SUMMARY 

SUMMARY (Extracted from HRA (July 2018) compiled by Envireau Water  

Egdon Resources U.K. Limited (“Egdon”) constructed an oil exploration well (Wressle-1) on farmland at Lodge Farm, 

Appleby, North Lincolnshire in August 2014 (the wellsite). Wressle-1 was drilled to a total depth 2,236m measured 

depth (MD) below ground level (bgl), 1,810m true vertical depth (TVD) bgl.  

To investigate the viability of the well for commercial production, test operations were conducted from January to 

March 2015 and an Extended Well Test (EWT) was conducted between June and September 2015. The tests were 

successful, and Egdon has completed its Field Development Plan (FDP) for commercial oil production from the 

wellsite, which will be submitted to the Oil & Gas Authority (OGA) for approval. Development of the wellsite for 

commercial oil production will require additional civil engineering works at surface and well engineering works within 

the production zone of the Wressle-1 well. To produce oil commercially from the wellsite, Egdon has been granted 

an Environmental Permit by the Environment Agency and has submitted its Planning Application to North 

Lincolnshire Council. To fulfil the requirements of the planning application process, an FRA has been undertaken, and 

a HRA has been submitted in support of the planning application to demonstrate that the potential risks to the water 

environment have been fully considered and that mitigation measures are put in place to reduce risks to an 

acceptable level.  

Historically, there have been several hydrogeological and flood risk assessments undertaken for the Wressle wellsite 

This new comprehensive report produced by Envireau Water draws together in a consistent manner, data presented 

in previous assessments, together with significant new proprietary data (geological, hydrogeological and 

engineering) acquired by Egdon and integrated with environmental and planning resources to support the 

hydrogeological conceptual model (HCM) for the wellsite, and to define the surrounding water environment. The 

new data and assessment does not fundamentally change the HCM, but does significantly improve the evidence 

base. A proposed wellsite reconfiguration provides a QA/QC’d tertiary containment system below the wellsite. As 

such, the risk assessment remains similar and the conclusions remain the same as has been previously reported, 

albeit with a more robust evidence base. 

Envireau Water has used the HCM to form the basis of a the HRA undertaken for the Proposed Development at the 

wellsite. The risk assessment has been conducted with reference to the methodology and framework for 

groundwater risk assessment set out by DEFRA in Green Leaves III (GL III), and the Environment Agency’s approach 

to groundwater protection and technical guidance.  

Envireau Water has also produced an FRA for the Proposed Development, which takes account of the proposed 

wellsite reconfiguration. 

This HRA demonstrates that risks are reduced through the embedded mitigation measures described in this report, 

resulting in there being a ‘Low’ to ‘Very Low’ overall residual risk from the Proposed Development, to shallow 

sensitive Aquifers and the surface water system. Any small residual risks are mitigated by adopting a robust approach 

to wellsite design and management. The FRA demonstrates that the Proposed Development is not at risk of flooding 

and does not increase the risk of flooding downstream. 

A scheme of groundwater and surface water monitoring has been agreed with the Environment Agency as part of 

the environmental permitting process and has been extended as part of this planning application. The scheme of 
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monitoring will demonstrate the effectiveness of the proposed mitigation measures and will provide a robust water 

quality baseline against which any changes in chemical and physical attributes can be measured prior to and during 

production. 

 

 

 
Envireau Water 
4 July 2018 
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APPENDIX 13 – FRACCADE (SCHLUMBERGER) – SUMMARY DESCRIPTION 
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APPENDIX 14 – W1 WELL INTEGRITY TESTING PROGRAMME FOR RECOMPLETION OPERATION 
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