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Foreword 
This report is the product of a study by the British Geological Survey (BGS) into published or reported 
problems with and incidents at underground fuel storage facilities. It forms part of a risk assessment of 
underground gas storage in the UK for the Health and Safety Executive for which a contribution by 
Quintessa is presented in a separate report (Watson et al., 2007). 

For ease of use, the BGS report is presented in two volumes. Volume One comprises the text and 
appendices. Volume Two contains the figures and tables referred to in Volume One. 

The report and results contained are subject to either NERC General Conditions of Contract or, if 
appropriate, conditions previously agreed between NERC and the customer. All such agreements include 
intellectual property rights (IPR) considerations, including appropriate digital data and copyright 
licensing fees. 

Disclaimer: this is wholly independent and impartial review and appraisal of the technology of 
Underground Fuel Storage (UFS), the incidents or problems encountered at various facilities and the 
general geological conditions of those areas, with an overview of the potential or likely areas for 
underground gas storage (UGS) in the UK, outlining the form that this might take. The BGS report 
neither promotes nor supports UFS, one particular form of UGS or any proposed facility location. 
Additionally, it does NOT address the control or prevention of pollution, safety of the surface or 
subsurface infrastructure: the assumption here being that the design, maintenance and operation of such 
facilities would be subject to the various HSE, waste and environmental regulations covered by such 
documents as the COSHH (2002), COMAH (1999) and appropriate British Standards. For specific 
elements of an underground gas storage facility, e.g. wells and surface installations, and operational 
procedures, it is assumed that UGS applications would be subject to existing BS standards and legislation 
for oil and gas exploration and should be applied or referred to in the first instance. 

The parallel legislation includes: 

• The Health and Safety at Work etc. Act 1974 

• The Borehole Sites and Operations Regulations 1995 

• The Dangerous Substances and Explosive Atmospheres Regulations 2002 

• The Control of Major Accident Hazards Regulations 1999 

• The Construction (Design and Management) Regulations 1994 (as amended) 

• The Pipelines Safety Regulations 1996 

• The Pressure Systems Safety Regulations 2000 

These are in addition to the controls imposed under the Planning (Hazardous Substances) Act 1990 and 
the Planning (Hazardous Substances) Regulations 1992. 

Whilst the BGS has made every effort to provide the HSE with a programme of work and report designed 
to meet their needs, this study is part of work in progress. BGS cannot be held responsible for: (i) any 
measurements, tests or other activities that have not been included in the work and any resulting report 
that subsequently become important at a later date; or (ii) any use which may be made of any part of this 
work in progress, nor any reliance placed on any part of this work in progress, nor any advice or 
information given in connection with this work in progress. 

The British Geological Survey (BGS) has no responsibility for the persistence or accuracy of URL’s for 
external or third-party internet websites referred to in this publication, and does not guarantee that any 
content on such websites is, or will remain, accurate or appropriate. However, hardcopies of the 
documents referenced have generally been made by the report writer(s) and could be obtained by writing 
to them. 
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FIGURES (refer Volume 2) 

Figure 1. Distribution of the main halite bearing basins in Britain and the location of 
operational and proposed underground gas storage sites (based upon BGS 2006a). Also 
shown the anticlinal structure sites (■) investigated in the late 1950’s to early 1960s by the 
Gas Council for underground storage of town gas. 

Figure 2. Anticipated UK gas demand and declining production rates (after DTI, 2006a). 

Figure 3. The main mechanisms leading to the choking/blocking of pore spaces that cause 
damage to, and loss of performance in, reservoir rocks and gas storage wells (after Bary et 
al., 2002 and courtesy of Schlumberger). 

Figure 4. Schematic diagram illustrating the concepts of underground gas storage in 
depleting oil/gasfield (pore), salt cavern and abandoned mine scenarios. a) typical anticlinal 
traps for oil and gas b) microscope view of sandstone reservoir, c) cartoon illustrating 
injection of gas into pore spaces from which oil has migrated, or displacing residual oil in 
pore spaces, thereby enhancing oil recovery, d) the various types of salt bodies in which salt 
cavern might be constructed (note: the concept of injection and storage of gas in aquifers is 
the same as in parts a-c, with the exception that the pore spaces are filled with saline water, 
rather than oil), e) solution mining process for a salt cavern, f) abandoned coal mine 
storage (based upon Leyden Mine, Canada; after Raven Ridge Resources, 1998). 

Figure 5. Photographs of salt brining related incidents and features. a) Brine gusher from 
ICI well BW 124 at Preesall, near Fleetwood, Lancashire, b) collapse crater associated with 
previous salt brining activities in the Preesall Saltfield (from Jackson, 2005; reproduced by 
permission of D.S. & M.J. Jackson), c&d) photograph and map of south sinkhole 
developed at Cargill, Kansas, November 12, 1974 showing development and loss of 
infrastructure (railway lines) above location of brine well/cavern (from Walters, 1978 and 
courtesy of Kansas Geological Survey). 

Figure 6. Sketch diagrams of the nature and result of dislocations within crystal lattices 
and how they form one of a series of processes leading to deformation, creep and ultimately 
recrystallisation of materials. a-f) illustration of slip of the crystal lattice as a dislocation 
moves through on a slip plane (forming an extra half plane), with ultimately the whole 
slipped by one unit after the dislocation has traversed the whole crystal, g) sketch 3D block 
diagram to illustrate the process in a-f, showing the position in part e, with the italicised A-
F points being roughly equivalent positions, h&i) similar 3D diagram to indicate the 
slipped area within a crystal and the deformation induced in the crystal lattice, j) 
development of microfractures in salt grain/crystal. σ1 is the principal stress direction 
(after Munson et al., 1999). 

Figure 7. Concept of underground LPG storage caverns with water curtains preventing the 
release and migration of stored product (gas), after Yamamoto & Pruess (2004). 

Figure 8. Photograph, location map and sketch section showing the Chalk cavern storage 
facility at Killingholme. Photograph is of one mined gallery, with the sketch section 
detailing the geology, Chalk stratigraphy, storage horizon and mining technique of an 
upper and lower ‘bench’, as described in the text (far left of line drawing). Line drawing 
reproduced by permission of the Geological Society; photograph by permission of David 
Lee Photography Ltd., Barton upon Humber and the Geological Society, London. 
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Figure 9 Diagramatic representation of the proposed Norton CAES plant at Norton, Ohio 
(black and white image reproduced by permission Sandia and CAES Development 
Company LLC: http://www.caes.net/cycle.html). 

Figure 10. Fractures in halite sequences and linear schistose (possibly mylonitic) fabrics 
developed in UK halite beds. a) gypsum filled veins representing two sets of infilled 
fractures in the Breckells Mudstones (caprock) at Preesall (NW England, from Wilson & 
Evans, 1990), b) strongly flow lineated Boulby Halite on subconcordant core break from 
depth of 336.7 m (after Smith, 1996; courtesy of the Geological Society, London). Scale bar 
10 cm, c) linear crystal fabric that has developed on the curved surface of a break in the 
core in Preesall Halite (depth 538 m). The break and linear features in the halite has been 
interpreted by some as slickensides related to brittle faulting in the halite, but may be a 
ductile flow fabric similar to part b (photograph courtesy of Canatxx Gas Storage Ltd). 

Figure 11. Development of wet rockhead. 

Figure 12. Prospective onshore sedimentary basins and significant oil and gas fields. 
Licence areas also show areas of Coalbed methane prospectivity (source: BGS 2006b). 

Figure 13. Westphalian channel width/thickness data (after Aitken et al., 1999). 

Figure 14. Westphalian depositional environments, with typical sand channel forms and 
dimensions (based upon Fielding, 1984; Guion et al., 1995; Aitken et al., 1999). 

Figure 15. Major aquifers cropping out in England and Wales (courtesy of Jennifer 
Cunningham, BGS Wallingford). Also shown, the relationship of major aquifers to the 
onshore oil and gasfields. 

Figure 16. Schematic illustration of faulted sand-shale sequence and terminology of fault 
offsets and sealing configurations referred to in the text (after Færseth, 2006). Where 
reservoir A and reservoir B are juxtaposed across faults, the shale interval 
stratigraphically between the two reservoir units may be smeared along the fault to form a 
seal that hydraulically separates the sandstones. 

Figure 17. Sketch map of the felt area of the Dogger Bank (7/6/31), Lleyn Peninsular 
(19/7/84) and Roermund (Netherlands, 13/4/92) earthquakes (from Browitt & Musson, 
1993). 

Figure 18. Cross section of UK seismicity from south to north plotted by latitude and 
depth, showing probable maximum vertical extent of ruptures for all earthquakes with 
magnitude > 3 ML with known depths in mainland UK and the Irish Sea. Refer section 6.2 
of main report for description of earthquake magnitudes (ML). 

Figure 19. Numbers of UK earthquakes classed by magnitude and depth. 

Figure 20. UK seismicity maps (from Musson, 2003b: http://www.earthquakes.bgs.ac.uk/ 
hazard/Hazard_UK.htm). a) earthquakes in the UK, b) tectonic sketch map of the UK, c) 
EMS intensity hazard map for the UK. 

Figure 21. Location of French UGS sites referred to in the text and details of the Tersanne 
cavern dimensions prior to and following salt creep (after Bérest & Brouard, 2003). 

Figure 22. Details of Californian oilfields. a) cross section of the leakage scenario at the 
Fairfax Oilfield (after Hamilton & Meehan, 1992), b) skyline of oil derricks at the Playa del 
Rey Oilfield (after Seaver Center for Western History Research, Los Angeles County 
Museum of Natural History), c) general location map of depleted gasfields and gas storage 
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sites in California and referred to in the text, d) gas bubbling up old leaking well in shallow 
water pond, Playa del Rey (courtesy Jeanette Vosberg, Save Ballona Wetlands – see 
http://saveballona.org/techpages/well.html), e) map of the Playa del Rey and Venice Beach 
oilfields with known well locations, f) schematic section of Playa del Rey Oilfield showing 
gas leakage paths. 

Figure 23. Illustrations of former heavily drilled areas of Los Angeles that are now densely 
populated urban areas. a) view of oil derricks associated with the Los Angeles City Oilfield 
(c. 1890; courtesy of Lena Tabilio and the California Division of Oil, Gas and Geothermal 
Resources (http://www.consrv.ca.gov/index/siteMap.htm#doggr), b) map of the Belmont 
School area, where construction stopped due to the underlying LA City Oilfield, c) Los 
Angeles City Oilfield at the corner of Glendale Boulevard and Rockwood Street, circa 1900 
(Photo courtesy of the Seaver Center for Western History Research, Los Angeles County 
Museum of Natural History, www.nhm.org), and d) Los Angeles City Oilfield at the corner 
of Glendale Boulevard and Rockwood Street, October 2002 (from Gamache & Frost, 2003; 
courtesy of the California History Room, California State Library, Sacramento, California 
(www.library.ca.gov/calhist/index.html). 

Figure 24. Stratigraphy of the Los Angeles area, structure contour map (at near top 
basement) of the Venice Beach and Playa del Rey oilfields and cross section of the Playa del 
Rey Oilfield (based upon Wright, 1991). 

Figure 25. Major salt basins of the North America, including the main salt domes referred 
to in the text. Also shown, images of the major gas release incidents at Hutchinson 
(downtown fire, courtesy Chief Forbes, Hutchinson Fire Brigade; gas geyser, CUDD 
Drilling and Shannon Pope of RPC Inc), Moss Bluff (after Dave Ryan, Beaumont 
Enterprises http://www.thefortressweb.com), Brenham (courtesy of NTSB, 1993), Fort 
Saskatchewan (after Liz Nayowski, Fort Saskatchewan Record: http://www.chem. 
queensu.ca/chembook/articles/ethane_fire_in_fort_saskatchewan.htm), night time image of 
the Carlsbad pipeline incident which caused a crater 15.5 m by 34.5 m, bridge towers 
(estimated 10 m high) arrowed for scale (courtesy of NTSB, 2003). 

Figure 26. The Ghislenghien gas pipeline explosion (images courtesy Emergency 
Management: http://www.emergency-management.net/gaspipeline2004.htm). a) location 
map, b) the fire following the explosion, c ) view of the general site showing the burned area 
and d) the crater and exposed pipeline. 

Figure 27. The 2005 Buncefield above ground storage incident (after Powell 2006a&b). a) 
aerial view of the site prior to the incident, b) the incident from the air, c) aerial view of 
damage to storage vessels, d) map illustrating the proximity of the storage depot to 
surrounding industrial and domestic buildings. 

Figure 28. Schematic illustration of possible leakage pathways through an abandoned well: 
a) between casing and cement, b) between cement plug and casing, c) through the cement 
pore space due to cement degradation, d) through well casing as a result of corrosion, e) 
through fractures in cement, f) between cement and rock. (Figure from Scherer et al., 
2005; reproduced from Environmental Geology, by permission of ©Springer Verlag). 

Figure 29. Humbly Grove gas storage facility (courtesy Star Energy). a) site clearance (Feb 
2004) and b and c) completed facility (Feb 2005). 

Figure 30. Details of the Teutschental (West Germany) site and ethylene escape (based 
upon Katzkung et al., 1996). a) structure contour map on top Zechstein halite, b) SW-NE 
cross section across the Lauchstädt structure and storage site area, c) and d) photographs 
of venting sites, from which a mixture of ethylene and water erupted, e) location map for 
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UGS sites in Germany and referred to in text. Photographs reproduced by permission of E. 
Schweizerbart Science Publishers: http://www.schweizerbart.de/). 

Figure 31. Detail of the Kiel storage cavern in Germany, illustrating volume loss due to 
insolubles, roof collapse and salt creep (after Bérest & Brouard, 2003). 

Figure 32. Details of the Eminence salt dome and storage facility (based upon Allen, 1972). 
a) cross-section of the salt dome with depth of caverns, b) detail of the depths and shapes of 
the four caverns constructed at Eminence c) illustration of the extent of salt creep and 
decrease in cavern size. 

Figure 33. Details of the Mont Belvieu salt dome and storage facility a) structure contour 
map on the top of the Frio Sands showing area of salt piercement (after Halbouty, 1979), b) 
cross-section of the salt dome. 

Figure 34. Details of the Moss  Bluff salt dome and storage facility a) structure contour 
map on the top of the Frio Sands showing area of salt piercement (after Halbouty, 1979), b) 
cross-section of the salt dome illustrating the depth of the cavern and shape. 

Figure 35. Details of the Hutchinson incident. (a) location map illustrating the site of the 
storage facility circa 11 km (7 miles) NW of the town of Hutchinson (b) WNW-ESE cross 
section showing the stratigraphy and structure of the area and the route taken by the gas 
from the storage cavern to the town (after Kansas Geological Survey). Images shown 
courtesy of Chief Forbes, Hutchinson Fire Department; Kansas Geological Survey; Kansas 
Department of Health and Environment, CUDD Drilling and Shannon Pope of RPC Inc. 

Figure 36. Setting of the Fort Saskatchewan cavern storage facility, Canada. a) sketch cross 
section of the area, b) cross section of the cavern an infra-structure (after EUB, 2002). 

Figure 37. Sketch section through the Napoleanville salt dome illustrating the situation 
when shale layers were encountered indicating that due to poor site characterisation, the 
sidewalls of the salt dome/stock had been intersected during brining operations (after Neal 
& Magorian, 1997). 

Figure 38. Stratigraphy, cross-section and leakage paths from the Leroy Gas Storage 
Facility, Wyoming (after Araktingi et al., 1984). 

Figure 39. Stratigraphy and structural detail of the Coalville and Chalk Creek gas 
(aquifer) storage facilities, Utah, USA (after Morgan, 2004). 

Figure 40. Cross-section of the Pleasant Creek gas (aquifer) storage facility in California 
(after Jones & Drozd, 1983). Also shown the soil-gas profiles showing leakage of the aquifer 
caprock. 

Figure 41. Stratigraphy of Illinois aquifer sandstones and location of the main gas storage 
sites having experienced difficulties, see Appendix 5 (after Collinson et al., 1988; Kolata & 
Wilson, 1991). 

Figure 42. Structural contour map of the Weeks Island salt dome, Louisiana, illustrating 
the sites of the two sink holes in relation to the extent of salt mine workings (after Warren, 
2006). 

Figure 43. Detail of the Leyden Mine gas storage site, Colorado (after Raven Ridge 
Resources, 1998). 
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Figure 44. Map of the oilfields and main tectonic features in the Los Angeles Basin. a) 
Oilfields based upon Camp Dresser & McKee (2001) and Wright (1991), faults based upon 
Wright (1991) and Biddle (1991), b) oil derricks along the ocean front at Playa del Rey 
(after Seaver Center for Western History Research, Los Angeles County Museum of 
Natural History), c) gas bubbles emerging from old oil well in lagoon at Playa Vista, Playa 
del Rey oilfield (courtesy Jeanette Vosberg, Save Ballona Wetlands - see http://saveballona. 
org/techpages/well.html). 

Figure 45. Castaic and Honor Rancho gas storage facilities. a) Location map, b) cross 
section of the Honor Rancho Oilfield (after Davis & Namson, 2004). 

Figure 46. Sketch diagrams showing problems with and the repair of gas storage wells in 
California (after Vector Magnetics: http://www.vectormagnetics.com/Case_History 
O&G.html). a) and b) damage following an earthquake, c) inadvertent sidetracking of a 
well, d) inadvertent sidetrack due to corroded casing. 

Figure 47. Sketch section illustrating the geological conditions likely to represent the 
‘Saltfleetby scenario’ (based upon Hodge, 2003). 

Figure 48. Sketch section illustrating the geological conditions likely to represent the 
‘Welton scenario’ (based upon Rothwell & Quinn, 1987). 

Figure 49. Sketch section illustrating the geological conditions likely to represent the 
‘Gainsborough-Beckingham scenario’ (based upon Brunstrom, 1963; Fraser & 
Gawthorpe, 1990, 2003). 

Figure 50. Sketch section illustrating the geological conditions likely to represent the ‘NE 
England scenarios’ (e.g. Caythorpe and Kirby Misperton gasfields – based upon Kirby & 
Swallow, 1987). 

Figure 51. Sketch section illustrating the geological conditions likely to represent the 
‘Weald Basin scenarios’ (e.g. Humbly Grove and Storrington – based upon Hancock & 
Mithern, 1987). 

Figure52. Generalised stratigraphy for the Humbly Grove and northern Weald area. 
Abbreviations: Lst –limestone; Sst – sandstone; Siltst - siltstone. 

Figure53. Sketch section illustrating the geological conditions likely to represent the ‘NW 
England (Elswick) scenario’ (based upon Aitkenhead et al., 1992). 

Figure54. Sketch section illustrating the geological conditions likely to represent the 
‘Cheshire Basin scenario’ – relating to the Byley, Hole House, King Street and Stublach 
sites. 

Figure 55. Sketch section illustrating the geological conditions likely to represent the ‘Byley 
and Hole House scenarios’. 

Figure 56. Sketch section illustrating the geological conditions likely to represent the 
‘Preesall saltfield scenario’. a) the southern areas of the saltfield (more intragrabenal 
faults), b) the northern areas of the saltfield (fewer intragrabenal faults). 

Figure 57. General setting of the Dorset Halite in the region of the proposed salt cavern 
storage facility beneath the Weymouth-Isle of Portland area. a) Line illustration of the 
thickening of the (Dorset) halite of the Wessex Basin in the Weymouth Anticline, based 
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upon depth converted seismic reflection data (Chadwick & Evans, 2005), b) sketch of the 
level of proposed gas storage caverns and layout (after Egdon, 2006a). 

Figure 58. Sketch section illustrating the geological conditions likely to represent the ‘NE 
England Permian scenario’ (e.g. Hornsea/Atwick, Aldbrough). 

 

TABLES 

Table 1. Summary of operational and planned underground gas storage facilities in 
Britain. Note: information regarding the caverns operational in the Teesside area and the 
product stored has been in part supplied by SABIC, whose assistance is gratefully 
acknowledged. This represents our most up to date information on the various caverns and 
stored products. However, more detail might become available with time. 

Table 2. Number of underground natural gas storage facilities, working volumes and 
deliverability, both worldwide and in the USA (based upon IGU, 2003; Favret, 2003; Plaat, 
2004 & in press; EIA, 2006). 

Table 3. Calculated diffusive fluxes for the McClave Field (Nelson & Simmons, 1995) 

Table 4. Calculated methane losses for a 1737 m and a 39.6 m thick caprock (Smith et al., 
1971). 

Table 5. Summary of the main hydrocarbon province characteristics and significant 
discoveries onshore UK. 

Table 6. Tolerance of microbes to extreme environments (West & McKinley, 2001). 

Table 7. Summary of main processes leading to leakage from and failure of underground 
hydrocarbon storage facilities. 

Table 8. Summary of documented incidents or problems reported at underground 
hydrocarbon storage facilities developed in depleting oil/gasfields, some of which have led 
to leakage and/or failure. 

Table 9. Summary of documented incidents or problems reported at underground 
hydrocarbon storage facilities developed in aquifers, some of which have led to leakage 
and/or failure. 

Table 10. Summary of documented incidents or problems reported at underground 
hydrocarbon storage facilities developed in salt caverns, some of which have led to leakage 
and/or failure. 

Table 11. Summary of documented incidents or problems reported at underground 
hydrocarbon storage facilities developed in abandoned mines, some of which have led to 
leakage and/or failure. 

Table 12. Details of operating European UGS sites in MARCOGAZ survey of European UGS 
incidents to 2000 (from Joffre & LePrince, 2002). 

Table 13. Breakdown of the information collected during the MARCOGAZ survey of 
European UGS incidents to 2000 (from Joffre & LePrince, 2002). 

Table 14. Summary of main casualty figures from various oil, gas and petrochemical 
incidents in the USA and rest of the world. Figures relating to Office Pipeline Safety (OPS) 
and HSE for domestic gas supplies partly duplicate those pipeline figures in the USA 
summarised in Tables 15 & 16, which were the major incidents covered in NTSB reports. 
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Table 15. American OPS statistics for reported incidents and casualties involving both 
hazardous liquids and gas supply for the period 1986-2006(part) – refer 
http://ops.dot.gov/stats/stats.htm). 

Table 16. UK gas safety statistics illustrating known incidents relating to supply and use of 
flammable gas for the period 1986-2005 and which resulted in fatalities/injuries (based 
upon published Health & Safety Executive figures). The cause of incidents resulting in 
death or injury and which were not known (or related to suicide) are not included here. 
Note: the HSE fatalities refer to the gas distribution system and use of gas and not the 
transmission system. 

Table 17. Summary of casualty figures for varying stages of the energy chain. Based largely 
upon the ENSAD (severe accidents) database for oil, gas and LPG production and supply 
for the period 1969-1996 (from Hirschberg et al., 1998). 

Table 18 . Significant petrochemical plant accidents involving death or injury. 

Table 19. Significant American hydrocarbon related railroad accidents/incidents involving 
death or injury (based upon NTSB figures; refer website). 

Table 20. Above ground storage tank incidents between 1951-2003 resulting in fatalities  
and/or casualties (based upon Persson & Lönnermark, 2004 but including Clark et al., 
2001). 
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Summary 
This report was commissioned by Drs S Welsh and N Riley of the Health and Saftey Executive, 
Bootle, NW England. It was requested as part of their operations to assess the safety issues 
associated with the underground storage of natural gas, for which an increasing number of 
applications to develop such facilities have been submitted by various operators in the UK. The 
rising numbers of applications are as a result of UKCS oil and gas reserves showing rapid 
decline, to the extent that the UK became a net importer of gas during 2004. The Government 
recognises that the UK faces an increasing dependency on imports, yet has very little gas storage 
capacity and is, therefore, at a very real risk of supply shortfalls. It notes that the UK’s capacity 
to import, transport and store gas and LNG efficiently has to be improved and this will require 
greater investment in new, timely and appropriately sited gas (and LNG) supply infrastructure, 
part of which is likely to include (safe) onshore underground (natural) gas storage (UGS) 
facilities. 

The main areas of interest and concern were, therefore, what type of facility might be developed 
in the UK and could the stored product escape? If so, what would any likely gas flux rates be and 
could the gas reach the surface, endangering populations? This report, therefore, attempts to 
summarise the main storage types available in the UK context, what, if any, incidents have 
occurred at similar facilities around the world and what were the consequences. A separate 
companion report by Quintessa (Watson et al., 2007) provides calculations of possible flux rates 
from a number of UK storage scenarios, drawn from the results of this study. The report is aimed 
at both non-specialists and specialist readerships and therefore contains brief introductory 
material to some of the geological and technical aspects of underground gas (or fuel; UFS) 
storage that will already be familiar to the more experienced reader. A series of appendices 
provide additional information for the reader interested in or requiring further detail in some 
areas. Given the wide-ranging scope of UFS/UGS, this report cannot and does not attempt to 
review all topics that might be involved, but where possible, the reader is guided to sources of 
further reading. 

In the UK context, UGS is of two main potential types: salt cavern (man-made voids) and 
depleting oil/gasfields (pore storage). Opposition is raised by local groups to each UGS 
application who, quite naturally, fear the repetition of one or two high profile incidents that have 
involved small numbers of casualties both in overall total and at individual incidents. The 
opposition is raised and the same incidents quoted irrespective of storage type, which is 
important when assessing safety issues. 

Over 90 years of expertise has now been gained in the technology of UGS, with around 630 
UGS facilities (of different types) currently operational worldwide and there is perhaps a need to 
put the risks of UGS and UFS into perspective. This is in terms of both actual events and storage 
types, and relative to other areas of the energy supply chain. With this in mind, the BGS were 
asked by the Health & Safety Executive to provide an independent and impartial review of UFS 
and UGS incidents. The review is to assist them in assessing the geological safety and risks of 
gas leakage from underground storage facilities when dealing with UK applications to develop 
UGS sites. 

This study has found 65 reports or accounts of problems encountered at UFS facilities from 
mainly America and Western Europe. Few cases have been found reported from Russia or 
Eastern Europe, but there is no reason to believe that there have not been incidents, it may be 
that they simply have not been reported or have been missed during this extensive search. Of 
varying severity and nature, those incidents found have been associated with 9 fatalities, around 
62 injured and at least 6700 having been evacuated. The latter statistic does not include the 
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numbers involved in the evacuation of the village of Knoblauch, 25 km west of Berlin, during 
the escape of town gas (and carbon monoxide) referred to above. Of the release incidents, 15 
were accompanied by an explosion and/or fire, 10 having occurred at salt cavern facilities. Of the 
9 fatalities found reported at 5 UFS incidents, 8 were at 4 incidents involving salt caverns in the 
USA that were not been limited to just natural gas, but included storage of other hydrocarbons. 
The ninth fatality occurred at an aquifer storage facility west of Berlin in the 1960s. The causes, 
scale, and severity of the 65 reported problems are described and shown to be extremely variable 
in magnitude and nature and dependent upon a combination of many factors. Most typically, 
release and accidents arise through failure of man-made infrastructure (including well casings 
and completions, pipes, valves and compressors), human error (utilisation of inappropriate and 
existing caverns, poor forward planning, poor management or operational practises and a lack of 
due diligence by the storage company or operator). One or two problems have resulted from 
(extreme) natural events (e.g. seismic activity) that would not be relevant to the UK. 

The report also contains reviews of some incidents or developments at oil and gas fields and 
operational salt mines (both conventional ‘dry mining’ and brine extraction) that could have 
some bearing or importance to the assessment of risk/hazard in gas storage operations. They 
illustrate actual events during operations and that could happen during the development or 
operation of gas storage facilities if poor practices are employed or stringent monitoring of 
processes is not performed. 

Casualty figures from other areas of the energy supply chain, including above ground storage 
vessels are reviewed. This allows those figures associated with UGS/UFS to be compared with 
other storage environments and parts of the energy supply chain to assess the conclusions of 
Bérest et al. (2001) and Bérest & Brouard (2003). These authors state “salt caverns provide one 
of the safest answers to the problem of storing large amounts of hydrocarbons”. Pore storage 
facilities are associated with even lower incident and casualty rates. Even in urban areas such as 
Los Angeles, Chillingar & Endres (2005) concluded “…Underground gas storage, oil and gas 
production can be conducted safely if proper procedures are followed. After recognition of the 
existing problem, proper safe operating procedures can be easily developed”...  

Whilst it is acknowleged that the figures reported here probably represent a minimum (i.e. it is 
unlikely that all incidents have been found, or were reported), the figures collated during this 
work indicate that UGS has extremely low incident and casualty numbers. Rates several orders 
of magnitude greater are reported from other sections of the energy supply chain and which 
individually, have often resulted in more deaths than those of not just UGS, but all combined 
UFS incidents described here. This includes fatalities arising from the supply of domestic gas in 
the UK. 

Contrary to public belief, UGS is regarded by other sectors of industry and research as having an 
excellent health, safety and environmental record (Lippman & Benson, 2003; Imbus & 
Christopher, 2005). 



 

1 Introduction 
There are a growing number of applications to develop underground gas storage (UGS) facilities 
in the UK (refer Fig. 1 & Table 1), each of which has been accompanied by significant 
opposition from local communities opposed to the development, mainly for perceived safety 
reasons. In the light of these applications and the opposition raised, there is a need to assess the 
safety record of previous and existing underground fuel storage (UFS) facilities and not just 
natural gas storage. This report was commissioned by Drs S Welsh and N Riley of the Health 
and Safety Executive (HSE), which is the regulatory organization that will be required to advise 
and inspect safe operational and working practices for such developments should they be granted 
planning permission and ultimately proceed to operational status. The aim of the study has been 
to identify and describe the main types of underground storage facilities used, any documented 
or reported failures and incidents leading to release of stored product, the types and number of 
casualties that resulted from the incident and what measures were required to bring any incident 
under control. The results of the research into the problems and failures of UFS sites will form a 
major part of a risk analysis and assessment of UGS in the UK context. This part of the study 
was undertaken by Quintessa and the Health and Safety Laboratory (HSL), with Quintessa 
providing calculations for potential release scenarios from possible UK UGS facilities (Watson 
et al., 2007). Quintessa have considerable experience in such work related to the underground 
disposal/storage of nuclear waste and CO2. 

Following discussions of the brief and requirements, contracts were signed on 26th September 
2006, with work having commenced shortly thereafter. This work will, by the nature of the 
industry and technological progress, be a work in progress, providing a present day ‘snapshot’ of 
the situation and our understanding. Continued monitoring of the literature and the progress of 
UGS applications will almost certainly provide additional material that can feed into the results 
of this study and support future work. 

1.1 BACKGROUND 
Until recently, abundant North Sea gas reserves have meant that swings in UK demand have 
been taken up by increasing, or decreasing, output from North Sea gasfields. However, these 
fields are rapidly depleting to the extent that the UK became a net importer of gas during 2004 
and UK North Sea fields no longer provide this flexibility (Fig. 2). With UK gas consumption 
both for domestic use and for electricity generation predicted to continue rising, the UK will 
become increasingly reliant upon imports (DTI, 2006a&b). The Government, clearly mindful of 
the UK’s impending move towards increasing import dependence on gas and increasing shortfall 
in supply, recognises that the UK economy and gas users face major challenges in the face of 
continued growth in demand (DTI, 2005, 2006a&b). Any weakness in infrastructure could result 
in higher gas prices, or interruptions to supply, with damaging consequences for both UK 
markets and consumers. To meet these challenges, manage the changes and lessen impacts on 
UK users, the Government believes that there will be a need to substantially increase the UK’s 
capacity to import, transport and, most importantly, store gas (and LNG) efficiently (DTI, 
2006a&b; 2007). The UK will require greater investment in new, timely and appropriately sited 
gas import and storage infrastructure to provide a balanced portfolio of gas storage facilities 
meeting market requirements. These will include short-term (peak shaving) units such as above 
ground tanks that can be filled, emptied and refilled on an hourly or daily basis. However, larger 
and longer-term gas storage capacity may be best met through construction of underground gas 
storage (UGS) facilities in salt caverns, which whilst offering hourly or daily withdrawals, best 
provide weekly to monthly storage cycles, or pore storage facilities (depleted oil/gasfield 



  2

reservoirs or aquifers), which provide more strategic and longer-term seasonal swing capacity. 
Development of (longer-term, seasonal) aquifer storage in the UK is, for many reasons, thought 
likely to be some way off and is not considered a priority at this stage of this report. 

UK onshore geology would permit a significant volume of natural gas to be stored underground 
in a variety of subsurface facilities, providing a blend of longer and shorter-term storage to meet 
the differing supply demands. At present, UK UGS applications are subject to numerous 
planning consent processes, both local planning controls, currently overseen by the Department 
for Communities and Local Government, and specialist development consent regimes currently 
administered by the Department for Business, Enterprise and Regulatory Reform (DBERR) and 
prior to June 2007, known as the Department for Trade & Industry (DTI). As the majority of this 
report was undertaken whilst it was the DTI, this report will refer to the DTI, but the reader is 
advised of the government department name change. In addition, local communities close to 
proposed facilities are fearful of a repetition of major incidents seen at certain UFS facilities, 
most notably in the USA. Consequently, almost every UGS application in the UK is opposed on 
safety grounds, often quoting inappropriate examples of facility failures to those applications 
placed. This brings further confusion to the assessment of applications and delays to the process 
of approving and consenting (or not) of any developments. 

In terms of the safety of both UFS and UGS facilities, it requires knowledge of the past history 
of UFS and any incidents that have occurred at such facilities. The first storage of gas in an 
underground facility took place in a gasfield in Welland County, Ontario (Canada) in 1915. The 
first gas storage facility in a depleted reservoir was built in 1916, using a gasfield in Zoar near 
Buffalo, New York (USA). The latter is still operational (WGC, 2006) and there is, therefore, 
over 90 years of expertise now gained in UGS technologies. Worldwide, there are currently 
around 630 UFS facilities operational (Table 2), comprising three main facility types: depleted 
oil/gasfields, salt caverns and aquifers. The total volumes of gas currently stored in such 
underground facilities are around 320 billion cubic metres (Bcm1), providing daily 
deliverabilities of around 5.1 Bcm (Table 2). Over the period of 90 years, some 65 accounts of 
problems or incidents of varying cause, severity and nature at UFS facilities have been reported. 
A small number of these incidents (5) have led to 9 fatalities, with overall, around 62 injured and 
circa 6700 having been evacuated during these and other UFS incidents.  

1.2 RISK ANALYSIS AND RISK ASSESSMENT OF UGS  
The hazards and risks associated with gas storage in geological formations are a recurring topic 
whenever UGS is discussed. Hazard is taken to be the likelihood of leakage taking place. Risk is 
the likelihood of actual damage or loss resulting from leakage. The hazards and risks associated 
with storage of natural gas relate to many areas, such as system integrity, health, safety and 
environmental effects, economic risks and risks related to public perception and trust. Risk 
analysis is a tool for quantifying risk and is (normally) based upon the product of frequency and 
consequences of a hazard. This report focuses on identifying and defining the health and safety 
related risks, although not unexpectedly, some environmental risks are covered. 

The major hazards associated with the operation of an underground natural gas storage facility 
relate to leakage of the product from the storage structure into adjacent and overlying formations 
and thence to the surface, which carries two very contrasting risks (Lippmann & Benson, 2003): 

(1) The stored product may escape, reaching ground surface whereupon it could then 
represent a significant health and environmental risk. 

(2) Economic burden/risk – the stored product migrates away from the storage area, 
whereupon it is not recoverable and a valuable commodity is lost. 

                                                 
1 Bcm = 109 m3, or 1000 million cubic metres (Mcm = 106 m3). Mcm is as used by the DTI. 
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Although economic risk is important, this report focuses on the risks health and environmental 
risks. It is noted, however, that various processes and consequences will be common to both risk 
types. For underground fuel storage the risks can initially be broken down into three phases: 

• During construction of the facility 

• During operation of the facility 

• Following closure and abandonment of the facility 

To determine and calculate risk, potential sources of harm must be identified and the probability 
and consequence of them occurring must be estimated (risk analysis). There is then a process of 
comparing the estimated risks against risk criteria to determine the significance of risk (risk 
evaluation). The process requires assembling a number of discrete sets that include information 
on (Vendrig et al., 2003): 

• Identification of hazards 

• Frequency of occurrence of hazards 

• Consequence of hazard occurring 

Risk analysis of geological storage of natural gas is complicated, to some extent, by the fact that 
in some cases no data or only limited data for frequencies or consequences are available. There 
are two main areas: the engineered system, which includes the infrastructure bringing the gas to 
the storage facility (the above ground components) and the geological system in which the gas 
will be stored, which will include the man made/engineered infrastructure (boreholes, cements, 
valves, pipes etc.). Accidents or hazards of the engineered system include failures caused by 
mechanisms such as corrosion, vibration, external impact and are expected to apply to such 
components as pipelines (buried and surface), flanges, valves, fittings, pressure vessels, pumps, 
compressors and injectors, wells and their casings/cements. 

As mentioned above, it is the geological system that will be the focus of this initial risk 
assessment for the HSE and is expected that potential operators will have to provide assessment 
of the reservoir rock, caprock, nature of a salt body, geological features – thin non-halite 
interbeds, faults etc. Clearly, however, the engineered system plays a major role in the 
development of any UGS facility and components are so intricately linked with the geological 
system (e.g. wells, casing, cement, valves, flanges, pipes etc) that they necessarily appear in the 
risk assessment here. The range of possible release scenarios for a given component may cover a 
wide range of events from a pinhole leak to catastrophic pipe rupture or a failure of the storage 
environment (e.g. salt cavern). Such events might be due to wear and tear, subsidence, 
communication with other caverns or inadvertent intrusion through boreholes due to poor 
planning and site characterization. This will also include excavation activities. The risks and 
control of these components should, however, be more fully covered by the various COMAH and 
HSE legislation (Vendrig et al., 2003) and which have been successfully applied to oil and gas 
exploration in the North Sea (and onshore) for over 40 years. 

In summary, UGS facilities are designed and operated to avoid leakage. The operational pressure 
ranges of UGS facilities are designed to be lower than those that would induce hydraulic 
fracturing (opening up of fractures) in the rock. To avoid leakage through the cap rock the 
applied overpressures must also, therefore, be lower than the displacement/entry pressures, 
which are generally less than the fracturing pressures. 

1.3 STRUCTURE OF THE REPORT 

The report is structured in such a way as to lead the reader through the concepts of the UGS and 
build up the background data required to then make the risk analysis/assessment for UGS. The 
main text aims to present the basics and provide an introduction the main subjects. Appendices 
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1-8 provide further detail in certain areas for the non-specialist reader or those interested in 
additional detail. 

The report opens (Chapter 2) with a general overview of the basic concepts, various types of 
facility, processes and numbers of Underground Fuel Storage (UFS) facilities in operation and 
the hydrocarbon products generally stored. Some basic descriptions of terminology such as 
‘working’ and ‘cushion’ gas are included. In addition to reviews of the three main storage types 
that might be developed in the UK (pore storage [depleted oil/gasfields and aquifers] and salt 
cavern), are brief introductions to other forms of underground energy storage including hydrogen 
and compressed air that might in the future use the same rock formations and be the subject of 
planning applications in the UK. 

Chapter 3 provides a review of natural hydrocarbon (oil and gas) seeps in sedimentary basins and 
some calculated and measured gas flux rates. It also outlines the fact that there are over 170 
documented oil and gas seepages in the onshore UK area, many of which are active today and 
drove the early UK onshore oil and gas exploration. Appendix 1 provides examples of 
measurements of natural gas leakage rates and fluxes. 

Chapter 4 outlines salt deposits and the factors relevant to developing gas storage caverns. 
Included are sections on salt properties, rheology and its self sealing nature due to viscoplastic 
deformation mechanisms, the development of wet rockhead and subsidence associated with salt 
beds, interbeds, fractures and infilling materials, the problems encountered in salt mines and 
areas of salt with old wells, all of which have some relevance to gas storage developments. More 
detailed descriptions of some events are given in Appendix 2. 

Following the outlines of storage types and salt deposits, Chapter 5 provides an overview of 
underground gas storage (UGS) in Britain, outlining the areas in which development in the short 
to medium term is most likely for depleting oil/gasfields and salt cavern storage. Other forms of 
storage (aquifer, lined or unlined caverns, abandoned mines etc) may become favoured or 
technically and/or financially possible, but are not covered in this report. More detailed 
descriptions of UK operational or proposed developments are given in Appendix 3. 

Chapter 6 deals briefly with faulting and UK seismicity. Basic principles of faults and fault rocks 
developed are covered, including sealing or non-sealing capacities of faults and fault zones. 
There is then a review of UK seismicity and the risks and types of hazard that might be 
predicted, expected or impact on UK underground gas storage scenarios. The UK is seen as not 
at risk of surface rupture, but has low to moderate seismicity that is sufficiently high enough to 
pose a potential hazard to sensitive structures such as dams, chemical plants and nuclear 
facilities. It concludes that in terms of UK proposals, potential sites lie in regions affected by 
earthquakes and that each application should be dealt with on site by site basis. Appendix 4 
provides earthquake intensity and magnitude scales.  

Chapter 7 assesses the effects of methane storage on microbial populations in reservoir rocks and 
whether gas storage would lead to adverse effects on the reservoir rock, boreholes (e.g. well 
cements and metal pipes) etc. 

Chapter 8 deals with some of the preliminary issues relating to gas injection and the cyclic nature 
of gas storage operations, such as subsidence and microseismic activity and what impacts these 
have had in other areas in which gas storage is ongoing. This is mainly relating to oil and 
gasfields, although many of the principles are the same for caprocks in salt cavern storage. 

Chapter 9 forms one of the main areas of this research and is aimed at assisting the HSE to assess 
safety cases for UGS. It summarises those reports found through literature and internet-based 
searches on incidents and casualties at UFS sites, including UGS facilities. More detailed 
descriptions of the incidents found are provided in Appendix 5. It deals with the incidents by 
storage type, i.e. depleted oil/gasfields, salt cavern, abandoned mine etc. Outlines of some gas 
leaks at producing oil and gasfields are also included, particularly in the California area, which 



  5

geologically represents a very different environment to the UK, but has attracted interest in terms 
of safety records. 

Chapter 10 outlines the incidents and casualty rates from the oil and gas production/supply chain 
and petrochemical industries and contained in two or three major reports. This includes the 
casualty rates involved in the supply of domestic gas in the UK and USA, and is aimed at 
providing some means of assessing the incident and casualty levels in UFS described in Chapter 
9. 

From the preceding chapters and descriptions of incidents, Chapter 11 summarises the main risks 
and release scenarios when considering UFS and UGS and provides a framework and list of 
parameters for risk analysis and assessment. The background information and considerations are 
contained in Appendix 6. The chapter discusses the risks in UGS in general and what might be 
seen as the additional main issues relating to gas storage in salt caverns. The risk assessment 
parameters for consideration in risk analysis/assessment of UK scenarios are then developed and 
summarised, with Appendix 7 containing detailed parameters for the various identified UK 
scenarios. These findings were then input into a sister study undertaken by Quintessa defining 
the Features, Events and Processes (FEPs) relative to UGS and which has undertaken scoping 
calculations for gas release from potential UK UGS scenarios (Watson et al., 2007). 

Chapter 12 draws together the various findings of this report to produce a summary of the main 
risks associated with UGS and considerations in the UK context of UGS. 

To keep the main report as short as possible, much of the supporting information and detailed 
descriptions of, for example, the various problems and incidents at existing salt mines or 
brinefields and reported during UFS operations, are included in Appendices 1 to 7. Should the 
reader require further information on certain aspects then they are referred to these more detailed 
summaries at the back of the report. 
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2 The various types and numbers of Underground Fuel 
Storage facilities and stored products 

The following briefly outlines the products and options most likely to be considered for 
underground (geological) natural gas storage facilities. Other options are available. These 
include abandoned/reconditioned mines and lined rock cavities. However, these are considered 
unlikely in the UK context for the foreseeable future, as many represent marginal, high cost and 
low volume scenarios. 

2.1 HYDROCARBON PRODUCTS 
Currently, the main hydrocarbon products held in underground (geological) storage are: 

• Crude oil 

• Natural gas 

• Liquefied petroleum gas – (also called liquid petroleum gas, LPG, LP Gas) is a mixture 
of hydrocarbon gases, which is a gas at atmospheric pressure and normal ambient 
temperatures, but can be liquefied when moderate pressure is applied, or when the 
temperature is sufficiently reduced. 

A further option to use underground storage in the transporting and storage of liquefied natural 
gas (LNG) is being evaluated (the ‘Bishop Process’ - section 2.2.9). This will involve importing 
LNG via tanker, converting (regassification) it to gas and then offloading for storage in 
underground facilities, which will be the same as for the above ‘conventional’ forms. 

2.2 THE BASIC CONCEPTS AND STORAGE SCENARIOS 
Underground storage has and will increasingly play an important role in the natural gas supply 
industry. Gas in pipelines provides part of the UK storage capability. However, this volume is 
limited. Additionally, gas typically flows through the network of distribution pipelines at around 
25 mph. So gas imported at one import terminal requires time to get from ‘a’ to ‘b’. UGS 
provides a number of advantages that include the capability to store gas more locally and thus 
withdraw and supply to industry/users more quickly. UGS also ensures supply reliability during 
periods of heavy demand by supplementing pipeline capacity, serving as backup supply in case 
of an interruption in wellhead or gasfield production. Storage also allows load balancing of daily 
throughput levels on pipelines, which may be necessary to ensure smooth operation of the 
pipeline system. A relatively recent development in the use of storage is to manage inventory 
levels to take advantage of expected price movements and to support futures market trading. 

Three main storage facility types that exist are: 

• Depleted oil/gasfields 

• Aquifers 

• Salt caverns 

Other facilities have been developed in abandoned mines, both coal mines and salt mines, and in 
lined rock caverns (LRC’s) as investigated in Sweden and in the USA near Atlanta, Georgia and 
Boston, Massachusetts (EIA, 1995). Although more expensive than conventional means of 
storing gas (in depleted oil or gas fields, aquifers or salt formations), LRC’s allow gas to be 
withdrawn and injected multiple times during the year which isn't always possible with the other 
methods. These alternative facility types are, however, rarer or only in concept stage and in the 
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case of abandoned mines, have proved problematical with leakage of stored product through cap 
rock sequences. 

As alluded to above, worldwide there are around 630 UGS facilities currently operational (Table 
2). The US operates the highest number, with 394 (although 37 were classified as marginal at the 
end of 2005 – that is no injections or withdrawals, or withdrawals only were made; EIA, 2006). 
This figure compares with 410 underground natural gas storage facilities in operation in 1998 

and a peak figure of 418 operational sites in 2001. Between 1998 and 2005, 42 facilities were 
abandoned as uneconomic or defective, while 26 new sites were placed in operation (EIA, 2006). 
Europe has around 120 facilities currently operational.  

The vast majority of UGS facilities are developed in depleted (or depleting) oil/gasfields (478 or 
76%), with those in aquifers (80 or 13%) outnumbering those in salt caverns (66 or 11%). Other 
facilities (abandoned mines or lined rocks caverns) represent negligible percentages. 

Most depleted reservoir storage facilities are designed to be cycled only once each year and 
typically require between 70 and 200 days to refill (EIA, 1995; Plaat, in press). In contrast, salt 
cavern facilities are designed with the intent of cycling the entire working gas capacity perhaps 5 
to 10 times each year. Typical injection periods are in the range of 20 days. 

The factors that determine whether or not a depleted reservoir or salt cavern storage facility will 
make a suitable storage facility are both geographical and geological. Geographically, potential 
sites would, ideally, be relatively close to the consuming regions or industry. They must also be 
close to transport infrastructure, including main and trunk pipelines and distribution systems. 
Geologically, pore storage options (depleted oil and gasfields and aquifers) require good porosity 
and permeability. The porosity of the formation determines the amount of natural gas that it may 
hold. The permeability determines the rate at which natural gas flows through the rock 
formation, which in turn determines the rate of injection and withdrawal of working gas. 
Together, the porosity and permeability of reservoirs determine the effectiveness or performance 
and thus economic viability of any specific site. Depleted hydrocarbon reservoirs, because they 
have held and produced hydrocarbons, tend to have high permeability and porosity. They have 
also proved the integrity of the trap to retain hydrocarbons over geological time (millions of 
years). This is different for aquifer storage, where the porosity, permeability and cap rock all 
have to be proven, which is more expensive and impacts upon the viability of any proposed 
development. 

2.2.1 Basic concepts, ‘working’ and ‘cushion’ gases 
More detailed and specific characteristics of depleted reservoirs, aquifers, and salt caverns are 
outlined below (and can be obtained at http://www.naturalgas.org/naturalgas/storage.asp), but 
essentially, an underground storage facility is prepared (“reconditioned”) prior to injection, to 
effectively create an underground, pressurised storage container. In the case of depleted 
oil/gasfields or aquifers, natural gas is injected into the interconnected pore spaces that exist 
between the constituent grains that make up the formation (and which have not been infilled by 
microbes or cementing minerals such as clays and quartz – section 2.2.4), whilst in salt caverns it 
is injected into the void created in the salt, building up pressure as more natural gas is added. As 
in the case of newly drilled oil or gas wells, the higher the pressure in the storage facility, the 
more readily gas may be extracted. Once the pressure drops to below that of the wellhead, no 
pressure differential exists to ‘push’ the natural gas out of the storage facility. 

Two types of gas are referred to in storage terms: 

• Working gas (sometimes called the working volume), is the maximum volume of gas 
available for withdrawal during the normal operation of the storage facility. Obviously, 
this is greatest when the facility has been filled to capacity. The capacity of storage 
facilities normally refers to their working gas capacity.  
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• Cushion gas (sometimes called base gas), represents gas that is present permanently in 
the UGS. This gas is not available for withdrawal and is required to maintain adequate 
pressure and ensure that sufficient energy is available to provide the required 
deliverability. In a salt cavern facility the volume of cushion gas may represent that gas 
required to maintain a minimum pressure to prevent the inward closure of the cavern 
walls by natural salt creep. In aquifer and cavern storages all the cushion gas needs to be 
injected. In depleted gas fields part, or all of the cushion gas, is gas that was originally in 
place. 

The sum of cushion and working gas is often called the inventory and the capacity of storage 
facilities normally refers to their working gas capacity. As the working gas is injected against the 
cushion gas, pressure in the reservoir increases. Care must be taken not to overpressurize the gas 
reservoir due to the potential for leakage and for compromising the integrity of the formation 
caprock (often shale). At the beginning of a withdrawal cycle, the pressure inside the storage 
facility is at its highest; meaning working gas can be withdrawn at a high rate. However, as gas 
is withdrawn, the volume of gas stored decreases, pressure drops and the performance and 
deliverability of the storage facility decreases. A point is reached when it is no longer 
economically feasible to produce gas. This is dependant upon the physical properties of each 
storage site. Periodically, underground storage facility operators may reclassify portions of 
working gas as base gas after evaluating the operation of their facilities, particularly in the case 
of aquifer storage facilities. 

In the normal operation of the storage facility, cushion gas remains underground. In the case of 
pore storage it would ultimately be left underground, although specialized compression 
equipment at the wellhead may permit a portion of it to be recovered. In salt caverns, unlike in 
pore storage facilities, most gas can ultimately be recovered prior to closure of the facility. This 
is because on abandonment, caverns are often filled with brine, which provides the cavern wall 
support and displaces the last remaining gas. 

2.2.1.1 COMPOSITION OF CUSHION GASES AND ‘BLANKET’ MATERIALS 

As indicated by the name “cushion,” compressibility is the key property of cushion gases. 
Because all gases are compressible, just about any gas can be used as a cushion gas. However, 
the efficiency of gas storage operations can be increased if the cushion gas has greater effective 
compressibility. In order to maintain pressure in depleted reservoirs, about 50% of the natural 
gas in the formation must be kept as cushion gas.  

As the methane from a depleting gas reservoir can be sold for profit, the operator’s aims are to 
produce most of the gas and therefore, injection of a cheaper inert gas for use as the cushion gas 
is often considered. Whilst this also generates additional gas and thus revenue in the case of 
depleted gas reservoirs, in the case of aquifer or salt cavern storage, it also means that the 
operator does not have to buy and use expensive methane as a cushion gas. Although the use of 
inert cushion gases in the USA has been considered (e.g., Walker & Huff, 1964; U.S. DOE, 
1980), they are not widely used (Oldenburg, 2002). However, inert gases such as nitrogen (N2) 
have been successfully injected specifically for use as cushion gas in Europe (e.g. Laille et al., 
1986; 1988; Misra et al., 1988). Nitrogen, in addition to being used during cavern construction to 
protect the already created void from the effects of brine during continued solution mining of the 
remaining volume, is also used as cushion gas in salt cavern storage facilities, being injected and 
withdrawn as required during cavern filling or emptying cycles. 

The physical properties of carbon dioxide (CO2) make it a potential choice as a cushion gas in 
pore storage scenarios. This is related to its high effective compressibility near its critical 
pressure when it undergoes a large change in density (Oldenburg, 2002). Injection of CO2 has, 
for many years, been undertaken in a number of oil fields and is used to enhance oil and/or gas 
recovery. At the same time use of CO2 would have the added bonus that whilst filling the 
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reservoir with CO2, it would also provide a method of carbon sequestration (e.g. Oldenburg, 
2002). 

Whilst CO2 injection has been employed in many instances to improve production of oilfields, 
studies on the site specific CO2-rock interactions might be required to assess the likely impact of 
the CO2 on both reservoir and caprock sequences. CO2 could, for example, cause drying out of 
caprock shales, thereby altering the physical properties and strength, potentially leading to cracks 
and leakage pathways for gas. 

In some salt caverns, a diesel blanket is used to provide protection against further leaching of the 
already constructed cavern roof and sides. However, it can also be used as an injected material 
when the cavities are operated in ‘compensated mode’ like that of brine compensated withdrawal 
and injection. It represents a more expensive option to brine, but would not carry the potential 
dangers of further salt solution and enlargement of the cavern (should the solution rate be faster 
than the salt creep processes). 

2.2.2 Permeabilities and capillary entry pressures of well cement, shale and salt  
As would be expected, a vast literature exists on the various well cements developed in the oil 
and gas exlporation, geothermal and waste well sectors and this cannot be reviewed here. 
However, an excellent entry to well cementing is provided by Nelson (1990). It is to be 
reasonably expected that any prospective operators of gas storage facilities will have designed 
the construction and completions of wells to the standards used in the oil and gas sectors: 
experience in these industries having been acquired over more than 100 years. 

Those wells penetrating salt-prone sequences or aiming to develop salt caverns should meet the 
requirements of the drilling fluids not to dissolve the host salt and to obtain gas-tight well 
completions (bond between well cement and the borehole walls and well casing). On the latter 
point one study on the bond strength between the cement plug and host rock in abandoned 
boreholes is worthy of note (Akgün, 1997). Under testing, dissolution along the interface of the 
cement and the salt was observed, reducing bond strength. This might have been enhanced by 
clay inclusions in the salt. Gaining detailed information on the purity of halites beds might, 
therefore, be an area of extra consideration when assessing bedded salt successions in the UK. 

Studies of potential for leakage of cement bondings in wells for CO2 injection and storage have 
shown that degraded segments of well cements might have permeabilities of 10-1 mD [10-16 m2] 
(Celia et al., 2006). To produce significant leakage (1% fraction CO2), the effective permeability 
associated with the well must increase to about 105 mD (101 Darcy [10-10 m2]), which is many 
orders of magnitude larger than the permeability of intact cement (10-5 mD [10-20 m2]; Nelson, 
1990; Celia et al., 2006). This illustrates clearly that in this case, well-formed cement will not 
leak any CO2 (Scherer et al., 2005). Based upon these data, less than well-formed cement behind 
well casings is more permeable than any evaporite bed that an oil or gas injection well intersects 

Important to the concept of gas storage are the permeabilities and capillary entry pressures of the 
caprock or containing rock type. Capillary pressure in rocks is the pressure at which the 
nonwetting phase first displaces the wetting phase and is controlled by interfacial tension 
between grains, ‘wettability’, and the pore throat size distribution (section 3.4). The seal capacity 
is the maximum hydrocarbon column height that a seal can trap, which is controlled by the 
capillary entry pressure. 

Salts may be both a storage medium (caverns) and provide seals to economic accumulations of 
hydrocarbons. Gas hydrates (clathrates) aside, salts (and associated evaporites) provide the most 
effective seal to hydrocarbon traps, regardless of hydrocarbon type and structural setting 
(Downey, 1984; Warren, 2006). Evaporite seals have very high entry pressures, very low 
permeabilities and large lateral extents and maintain seal integrity over wide areas and a range of 
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subsurface temperature and pressure ranges. Typical shale seal permeabilities are 10-1 to 10-5 
millidarcies (mD)2 [10-16 m2 to 10-20 m2] and rarely as low as 10-8 mD [10-23 m2] (Warren, 2006). 
Halite/rocksalt typically has very low permeability in the range 10-6 mD (10-21 m2) to 10-9 mD 
[10-24 m2]; Dale & Hurtado, 1997; Beauheim & Roberts, 2002; Bérest & Brouard, 2003; Warren, 
2006), with anhydrite ≈ 10-5 mD [10-20 m2] (Beauheim & Roberts, 2002; Warren, 2006). Salt has 
such low permeabilities that it is thought possible that some of the permeability of the salt is 
induced by the cavern creation and operation (more precisely, either by tensile or high deviatoric 
stresses developed in the cavern wall, when the cavern fluid pressure is very high or very small –
section 2.2.7.3.2.1 and Bérest & Brouard, 2003). As described above, typical well-formed 
cement in boreholes has very low permeability, of the order of 10-5 mD [10-20 m2] (Nelson, 1990; 
Celia et al., 2006) and there will be no significant flow of gas unless there are preferential flow 
paths, the material has degraded, or the material was not emplaced properly. 

There are what are referred to as slightly permeable salt formations. In these cases, the 
micropermeability of relatively high permeability salt (10-20 to 10-19 m2) allows the brine pressure 
in a cavern to be very slowely released. Following the cavern reaching thermal equilibrium then 
a state can exist where the brine outflow toward the rock mass balances the volume loss due to 
creep. When salt formation permeability is smaller (<10-21 m2), no significant pressure release 
occurs by brine permeation (Bérest & Brouard, 2003). However, ‘secondary’ permeability can be 
induced by high brine pressure in the cavern as tensile stresses at the cavern wall result in 
damage and a porosity/permeability (Fokker in Bérest & Brouard, 2003; also section 2.2.7.3.2.1). 

Many good seals have entry pressures of more than 1000 psi, excellent seals have air-mercury 
entry pressures in excess of 3000 psi (PTTC, 2004). Typically, bedded evaporites, especially 
beds of predominantly monomineralic composition (e.g. massive halite/rocksalt), have entry 
pressures greater than 3000 psi, with impure evaporite beds having entry pressures greater than 
1000 psi. The distance between salt (NaCl) lattice units is 2.8 x 10-10 m, while the smallest 
molecular diameter of a hydrocarbon molecule (methane) is 3.8 x 10-10 m (Warren, 2006). The 
entry pressures contrast with most shales (which are water bearing) showing typical entry 
pressures of 900-1000 psi (Warren, 2006).  

Although shales form good seals, there is some diffusive leakage of methane (and some liquid 
hydrocarbons) with time via inherent microporosity. Evaporites, through a combination of the 
small size of molecular interspace in its ionically-bonded NaCl lattice, their ability to flow and 
anneal, make excellent long-term seals to substantial hydrocarbon columns, with little or no 
leakage of oil or gas, even by diffusion (Warren, 2006). The greater efficiency of evaporite seals 
is shown by the total hydrocarbon volumes held back by the two lithologies: total worldwide 
shale sediment volume is more than an order of magnitude greater than that of evaporites, yet the 
volumes of reservoired hydrocarbons below a shale or an evaporite seal is roughly 50:50 
(Grunau, 1987). When allied to their viscoplastic nature, halite (or rocksalt) thus also makes an 
ideal rock type in which to construct voids for gas storage. 

2.2.3 The process of drilling an exploration well/injection well, well completions and 
casing 

This section provides a brief summary of the process of drilling a standard hydrocarbon 
exploration and production (or injection) well. For the less experienced reader more detailed 
information may be obtained at http://www.oilandgas.org.uk/issues/storyofoil/exploration-
02.htm and http://www.glossary.oilfield.slb.com/ and Appendix 8. 

                                                 
2In most oilfield applications, the millidarcy (mD; 0.001 Darcy), is used as a measure of permeability. Permeability 
is fundamentally a L2 unit. In SI it is expressed in μm2 and in conventional metric use as m2 or cm2. The conversion 
between oilfield and SI units is 1 Darcy = 9.87 x 10-13 m2. In practical terms, 1 mD and 1 μm2 are essentially 
equivalent (e.g. Warren, 2006). 
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Over 40 years of North Sea exploration means that a huge amount of experience exists in the 
drilling and completing of oil or gas exploration wells, which are covered by strict drilling 
practices. Drilling of wells is now a very sophisticated, carefully designed and monitored 
operation, with many safety measures built in, including blowout preventors that protect against 
drilling into unexpected high pressure gas layers. Gas injection wells are drilled and completed 
to the same way and to the same strict standards as exploration wells. In exploration wells, 
drilling fluid (also called “mud”), which is mainly water-based, is pumped continuously down 
the drillstring while drilling. This acts as a lubricant and washes up the rock cuttings, which are 
brought to the surface by the circulating drilling fluid outside the drill pipe helping to identify the 
levels drilled and the presence of hydrocarbons. Gas storage wells into salt bearing strata, the 
drilling fluids are required not to cause dissolution of the salt and is commonly a brine solution. 

All wells, including those drilled for producing water or hydrocarbons, at least when first drilled 
have openhole sections, but may be completed in a number of ways. After the hole is drilled to a 
given depth, a steel pipe (casing) is placed down the hole and is secured with cement. The casing 
provides structural integrity to the newly drilled wellbore and prevent caving of the wellbore 
wall. In addition it isolates chemically differing zones and potentially dangerous high-pressure 
zones or formations with significantly different pressure gradients from each other and from the 
surface.  

Casing in its simplest form is large-diameter steel pipe, generally in sections around 13 m (40 ft) 
length with a threaded connection at each end. It is available in a range of material grades and 
sizes, internal diameters of which typically range from 4" to 30". Casing forms a major structural 
component of the wellbore and is lowered into an open hole borehole (wellbore) and cemented in 
place in order to stabilize the wellbore. The casing is assembled as a series of casing joints to 
form a casing string of the required length and specification for the wellbore in which it is 
installed. It is not uncommon for modern wells to have between two and five sets of 
progressively smaller hole sizes, each cemented with casing. Typically, a well contains multiple 
intervals of casing successively placed within the previous casing run. The following casing 
strings and intervals are commonly used in an oil or gas well: 

• Conductor casing - prevents collapse of the loose soil near the surface and varies in size 
from 18" to 30" 

• Surface casing – its purpose is to isolate freshwater zones and prevent contamination 
during drilling and completion. Surface casing is the most strictly regulated due to these 
environmental concerns, which can include regulation of casing depth and cement 
quality. Typical surface casing size is 13⅜" 

• Intermediate casing - may be required on deeper boreholes where necessary drilling mud 
weight to prevent blowouts may cause a hydrostatic pressure that can fracture deeper 
formations 

• Production casing – hung from the surface as the smallest casing and is typically 9⅝" 
• Production liner - a casing string that does not extend to the top of the wellbore but 

instead is anchored or suspended from inside the bottom of the previous casing string 
producing a substantial savings in steel and therefore capital costs. There is no difference 
between the casing joints themselves and the liner is typically 7" diameter, although 
many liners match the diameter of the production tubing 

• Production tubing - few wells actually produce through casing, because producing fluids 
can corrode steel or form deposits such a asphaltenes or parrafins and the larger diameter 
can make flow unstable. Production tubing is therefore installed inside the last casing 
string and the tubing annulus is usually sealed at the bottom of the tubing by a packer. 
Production tubing is commonly run from the completed interval back to the surface. 
Tubing is easier to remove for maintenance, replacement, or for various types of 
workover operations. Tubing is significantly lighter than casing and does not require a 
drilling rig to run in and out of hole; smaller pulling units are used for this purpose 
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Casing is usually manufactured from plain carbon steel that is heat-treated to varying strengths 
but may be specially fabricated of stainless steel, aluminium, titanium, fibreglass and other 
materials. Typically, a well contains multiple intervals of casing successively placed within the 
previous casing run.  

In salt bearing sequences, casing can be inserted from above to below the top of the salt. This 
protects the upper salt beds if drilling is continued into underlying formations with fluids that 
might otherwise dissolve the salt.  

2.2.4 Damage to gas storage wells and reservoir formations 
Damage occurs to gas storage wells and the storage reservoir immediately adjacent to the well 
bore during normal operation. In the more than 350 U.S. storage reservoirs with a total of over 
14,000 individual wells, gas-storage operators experience an average loss in deliverability of 5% 
over time (Yeager et al., 1998). Some of this damage, such as invasion and ‘sanding’ (material 
from some very soft or friable sandy poorly cemented formations is drawn into the wellbore 
during the pressure drop associated with withdrawal) are well known phenomena that also occur 
in oil and gas exploration and production wells. Significant amounts of solids, just as with the 
fluids standing in the bottom of a wellbore, are also known to decrease the deliverability of gas 
injection wells. 

Other mechanisms are more specific to gas injection wells with Yeager et al. (1998) having 
identified four main types blocking pore spaces and causing formation damage (refer Fig. 3): 

• Bacterial damage (see Chapter 7) - tests of fluids from reservoir intervals reveal sulphate-
reducing bacteria and in some cases, acid-producing bacteria exist in many reservoirs. 
Sulphate reducing bacteria favour an anaerobic (oxygen-free) environment and may 
coexist with iron-reducing bacteria where even small amounts of oils and grease will 
provide nutrients for growth. Stagnant water and low-flow conditions such as those 
encountered at the bottom of the wellbore are ideal for bacterial growth. 

• Inorganic precipitates, such as iron compounds (iron carbonate [siderite] and iron 
sulphides), salts (sodium chloride and/or calcium chloride), calcium carbonate and 
barium sulphate. The presence of iron compounds along with elemental sulphur is often a 
key to (and occurs in association with) the sulphate-reducing bacteria alluded to above 
(see also Chapter 7). Iron serves as a good electron acceptor for bacteria in the 
metabolism of sulphates. The presence of inorganic precipitates is influenced by 1) the 
type and quantity of fluids injected and withdrawn from the formation, 2) operating 
procedures, 3) presence of bacteria, and 4) reservoir characteristics such as temperature 
and pressure 

• Hydrocarbons, organic residue and production chemicals - trace or very small amounts of 
hydrocarbon oils, ester compounds, and/or isobutylene materials have been found as a 
dark layer along the face of the wellbore, or as substances lining/plugging pore throats. 
These organic residues are assumed to be the result of compressor or lubricating oils 
and/or various production chemicals associated with gas delivery and injection 

• Particulates - surfaces of sidewall cores show some degree of very fine material adhering 
to them (and thus the borehole walls), which is the product of the drilling and/or the 
injection process 

All of these wellbore and formation problems can be overcome but require different stimulation 
methods to restore injectivity and deliverability. Over the years, a great deal of expertise, not just 
in gas storage but also in exploration and production operations, has been gained in the diagnosis 
of damage mechanisms and the design of stimulation techniques. Expert systems to diagnose 
formation damage and select the best treatments to rectify problems with gas storage wells are 
available (e.g. Xiong et al., 2001). 
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2.2.5 Depleted oil/gasfields 
In the majority of oil/gasfields, the oil and/or gas is held in a porous rock (reservoir - often a 
sandstone), whereby spaces (pores) exist between the grains of sand, which form an 
interconnecting network between the grains, providing permeability (Fig. 4a-c). Some 
oil/gasfields are developed in other lithologies including carbonates and fractured basement 
rocks. The porosity and permeability enables the hydrocarbons to move through the rock mass. 
As oil (and/or gas) is produced from the oil/gasfield, so the pressure in the reservoir declines. 
Depending upon the drive mechanism during oil or gas production (see section 2.2.5.3), the pore 
spaces of the reservoir rock may remain gas or oil filled, or water may invade the pore spaces of 
the reservoir, due largely to hydrodynamic gradients. 

The existence of an oil/gasfield attests to the capability of a structure and rock sequences to trap 
and successfully retain (commercial) quantities of hydrocarbons over significant periods of 
geological time (many millions of years). Depleted oil/gasfields thus offer the potential for re-
injecting and storing natural gas underground. In many instances, re-injecting gas is associated 
with an increase in pressure within the reservoir, which can also lead to a period of increased oil 
recovery. 

Depleted oil and gas fields represent the most cost effective storage option and is regarded as 
representing the preferred method of underground storage in the UK (BSI, 1998a). 

2.2.5.1 BS EN 1918-2:1998 

Underground gas storage in depleting oil and gas fields is covered by a British (and European) 
Standard, which also explains the concept and requirements of developing such a facility (BSI, 
1998a). 

2.2.5.2 BACKGROUND 

Gas storage in depleted oil and gasfields is the most widespread method of storing natural gas in 
large quantities. Worldwide, depleted reservoirs currently number around 480 storage facilities, 
providing around 76% of gas storage volume (Table 2). 

As indicated above, the first gas storage experiment was made in a gasfield in Welland County, 
Ontario (Canada) in 1915. The first gas storage facility in a depleted reservoir was built in 1916, 
using a gasfield in Zoar near Buffalo, New York (USA) and is still operational (WGC, 2006). By 
1930, there were nine storage facilities in six different American states and prior to 1950, 
virtually all natural gas storage facilities were in depleted reservoirs (http://www.naturalgas.org/ 
naturalgas/storage.asp). 

Facilities have generally been developed in depleted gas reservoirs, although increasingly, 
depleted oil reservoirs are being commissioned for this purpose. In the latter case this often has 
the added bonus of a period of enhanced oil recovery (EOR). However, prior to developing gas 
storage in a depleted field, studies on the cap rock gas tightness and integrity and the 
deliverability of the reservoir (e.g. the required injection and production rates, possible damage 
to the reservoir formation during production) are essential. 

2.2.5.3 DRIVE MECHANISMS AND DEPLETED RESERVOIRS 

Natural gas (and oil) may be produced form the reservoirs in two ways but which can span the 
range from: 

• Depletion drive - reservoir pressure declines with gas production due to the lack of 
ingress of water from surrounding aquifers. In depletion-drive reservoirs, 90% or more of 
the gas can be produced because there is no invading water to kill the wells (e.g., 
Laherrère, 1997). 
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• Water drive - gas remains in near-hydrostatic pressure as water flows into the reservoir 
from surrounding aquifers continuously while gas is produced. In such reservoirs, much 
of the gas present cannot be produced because gas wells “water out,” a process by which 
water cones upward to the well preventing gas from entering the well thereby “killing” 
production. Such reservoirs typically only produce 60% or less of the original gas in 
place (e.g., Laherèrre, 1997). 

In some fields gas is also produced by pumping from surface infrastructure, but this is clearly a 
less profitable way. 

Regardless of whether a given reservoir is one of the two end-member types or falls somewhere 
in between, natural gas

 
injection will always involve a pressure drop (ΔP) from the well to the 

reservoir (Oldenburg, 2006). The magnitude of ΔP depends on the rate at which gas is injected 
and the injectivity of the formation and for high-quality gas reservoirs will typically be on the 
order of 5-10 bars (75-150 psi). Injection will be easier in depletion drive reservoirs (because 
there is no water to displace). However, the low reservoir pressure creates the possibility of a 
large pressure drop between injection well and the reservoir (Oldenburg, 2006). 

The drive mechanism might play a role in the safety assessment case in that higher injection 
pressures (with the attendant additional stresses on infrastructure and reservoir rock), would be 
required for water depletion fields compared to depletion drive fields. 

2.2.5.4 THE PROCESS OF GAS STORAGE 

The concept and principle of developing a storage facility in a depleted (hydrocarbon) reservoir 
is relatively simple. Natural gas is injected into the small pore spaces of a subsurface porous, 
permeable rock (reservoir) formation that were originally hydrocarbon bearing (refer Fig. 4), 
building up a volume of compressed gas, which is then withdrawn at a later date via operating 
wells. Additional observation wells may be drilled. Storage can be cycled between the maximum 
and minimum operating pressures. The maximum pressure is suggested to be the original 
reservoir pressure at the time of discovery, as this represents the highest known pressure at 
which the caprock and trap trapped hydrocarbons. Functional recommendations for the design, 
construction and operation of underground storage facilities in European oil and gasfields are 
detailed in BS EN 1918-2:1998 (BS 1998a). For specific elements of an underground gas storage 
facility, e.g. wells and surface installations, existing petroleum industry standards and legislation 
are likely to be applied. 

Below the minimum operating pressure, there exists a large quantity of cushion gas in the 
reservoir, which is to all intents and purposes is physically unrecoverable gas. The volume of 
cushion gas can represent up to half the maximum volume of gas in place 
(http://www.naturalgas.org/naturalgas/storage.asp). Depleted reservoirs, however, having already 
been filled with natural gas and/or oil, do not require the same levels of injection of gas: that gas 
already exists in the formation. Replacing the natural gas with an alternative cushion gas can 
reduce investment costs. 

Once oil or gas has been produced from a reservoir formation the pore space formerly occupied 
by the hydrocarbons is filled by invading formation waters. The generally saline water is 
naturally present in the rocks and its movement is driven by (hydrodynamic) pressure gradients. 
However, the situation can be reached where once too much water has migrated into the 
reservoir rock, it is difficult to displace with the injected gas, requiring pressures that make 
storage uneconomical or that might fracture the rock. 

2.2.5.5 PRESENCE AND EFFECTS OF HYDROGEN SULPHIDE (H2S) IN OILFIELDS 

Oil and natural gas (mainly methane) are the products of the thermal conversion of decayed 
organic matter (called kerogen) trapped in sedimentary rocks. Also present in natural gas are 
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naturally occurring contaminants including water vapour, sand, oxygen, carbon dioxide, 
nitrogen, hydrogen sulphide (H2S) and rare gases such as helium and neon, which have to be 
removed at natural gas processing facilities. H2S is an extremely poisonous gas and a few 
seconds of exposure in concentrations of anywhere between 750 and 10,000 ppm can prove 
lethal to people and animals. H2S is hazardous to rig workers and is also corrosive, causing 
sulphide stress-corrosion cracking of metals, which may require costly special production 
equipment such as stainless steel tubing. The presence of H2S in an oilfield and, if exposed to the 
gas during oil and gas production, its possible impacts on human health, is likely to be a potential 
concern for potential UGS operators. In addition to the brief details here, further details of the 
effects and dangers of H2S are provided in Appendix 8. 

High-sulphur kerogens release H2S during decomposition, which stays trapped within the oil and 
gas deposits and is frequently encountered in oilfields, often to high levels, as in west Texas 
(Schlumberger, 2007). During oil exploration and production, H2S may enter drilling muds from 
subsurface formations and is also generated by sulphate-reducing bacteria in stored muds. 
Natural gas, or any other gas mixture which contains significant amounts of H2S, is generally 
termed ‘sour’ if there are more than 5.7 milligrams of H2S per cubic meter of natural gas. This is 
equivalent to approximately 4 ppm by volume (http://www.naturalgas.org/naturalgas/processing 
_ng.asp). 

The H2S is removed (‘scrubbed’) from the sour gas by a process commonly referred to as 
‘sweetening’ at what are termed desulphurization plants. Removal of H2S is normally done by 
absorption in an amine solution, while other methods include carbonate processes, solid bed 
absorbents (including solid desiccants like iron sponges) and physical absorption.  

2.2.5.5.1 Effects of H2S 

H2S variously acts as an irritant or an asphyxiant, depending of the concentration of the gas and 
the length of exposure. The primary route by which humans are affected is inhalation, although it 
also affects the eyes. Essentially, H2S blocks cellular respiration, resulting in cellular anoxia, a 
state in which the cells do not receive oxygen and die. Some scientific references have reported 
exposure to concentrations of H2S as low as one part per million can affect the central nervous 
system, resulting in neuropsychological effects (e.g. Chilingar & Endres, 2005), however, there 
is not scientific consensus on this point (UNEP3: http://www.uneptie.org/pc/apell/disasters/china 
_well/china.htm#impacts). At levels up to 100 to 150 ppm, H2S is a tissue irritant, causing 
Keratoconjunctivitis (combined inflammation of the cornea and conjunctiva), respiratory 
irritation with lachrymation (tears) and coughing. Skin irritation is also a common symptom. 
Instantaneous loss of consciousness, rapid apnea (slowed or temporarily arrested breathing) and 
death may result from acute exposure to levels above 1,000 ppm (Knight & Presnell, 2005; 
Skrtic, 2006). 

The non-lethal effects can be summarized as: 

• neurological –symptoms including dizziness, vertigo, agitation, confusion, headache, 
tremors, nausea, vomiting, convulsions, dilated pupils, and unconsciousness, 

• pulmonary – symptoms including cough, chest tightness, dyspnea (shortness of breath), 
cyanosis (turning blue from lack of oxygen), haemoptysis (spitting or coughing up 
blood), pulmonary oedema (fluid in the lungs), and apnea with secondary cardiac effects 
(Snyder et al., 1995). 

 

 

                                                 
3 UNEP: United Nations Environment Programme 
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2.2.5.5.2 Incident at Gasfield, Chongquing, China 

An incident in China illustrates the potentially deadly effects of H2S release during production 
from a gasfield. The disaster took place at the Chuandongbei gas field in Gao Qiao town in the 
north eastern part of Chongqing province. The incident involved a gas well blowout, which 
occurred at 10:00 pm on Tuesday, 23 December 2003 and resulted in the release of natural gas 
and H2S. According to press reports, the accident occurred as a drilling team was working on the 
400 meter deep well and sent toxic fumes (sour gas - a high concentration of natural gas and 
H2S) shooting 30 metres out of a failed well (UNEP: http://www.uneptie.org/pc/apell/disasters/ 
china_well/china.htm#impacts). 

The China Daily newspaper described the tragedy as “the worst of its kind in China’s history”. 
“The poisonous gas hovering in the air made an area of 25 square kilometres a death zone, as 
many villagers were intoxicated by the fumes in their sleep”. Worst hit was the village of 
Xiaoyang next to the gas well, where 90% (c. 243) of the residents were killed, “many having 
died in their sleep or were too old to escape”. More than 9,000 people were treated for injuries 
and 60,000 were forced to evacuate the area. (WSWS, 2003; Lloyd's Casualty Week for 23rd Jan 
2003).  

Many factors appear to have led to the release, most related to human error and poor operational 
and maintenance procedures, including operation under health and safety regulations that were 
far less stringent than those established in the UK. 

2.2.5.5.3 In the UK context 

Gas imported into an oilfield will be ‘sweet’, having been previously processed for the National 
Grid and would, therefore, have low H2S levels (no higher than about 3 ppm). Injection of this 
gas into an oilfield with H2S present would lead to its absorption (along with water), which on 
withdrawal would require the gas to be processed with removal of the H2S and water. To some 
extent, injecting large volumes of ‘sweet gas’ would potentially dilute the H2S levels in an 
oilfield, but levels in the subsequently withdrawn gas would be higher than prior to injection. 
The levels of absorption are likely to be determined by the time the gas is held in storage, which 
is likely to be for a period of 3-6 months or more. 

The presence of H2S in oilfields considered for gas storage in the East Midlands has been raised 
as a concern by local residents and local District and County councillors (Davidson, in press). A 
number of oilfields in the East Midlands region are termed ‘sour’, i.e. the associated gas 
produced at some oilfields, such as Welton, has high concentrations of H2S. Supplementary 
information submitted by Star Energy to Lincolnshire County Council for the Welton Planning 
Application gave a figure of 3079 ppm by volume for H2S in the Welton oilfield and that 
processes to remove (‘scrub’) the gas currently being produced were already in place. However, 
higher levels of H2S, typically between 5,000 ppm and 10,000 ppm, with peaks as high as 15,000 
ppm were recorded during trials on a ‘fixed-bed’ compact catalytic converter at the Welton 
oilfield in 1987 (Eddington & Carnell, 1991). This equipment is installed on vents (the first 
being in 1989 with others added later), and has no operating requirements other than routine 
analysis and removes between 92% and 100% of the H2S. The H2S is removed from the gas 
stream by reaction with the absorbent to form stable metal sulphides, with no impurities added to 
the gas stream. The ‘spent’ absorbent is nonhazardous and is discharged in the form of granules, 
which can be disposed of through the metal recovery industry (Eddington & Carnell, 1991). 

H2S is reported in other UK oil and gasfields, but can be very variable in its concentrations. For 
example at Caythorpe, the upper tight (Permian) dolomite reservoir contains gas with an H2S 
content of around 5 parts per million (ppm). The lower main producing (Early Permian) 
Rotliegend gas reservoir has no reported H2S content (IEA, 1999). 
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The presence of H2S at any particular proposed UK oilfield UGS site during the oil production 
phase might, therefore, require particular attention, assessment and precautions in the operational 
plans and proposals on a site-by-site basis. However, in 1997, an atlas of the composition and 
isotope ratios of natural gases in northwest European gasfields in the Southern Permian Basin 
was produced under the European Commission JOULE Programme (Lokhorst, 1997). This 
provided contoured maps of the levels of the main gases around the basin. H2S is reported in 
other UK oil and gasfields, but can be very variable in its concentrations. The study provides 
important information on the levels of H2S in UK oil and gasfields. Given the common source of 
the gas (Westphalian), this information may be of importatnce to onshore fields in the first 
instance when assessing the regional trends. 

2.2.5.6 SUSIDENCE ASSOCIATED WITH OIL AND GAS PRODUCTION 

Subsidence associated with oil and gas production is a well-known phenomenon and one that 
nowadays is predictable and can be modelled. Fluid production and declining reservoir (pore) 
pressures may lead to a ‘relaxation’ of the reservoir. This movement may propagate to the 
surface, being typically manifested as a bowl-shaped subsidence (depression) at the surface, 
centred over the oilfield. The subject and summaries of problems of subsidence encountered at 
oilfield sites is considered in more detail in Chapter 8. 

2.2.6 Aquifers 
Aquifer storage is based up on the same concepts as depleting oil/gasfields, but represents a 
more costly option as aquifers require conditioning and more preliminary work to prove the 
capability to hold and contain gas under pressure and a greater investment in cushion gas as the 
reservoir formerly held saline waters (e.g. Oldenburg, 2002; Favret, 2003). Traditionally, these 
facilities are operated with a single winter withdrawal period, although they may be used to meet 
peak load requirements as well. In the UK context (and generally), aquifer storage represents the 
least desirable and most expensive type of natural gas storage facility for a number of reasons, 
perhaps most crucially, that there are likely to be environmental restrictions to using aquifers as 
natural gas storage. 

Though not considered further in this assessment of UK underground gas storage, a brief 
background of aquifer storage is provided for information and completeness. 

2.2.6.1 BS EN 1918-1:1998 

Underground gas storage in aquifers is covered by a British (and European) Standard, which also 
explains the concept and requirements of developing such a facility (BSI, 1998b). 

2.2.6.2 BACKGROUND 

Aquifers are underground porous, permeable rock formations that act as natural water reservoirs 
and were first used for gas storage in 1946 in Kentucky, USA (Favrez, 2003). They are around 
80 storage facilities in aquifers in the world today, most of them in the United States, the former 
Soviet Union and Western Europe (France, Germany and Italy). France has around 12 aquifer 
storage facilities. 

The principle of aquifer storage is to create an artificial gasfield by ‘reconditioning’ the water-
bearing formations and injecting gas into the water-bearing pore spaces (refer to oil and gas 
scenario; Fig 4a-c). While natural gas being stored in aquifers has already undergone all of its 
processing, upon extraction from a water-bearing aquifer formation the gas typically requires 
further dehydration prior to transporting, which requires specialized equipment on site near the 
wellhead. 
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However, aquifers do not have the immediate advantages that converting depleted oil/gasfields 
into a storage facilities has because hydrocarbons have generally not previously been trapped in 
the rocks (unless the trap has been breached, in which case it may not represent an ideal storage 
site anyway). The geological characteristics of aquifer formations are not as well known and as a 
result, a greater amount of site characterisation is necessary to establish the suitable geological 
conditions exist for gas storage, including reservoir, structure and suitable caprock. Furthermore, 
aquifer storage creates pressure gradients that the storage and caprock formations have not 
previously experienced. This could result in failure of the caprock due to the displacement of the 
static water column, forcing water out of the caprock and permitting gas to leak from the storage 
formation. This process is known as exceeding the threshold displacement pressure or threshold 
pressure (Lippman & Benson, 2003; see also section 3.4). 

2.2.7 Salt caverns 
Rock salt (halite; NaCl) exhibits unique physical properties and mechanical behaviour. Halite 
beds in situ are extremely soluble, highly incompressible and are thought to be almost 
impermeable below about 300 m (Baar, 1977). Such beds are nonporous and are known to 
provide the regional seal to economic accumulations of hydrocarbons. They also represent a 
unique host material for the development of (large) caverns and storage of materials that do not 
cause dissolution of the salt.  

Rock salt may exist in two forms. It is deposited in sedimentary layers forming a series of 
bedded deposits (so called ‘thin bedded’ salt, Fig 4d). The salt is highly ductile and during burial 
beneath younger sediments and due to its rheological and deformation mechanisms forms a weak 
layer between other more competent lithologies and deforms readily by ductile (plastic) creep 
(refer section 4.2). Under geological timescales and geostatic pressures, it deforms (‘flows’) 
plastically, much like a viscous fluid and salt is often viewed as a pressurized fluid. This process 
is known as halokinesis and can give rise to a series of halokinetic structures (so called ‘massive’ 
salt), ranging from salt swells to pillows to larger, salt domes (Fig. 4d) and elongate salt wall 
structures. Salt domes can reach up to 1.6 km in diameter and anywhere between 5 and 9 km in 
height. 

Rather than fracturing, most halite beds lose their seal integrity either through dissolution 
windows or through salt-flow induced breaches, known as ‘overburden touchdown’ or salt 
welds. This occurs when salt flows to a region (thickens) and as it does so is withdrawn from 
adjacent areas, where it consequently thins. Thick salt beds experience brittle fracture only at 
very shallow near surface levels and typically vadose conditions or perhaps during very high 
strain rates, as might be associated with major faults defining sedimentary basins. There are, 
however, no such active faults in the UK at present (refer section 6.2). 

The preservation of soluble bedded salt (and salt in halokinetic structures) over long periods of 
geological time demonstrates the relatively inactive hydrological settings in which it is found. 
On the other hand, should salt beds come into contact with circulating groundwaters then its high 
solubility in water means that salt deposits can be subject to rapid degradation. The same high 
solubility, however, also permits the rapid creation of caverns at relatively low cost. The low 
permeability of salt means that should any stored material leak from the cavern, then transport 
away from the facility would generally be slow (Hovorka, 2000). The storage capacity for a 
given cavity volume (varying from several hundreds of thousands to millions of cubic metres) is 
proportional to the maximum operating pressure, which is dependent upon the depth from the 
surface. 
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The physical properties and characteristics of rocksalt offer another option for the underground 
storage of hydrocarbon products (including LPG and natural gas). Salt cavities may be excavated 
in bedded salt layers or in halokinetic structures, with two scenarios existing for UFS: 

• Abandoned salt mines. These were not originally constructed (or operated) with gas 
storage in mind. Former salt mines, which are used in the USA for underground fuel 
storage, tend to be at shallower depths than those at which solution mined cavities are 
constructed, with the inherent problems of thinner cap rock and possible groundwater 
interaction 

• Solution mined caverns. Many early storage caverns were originally created by solution-
mining during the production of brine and chlorine products. They have subsequently 
been used for the storage of a range of products, including natural gas. However, the 
completed brine cavities were not ideally designed or constructed (in terms of their shape 
or spacing) for high-pressure gas storage. Gas cavities should be spherical or cylindrical 
in shape with domed roofs and with a grid spacing related to their size (diameter). In the 
UK during the 1920s, ICI was at the forefront of the development of techniques for 
solution mining and salt extraction at their operations in the Preesall Saltfield (e.g. 
Wilson & Evans, 1990; Hortholt & Highley, 1973; Evans & Holloway, in press). 
However, the early ICI caverns often saw the almost complete removal of salt in a 
cavern, leaving little or no roof salt protecting the overlying nonsalt beds. These caverns 
generally collapsed, but as the technique was improved and knowledge of salt mechanics 
grew, so to did brining techniques. This led to the production of more stable caverns, 
particularly on abandonment. The technique of the design and solution mining of salt 
cavities in bedded or domal salt structures for the purpose of high-pressure gas storage is 
now well advanced. The design and construction of caverns specifically for gas storage is 
now at such a stage that a process termed solution mining under gas (SMUG) is 
performed – storage of product begins as creation of the remaining cavity continues (e.g. 
Chabrelie, et al., 1998 – and section 2.2.7.3.2). 

In England, there are an increasing number of proposals to design and construct salt cavern 
facilities for the purposes of underground storage of natural gas. Salt cavern facilities generally 
serve to store smaller volumes of gas than those that can be stored in aquifers or depleted 
reservoirs, although the larger cavern facilities with 10’s of caverns can provide storage volumes 
approaching those of small oil/gasfields. Importantly, however, salt cavern storage facilities 
complement large porous reservoir storage, offering several advantages including high 
deliverability and degree of availability, short filling period and low percentage of cushion gas 
(which can be almost completely recovered on abandonment of the facility). Thus the 
combination of the two types of storage, in porous reservoirs, which are generally used to 
guarantee basic demand to meet seasonal variations, and storage in salt cavities, which are 
generally operated to cover peak demand, allows high withdrawal rates even at the end of the 
withdrawal period. 

Whilst halite with its extremely low permeability and general viscoplastic deformation is viewed 
as an ideal storage medium, there are examples of salt having suffered brittle deformation, with 
the indication that long-range migration of methane has occurred through the fractures (Terrinha 
et al., 1994; Davison et al., 1996a). This has potentially important implications for not only 
hydrocarbon potential of basins but also gas storage and is reviewed further in section 6.1.4. 

In this report the main incidents at storage facilities that caused injuries or casualties and what 
were believed to be the factors and causes behind their occurrence are briefly reviewed. One or 
two examples of salt cavern storage facilities had to close due to volume loss and these are 
included for completeness. However, it is stressed that these latter incidents were not associated 
with cavern failure, release of stored material or any loss of life or injury. Furthermore, there are 
few cases of catastrophic failure (collapses) known and caverns do not, in general, fail 
catastrophically or close rapidly when depressurized for short periods of time. Most cavities are 
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held at hydrostatic pressure, but rarely, some may have ‘empty’ periods when they are held at 
atmospheric pressures. Examples exist from around the world of depressurized cavities that have 
remained stable for decades, for example: 

• In the 1950s, a lenticular cavern was excavated by solution mining in the Bryan Mound 
salt dome in Texas, a site of the later Strategic Petroleum Reserve (Serata, 1984; Thoms 
& Gehle, 2000; Warren, 2006). It was constructed at an average depth of 550 m, with a 
height of 55 m and unsupported roof span of 366 m. After excavation, it was filled with 
LPG but subsequently lost wellhead pressure and was abandoned, empty. Thirty years 
later, measurements indicated that the cavern was remarkably stable, having lost only 
about 4% of it total volume (Warren, 2006) 

• At the CAES storage caverns at McIntosh, Alabama (refer section 2.2.10.2.2), during the 
replacement of the main operating pipe, the cavern was depressurized for more than six 
months. There were no roof falls and from subsequent observations it was estimated that 
the volume of the cavern remained unchanged (Leith, 2001) 

2.2.7.1 BS EN 1918-3:1998 

Underground gas storage in salt caverns is covered by a British (and European) Standard, which 
also explains the concept and requirements of developing such a facility (BS EN1918-3:1998; 
BSI, 1998c). The standard states that salt caverns are generally seen as suitable and preferential 
sites for the storage of oil and gas, due to the almost zero permeability (to gas) and the 
viscoplastic nature of salt, which leads to the healing of any cracks and faults. Halite has very 
high ductility and when subjected to stress, an ability to plastically flow by crystal plastic 
deformation (creep) processes. This means that it has a low susceptibility to fracturing, but when 
it occurs, the halite ‘anneals’ (‘flows’), thereby allowing fractures and cracks to seal (see below).  

The BS document also provides a series of properties and measurements that are required for the 
design of caverns: 

1. ‘mechanical disturbances’ for cavities that require determination and include 

• The change in volume loss by creep in the salt formation (convergence) 

• The distribution of the cavity wall and floor deformation 

• The distribution of the stress induced by the cavity in the surrounding rock 

2. ‘principal stability parameters’ that need to be defined within the cavity design and include: 

• The cavity geometry (shape, height, diameter, roof guard) 

• The positioning (e.g. well pattern, depths, pillars, distances to caprock, bedrock) 

• The distance to subsurface neighbouring activities 

• The maximum operating pressure, which shall always be less than the overburden 
(lithostatic) pressure 

• The minimum operating pressure to prevent closure of the cavern by salt creep 

The above calculations and assessments are determined from borehole samples subjected to 
rigorous laboratory stress and strain tests and/or in situ tests in the well(s). The results of the tests 
provide the engineering parameters and rheological model of the salt used as the basis for the 
construction of high-pressure gas storage caverns. The tests and models are designed to 
demonstrate that the cavity will be mechanically stable and capable of containing gas under the 
proposed/permitted operating conditions, “using acknowledged geological methods and 
databases.” (BSI, 1998b; p.10). Also required is consideration of the cavern operation and 
performance under emergency conditions and procedures that will enable safe shut down of the 
facility. 
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Chapter 4 outlines some of the main conditions and characteristics of salt beds and their potential 
impact on the planning, design, development and construction of gas storage caverns. 

2.2.7.2 BACKGROUND 

As outlined above, salt for a number of reasons, represents a unique host material for the 
development of (large) caverns and storage of materials that do not themselves dissolve salt. 
Large underground salt caverns may be used for storage of liquid (oil, NGL’s, and LPG), 
gaseous hydrocarbons, compressed air (e.g. Crotogino et al., 2001; Leith, 2001; Cheung et al., 
2003), or the disposal of (generally solid) waste materials and radioactive waste (e.g. Veil et al., 
1998). Some caverns in the USA and Russia have been used for the underground testing of 
munitions and nuclear weapons (e.g. Thoms & Gehle, 2000; Leith, 2001). 

The earlier cavern storage facilities utilised brine caverns created during the extraction of salt for 
the chemical industry. In Canada, LPG has been stored in solution-mined caverns constructed in 
bedded salts and salt domes since the late 1940s/early 1950s (Tomasko et al., 1997), whilst LPG 
was first stored in Texas caverns during the 1950s (Tomasko et al., 1997; Brassow, 2001; 
Favrez, 2003;). At about this time crude oil was being stored in caverns in England (Brassow, 
2001). Storage of natural gas in salt caverns first occurred in 1961, when the Southeastern 
Michigan Gas Company leased an abandoned salt cavern from the Morton Salt Company near 
Marysville, Saint-Clair County, Michigan (Allen, 1972; Tomasko et al., 1997). In the Teesside 
area in the UK, former ICI brine caverns are still in use for storage of a range of hydrocarbon 
products (refer Table 1). 

The first salt cavern specifically designed and constructed for natural gas storage was built by the 
Saskatchewan Power Corporation at Melville, Saskatchewan, Canada in 1963. This was 
followed in 1970 by the first purpose built gas storage caverns constructed in the USA, at the 
Eminence Dome, Mississippi (Thoms & Gehle, 2000). The American Strategic Petroleum 
reserve (SPR) represents the world's largest stock and supply of emergency crude oil, amounting 
to around 700 million barrels. The SPR was established in 1977 with a large part of the oil stock 
stored in huge underground salt caverns along the coastline of the Gulf of Mexico.  

In Europe, salt cavern storage of natural gas commenced in Armenia (Abovian, 1964), followed 
by Germany (Kiel, 1969) and France (Tersanne, 1968). Storage was in caverns whose capacity 
was limited to between 30,000 - 100,000 m3, in order to avoid problems that were then known 
and encountered in salt mines (Chabrelie et al., 1998; Favrez, 2003). Between 1971 and 1978, 
the German Federal Republic commenced building of its strategic oil reserve, using caverns 
constructed in the Etzel Salt near Wilemshaven. Some of the original caverns are now converted 
for use in gas storage. Many countries have large numbers of caverns used for storage purposes, 
including the Federal Republic of Germany, which in 1982 had about 140 (Jenyon, 1986c). In 
1978 the first compressed air storage facility was constructed in the Huntorf salt dome near 
Hamburg (Thoms & Gehle, 2000; Crotogino et al., 2001). 

Hydrocarbon storage in salt caverns now has a long history, particularly in the USA. During the 
early 1990s there were 648 solution-mined caverns licensed in Texas alone, with around 200 
being in bedded salt areas (Seni et al., 1995; Hovorka, 2000). In 2003 over 1000 caverns were in 
use in the USA for the storage of various products, including waste (Neal & Magorian, 1997; 
Brassow, 2001; Knott, 2003). Those storing hydrocarbons range in size from 0.4 million to 40 
million barrels (circa 0.062 to 6.2 Mcm) and with pressures of up to 800-4000psi. Approximately 
50 of these caverns were in use to hold about 200 billion cubic feet (bcf = c. 5.66 Bcm) of 
natural gas (Knott, 2003). Worldwide, thousands of salt caverns have previously and are 
currently being used for the storage of hydrocarbon products (Thoms & Gehle, 2000; Bérest et 
al., 2001; Bérest & Brouard, 2003).  

In contrast to the practice of re-using of old brine caverns, present day design and construction of 
gas storage caverns includes significant geomechanical design work and engineering. This 
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ensures the long-term safety and stability of the cavern and associated below ground 
infrastructure. 

2.2.7.3 THE PROCESS 

Most modern day salt cavities used for storage of fuel products have been created by the process 
of solution mining. The solution mining process involves the injection of fresh (or sea) water 
into the salt body, which dissolves the salt resulting in brine, which is then withdrawn from the 
emerging cavity and replaced by injecting fresher water. The technique was taken up and 
pioneered in the UK by ICI during the 1920s and the process recovers up to about 25% of the 
total salt reserve. Nowadays, it has been recognised that brine caverns have a value after brining 
operations have ceased and brine caverns are often carefully designed and constructed to be used 
for gas storage purposes and therefore maintain the stability of the overlying strata and so avoid 
surface subsidence. Each cavity is developed through a single borehole drilled into the salt beds, 
which is used to extract the salt and which will then serve for gas injection and withdrawal once 
the cavity is constructed (Fig 4e). The borehole is drilled using standard oil industry drilling 
methods (see section 2.2.3). However, the well is initially wider than conventional oil/gas 
exploration and development wells and the drilling fluid used is brine to prevent dissolution the 
salt by water-based fluids during drilling. A series of pipes or ‘casings’ are then cemented into 
the borehole to provide protection for the surrounding sediments as water is injected and 
withdrawn during dissolution of the target salt beds (section 2.2.7.3.2).  

2.2.7.3.1 Well design, spacing, cavern design and shaping 

The detailed design and engineering aspects of well design, spacing and cavern shaping are 
beyond the scope of this report. For more information on basic solution mining techniques for 
various salts and the general procedures for controlling the shape of solution mined caverns the 
reader is referred to Remson et al. (1966), Jacoby (1974), Shock (1985) and API (1994). In the 
simplest system, the design of a salt solution well comprises two or more columns of steel pipes 
(casing strings), one inside the other. An initial borehole with a diameter large enough to 
accommodate the required pipes/tubings is drilled and casing cemented in place to prevent any 
leakage and contamination of groundwaters during the operations. Near surface the borehole is 
widest to allow for installation of several concentric layers of pipe casing, which assist the initial 
drilling of the borehole. The outermost casing (also referred to as surface casing) does not 
generally extend all the way down to the cavern roof. Instead, a final casing string is cemented in 
place from some distance above the salt to some way below the top of the target salt to ensure 
that during dissolution, a set thickness of salt remains in place as a salt roof to the emerging 
cavern. This process was not generally undertaken during purely salt brining activities, hence the 
propensity for the removal of all roof salt, which often led to the collapse of cavern roofs and 
subsidence as seen at, for example, Preesall (NW England – section 8.7.2.1.1 and Fig. 5b). One 
or more noncemented concentric casing strings (or tubing strings), one inside the other(s), are 
then placed inside the final casing string, forming one or more annuli. Through one of these 
strings fresh water (or undersaturated brine) is pumped down the well under carefully controlled 
conditions to dissolve the target salt beds and create the cavity. The resulting brine is then 
returned to the surface for processing and recovery via a second tubing string. As the brine is 
removed, it is replaced by fresher water, dissolving more salt and thereby expanding the cavity. 
Most modern wells have a third casing string through which an inert protective blanket fluid is 
injected (normally diesel, nitrogen or compressed air). This floats on top of the brine, providing 
insulation from the effects of solution, to the roof salt and cemented casing as it enters the 
cavern. It prevents rapid upward stoping and ultimately, collapse of the cavern roof and well 
damage. The thickness (or depth) of the blanket fluid is carefully monitored as the cavern is 
gradually enlarged.  
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In the USA, the brine wells are generally laid out on a regular grid with new wells being drilled 
around 200 m apart. Proposed and actual wellhead spacing in the UK varies, being around 400 m 
at Atwick and 280 m at Byley (Appendix 7). At the proposed Preesall site, it was planned that a 
number of deviated wells would be drilled from one site to access and supply a number of 
caverns from one wellhead platform. 

2.2.7.3.1.1 Example of a proposed salt cavern gas storage well casing program at Preesall, NW 
England 

The following summarises the casing program proposed for a typical gas storage well at Preesall 
(Heitmann, 2005): 

• Conductor casing – 22" (559.0 mm) pipe, to circa 15 m overall length 
• Surface casing – 18" (457.0 mm) pipe, to circa 110 m overall length 
• Production casing – 13 ⅜" (339.7 mm) pipe, to circa 400 m overall length 
• Injection tubing string - 10¾" (273.1 mm), to circa 600 m length 
• Injection tubing string – 7" (177.8 mm), circa 610 m length 

2.2.7.3.2 Salt cavern design and construction 

Salt cavern design varies not only due to engineering/construction constraints placed upon it by 
local ground and geological conditions, but also operational requirements. Caverns will generally 
be ellipsoidal in shape with long axes vertical. Ultimately, any decision to undertake gas storage 
in salt caverns constructed in bedded salts will generally require that a number of caverns will be 
located in a relatively confined area. This is partly to ensure maximum efficiency, but it also 
contributes to long-term security against breaching of more isolated and disparate caverns caused 
by future human activity. The spacing of caverns, as well as their optimum shape, are calculated 
based on careful simulation using in situ and laboratory tests of materials and long-term creep 
models (e.g. Rothenberg et al., 1999; Dusseault et al., 2001). 

Typically, salt domes used for natural gas storage are between 450 m and 2000 m below ground 
level, although in certain circumstances they can come much closer to the ground surface. Salt 
beds from which salt domes develop, are usually no more than 300 m – 400 m in thickness and 
are often interbedded with other evaporitic and insoluble (non salt) horizons (sections 2.2.7.3.4 
& 5.3.1).  

Construction of ‘conventional’ large volume solution-mined salt cavities is generally possible in 
bedded salt layers of 150 m to more than 400 m, but caverns have been constructed in thinner 
salt layers of 60 m - 100 m, producing cavities with geometric volumes between 50,000 m3 and 
100,000 m3 (Chabrelie et al., 1998). However, many areas of the world have thin salt layers of 
less than 60 m thickness and cavern storage projects have been proposed in New York State 
(USA), with as little as 27 m of bedded salt. At Holbrook, Arizona, short and flat LPG caverns 
have been constructed in only 34 m of bedded salt at depths of 305 m below ground level (Neal 
& Magorian, 1997). Gaz de France has investigated the technical and economic conditions in 
which thinner salt layers can be used for gas storage. Their studies found that tunnel-shaped 
cavities of 1,000 - 3,000 m2 cross-sectional area, stretching almost horizontally over several 
hundred metres and with a volume between 100,000 m3 and 1,000,000 m3, are stable (refer 
Chabrelie et al., 1998). 

For caverns at a depth of 1000-1400 m, the convergence rate is usually below 1% per annum 
(Plaat, in press). With increasing depth, both the temperature and the overburden pressure 
increase, the consequence being that convergence rates increase rapidly with depth. To illustrate, 
near Harlingen in the Netherlands in a solution mining operation at depths up to 3000 m, 
convergence in the order of 70% per year has been observed (Breunese et al., 2003; Plaat, in 
press). The cavern thus closes almost as quickly as the salt is mined and is presumably associated 
with significant subsidence problems. 
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Conversely, as the pressure at which the gas can be stored increases with depth, it is desirable to 
create a cavern as deep as possible, maximising the amount of gas that can be stored per cavern. 
This means that, in general, salt caverns are found at depths ranging from 700 to 1700 m, while 
the optimal range is usually between 1000-1500 m (Plaat, in press). 

Several methods for developing and shaping caverns exist (e.g. Warren, 2006): 

• Direct circulation – fresh water is injected through the tubing strings and brine is 
withdrawn through the annular space between the tubing string and the final (cemented) 
casing. The pressure differential between the point of entry and the point of exit from the 
cavern, and the fact that the injected water is lighter than brine, causes convection, which 
is responsible for the major portion of the dissolution and in this way there is thus a 
continuous circulation of water (Leith, 2001). This process leads to the formation of 
more cylindrical caverns 

• Reverse circulation – fresh water is injected through the annulus and the brine is 
withdrawn through the tubing string. This method produces caverns with much wider 
tops than bases, particularly where no fluid blanket is employed during leaching, as the 
less dense freshwater floats on top of the more concentrated brine 

The resultant brined cavities are typically up to 145 m in diameter and up to 200 m in height, but 
can be significantly larger in thick salt dome salt. Two of the largest in the USA are about 670 
metres in height and 180 metres in diameter, with capacities of over 17,000,000 m3 (Leith, 
2001). The position of the water injection tube and the depth of the protective blanket fluid 
control the area of salt dissolution. By changing their position during development and by 
changing the direction of convection, the final size and shape of the cavity can be controlled. The 
brining operation can be done in a variety of ways (Fig. 4e), from the top down or, most 
commonly, bottom up, with cavern development monitored by sonar techniques. Insoluble 
mudstone falls to the bottom of the cavity and collects in what is termed the ‘sump’; a volume 
designed into the cavern to maximise cavern storage space and operational efficiency. 
Depending on the size of the cavern and the amount of impurities present in the salt (either as 
dolomite and anhydrite interbeds or more disseminated material throughout the salt body), more 
than 20 metres of residue can accumulate in the sump at the bottom of the cavern (Crossley, 
1998; Warren, 2006) 

In the USA, a further method of cavern construction, that of solution mining under gas (SMUG), 
is developed. This method allows a cavern to be put into gas storage operation sooner (Chabrelie, 
et al., 1998). Initially the cavern is developed by conventional solution mining techniques. 
However, its upper section is then developed up to its designed final diameter ahead of the lower 
section. The design also requires a few modifications of the wellhead and solution-mining strings 
in order to allow for gas storage in the cavern upper section while continuing solution mining the 
lower section. The upper section of the cavern is then dewatered as gas is injected and stored 
whilst the solution mining process is resumed, creating the lower section. Gas stored in the upper 
section therefore acts as the blanket for continued solution mining of the lower section. The 
technique also means that existing caverns can be further developed by commencing/resuming 
SMUG. 

2.2.7.3.2.1 Cavern stability and damage - minimum and maximum cavern operating pressures 

The structural stability of caverns in bedded or massive salt deposits depends upon many 
interrelated factors, including local hydrology, geology and rock properties, cavern operating 
conditions, cavern depth, cavern geometry and cavern location with respect to other caverns (e.g. 
Pfeifle & Hurtado, 2000; DeVries et al., 2005). Successful cavern design, construction, long-
term operation and abandonment must provide conditions for long-term cavern stability in order 
to maintain the integrity of the salt. To achieve stability and prevent damage to the cavern walls 
and roof means avoiding conditions known to adversely affect cavern stability and which would 
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allow the formation of microcracks and gas permeation in the cavern walls/surroundings (see 
below and section 4.2).  

One of the reasons rock salt is a favoured storage medium is that it is a viscoplastic material that 
is difficult to fail under moderate levels of confining pressure. Under conditions of triaxial 
compression, which is often the case for natural underground stress situations, the confining 
pressure may be sufficient to suppress fracture. In this case, deformation will continue 
indefinitely without failure. However, the introduction of a cavern within a salt body alters this 
steady state and results in varying states of stress around the void. The roof rock of a cavern is 
now in a state of triaxial extension. Rock is typically weaker in triaxial extension than in triaxial 
compression - salt behaviour is elastic-ductile when short-term compression tests are considered, 
but is elastic-fragile when tensile tests are considered (Bérest & Brouard, 2003). In the long term 
salt behaves as a fluid in the sense that it flows even under small deviatoric stresses (section 4.2). 
It is, therefore, important to understand the creep and strength characteristics of salt under these 
differing states of stress around the void/cavern. 

Under triaxial extensional stresses, the salt body will dilate, which is manifested as a volumetric 
expansion (increased porosity), resulting from microfracturing of the material (refer Fokker in 
Bérest & Brouard, 2003; Munson et al., 1999). This process can become severe enough to cause 
spalling (breakouts) in the cavern roof and/or walls and subsequent damage to the cavern or 
hanging pipestring(s). Fracture in salt and spalling occurs by the formation and evolution of 
microfractures. These take the form of “wing tip” cracks (Fig. 6j), either in the body or the 
boundary of the salt crystal/grain (Munson et al., 1999). Under shear stresses, this type of crack 
deforms, opening up and producing a volume strain, or dilatency. If there is sufficient confining 
pressure (e.g. in nature or in a cavern with high enough gas pressure), then fracture formation is 
suppressed. However, if the confining pressure is too low to suppress fracture initiation and 
growth, then the fractures will evolve with time to give the characteristic tertiary creep response 
(Munson et al., 1999). This tertiary creep is a combination of the fracture development and the 
natural creep and fracture healing processes in salt. Significantly, the volume strain produced by 
microfractures may lead to changes in the permeability of the salt, which would be of concern in 
the cavern sealing and operation. 

Maintaining structural stability and the integrity of the host salt deposit is therefore achieved by 
avoiding or limiting microfracturing in the salt. Cavern design must avoid the state of deviatoric 
stress whereby the difference between the gas pressure inside a cavern and the in situ stress of 
the surrounding salt becomes too large that dilation of the salt occurs (DeVries et al., 2002, 
2005). In a gas storage cavern, the pressure to prevent damaging triaxial extensional stresses 
within the cavern walls and roof is provided by the brine during construction and gas during 
storage operations. 

On the other hand, as alluded to elsewhere, if the cavern pressure is too high, then fracturing of 
the salt and surrounding rocks may occur. Hence a maximum operating pressure is calculated, to 
ensure that storage pressures remain below the vertical component of overpressure. 

Munson et al. (1999) take these concepts and model cylindrical caverns and illustrate that stress 
conditions around the cavern do not lead to large amounts of damage. The damage is such that 
general failure will not readily occur. Furthermore, the extent of the damage does not suggest 
possible increased permeation when the surrounding salt is impermeable. Modelling stress 
distribution around cavities indicates that fracture pressure is also a function of the rate of 
pressure increase and the creep rate of the salt (Wallner, 1988). For slow pressure build-up rates 
modelled for sealed caverns, pressures greater than lithostatic can be contained within the cavern 
without causing fracture. However, at shallow depths and low salt creep rates, fracturing can be 
induced at very low-pressure change rates (Byrnes, 1997). 

An aspect of the calculations on and modelling of cavern stability and internal pressures includes 
an assessment of the load bearing capacity of the surrounding rock mass in the event of a rapid 
blowout (depressurisation) of a gas storage cavern down to atmospheric pressure. The purpose of 
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this investigation is to prove that a sudden drop in pressure to atmospheric in a cavern does not 
lead to a chain reaction resulting in the collapse of the cavern and/or of the whole cavern field. 
These calculations can be done within the scope of theoretical studies of ultimate boundary 
conditions for a cavern wall failure based upon the knowledge of salt mechanics and specific 
laboratory tests.  

As would be expected, many studies have been undertaken into the design of new salt caverns 
and the potential extension of the useful life of older salt caverns by a greater understanding of 
the manner in which older caverns and sealing systems might fail (see e.g. Chan et al., 1998; Lux 
et al., 1998; Munson et al., 1999). These studies have looked at the damage zone around older 
caverns and on the creep, microfracture development and healing processes in the salt body. In 
particular, micromechanical mechanisms of fracture and the concept of a fracture mechanism 
map have been developed and refined. This knowledge feeds into modern cavern design 
calculations. 

2.2.7.3.2.2 Leaching rates and brine disposal 

Leaching rates and thus construction times vary with the amount and degree of salinity of the 
water injected. It is common to find that for every seven cubic meters of fresh water injected, a 
volume of one m3

 is leached (Leith, 2001). Leaching rates are normally expressed as the amount 
of water or brine circulated and can reach rates of 1600 m3

 per day. In the U.S., leaching rates of 
320,000 m3

 to 400,000 m3
 per year are common (Leith, 2001). Construction rates for the two 

150,000 m3
 solution-mined caverns at Huntorf in Germany were an average of about 360 m3

 of 
salt per day, at a maximum circulation of 600 m3

 per hour. Each cavern was completed in about 
14 months and it took a further five months to remove the brine from each of the caverns (Leith, 
2001). 

Brine displaced from a leached cavern is normally first pumped into a surface holding tank to 
allow any insoluble residues that did not settle in the cavern but were carried out by the brine, to 
settle out. Disposal is by either injection into subsurface saline aquifer close to the development, 
or by pumping out to sea. In the USA, water is also injected into vugs (natural solution cavities 
found in the cap rock to salt domes at relatively shallow depths), a technique not available 
onshore the UK. 

In the UK, the brine might be used as a chemical feedstock. For example, in the Cheshire Basin 
area, Ineos Chlor produces brine during the construction of caverns at Holford that is pumped 3 
km to a purification plant at Lostock. It is then pumped to consumer plants at Brunner Mond’s 
two soda ash plants in Northwich, as well as Salt Union’s vacuum salt plant and Ineos Chlor’s 
own chlor-alkali plant, both near Runcorn.  

However, during the investigations at Preesall, no immediate or nearby market was found for the 
brine and it is proposed that the brine will be discharged into the East Irish Sea through a 
pipeline to be constructed for the purpose. Similarly, it is proposed to discharge the brine from 
the Portland solution mining activities out at sea. 

2.2.7.3.3 Subsidence occurring with cavern formation and overburden/caprock stability 

It is a well-known fact that natural solution of concealed salt beds by circulating groundwaters 
leads to subsidence of the land surface. In addition, subsidence and impacts on hydrologeological 
regimes occur at many underground mining operations, causing changes to surface landforms, 
ground water and surface water flow. All solution-mined caverns converge as they very 
gradually shrink due to salt creep (Bérest & Brouard, 2003). This occurs until either the salt to 
fill the void or confining pressures and cavern pressures are equalised and is associated with 
varying degrees of subsidence. The impacts of mining and solution mining operations to man-
made surface structures and other features are relatively well known and studied and are outlined 
further in section 8.7. Subsidence may be accelerated if total salt extraction has been allowed to 
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occur (leaving no roof salt in the cavern). This could cause collapse of a salt cavern or mine, 
which can in turn lead to catastrophic failure and collapse of the overburden, resulting in the 
formation of a (often deep) crater at surface. Such events have occurred in salt workings in 
Europe and in the UK at the Preesall brinefield (Lancashire – refer Wilson & Evans, 1990; 
Jackson, 2005 – section 8.7.2.1.1 and Fig. 5b).  

2.2.7.3.4 Insoluble (non salt) interbeds 

The presence and understanding of the physical and mechanical properties of non-salt interbeds 
are important for at least two reasons: 

• Their presence could mean that salt caverns in bedded salt may be more prone to 
deterioration, may develop less than ideal and unstable shapes and may therefore be more 
expensive to develop than caverns in the more massive salts of salt domes 

• Experience elsewhere has shown that the weakest point in the salt deposit are the 
salt/shale layer interfaces and these interfaces are where fractures may initiate and then 
propagate, generally in a horizontal plane (KDHE, 1997). This may become an issue if 
rock mechanical tests are not undertaken on such interfaces to deteremine strengths and 
failure pressures and/or cavern pressures are not monitored and kept below the fracture 
strength of the two rocks and their interface (see the account of the Hutchinson incident 
in Appendix 5). 

In the UK, halite beds include interbedded non-halite beds (mudstones, dolomite and anhydrite 
beds – section 5.3.1), which are generally thin and distributed vertically throughout the salt body, 
such that halite forms 90-95% of the evaporite sequence, as seen at Byley and Preesall (e.g. 
Beutal, 2002; Evans et al., 2005). At Byley, the experience of Ineos Chlor (formerly ICI) is that 
the solution mining of halite sequences with marls over a metre in thickness presents no 
operational or safety problems, as the insoluble marls become soft, crumble and fall down to the 
base of the cavern during solution mining (Beutal, 2002). 

2.2.7.3.5 Summary and examples of proposed UK cavern design and operational ranges 

To summarise, therefore, during the design of a salt cavern gas storage facility a number of 
fundamental in situ and laboratory tests are required to ascertain the suitability of the halite beds 
and determine the size, shape and spacing of caverns. These include: 

• Core study and testing to determine the purity of the salt and nature of interbed material 

• Core testing to determine strength and creep of the salt and determine the essential 
material parameters for rock mechanical calculations 

• Distance both horizontally and vertically to the nearest fault 

• Distance both horizontally and vertically to the nearest non salt formation and 
establishing its nature 

• Numerical modelling and simulation based upon the rock mechanical data  

Numerical modelling based upon carefully acquired field and laboratory data on the rock 
mechanics, depth and thickness of salt is undertaken to design cavern shapes and spacing. The 
numerical simulation covers the anticipated loading history during cavern operation that includes 
the effects of cyclical pressurisation and extended periods at maximum pressure (to prove gas 
tightness of the cavern).  
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From these simulations and measured rock properties recommendations on the following are 
given regarding the design of a gas storage cavern in any particular area: 

• minimum thickness of the salt layer above the roof 

• depth of the cavern 

• geometrical shape – has to be consistent, as irregular shapes could lead to areas of 
differing stress causing spalling (microfracturing) or breakouts of the cavern walls 

• minimum and maximum operating pressures to maintain cavern stability and minimise 
closure due to salt creep – including the allowable time period during which the cavern 
can be operated at the minimum pressure 

• minimum pillar dimensions with respect to adjacent caverns or to the boundary of the salt 
rock formation or faults and pillar stability 

• Loss of volume due to cavern wall convergence during operation 

As examples of cavern design and specifications for proposed UK developments, information 
presented during the Public Inquiries into the proposals to develop salt cavern storage facilities at 
Byley, Cheshire (2002) and Preesall, Lancashire (2005) is summarised below: 

(a) Byley caverns at depths of circa 630 m were (Crotogino, 2002): 

• Maximum cavern radius = circa 45 m (90 m diameter) 

• Maximum cavern height = circa 100 m 

• Thickness of remaining salt above cavern = 170 m 

• Distance between deepest point of cavern and underlying formation = >10 m 

• Spacing between wellheads – 280 m 

• Between adjacent caverns, pillar width/distance = 196 m (minimum) 

• Minimum cavern pressure – 38 bar (35 bar is minimum operating pressure for rock 
mechanical design of cavern) 

• Maximum cavern pressure – 105 bar (rock mechanical design), 110 bar is design basis 
for maximum operating pressure of surface equipment 

(b) Preesall caverns with tops at depths of between 220 and 425 m were (Rokahr, 2005): 

• Maximum cavern radius = circa 50 m (100 m diameter) 

• Thickness of remaining salt above cavern = > max radius of the cavern = > 50 m 

• Distance between deepest point of cavern and underlying formation = minimum of 20% 
of max radius of cavern 

• Spacing between wellheads – not specified, wellheads will form the base for a series of 
directionally drilled wells to different cavern locations 

• Between adjacent caverns, minimum pillar width = 3 times maximum cavern radius. At 
substantially greater depths (> 800m) this would be 5 times the maximum cavern radius 

• Distance of cavern from significant nearby fault(s) = 3 times maximum cavern radius. 

• Minimum cavern pressure – to be above 30% of the vertical component of overburden 
pressure 

• Maximum cavern pressure – to be below 83% of the vertical component of overburden 
pressure 
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2.2.7.4 COMMISSIONING OF CAVERNS – PRESSURE TESTING 

Tightness is a fundamental prerequisite for many underground works where minimum product 
leakage is required (Bérest & Brouard, 2003). This is both for safety, environmental 
(groundwater pollution etc.) and economic reasons – the latter can depend on the speed of stored 
product rotation, but the first two require greater consideration. Therefore, once the caverns are 
‘brined’ out to their desired size and shape and before they can be commissioned for 
underground storage, a Mechanical Integrity Test (MIT) is used to test cavern (and well) 
tightness. The first stage involves pressure testing of the wells and the cements/casings to verify 
there is no leakage behind the casing. A sonar survey is also generally performed. 

After the pressure testing of the well is complete, the MIT is performed pressuring the cavern up 
to operational pressures, shutting in and monitoring the pressure changes over a specified period. 
The pressuring up may be done cyclically in some tests. Two main types of MIT are currently 
used (Bérest et al., 2001): 

• The Nitrogen Leak Test (NLT) – consists of lowering a nitrogen column in the annular 
space below the last cemented casing. The NLT is generally used for full size cavern 
testing. The central string is filled with brine and a logging tool is used to measure the 
brine/nitrogen interface level. Two or three measurements, separated by a specified 
period of time (usually 24 hours), are usually performed. The levels of the nitrogen are 
then compared. An upward movement of the interface is indicative of a nitrogen leak. 
Pressures are measured at ground level and temperature logs are performed to allow 
precise calculation of nitrogen seepage 

• The Fuel Oil Leak Test (FLT) – a more popular test in Europe than in America and 
generally used before the cavern is leached out, testing the wellbore tightness. The FLT 
consists of lowering a fuel oil (instead of Nitrogen as above) column in the annular space. 
During the test, the evolution of the brine and fuel oil pressures at the wellhead is 
continuously monitored. Severe pressure-drop rates are indicative of poor tightness. 
Following the test, the fuel oil is withdrawn and weighed permitting comparison with the 
weight of the injected fuel oil volume. 

Care must be exercised when performing a tightness test however: at the beginning, cavern 
pressure is built up rapidly and short-term transient creep (refer section 2.2.7.3.2.1) must be 
taken into account. If neglected, it can lead to serious misinterpretation of the test results 
(Hugout, 1988; Bérest et al. 2001; Bérest & Brouard, 2003). Transient creep and the duration of 
each pressure step must be taken into account when natural gas caverns are operated at varying 
pressures. Additionally, rock damage and coupled hydromechanical behaviour must be 
considered both when the cavity pressure is very low (Cosenza & Ghoreychi, 1996; Pfeifle et al., 
1998; Pfeifle & Hurtado, 2000) or close to geostatic pressure – particularly important on cavern 
abandonment (Bérest & Brouard, 2003). Much is written on the tightness testing of storage wells 
and caverns and the reader is referred to Bérest et al. (2001) and Bérest & Brouard (2003) for 
further discussion on and comparison of the uses of both the NLT and FLT tests. 

2.2.7.5 THE STORED PRODUCTS AND CAVERN OPERATION 

Mention should be made of how the materials (liquids, liquefied hydrocarbons [LPG, ethylene 
and propylene], natural gas and compressed air) are stored and retrieved, the pressure 
distributions that exist in the caverns and the consequences of well failure. A fuller account is 
given in Bérest and Brouard (2003). 

The stored product is retrieved in a variety of ways from cavern storage, depending on the 
product. If the products are liquid (crude oil, LPG etc), then the cavern is generally operated in 
what is termed ‘brine-compensated mode’. This involves injection/withdrawal of an equal 
volume of brine as product is removed/replaced and requires that large holding tanks or ponds of 
brine are available during periods when the caverns are full. The products are held under 
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pressure by the weight of brine in the tube, which has a higher density than that of oil or LPG. 
Oil or LPG in the annular space (between the tubing and well casing) is thus under pressure. 
Failure of the wellhead valve would result in the sudden release of the pressurised product held 
in the annular space. In the case of oil this would not be as great as LPG, which would, on the 
release of the pressure, move up and spill out, evaporating rapidly to form a dense low lying 
cloud.  

It is noted that the Isle of Portland gas storage scheme would appear to be proposing operation of 
caverns in brine compensated mode (Egdon, 2007a). On a purely cautionary note, brine 
compensated operation requires careful monitoring of the brine injected. This is because the 
process can lead to further leaching of the cavern that has occurred unnoticed and has led to 
problems at some facilities (section 9.3 and Appendix 5).  

Natural gas caverns may be operated in this way, but they generally rely upon the pressure of the 
stored gas for ‘lift’ during withdrawal phases. During the storage of natural gas, pressure builds 
up as the gas is injected and falls as it is withdrawn. If casing or wellhead failure occurs, then left 
unchecked, virtually the entire working gas volume of the (full) cavern would be expelled. The 
time frame for this release is dependent upon the initial gas pressure and the leakage rate. Sudden 
failure of the wellhead could result in rapid and catastrophic depressurisation of the cavern and 
release of gas. A consequence of this would be severe stressing of the cavern walls, leading to 
collapse in some cases. These wellhead risks are normally addressed in modern design by 
inclusion of fail-safe valves below the wellhead. 

2.2.7.6 ASYMPTOTIC PRESSURIZATION OF A CAVERN – POST ABANDONMENT 

Asymptotic pressurization of a cavern relates more to when storage operations have ceased and 
the cavern has been abandoned following operations (e.g. Dusseault et al., 2001). The gradual 
closure of large caverns due to creep of the salt can lead to substantial flexure and high strains in 
the overburden strata, which in turn can substantially increase their permeability. Filling the 
cavern to a pressure just below that of lithostatic pressure before the cavern is sealed and 
abandoned is a means of restricting excessive strains, perhaps indefinitely. This requires that the 
cavern and access well(s) do not leak, which is not always the case and should this occur, brings 
with it problems that require previous planning (see section 2.2.7.6.1). Thus post-gas storage 
cavern decommissioning/abandonment/mitigation planning strategies are worthy of note at this 
stage. 

Five possible reasons for long-term pressure changes in a cavern exist and require 
modelling/consideration (Bérest et al., 2000): 

a) Salt creep. This may be the dominant process, however, analysis of creep effects alone shows 
that cavern pressure approaches that of the lithostatic only asymptotically if creep is the only 
process (i.e. no leakage). Over pressuring and possible hydraulic fracturing as a result is a 
possibility, but is thought unlikely. 

b) Thermal expansion of the cavern fluid. The slow heating of brine in a salt cavern could have a 
much more important effect on the increase in cavern pressure than creep itself. 

c) Transport of the fluid out of the cavern into surrounding porous strata via porous nonsalt 
interbeds. This is likely to have been researched during studies of gas tightness for the 
operational phase. 

d) Leakage along the well path is a very real process as identified elsewhere in this report. Bérest 
et al. (2000) point out that, as pressures asymptotically approach lithostatic, local pressure 
gradients may become quite large. 

e) Additional dissolution and precipitation of the salt in the cavern (e.g., driven by temperature 
differences [thermal gradients] and slow convective currents in a cavern). In a brine-filled cavern 
of great vertical extent (e.g. up to 600 m high in the American Strategic Petroleum Reserve in 
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domal salts), slow downward growth can take place because salt solubility is fractionally higher 
at the base; the thermal gradients generate slow convection currents causing salt deposition at the 
top of the cavern. However, the effects and potential problems might be less in a bedded salt 
deposit where the brine is saturated and the vertical cavern extent is perhaps only 50-100 m, with 
only a very small temperature difference likely across the cavern height (Dusseault et al., 2001). 

2.2.7.6.1 High pressure brine release, Preesall Brinefield, Fylde, Lancashire 

The following incident is of note in the fact it appears to represent a documented case of salt 
flowage and asymptotic pressure development in an abandoned former ICI brine cavern. On 
abandonment of the cavern, brine was injected immediately prior to sealing in order to maintain 
cavern pressure and aid stability. The brine well and cavern was later the site of a (high-pressure) 
release of brine (Fig. 5a). 

The incident occurred in 1994 and relates to a brine gusher at ICI brine well BW 124, drilled in 
1985. A local resident first observed the gusher as he turned onto Highgate Lane from Staynall 
Lane crossroads, approximately 1.75 kms from BW 124. From there, the top of the plume of 
brine could be seen over the intervening hill and on closer approach, the ‘noise was deafening’. 
The eyewitness account continues ‘the drift from the plume of brine reached as far as Corcas 
Farm, about 650 m away, in the direction of Preesall, the salt was visible on the grass days after, 
trees were white with it’ (Jackson, 2005). 

Clearly, although it is assumed that no existing brine caverns or associated pipes and well heads 
would be used in developing a new UGS facility in caverns, the image shows a potential problem 
posed by the existing brine pipework and caverns. Whilst the well was drilled in 1985, the date 
of cavern abandonment and well capping is not clear. However, brine extraction operations in 
the saltfield ceased in 1993 because of the closure of the chlorine plant at Hillhouse in Thornton 
Cleveleys (Evans et al., 2005; BGS, 2006a). It therefore illustrates the extent of pressure build up 
in the cavern in the interval to 1994 when the pressure was released by the expulsion of the brine 
that was left in to stabilize the cavern. 

2.2.8 Other underground fuel storage scenarios 
UFS is possible in a number of other geological settings, but as will be seen in later sections of 
the report, has in some cases been associated with problems of containment of the stored 
product, due to the fact that host or cap rocks (at e.g. abandoned mine facilities) have not proved 
gas tight. The types of facility include a number of abandoned room and pillar mines. 

2.2.8.1 ABANDONED/RECONDITIONED COALMINES  

Abandoned/reconditioned coalmines offer the potential for the development of natural gas or 
compressed air storage facilities. They are, however, rare with the Leyden coalmines, located in 
Jefferson County, Denver, Colorado (Fig. 4f) and abandoned coalmines in the Anderlues and 
Péronnes mines in the Hainaut coalfield of southern Belgium (Piessons & Dusar, 2003), being 
examples of such sites. The Beringen mine in the northern Campine coal basin, northern 
Belgium is also being investigated for the storage of CO2 (Piessons & Dusar, 2003; Shi & 
Durucan, 2005). Leakage from such facilities is reported (refer Appendix 5). 

2.2.8.2 ABANDONED SALT MINES  

Abandoned salt mines have been used quite widely to store fuel products, particularly LPG in 
America (e.g. Weeks Island, Louisiana), but have included the Burggraf Bensdorf mine in the 
former DDR in 1970 (Plaat, in press). They are based upon the same principals as abandoned 
coalmine storage, but are, however, generally at shallow depths and have encountered problems 
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in retaining the product, being associated with leaks and the escape of stored product (refer 
Appendix 5). 

2.2.8.3 ABANDONED LIMESTONE MINES  

Abandoned limestone mines have been converted for gas storage purposes, with the first thought 
to have been near Lawrenceburg, Indiana, in 1952 (Plaat, in press). Related to gas storage, in 
2001, Ohio Power Siting Board approved an application by Norton Energy Storage to develop a 
Compressed Air Energy Storage (CAES) plant in an old limestone mine 670 m below ground at 
Norton, about 56 km (35 miles) south of Cleveland, Ohio (Norton Energy, 2001; Sandia, 2001; 
section 2.2.10.2.3). 

A recent proposal has been to create caverns for gas storage in limestone formations through 
dissolution by acid in a similar way in which salt caverns are created using solution mining 
techniques (Castle et al., 2004; Plaat, in press). The process is still at the research stage with 
many factors that require further investigation. These include the issues of gas tightness of the 
caverns, cavern stability and the disposal of large amounts of CO2 that will be generated by the 
dissolution of the limestone. Whilst unlikely to be of immediate interest to developers in the UK, 
it could potetntially have applications in e.g. the Chalk in which mined caverns are already in 
operation to store LPG (section 2.2.8.4.3).  

2.2.8.4 ROCK CAVITIES OTHER THAN SALT AND PREVIOUS MINE OPERATIONS 

Although many specifically mined LPG (or other hydrocarbons) cavern storage facilities exist in 
for example the USA, Scandinavia and France, the technology has rarely been used in the UK 
outside of salt caverns in Cheshire and Teesside noted above. Facitities are not, however, 
unknown with the Killingholme LPG storage facility, constructed in chalk in North Lincolnshire 
believed to represent the first and still the only mined void LPG storage facility outside the salt 
beds in the UK (Trotter et al., 1985; section 2.2.8.4.3). 

Although there is a lack of such facilities in the UK, the technology has been deployed and could 
be revisited and thus requires brief summary here. Rock cavities specifically engineered for gas 
storage may be of two types and are briefly described below. 

2.2.8.4.1 Lined rock cavities (LRC) 

Lined rock cavities (LRC) provide modest storage capacities in countries where crystalline and 
metamorphic strata form the majority of rocks at outcrop. LRC’s are generally large voids 
excavated out of the country rock with steel plate linings constructed inside the void to ensure 
gas tightness. This steel ‘vessel’ is then cemented in place, with the cement providing a further 
barrier to gas migration and also infilling the gap between the steel vessel and the rock walls to 
provide stability and protect the steel plate from damage against the host rock. LRC’s thus 
represent an expensive option but in countries lacking deep sedimentary basins with suitable 
reservoir and caprock sequences, may offer the only option as an economical means of meeting 
peak demand.  

Examples of LRC facilities and investigations include demonstration plants built at Grängesberg 
(1988) and at Skallen (construction and evaluation 1999-2002) in Sweden (Vasquez & 
Tengborg, 2001). In 2004, construction commenced of a further complex of 4 LRC’s in Sweden, 
commenced in granite at a depth of 100 to 200 m, each with a volume of 40,000 m3 and lined 
with steel plating (Plaat, in press). 

2.2.8.4.2 Unlined rock cavities 

Unlined rock caverns have been used for decades to store a wide range of low vapour pressure 
products, mostly liquids such as crude oil, butane, and propane and it is this type of storage 
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facility represented at the Killingholme site (section 2.2.8.4.3). The storage technique was first 
tested in Texas in 1950 with the construction of an LPG storage facility in a shale formation 
(Lindblom, 1989). The first such storage facility in Europe was completed in France in 1966 and 
was followed two years later by the first operational LPG facility in Sweden (near Gothenburg). 
Since then and into the mid 1990s, around 70 mined LPG storage facilities were commissioned 
in the USA, with around 20 in Europe, mostly in Scandinavia (Lindblom, 1989a&b; Liang & 
Lindblom, 1994). The usual stored product is LPG, with few operational unlined cavern facilities 
storing natural gas. However, an air cushion surge chamber facility in Norway has provided 
important data on high-pressure storage in unlined rock caverns. The latter facility operated at 
7.7 MPa (1117 psi) and all chambers operated satisfactorily and with only minor ‘gas’ loss 
(Liang & Lindblom, 1994). The principles of this method should also assist understanding of the 
storage of gas in other underground storage facilities and the important relationship of 
hydrostatic water pressures to gas containment and movement away from any injection site and 
within the rock unit(s). 

The most widely used technique for the containment of LPG and natural gas in unlined caverns 
involves the excavation and construction of a storage cavern at a suitable depth below the 
groundwater table. Product confinement within the storage cavern is then achieved through 
groundwater control, either by normal hydrostatic pressure, or what is termed a water curtain 
(Fig. 7). The concept is to have water continuously flowing toward the cavern from outside and 
in all directions. The storage facility operates on the principle that hydrostatic water pressures are 
higher around the cavern(s) than in the cavern. Such storage facilities therefore require that the 
surrounding rock mass remains saturated with groundwater and the caverns generally have 
circled-arched (vaulted) roofs and vertical walls, which are reinforced by rock bolts. 

Therefore, the cavern must be sited deep enough to ensure that the hydraulic pressure in the 
pores and fractures of the rock around the cavern is always higher than the vapour pressure of the 
product stored in the cavern. In this way, the static head (or hydrostatic pressure) of the ground 
water is greater than the pressure exerted by the stored product. This ensures that the liquid 
(LPG) or gas is contained in the caverns and prevents outward migration of the stored product 
out of the cavern and into the rock volume and also allows for groundwater seepage into the 
cavern (e.g. Åberg, 1977, 1989; Goodall, 1986; Goodall et al., 1988; Liang & Lindblom, 1995; 
Yamamoto & Pruess, 2004).  

A water curtain represents an effective way of increasing hydrostatic pressure and preventing gas 
leakage from underground storage facilities. It consists of an array of boreholes, drilled over the 
storage cavern, which are then used to inject water to the surrounding rock and maintain a 
controlled water pressure (Liang & Lindblom, 1995; Yamamoto & Pruess, 2004). There may be 
roof water curtains or roof and wall water curtains, the latter contributing to maintaining lateral 
pressures. Important considerations are the proposed depths of caverns (not only to develop 
sufficient hydrostatic pressure for containment of high pressure LPG but also to ensure that 
hydraulic fracturing due to any high pressure water curtain does not occur), cavern size, cavern 
spacing and water curtain layout. All can have dramatic effects on the maximum storage 
pressures and thus gas storage capacities of facilities (see Liang & Lindblom, 1994). The cavern 
bottom is usually saturated with water (a so called water bed) as shown in Figure 7.  Further 
background to and discussion of unlined rock cavity storage can be found in Appendix 8. 
Examples are also described where fault zones and leakage pathways exist and have been sealed 
to provide tightness. 

2.2.8.4.3 UK Mined (Unlined) Cavern Storage – Killingholme, North Lincolnshire 

As noted above, propane and butane LPG are stored in operational underground storage facilities 
utilising mined and unlined cavities in the Chalk at South Killingholme on the River Humber, 
North Lincolnshire. The storage facility, some 3 km north of Immingham (Fig. 8: Trotter et al., 
1985; Geol Soc., 1985, was opened in 1985 and is jointly operated by ConocoPhillips and Calor 
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Gas Ltd. The facility comprises two large underground ‘caverns’ both having been designed to 
ensure that peak winter demand for LPG can be met (ConocoPhillips, 2004). Development of the 
scheme required close co-operation with the Health and Safety Executive and the local (Anglian) 
Water Authority in whose aquifer the storage caverns are constructed. The scheme was seen to 
represent the safest method for storage of large volumes of LPG, on two accounts: firstly the 
stored product is ‘safely out of the way, deep underground’ and secondly ‘the final surface area 
occupied is very small and compact’ (Trotter et al., 1985). 

The caverns are 180-190 m below ground level near the base of the Upper Cretaceous chalk and 
comprise a series of nine storage galleries, each of which is 10 m wide and 10 m high, with a 
cross-section of 85 m2. They are constructed in the lower part of the Welton chalk with the sumps 
extending down into the top of the Ferriby chalk (Fig. 8). The design and their position within 
the local stratigraphic succession is illustrated in the sketch section through the site (Fig. 8). 
Access to the caverns was by two 2 m diameter drilled shafts, and the total excavation in each of 
the two facilities is 120,000 m3, each capable of storing up to 60,000 tonnes of LPG 
(ConocoPhillips, 2004). The galleries were excavated in two stages: first a top heading was 
excavated partly by road header and partly by blasting followed by a bench excavated by 
blasting. 

The chalk was deposited in what is known as the ‘Northern Province’ and relative to the Chalk 
of southern England (commonly referred to as having been deposited in the ‘Southern Province’) 
has three to four times the strength (Geol Soc., 1985). At cavern level the chalk is massive and 
undisturbed and dips at 1-2° to the northeast. Sub-vertical joints in the chalk, with a maximum 
displacement of about 300 mm, are present at a spacing of several metres. The galleries require 
no rock support, except on a minor scale at gallery intersections. Convergence has been less than 
5 mm on the 10 m gallery cross section. 

The principle rock characteristics of the Welton chalk are: rock density of 2.2 to 2.3 T/m3; an 
unconfined compressive strength of 30-60 MPa; permeability ranging from more that 200 milli-
Darcys (mD) in upper parts of the Burnham chalk to less than 10 mD at cavern level (Geol Soc., 
1985).  

The principle of containment of LPG in the unlined Chalk caverns requires the groundwater 
pressure in the chalk surrounding the cavern to exceed (by a safety margin) the maximum vapour 
pressure of propane - some 12 bars (or 1,200 kN/m2). At Killingholme, the depth of the caverns 
is almost twice that required to balance the pressure of propane (ConocoPhillips, 2004). The 
successful operation and maintenance of pressure requires an adequate supply of water from 
aquifers above and below the cavern to prevent desaturation of the chalk by seepage into the 
cavern and ensure a seepage rate into the cavern sufficient to guarantee containment. Artificial 
recharge from a water gallery above the cavern is not necessary. The seepage rate is calculated to 
be less than 1 m3/h (Geol Soc., 1985). 

2.2.9 LNG storage – potential future developments 
Liquefied Natural Gas (LNG) is natural gas in its liquid form cooled to about minus 259 °F (-162 
°C). It is generally handled at slightly above atmospheric pressure, requiring the very low 
temperature. Natural gas is primarily methane, with low concentrations of other hydrocarbons 
(ethane, propane and other liquefied petroleum gases). 

Salt caverns have been used to store Liquefied Petroleum Gas (LPG) for a long time and many 
attempts have been made to store LNG in underground storage facilities, often involving buried 
tanks, but with very limited success (Favrez, 2003). Numerous failures have occurred due to 
thermal stresses generating cracks in the host rock/soils leading to gas leaks and to unacceptably 
high heat flux rates between the LNG and the ground. These facilities have been 
decommissioned due to their excessive boil-off rate. 
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However, new R&D programs are underway in order to solve previous problems, with a pilot 
testing plant under construction at Daejong in South Korea during the early 2000s (Favrez, 
2003). The concept of this facility is very similar to Lined Rock Cavern (LRC) UGS, but it will 
contain LNG. Containment of LNG will be based upon the LNG freezing the surrounding rock, 
forming an impervious ring of ice to a distance that will ensure LNG containment and absorb the 
hydrostatic loads whilst providing protection of the rock against thermal shock. Initially water is 
pumped out of the cavern area to assist in the freezing process and prevent hydrostatic pressure 
acting against the containment system. LNG in these types of storage will be injected and 
withdrawn using pipes. 

One pilot study (founded by US Department of Energy and private companies) is to develop the 
concept of salt caverns used as off-loading tanks in LNG re-gasification plants (often referred to 
as the “Bishop Process”). Initially conceived to receive and offload LNG tankers offshore, the 
underground part is the classical salt cavern, with the main new development being in the re-
gasification process. Using seawater as the heat source, LNG will be vapourised (regassified) at 
high rates to inject into underground storage. The principle consists of a pipe-in-pipe heat 
exchanger, which has to deal with the ranges of temperature involved (from -160°C to 20/30°C). 

2.2.10 Examples of storage of different types of energy in salt caverns and other geological 
environments 

As alluded to above, salt cavern storage can potentially play a significant role in the underground 
storage of natural gas, liquid hydrocarbons and hydrogen. Storage in other geological settings 
also plays a role, which might be expected to increase with time. Other forms of energy storage 
are under consideration, for example compressed air storage. 

The following sections briefly review underground energy storage scenarios with regard to 
potential in the UK in particular and are illustrated by examples of operational facilities from 
around the world and where possible the UK. 

2.2.10.1 HYDROGEN AND NITROGEN STORAGE 

Hydrogen is a gas at ambient temperatures and pressures, but it can be stored as a gas, a liquid or 
a solid. In the case of hydrogen, underground (geological) storage provides the greatest volumes 
and is considered in this report. Solid storage, whereby hydrogen exists as a chemical compound 
is not considered here. 

Compressed gaseous hydrogen represents a mature technology, whereby stationary storage 
above ground is common, being best suited for frequent turnover. However, underground 
geological storage provides greater volumes and potentially represents the cheapest option for 
longer-term storage.  

At least two former ICI salt brine cavities are used by BOC Nitrogen for the storage of nitrogen 
at Wilton in Teesside (refer Table 1). The caverns are in Permian salts at a depth of 
approximately 650 m. 

2.2.10.1.1 Tees Valley Hydrogen Project and renewable energies 

The Tees Valley Hydrogen Project near Middlesborough in the north east of England was 
established to assist in bringing new energy technologies from development to operation within 
an urban environment. The project capitalises on some of the assets created over the years in the 
area by, in the main by ICI. To this extent, a 30 km hydrogen distribution system incorporates an 
underground hydrogen storage facility utilising up to three former ICI salt brine caverns in 
bedded Permian salt deposits. For over 25 years, the caverns have been used to store up to 1,000 
tonnes of hydrogen for industrial use (Padró & Putsche, 1999; BGS, 2006a; Beutal and Black, 
2005). 
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2.2.10.2 COMPRESSED AIR ENERGY STORAGE (CAES) 

The technological concept of CAES is more than 30 years old (e.g. Glendenning, 1981), with the 
first CAES facility commissioned in Germany in 1978, using caverns created in the Huntorf salt 
dome near Hamburg for storage (Glendenning, 1981; Thoms and Gehle, 2000). Hydroelectric 
power plants have, for many years, been used to store excess off peak (night-time and weekends) 
power and provide increased peak time output. CAES facilities likewise provide the potential to 
store energy and could be used alongside, for example, wind turbines. Though instances of this 
technology are not numerous, it is likely that compressed air energy storage will assume a 
greater importance as energy markets change with time. There are proposals that if widespread 
renewable energy is to become reality, then the utility industry might have to consider more 
options of energy storage including compressed air (Schaber et al., 2004). This might be 
facilitated by distributed generation and microgrids in which small CAES plants play an 
important role storing energy close to the source. 

The basic concept is that during the storage phase, electrical energy (from e.g. wind energy or 
excess output of power plants) is used to compress air, which is stored under pressure (typically 
around 75 bar) in an airtight underground storage cavern (salt or rock caverns or LRC’s). 
However, storage can also be in porous rocks (aquifers or depleted oil/gasfields). Storage 
volumes required to make CAES plants economic are large hence above ground facilities are not 
practicable due to prohibitive costs. When required, the compressed air stored is fed either into 
an expansion turbine, or mixed with gas, generating power through a generator. 

The main disadvantage of CAES is the identification and location of suitable geological 
structures or sequences close to the generation site. Technical issues surround the heat generated 
during compression of air, but these are lessening. 

Research into CAES is ongoing around the world, with plans to construct a number of CAES 
plants that will utilise aquifers and former mines. Italy has operated a small 25 MW CAES 
research facility based on aquifer storage, whilst Israel has conducted research into building a 
3x100 MW CAES facility using hard rock aquifers (Cheung et al., 2003). 

The following sections outline briefly the existing or planned facilities. 

2.2.10.2.1 Huntorf, Germany 

The Huntorf plant, situated in north Germany, was developed in 1978 as the world’s first CAES 
plant, using two 150 m high salt caverns (referred to as NK1 and NK2). The caverns are 
constructed in the Huntorf salt dome at depths between 650 m and 800m (Crotogino et al., 2001; 
Cheung et al., 2003). Their maximum diameters are 60 m, with the wells spaced at 220 m. The 
depths permit operating pressures between 43 and 70 bar (4.3 and 7 MPa/624 and 1015 psi), 
although in exceptional circumstances, minimum operational of 20 bar (2 MPa/290 psi) are 
possible. 

The Huntorf plant has run reliably on a daily cycle for over 27 years, having now completed well 
over 7000 starts that involve charging over an eight-hour period, then delivering 300 megawatts 
for 2 hours of discharge (Crotogino et al., 2001; Cheung et al., 2003). 

2.2.10.2.2 McIntosh, Alabama, USA 

The McIntosh facility is the first CAES plant in the USA and is constructed in the McIntosh salt 
dome, Alabama (Leith, 2001). Alabama Electric Cooperative's (AEC's) generating units at 
McIntosh, Alabama, include the compressed air energy storage (CAES) unit and twin gas-fired 
combustion turbines. 

The CAES unit (designated McIntosh unit 1), was declared commercial on May 31st 1991 and 
officially fully operational on September 27th 1991. In the generation process, the 100-megawatt 
CAES unit uses air compressed and stored in a 0.57 Mcm (20,000,000 ft3) underground cavern. 
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When the compressed air is needed for generation, it is mixed with natural gas in a conventional 
gas turbine combustion process to generate electricity. The plant uses off-peak electricity to 
pump air into the cavern and then uses the stored air in the generation process during peak 
periods. One full charge from the 110 MW CAES plant provides enough electricity to supply the 
demands of 11,000 homes for 26 hours (http://www.caes.net/mcintosh.html). 

In June 1998, contractors completed work on two single-cycle combustion turbines at the 
McIntosh site. The units have a generation capacity of 226 megawatts, and are designed as 
McIntosh units 2 and 3. While these units are not CAES units, they have increased the total 
power generation capacity of the McIntosh facility to over 326 megawatts.  

The top of the 275 m high solution-mined salt cavern is at 457 m (1,500 ft) below ground level, 
with the bottom of cavern at 732 m (2,400 ft). The cavern is circa 76 m in diameter and provides 
approximately 315,000 m3 (19 million ft3) air storage (Leith, 2001). At full charge, air pressure is 
76 bar (7.6 MPa/1,100 psi), whilst at full discharge, cavern air pressure is 45 bar (4.5 MPa/653 
psi). 

2.2.10.2.3 Norton, Ohio 

In 2001, Ohio Power Siting Board approved the Norton Energy Storage (a subsidiary of CAES 
Development Company [CDC], a Houston based energy company) application for a certificate of 
environmental compatibility and public need to develop a CAES plant in an old limestone mine 
670 m below ground (http://www.caes.net/nortpres.html). This development is located on a 
brownfield site within the city limits of Norton, about 35 miles south of Cleveland, Ohio. 

Commercial operation was estimated to begin in 2003 and to be fully operational by 2008. The 
development plan involves the installation of nine 300 MW Alstom ET11NM turbines, capable 
of ultimately producing 2,700 MW of electricity, serving over 675,000 homes. When fully 
operational, it is claimed that the plant will only produce the same amount of emissions as a 600-
megawatt gas-powered combustion turbine power plant. 

The facility will compress air using off-peak electricity and store it in an underground limestone 
mine (Fig. 9). The mine was originally operated by the Pittsburgh Plate Glass Company between 
1943 and 1976, producing the synthetic soda ash used in the manufacture of glass. The mine 
covers an area about 2130 m by 1220 m (7,000 ft by 4,000 ft, or 643 acres) and is built in a room 
and pillar mine configuration - rooms separated by pillars, leaving 9.6 Mcm (338 million cubic 
feet) of space. Although well below the water table, the mine is said to be virtually dry. 

In situ and laboratory tests determined the permeability and integrity of the limestone and 
overlying shales and their capability to withstand pressure cycling. The limestone is a dense rock 
with few fractures, tests revealing it is capable of withstanding the planned operating pressure 
range of 55-110 bar (5.5 to 11 MPa, or 797 to 1,600 psi). Flow analyses and modelling indicated 
that pressurized air will move less than 30 m away from the mine in 50 years and will have no 
effect on the air compression and decompression cycling. 

Construction will include two large concrete plugs closing off the two entrances of the mine, 
with layers of clay and tar within the concrete preventing leakage. Two boreholes, roughly 0.6 m 
in diameter, will be drilled, acting as valves for injecting and bleeding out the air. 

2.2.10.2.4 Iowa stored energy plant 

In 2003, it was planned to build the Iowa stored energy plant, which would be the first plant to 
use wind energy, as well as off-peak electricity to compress the air and store it in an underground 
aquifer (Haug, 2005). When generation is needed, the compressed air would be released to drive 
natural gas-fired combustion turbines. The proposal included building a wind farm, using 1.5-
MW wind turbines. 
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Located near Fort Dodge, Iowa close to the electric transmission grid and a gas pipeline, the 
aquifer is Palaeozoic in age, which, during the 1960s was originally developed by Northern 
Natural Gas for natural gas storage. Part of the new facility could still be used to store natural gas 
indicating that the aquifer remains stable and with an effective seal. However, following further 
investigations, the geology may not be as favourable as was originally thought (Holst, 2005). 

2.2.10.2.5 Markham, Texas 

This is a planned salt cavern CAES storage plant being developed jointly by Ridge Energy 
Storage and El Paso Energy near Markham in Matagorda County, Texas (DTI, 2004; van der 
Linden, 2006). The projected start up date for the facility was 2005 and its configuration will 
provide a capacity of 540 MW (4 x 135 MW) of compressed air energy, which can be delivered 
in less than 15 minutes. 
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3 Hydrocarbon seeps in petroleum-bearing basins 
This chapter outlines the timing of oil and gas generation in some of the UK’s oil and gasfields, 
indicating the length of time some of the oilfields have been stable and retained commercial 
hydrocarbon accumulations. The occurrence of hydrocarbon seeps in petroleum bearing basins is 
also outlined, drawing attention to the fact there are examples of both historical and active seeps 
onshore in the UK. 

3.1 INTRODUCTION 
The many commercial oil and gas accumulations worldwide attest to the sealing capabilities of 
caprock strata over periods of geological time (millions of years). The seal is generally provided 
by rocks with fine grain size that provide very small pore spaces, with poor connectivity 
(permability). The result is a rock with high entry and capillary pressures that only very slowly 
and under increased pressures, permit diffusion of hydrocarbons through the rock. Hydrocarbon 
accumulations have in some cases been trapped for hundreds of millions of years. This is true in 
the UK, with some of the oil in the East Midlands oilfields having been generated from late 
Dinantian and Namurian age source rocks buried to between 1900 and 3600 m by late Namurian 
times (c. 320 Ma). The oil and gas would have migrated into Westphalian reservoir rocks within 
both stratigraphic traps and ultimately structural traps formed during the late Carboniferous to 
Early Permian Variscan Orogeny (c. 310 to c. 280 Ma). Some of the earlier formed 
accumulations would have been disturbed by Variscan earth movements with oil and gas having 
leaked migrated away, perhaps to the contemporaneous land surface. Others probably remained 
intact. A second (Mesozoic) phase of oil and gas generation ensued from end Triassic times to 
the end of late Cretaceous chalk deposition (c. 65 Ma), when the structural traps formed during 
the Variscan movements were variously charged with hydrocarbons. This continued until strong 
uplift and erosion resulting from Alpine movements in Cainozoic times ‘froze’ the hydrocarbon 
generation (Fraser & Gawthorpe, 2003). During this time easterly tilting led to a second phase of 
trap disturbance and some remigration of oil and gas (Fraser & Gawthorpe, 2003; Hodge, 2003). 

In the oil and gasfields of the Wessex-Weald basins of southern England, the source rocks are in 
the main younger Liassic clays (Lower Jurassic), although potential younger Jurassic source 
rocks exist and which may also have entered the oil generation window (e.g. Ebukanson & 
Kinghorn, 1985, 1986a&b; Penn et al., 1987). Burial history calculations suggest that oil 
generation from Lias source rocks would have begun during deposition of latest Jurassic and 
Lower Cretaceous sediments (from c. 142 Ma) and for Oxford Clay in the deepest basins from 
mid Cretaceous times (Penn et al., 1987). Oil generation probably peaked in late Cretaceous (65-
70 Ma) to early Cainozoic (late Palaeocene; c. 55 Ma) times (Underhill & Stoneley, 1998). The 
oil migrated into tilted fault block traps formed during the active extensional phase of Meosozoic 
basin development, well before the major mid-late Cainozoic (‘mid-Tertiary’ - Miocene; c. 24 
Ma) basin inversion events (Penn et al., 1987; Underhill & Stoneley, 1998). The basin inversion 
phase led to many of the early fault block traps being disturbed and a number of accumulations 
are thought to have been breached and hydrocarbons lost (Penn et al., 1987; Underhill & 
Stoneley, 1998). Some hydrocarbons may have remigrated into adjacent trapping structures, 
others may have migrated to surface and been lost. Clearly a number of oilfields survived in the 
area  

It is perhaps noteworthy that early exploration was directed at obvious surface inversion 
anticlines and apart from the producing Kimmeridge Oilfield (Brunstrom, 1963; Evans et al., 
2003), few hydrocarbon shows were encountered. These structures are now considered to be of 
low prospectivity by virtue of their structural style. The cores of the inversion structures are cut 
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through by faults with reverse movement (which commonly penetrate to the surface) and also at 
shallower levels by sets of extensional joints and fractures (Bevan, 1985; Penn et al., 1987).  

Prospectiviey of these structures is affected in a two ways: 

• Hydrocarbons can (or could) escape up the fracture systems 

• Meteoric water can invade from the surface, flushing the structures and degrading any 
petroleum accumulations 

The Kimmeridge Oilfield may be the result of the Cornbrash reservoir being overlain by the 
Oxford Clay and a thick sequence of soft, plastic Kimmeridge Clay cropping out in the core of 
the periclinal closure. The clays effectively seal the producing fracture systems and preserve the 
hydrocarbon accumulation intact (Penn et al., 1987; Evans et al., 2003). 

However, it has been argued that no reservoir cap rock or trap has ever been shown to be a 
perfect seal to hydrocarbon migration over extended periods of geological time (Nelson & 
Simmons, 1995). Studies have shown that migration of hydrocarbons out of the trap into 
overlying sequences (and sometimes to the surface), is more common than might generally be 
thought or presumed (Nelson & Simmons, 1995; Khilyuk et al., 2000; Nelson et al., 2005; 
Clarke & Cleverly, 1991; Cowley & O’Brien, 2000), with petroleum leakage to the surface 
presently occurring in at least 126 of the 370 petroleum-bearing basins worldwide (Clarke & 
Cleverly, 1991). It is, however, relatively rare for seeps to overlie major fields (Macgregor, 
1993). 

Natural pathways and mechanisms exist that include faults, fractures, microfractures and pore 
spaces in the caprock, which preclude a perfect seal. These result in hydrocarbon liquids and 
gases very gradually leaking from the reservoir rock. The hydrocarbons generally dissipate 
through the overlying sequences, sometimes reaching the earth’s surface but in such small 
quantities and over such long periods of geological time that they rarely present a problem. The 
caprock, therefore, retards hydrocarbon migration, permitting the temporary (on geological 
timescales) accumulation of reserves within the underlying reservoir rock. It is, therefore, the 
rate of hydrocarbon flux across the field, achieved by migration along faults, fractures and 
microfractures, or by capillary action through the pore space that is of interest to the study of 
residence (or retention) time in any particular trap or field. If a concentration gradient (chemical 
potential gradient) exists, then molecular diffusion (by capillary action) is always present 
(Bockris & Reddy, 1970). This is generally regarded as the slowest loss mechanism and 
represents the minimum rate of loss from a reservoir over geological time (Nelson & Simmons, 
1995). The various processes controlling migration are reviewed in section 3.3. 

Gas is also found emerging at the earth’s surface as a result of shallow biogenic sources, for 
example, marsh gas. 

3.2 UKCS OIL AND GAS SEEPS 
Potential gas source rocks cover a large part of the UK Continental Shelf (UKCS) and include 
Quaternary peats, petroliferous source rocks such as the Carboniferous marine shales and Coal 
Measures and Jurassic shales, most notably the Upper Jurassic Kimmeridge Clay. Consequently, 
and although not widely reported they are more common than might be realised. Natural gas 
(and oil) seeps have been detected west of Ireland in the Porcupine Trough (Games, 2001) and 
are found over large areas of the North Sea seabed (e.g. Hovland & Summerville 1985; Vik et 
al., 1991; Hovland 2002; Hovland & Judd, 1988; Judd et al., 1997). In the North Sea gases (and 
other fluids) are found emerging through soft, fine-grained seabed sediments in the North Sea 
where they commonly produce a pockmark. These are circular to elliptical depressions on the sea 
floor, metres to hundreds of metres in diameter (Hovland & Summerville, 1985; Hovland & 
Judd, 1988). Onshore Great Britain, at least 173 occurrences of surface petroleum seepages and 
impregnations are reported, with oil and gas seeps reported from the East Midlands, NE England 
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and the Weald-Wessex Basin of southern England, where gas is found bubbling up along the 
south coast (e.g. Selley, 1992). The presence and discovery of these seepages drove the early 
exploration for oil and gas by D’Arcy/BP Petroleum and the Gas Council (Lees & Cox, 1937; 
Lees & Taitt, 1946). It should be noted that Selley did not include the many other seepages from 
the (considerable) outcrop of the Carboniferous strata on the UK mainland. Whilst it may be true 
to say that the overwhelming majority of such leakages have not been found to be associated 
with any existing oil or gasfield (Macgregor, 1993), it would be incorrect to say none are. The 
Formby Oilfield was effectively discovered because of significant oil stained soils and peats at 
surface above the oilfield. 

In the context of the UK & the North Sea, the crust has, following glacial loading, undergone 
isostatic rebound several times through Pleistocene to recent times. Late stage hydrocarbon 
leakage and charging of reservoirs has been proposed in areas of the North Sea (North Viking 
Graben and Halten Terrace) as a result of repeated glaciations and de-glaciations during the 
Quaternary Ice Age (Statoil, 2004). This process may provide an explanation for breaching of 
some onshore/offshore UK fields and "pumping" of the hydrocarbons through the overburden to 
give us the evidence of seeps observed at the present day. 

Estimates as to the gas flux across the UKCS show that natural gas seepages are significantly 
more important as a source of methane than had previously been established (Judd et al., 1997). 
Judd et al. (1997) concluded that between 120,000 and 3.5 mtonnes of methane are released from 
an area of 602,000 km2, representing between 2% and 40% of the total UK methane emissions. 
Their work included onshore estimates from Abbeystead and Wigan (Lancashire) and Youlgrave 
(Derbyshire). This represents an average methane flux of 0.2 – 5.6 t/km2/yr over the whole 
UKCS and is somewhat higher than that estimated by Williams (1994) for all UK emissions of 
methane, both anthropogenic and natural, then totalling around 5 mt/yr and 107,000 t/yr, 
respectively. Gas flux rates are covered further in section 3.5. 

As alluded to, onshore in Great Britain, hydrocarbon occurrences in the form of oil or gas seeps 
have long been reported. This includes the Wessex-Weald Basin area in southern England (see 
Selley, 1993), which has producing significant quantities of oil and gas since the early 1980s. 
The Weald Basin also has one of the first gas storage sites to have been developed onshore the 
UK, at Humbly Grove, with others also planned (refer Fig. 1 and Appendix 3) 

The first documented discovery of gas in the Weald area came in 1836, when it was encountered 
bubbling up in groundwater during the digging of a waterwell at Hawkhurst in West Sussex 
around 17.5 km (11 miles) ENE of Heathfield (Pearson, 1903; Strahan, 1920). Workmen 
excavating and augering a pit by lantern light had reached 56 m (148 ft), within the Wealden 
Beds when there was a sudden rush of gas, which ignited, burning two workmen to death. 
Subsequently, in 1875, 1884, 1895 and 1896, further gas was reported in water wells in the area 
(Hirst, 1985), the latter two were drilled to provide water for use in a hotel and at the London, 
Brighton and South Coast Railway Company station (Dawson, 1897, 1898; Woodward, 1903; 
Strahan, 1920; Adcock, 1963; Hawkes et al., 1998). The well at the railway station became 
Britain’s first natural gas well, consuming around 28.4 m3 (1000 ft3) per night to light the 
platforms (Pearson, 1903), the cumulative production for the well having been estimated at 
566337 m3 (20 million ft3; Adcock, 1963).  

Subsequently, an exploration borehole at Netherfield, Sussex, also encountered gas bubbling up 
through water that caused an explosion (Willett, 1875; Dawson, 1898; Pearson, 1903; Adcock, 
1963). In 1902, following these discoveries, a company was set up to develop, distribute and 
market the gas in Heathfield, Polegate, and Eastbourne and further wells were sunk in the Sussex 
Weald. Oil and gas seeps were recorded from elsewhere in southern England (Strahan, 1920; 
Edmunds, 1928; Lees & Cox, 1937; Reeves, 1948). Such leakages have not, however, precluded 
the development of important oil and gas fields onshore, sometimes in close association with 
urban development in southern England and indeed in the East Midlands. Once the origin and 



  42

likely presence of these seeps and accumulations became known, then the safety and 
precautionary measures taken during work reduced the number of incidents. 

One of the worst tragedies involving civilian deaths in the UK occurred at Abbeystead, NW 
England on 23rd May 1984 and resulted from the accumulation of naturally generated methane in 
an underground tunnel (HSE, 1985; Pearce, 1985). Forty-four people were assembled in a valve 
house during a tour of the Wyresdale Tunnel complex. Shortly after pumping commenced, an 
explosion and fireball engulfed the visitors in the valve house, blowing off the buried concrete 
roof. For a period of 17 days prior to the tour no water had been pumped through the system and 
natural gas had built up in the tunnel, which on the commencement of pumping had been 
displaced into the valve house, where an unidentified ignition source was encountered. In all, 16 
people were killed in the incident, with no one in the valve house escaping injury: all survivors 
suffered a mixture of blast, crush and burn injuries (HSE, 1985; Jaffe et al., 1997). The 
Wyresdale Tunnel is constructed in a series of rocks of Carboniferous age that contain source 
rocks for both oil and gas and that have led to commercial accumulations of hydrocarbons in this 
region (Fraser & Gawthorpe, 1990; Fraser et al., 1990; Kirby et al., 2000). The tunnel intersects 
a number of faults and the Grizedale Anticline (a fold on the northern margins of the NE-SW 
trending Ribblesdale Foldbelt -Aitkenhead et al., 1993; Wilson et al., 1989; Kirby et al., 2000) 
and in which, the gas appears to have initially accumulated. 

3.3 HYDROCARBON MIGRATION 
Hydrocarbon migration is largely buoyancy or hydrodynamically driven (Hunt, 1979; Klusman, 
1993; Tedesco, 1995; Saunders et al., 1999; Brown, 2000), with chemical gradients driving some 
migration. Excellent accounts of natural gas migration and emission mechanisms are given by 
Schroot & Schuttenhelm (2003a&b), Heggland (1997), Heggland & Nygaard (1998) and 
Heggland (2005). 

Visible evidence of petroleum leakage includes asphalt and tar deposits (more ancient seeps) or 
areas where oil or natural gas is actively seeping onto the ground surface, into mines or water 
wells, in springs, lakes, and marine coastal areas (see examples from California in the review of 
incidents – Chapter 9 and Appendix 5). Such surface sites showing visible evidence that liquid or 
gaseous hydrocarbons are actively leaking or have previously leaked from a subsurface region 
are called macroseeps (Link, 1952; Hunt, 1979; Weber, 1997). The migrating hydrocarbons 
follow the most permeable pathways to the surface, which are commonly faults and fractures. A 
second type of leakage is microseepage, which is oil or gas leakage to the surface that is not 
visible but which is detectable by analytical methods. Microseepage is detectable above 
subsurface petroleum reservoirs and also above natural gas storage reservoirs (generally 
aquifers) when the cap rock is not an effective seal for the reservoir rock (e.g. Jones & Drozd, 
1983; Pirkle, 1986; Morgan, 2004; Jones & Pirkle, 2004: http://www.eti-
geochemistry.com/FinalVersion1.10.htm: refer Chapter 9 and Appendix 5). A variety of 
analytical procedures have been developed for detecting petroleum microseeps (Nelson et al., 
2005). The same factors apply to the determination of seal performance in proposed aquifer 
storage sites as are covered during oil exploration. 

The following sections outline briefly the required components and processes important in 
determining the suitability and safety of any particular site for the development of a gas storage 
facility. The determinations are based upon a wealth of experience gained in the characterisation, 
development and production of hydrocarbons from oil and gasfields around the world. 

3.4 CAP ROCKS, FAULTS AND SEALS  
Caprocks or seals are an essential element in the development of hydrocarbon accumulations. A 
caprock is generally an overlying impermeable lithological unit (shale, salt etc) capable of 
impeding hydrocarbon movement. A seal maybe provided by a caprock or some other physical 
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barrier such a fault or diagenetic boundary. Any lithology can provide a seal, all that is required 
is that the minimum displacement pressure (capillary entry pressure) of the seal rock is greater 
than the buoyancy pressure of the hydrocarbons in the accumulation. Capillary entry pressure in 
rocks is controlled by interfacial tension, wettability, and the pore throat size distribution (see 
below). Thus the size of the continuous pore throats and the density of the hydrocarbons and 
water are of great significance. The seal capacity is the maximum hydrocarbon column height 
that a seal can trap and can be quantified as the capillary entry pressure (displacement pressure) 
at which hydrocarbons will leak into a seal. This is often put at 5-10% nonwetting phase 
saturation (PTTC, 2004). The height of the hydrocarbon column trapped is equivalent to the 
sealing capacity of the weakest seal. 

Three principal factors control capillary entry pressure in rocks (PTTC, 2004):  

• interfacial tension between hydrocarbons and water 

• wettability of the rock surfaces 

• the size distribution of the pores, especially the interconnection of the pore throats. 

Capillary pressure in a pore exists across the fluid interface between oil and water. The physical 
state of the interface is called interfacial tension when two liquids are involved and surface 
tension when a liquid and gas are involved. Absorption of a rock surface for a specific fluid is 
called wettability. If water is absorbed on the grain surface more strongly than oil or gas (water 
adhesive forces > cohesive forces), the grain surface is said to be water wet. The grain surface is 
oil wet if oil is absorbed more strongly than water (water adhesive forces < cohesive forces). In a 
simple capillary tube, the capillary pressure between a nonwetting phase (oil) and a wetting 
phase (water) can be defined in terms of the radius of curvature of the interface between the 
fluids, the radius of the capillary tube, the interfacial tension of the fluids and the wetting or 
contact angle. 
Effective cap rocks for liquid and gaseous hydrocarbon accumulations are typically thick, 
laterally continuous, deformable rocks with high capillary entry pressures (i.e. they are 
impermeable). The most common caprock lithologies over commercial petroleum reservoirs are 
evaporites (mainly halite) and shales. Evaporites seal about 50% of the world’s largest oil fields 
and 36% of the world’s 25 largest natural gas fields (Hubbert, 1953; Berg, 1975; Downey, 1984; 
Grunau, 1987; Sales, 1997). However, carbonate-/silica cemented sandstones and cherts may 
also provide a cap rock. 

Cap rocks, therefore, act effectively as valves that control the amount of liquid or gaseous 
hydrocarbons (the height of the oil or gas column) retained in reservoir rocks before the seal 
fails. Breakthrough pressure is the capillary pressure at which the nonwetting phase forms a 
continuous network within the seal. At this pressure, the nonwetting phase will leak or flow 
through the seal (PTTC, 2004).When the cap rock leaks, it and the overlying strata become 
partly saturated with oil and/or gas, which displaces the pore fluid initially present. There are 
many examples from the North Sea where gas chimneys have developed above fields and major 
structures (section 3.5). Leakage occurs by either: 

• membrane seal failure can occur when gas transport is through the pre-existing pore 
system of the cap rock, either in solution in water or as a result of capillary failure (the 
pressure in the gas column beneath the cap rock may exceed the capillary entry pressure 
of the cap rock). This can arise as a result of either the buoyant force exerted by the 
vertical height of the hydrocarbon column in the reservoir and/or the existence of a 
chemical potential gradient across the caprock to drive diffusion. Membrane seal 
strength corresponds to the height of a hydrocarbon column that can be retained before 
leakage occurs. Determination of the capillary entry pressure and thus the pressure at 
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which membrane seals start to leak can be ascertained by mercury injection tests 
performed in a laboratory using cap rock core samples.  

Membrane seal failure is therefore, either 

o pressure driven  

o diffusion (molecular) driven 

In aquifer storage sites which have generally not had high pore pressures (or depleting 
oil/gasfields taken to higher pressures than the original reservoir pressures), this could 
lead to a phenomenon referred to as exceeding the threshold displacement pressure (or 
threshold pressure), whereby the pressure is high enough to displace water-gas menisci 
in the rock pore spaces. The pressure displaces the static water column, forcing water 
out of the cap rock and leading to gas leakage from the storage formation (Katz, 1978). 
An inverse relationship exists between permeability and threshold displacement 
pressure, i.e. less permeable formations have higher threshold pressures.  

• hydraulic seal failure – leakage may occur through hydraulic failure (microfracturing) 
of the cap rock, perhaps associated with faulting, i.e. or by under overpressures (see also 
Chapter 8). This occurs where the capillary entry pressure is essentially infinite and seal 
failure follows by pressure in the reservoir wedging open faults or pre-existing fractures 
or the development of fractures in the cap rock (e.g. Vik et al., 1991; Leith et al., 1993; 
Caillet, 1993; Nordgard Bolas & Hermanrud, 2003). The hydraulic seal capacity of a cap 
rock is related to such factors as its thickness and tensile strength, the magnitude of the 
minimum effective stress in the sealing layer and the degree of overpressure 
development in the reservoir system (Watts, 1987). Leak-off tests, performed in wells, 
are commonly used to determine the pressure at which hydraulic seals start to leak 
(Watts, 1987a&b; Sales, 1997). Katz & Coats (1968) found that no fracturing of the 
caprock occurred at or below pressure gradients of 22.6 kPa/m (3.28 psi/m) of depth, 
suggesting that it could only happen at pressure gradients of 33.9 kPa/m (4.92 psi/m) 
depth. However, gas might open existing fractures at gradients between 22.6 and 24.9 
kPa/m (3.61 psi/m) depth. Such values are higher than the maximum overpressures 
resulting from original hydrocarbon entrapment and thus the overpressures used in 
underground gas storage projects should not exceed the original reservoir pressures. 

Studies of overpressured sequences across the Haltenbanken province of the North Sea 
have shown that well defined gas chimneys are numerous over structures and faults, 
indicating hydraulic fracturing of the caprock and release of gas (Vik et al., 1991). 

• Wedging open of faults due to tectonic activity – a variant of the hydraulic seal failure 
mechanism that may be related to overpressures induced by tectonics 

There is much written on the effectiveness of reservoir caprocks and rates of leakage through 
them by diffusion (e.g. Leythauser et al., 1982; Krooss et al., 1992a&b; Nelson & Simmons, 
1992). Nelson & Simmons (1995) suggest that no caprock can be shown to be a perfect seal to 
hydrocarbon migration. Faults, fractures, microfractures and pore space in the caprock may often 
preclude a perfect seal, such that the caprock only retards migration, allowing the temporary 
accumulation (on geological timescales) of hydrocarbons within the trap/reservoir (Nelson & 
Simmons, 1995). Whilst this maybe true over geological time (millions of years), over the time 
period (perhaps 30-50 years) of a proposed depleted oil/gasfield UGS facility in the UK, it is 
likely that, providing original reservoir pressures are not exceeded, the caprock can effectively 
be regarded as fully sealing. 

Faults can act both as barriers to fluid flow and as channels. The ability to predict which type of 
behaviour will have characterised a particular fault or fault segment and on what time scale, is of 
crucial importance in the hydrocarbon industry. Lithology is a key variable with, for example, 
faulting in sandstones capable of producing a sealing gouge. However, knowledge as to the 
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extent to which fault surface geometry and the width and internal structure of the damage zone 
can also influence the permeability characteristics of a fault, is important. These parameters are 
themselves functions of lithology and are also likely to vary with time in a fault subject to 
repeated slip. Further review of studies on faults and fault sealing capacities in oil and gas fields 
is provided in section 6.1. 

3.5 HYDROCARBON LEAKAGES AND FLUX RATES 
As indicated, there are many documented accounts of hydrocarbons leaking to surface and which 
may also be dispersed to varying degrees in porous and permeable layers along its migration path 
forming secondary accumulations within them. Appendix 1 provides examples and levels of gas 
migration rates from/within hydrocarbon-bearing basins.  

The most common mechanisms by which natural gas migrates through lithified strata is via 
faults and porous and permeable beds. The well-known gas seeps above the Tommeliten gas 
field in the Norwegian sector of the North Sea lie above a salt diapir or dome (Hovland & 
Summerville 1985). Faults above the diapir act as conduits for the gas rising from depth to the 
near surface (Hovland 2002), with gas also widely distributed throughout the upper part of the 
sediment column. An area of gas-charged sediments covering approximately 120,000 m2 above 
the field is identified on seismic reflection data by a ‘gas chimney’: the result of the gas in the 
rocks degrading the seismic signal and the imaging of the strata within and beneath it (e.g. 
Hovland & Summerville, 1985). 

In actively subsiding offshore sedimentary basins softer sediments including porous sandy or 
silty horizons, commonly occur, into which gas may migrate and move along, becoming 
dispersed. The gas may then become trapped in normal buoyancy traps beneath less permeable 
sediments such as clays. This results in the commonly observed shallow submarine seismic 
responses known as acoustic blanking, acoustic turbidity and reflector enhancement. As 
mentioned above, the gas often then emerges at the seabed in pockmarks (Hovland & 
Summerville, 1985; Hovland & Judd, 1988). Gas may also emerge through mud volcanoes, 
major examples of which occur, for example, around the shores of the Caspian Sea (Huseynev & 
Guliyev, 2004). They are stratified cones of mud on the seabed or land surface that originate 
when overpressured gas charged fluids migrate upwards through the less lithified strata in a 
sedimentary basin. They disrupt the overlying strata and rise as a column of fluidised sand, mud, 
gas, other fluids and blocks of sediment. At Tommeliten (Norwegian Block 1/9), where the sea 
bed is sandy, the gas emerges at the sea bed as bubbles, through small circular vents c. 10 mm in 
diameter in the sandy sea floor in a small part of the area above the gas chimney, covering about 
6500 m2 (Hovland & Summerville, 1985). The vents commonly have a cone-shaped depression 
about 20 cm in diameter. The gas bubbles have been observed using a remotely operated vehicle 
and have been imaged on echo-sounder and shallow 3.5 kHz seismic records. The gas seepage 
equates to about 24 m3/day. Gas may also emerge through the seabed intermittently, in response 
to changes in hydrostatic pressure or to self-sealing mechanisms (Hovland, 2002). 

A number of studies have been undertaken to calculate the diffusion rates and fluxes through a 
caprock. One study at the McClave Gasfield, a stratigraphic trap in the Pennsylvanian Morrow 
Formation (Carboniferous age) in southwestern Colorado, was undertaken (Nelson & Simmons, 
1995). The reservoir lithologies are fluvio-deltaic sandstones within marine shales. Faulting is 
minor (generally less than 30 m) and there is little structural deformation. Therefore, any losses 
might reasonably be assigned to diffusion losses through/across the caprock. The methane flux 
over the areal extent of the field for 5% and 10% caprock porosities was calculated at 521 m3/yr 
(18.4 mcf/yr) and 2382 m3/yr (84.1 mcf/yr) respectively (Table 3), which would mean that the 
field’s entire methane volume might be replaced every 2.21 million years (my) or 485,000 yr 
respectively, requiring constant recharge (Nelson & Simmons, 1995).  
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Studies for hypothetical fields with a 1737 m thick caprock (Table 4), producing 283.2 Mcm and 
2.8 Bcm (10 and 100 bcf) of gas have calculated losses of 2,832 m3/yr (0.10 mcf/yr) and 21,294 
m3/yr (0.752 mcf/yr) respectively4 (Smith et al., 1971). Nelson & Simmons (1995) suggest that 
these rates are comparable to those of the McClave Field, when differences in calculation 
scheme are considered. As might be expected, increased rates of loss are found with a thinner 
caprock of only 39.6 m. 

The development of the conspicuous ‘sage anomaly’ above the Patrick Field in Wyoming, where 
sage and grasses were killed or showed stunted growth, was investigated for any relationship to 
the underlying oilfield (Arp, 1992). Studies of the geology and field production history revealed 
that the anomaly developed above the oilfield’s gas cap following injection of produced gas and 
then water to repressure the oil reservoir and increase oil production. It is calculated that perhaps 
2.5 Bcm (87 bcf) of gas (and light hydrocarbons) had migrated from the reservoir to the surface, 
via faults, at velocities of between 76.3 m/yr (over 20 year period) and 305 m/yr (5 year period). 
The latter rates are comparable to those calculated by Araktangi et al. (1982) for the Leroy Gas 
Storage Facility in Wyoming (section 9.2 and Appendix 2). 

An incident occurred in northwestern Oklahoma on January 31st 1980, when natural gas began 
erupting at ground surface at a number of sites in the Edith area near Camp Houston (Preston, 
1980). The venting initially created a crater 6.5 m wide from which a viscous mud was ejected to 
heights of up to 16 m. Within hours the venting had spread to an area roughly 2.4 km square, 
with several more large craters produced, linked by a series of fissures several metres long. The 
fissuring followed two orthogonal fracture sets in the Flowerpot Formation, a 100 m thick shale 
sequence and could even be seen affecting the overlying unconsolidated river deposits (Preston, 
1980). Flow measurements from various vents ranged from 3,398 m3/day (120,000 ft3/day) to 
7,646 m3/day (270,000 ft3/day). Flow from a large crater was estimated at over 56,633 m3/day (2 
million ft3/day), with the total daily gas flow conservatively estimated at 0.57 Mcm (20 million 
ft3/day). Investigations revealed that the gas originated from the Mississippian Chester limestone 
(the Chester-Oswego interval) at around 1700 m below ground and a faulty well was the prime 
suspect. Tests of the Leede Devine No.1 well indicated gas was entering the well at between 183 
and 198 m depth, co-incident with a regionally extensive fractured evaporite interval, through 
which scores of wells had been drilled. Production tests (0.11 Mcm/day or 4 million ft3/day) 
proved gas was entering the well bore between the wall rock and the production casing at that 
level. The well providing the route from the gas-bearing horizon to the fractured evaporites was 
never found as the ventings declined steadily and by August were of no great significance 
(Preston, 1980). 

                                                 
4 Where mcf/yr = one thousand cubic feet per year (not one million cubic feet per year) 
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4 Salt deposits and factors relevant to developing gas 
storage caverns 

This chapter outlines some of the more important aspects and characteristics of salt deposits and 
consequently, how they may impact on the development of salt caverns for gas storage purposes. 
Further details of the nature of problems encountered at individual mines or brinefields (section 
4.8) are available in Appendix 2 (refer also to Appendix 5). 

4.1 INTRODUCTION 
As alluded to previously, halite (rocksalt) generally occurs as a member of evaporite cycles in 
stratified layers, or as the thickened pillow and piercement structures (diapirs) resulting from 
halokinesis (the process of plastic deformation and buoyancy driven deformation of the source 
salt layers). The question of the rheological behaviour of the salt and the deformation history is 
of importance when assessing the long-term stability of any body of salt and thus caverns that 
might be constructed in it for gas storage purposes. This chapter, therefore, attempts to outline 
the rheology and deformation mechanisms of halite providing an outline of some of the basic 
properties of rocksalt that are required for input to modelling of salt tectonic processes and the 
assessment of mine and cavern stability. 

4.2 SALT CREEP 
The mechanical and rheological behaviour of salt is of great importance to the suitability and 
performance of salt beds for gas storage and some aspects are still open to debate (refer Bérest & 
Brouard, 2003). Salt may deform either in a ductile (plastic) or brittle manner, depending on the 
temperature, stress state and deformation rate (section 2.2.7). Salt behaviour is elastic-ductile 
when short-term compression tests are considered, but is elastic-fragile when tensile tests are 
considered (Bérest & Brouard, 2003). In the long term salt behaves as a fluid in the sense that it 
flows even under small deviatoric stresses. But its viscoplastic deformation and extremely low 
permeability are often referred to as strong reasons for salt beds being ideal sites for gas storage. 
This may be confusing and it is, therefore, worthwhile briefly reviewing these fundamental and 
often quoted properties. The effects of faulting on salt bodies or salt beds and the deformation 
mechanisms are dealt with in further detail in section 6.1.4. 

Due in large part to interest in radioactive waste disposal and gas storage in salt, the last 20-30 
years have seen a great deal of experimental deformation work undertaken on the deformation 
mechanisms and steady state creep of salt. As a result of this work and as alluded to previously, 
it is now well known and accepted that over a range of temperatures well below its melting point 
of circa 800°C, and under most normal burial (increasing temperature and pressure), engineering 
and geologically relevant conditions, halite deforms in a viscoplastic way (plastically). To all 
intents and purposes the halite will creep or ‘flow’ (e.g. Jenyon, 1986a,b&c). This is achieved by 
intracrystalline deformation processes (Fig. 6h-i), and probably by diffusive mass transfer 
(pressure solution) through thin intragranular aqueous (brine) films (Heard, 1972; Albrecht & 
Hunsche, 1980; Carter & Hanson, 1983; Wawersik & Zeuch, 1986; Skrotzki & Haasen, 1988; 
Spiers et al., 1989, 1990; Franssen & Spiers, 1990; van Keken et al., 1993 – see following 
section 4.2.1 for more detail). Increasing the temperature reduces the yield strength of halite, as 
does the application of differential pressure, although increasing the confining pressure seems to 
have a much smaller effect (Jenyon, 1986c). The presence of free water (brine) also reduces the 
yield strength. 
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The creep mechanisms and processes involve the movement of dislocations (imperfections in the 
[salt] crystal lattice) through the crystal, dominated by cross-slip and/or climb controlled 
dislocation creep mechanisms (Fig. 6). Dislocations raise the energy of a crystal lattice and the 
process of dislocation movement is driven by the stress field and the crystal lattice trying to 
achieve its lowest energy level. It leads to lattice preferred orientations, dislocation substructures, 
subgrain formation and dynamic recrystallisation (see review of Carter & Hansen, 1983; 
Franssen & Spiers, 1990 and refer White 1976, 1977; Bell & Etheridge, 1973, 1976; Nicolas & 
Poirier, 1976 and Urai et al., 1986a for further details of intragranular/crystal deformation and 
recrystallisation processes).  

It is important to note that crystal plastic deformation or dynamic recrystallisation mechanisms 
do not necessarily involve interstitial fluids, although natural salt bodies do contain trace 
amounts of brine. These remain from the formation of the salt beds, either as inclusions or as 
films on grain/crystal boundaries. Crystal plastic deformation processes are influenced by the 
presence of intracrystalline (inclusions) and interstitial water that causes hydrolytic weakening 
and leads to low temperature plasticity (e.g. Griggs, 1967; Sibson, 1977; Liu et al., 2002). 
Studies have shown that when trace brine is present, the creep of the salt can be significantly 
affected (refer 4.2.1 and 4.2.2 below). 

Consequently, if caverns are developed in a salt body and the internal pressures are not kept high 
enough, differential pressures exist. The result of this natural process will be for the salt in the 
surrounding walls to very slowly creep/flow into the void and close the cavern. If left untouched 
(and with no water incursions), salt will creep into an unbreached cavern until the differential 
pressures are equal, with salt creep rates primarily influenced by: 

• cavern depth and overburden characteristics – pressure and temperature gradients 

• internal cavern pressure - where the difference between the natural lithostatic pressure 
and the cavern is high (low pressure in the cavern), then creep is accelerated relative to 
high cavern pressures. 

• cavern shape 

• salt properties – variations in crystal size and moisture content 

This void closure phenomenon is well known in salt mines and brinefields and led to problems in 
some in some of the earlier salt cavern gas storage projects (sections 2.2.7.2 & 9.3 and 
Appendices 2&5). Cavern stability is dependent upon the composition of the salt, the geothermal 
gradient and overburden temperatures. At depths between 1000 and 2000 m there is an elastic-
plastic transition zone. Salt creep above the transition zone occurs at slower rates and caverns are 
generally stable between depths of a few hundred metres and circa 2000 m (Warren, 2006). 
Below these depths caverns can show greater instability and large volume decreases through salt 
creep (Warren, 2006). 

As with salt mines, solution mined caverns properly located, designed, constructed and operated 
above the lower depth limit can show remarkable stability, even when emptied of product as 
shown by the lenticular cavern in the Bryan Mound salt dome in Texas constructed in the 1950s 
(section 2.2.7). In contrast to the Bryan Mound example are the earliest purpose built gas storage 
caverns at the Eminence cavern storage facility (Mississippi, USA – refer Appendix 5). Here 
around 40% of the cavern volume was lost within two years of construction (Thoms & Gehle, 
2000; Warren, 2006), and it illustrates how rapidly salt creep can occur with resultant loss of 
volume if operating conditions are not carefully controlled. 

4.2.1 Creep behaviour of halite (rocksalt) in the temperature range 20-200ºC and natural 
strain rates 

Natural flow or steady state creep of rocksalt (halokinesis) generally occurs at (shallow) crustal 
levels where temperatures are relatively low, i.e. less than 150-200ºC (e.g. Heard, 1972; Jackson 
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& Talbot, 1986; van Keken et al., 1993). There are now many experimental studies to determine 
the deformation mechanisms and behaviour of a wide range of natural and synthetic salts under 
differing conditions (e.g. Carter & Hansen, 1983; Horseman & Handin, 1990 and see refs 
below). 

The conditions investigated experimentally cover temperatures in the range 20ºC to 250ºC, strain 
rates in the range 10-4 to 10-10 s-1 and confining pressures up to 15-70 MPa. At experimental flow 
stresses approaching those in nature, i.e. below around 15 MPa and strain rates below 10-7 s-1, 
experiments show flow by dislocation creep (Carter & Hansen, 1983; Wawesik & Zeuch, 1986). 
Concerning the rate controlling mechanism it has been argued that the main rate controlling 
process at 20ºC to 200ºC is probably cross-slip of screw dislocations (Wawesik & Zeuch, 1986; 
Skrotzki & Haasen, 1986). On the other hand, observed subgrain development at 100ºC to 200ºC 
indicates that dislocation climb might be the rate controlling process in this range (Carter & 
Hansen, 1983). Creep at 50ºC to 200ºC may also be controlled by cross slip at high strain rates 
(<10-7 to 10-9 s-1) and by climb at lower strain rates (Horseman et al., 1993, Carter et al., 1993). 
The nature of the detailed rate controlling mechanism remains unclear, although most salts show 
similar creep behaviour in the range 20ºC to 200ºC (van Keken et al., 1993). 

4.2.2 Original brine in salt deposits and its migration through and effects on the rheology 
of salt bodies 

In nature, minute amounts of original saturated brine (water) are found in rocksalt deposits, 
contained as either inclusions within the salt crystal lattices or along crystal/grain boundaries as 
films or in minor voids (refer Carter & Hanson, 1983). These minute amounts of fluid migrate 
gradually, under overburden or tectonic pressures, through the salt crystals and salt body. Studies 
on salt in the USA (“Project Salt Vault”) estimated brine inflow rates of 0.5 to 3.0 ml/day at 
monitored boreholes, which amounted to 2-10 litres per hole after about 20-30 years. The flow 
rates approached zero after those times (Bradshaw & McClain, 1971; Carter & Hanson, 1983).  

The nature, shapes and migration paths of fluid inclusion ‘bubbles’ within rocksalt specimens 
subjected to temperature gradients in laboratory tests have been impressively demonstrated (e.g. 
Carter & Hanson, 1983; Urai et al., 1986). Studies and experiments have shown that even the 
minute quantities of inherent brine in a salt body may have profound effects on the rheology of 
salt. Water (brine) affects the mobility of dislocations within the crystal lattices, making it easier 
for them to move through the crystals. This affects significantly processes such as fluid-
enhanced dynamic recrystallisation (Urai, 1983) and pressure solution creep or fluid enhanced 
grain boundary diffusional creep and grain boundary sliding accommodated by solution-
precipitation.  

Experiments on natural and synthetic salts, particularly finer grained salts, have shown that when 
trace amounts (typically ≥ 0.05 wt%) of brine are present at crystal/grain boundaries, then in 
addition to the dislocation mechanisms outlined above, deformation can occur by fluid assisted 
grain boundary diffusional creep or pressure solution at natural strain rates (< 10-10 s-1; Urai et 
al., 1986b; Spiers et al., 1986, 1988, 1989, 1990; van Keken et al., 1993). Naturally deformed 
salts show microstructural evidence for the operation of solution-precipitation (Urai et al., 1986b, 
1987) and pressure solution creep may indeed become dominant over dislocation mechanisms. 
However, most salt deformation seems to be dominated by intracrystalline dislocation 
mechanisms (see Carter & Hansen, 1983).  

At higher strain rates the deformation mode is likely to be that of dislocation glide, whereas at 
low strain rates there is a transition to pressure solution by grain boundary diffusion with 
dynamic recrystallisation along the grain/crystal boundaries. Also, lattice diffusion can occur, 
with water molecules passing through the NaCl lattice, which may affect the dynamics of the 
dislocation mode of deformation (Jenyon, 1986c). 
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4.2.3 Salt glaciers, rainwater and deformation mechanisms 
Several in situ field measurements have shown that the downhill flow of salt glaciers is episodic, 
showing accelerated flow after heavy rain. In dry seasons, the movement involves only daily 
thermal extension and contraction due to variations in air temperature (Talbot & Rogers, 1980; 
Schléder, & Urai, 2007). There is evidence that these daily variations create an extensive and 
penetrative crack system (Talbot & Aftabi, 2004), which in turn is able to conduct the rainwater 
into the salt glacier. During the upward transport of the rocksalt, dislocation climb controlled 
creep and solution-precipitation creep are the main deformation mechanisms. However, as the 
rocksalt reaches the surface, numerous bedding parallel shear zones develop, in which the 
deformation mechanism is solution-precipitation creep (non-conservative grain boundary 
migration and grain boundary sliding accommodated by solution-precipitation). This is related to 
the ingressing rainwater, although the process by which this conducted rainwater wets the whole 
shear zone is not entirely understood (Schléder, & Urai, 2007). 

The mass transfer, necessary for the solution-precipitation process, could take place in either 
static fluid network or in migrating fluid. The episodic glacier flow may imply that the mass 
transport occurred in migrating undersaturated fluids. This is perhaps borne out by the presence 
of numerous air inclusions at grain boundaries and triple junctions, which could be interpreted as 
the result of dissolution by the ingress of rainwater. 

It is not thought likely that rainwater (fresh undersaturated water) will penetrate to salt in the 
regions and at the depths being considered for gas storage in the UK. Nevertheless, it illustrates 
that water can cause major changes in the rheology and deformation mechanisms of salt. 
Consequently, care is required to ensure that no pathways exist (e.g. old boreholes and poorly 
cemented new wells) to allow undersaturated water (or brine from wet rockhead entering via 
poor borehole conditions) to interact with the halite beds in which the caverns are to be 
constructed. 

4.3 GASES IN SALT FORMATIONS 
Gases present naturally in salt sequences include methane (CH4), nitrogen (N), carbon dioxide 
(CO2) and hydrogen sulphide (sour gas - H2S), the origins of which have been the subject of 
debate. Most domal salts in Louisiana are classified ‘gassy’ (Hinkebein et al., 1995) and miners 
have long known about the dangers of gas within salt formations: several fatal accidents in 
conventional salt mines have been caused by outbursts of methane gas and associated saltfalls 
(Molinda, 1988; Hinkebein et al., 1995). In June 1980 methane gas exploded at a salt mine on 
Belle Isle, Louisiana, killing 3 miners and injuring 17 others (Golden, 1981). The source of the 
gas is generally believed related to the fact that many evaporite sequences contain organic rich 
layers, produced during what are effectively algal blooms (Warren, 2006). On burial, gases are 
produced from these layers by bacterial sulphate reduction at low temperatures and 
nonbiogenically by thermochemical sulphate reduction at higher temperatures. It is suggested 
that some thin impurity-rich salt beds interlayered with beds having some porosity and 
permeability (so called ‘carrier beds’) leak small amounts of volatiles, but much less efficiently 
than the thicker organic rich shale and mudstone interbeds. Furthermore, movement out of the 
salt is unlikely until a pathway is available, generally as a result of the salt having been 
dissolved, or intersected by human activity in the form of boreholes or mining operations 
(Warren, 2006). The migration of methane gas over long distances through major salt deposits in 
Portugal, Yemen and NE Brazil has also been postulated, facilitated by fractures (Terrinha et al., 
1994; Davison et al., 1996a; – see also section 6.1.4). These studies should perhaps be urgently 
reviewed as they may indicate problems of tightness not previously recognised or that might not 
necessarily be anticipated in salt bodies. 

In the USA, problems have been encountered at UFS facilities (notably those of the SPR), in 
terms of the product inventory and delivery of stored product. There have been instances where 
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the volume of gas held in storage has increased due to gas generated within the salt body and 
which then moved through the salt body into the storage cavern (Hinkebein et al., 1995; Neal & 
Magorian, 1997). Gas movement into salt caverns has been attributed to permeation through the 
salt either through  

• Release of gas contained in pockets in the salt (at lithostatic pressure) during solution 
mining. The theory is that the gas is contained in pressured pockets in the salt, which is 
considered essentially impermeable and the primary mechanism of gas release is from 
dissolution of the salt as the ‘growing’ cavern intersects the gas pocket. The gas released 
is presumed to be transferred to the blanket oil or to oil stored above the brine during 
leaching operations. Under this mechanism, blanket oil could contain a significant 
amount of gas, which would then mix with oil later injected for storage. If the mechanism 
is of primary importance, then the main gasification of oil would take place during oil fill 
and presumably little additional gas transfer would occur following the cessation of 
leaching. 

• Permeation of gas contained in pockets in the salt (at lithostatic pressure). Gas 
permeation might be through two mechanisms 

o Stress induced permeability changes in salt surrounding caverns. Again, pockets 
of gas trapped in salt are intersected by zones of damaged salt around caverns that 
may arise during cavern construction/operation and which are caused by changes 
in the deviatoric stresses and pressures due to the cavern (void) formation (section 
2.2.7.3.2.1). This may result in spalling of cavern walls in some cases (Hinkebein 
et al., 1995). This phenomenon has been observed in the Weeks Island mine 
where tracer gases have been injected in close proximity to the bulkhead and 
found to have moved through fractures in the salt that developed as a result of 
creep in the salt and the development of dilatant fractures in a disturbed rock zone 
around the bulkhead (Hinkebein et al., 1995) 

o Along anomalous zones intersected by the cavern (AZ’s; Hinkebein et al., 1995; 
Neal & Magorian, 1997; – section 4.4). 

Should AZ’s form the main ‘conduit’ then this problem is considered unlikely in the salt beds of 
the onshore UK. AZ’s are associated with shear zones developed during development of large 
salt diapirs and domes, which as noted in sections 5.3 and 11.2.7, are believed absent in onshore 
UK salt basins, although mild halokinesis may have occurred in the Weymouth area. 

4.3.1 Gas in UK salt deposits 

The Boulby Potash Mine in NE England has suffered from the presence of high-pressure gas in 
shaly parts of the potash, which have been sufficient to cause blowouts during mining operations 
(Corbett, 1996; http://www.mining-technology.com/projects/boulby/index.html). The presence 
of such gas in the Permian deposits of NE England should be of interest and perhaps of 
significance to any developers proposing to construct gas storage caverns. This would be both 
during the drilling and the cavern construction phases, when the brining process might encounter 
an unexpected pocket of high-pressure gas. It could conceivably also be of importance during 
cavern operation, if the facility was operated in brine compensated mode and there was ongoing 
leaching of the cavern during product cycling. A high-pressure pocket of gas might cause a 
blowout into the cavern as the intervening salt wall between the gas pocket and the cavern thins 
and cavern pressures change during retrieval of stored product. 

4.4 ANOMALOUS ZONES 
Anomalous zones (AZ’s), as the name suggests, are unexpected regions of salt of differing 
character. In the USA they have been shown to affect cavern shape and at some sites, the storage 
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operations for several reasons, often understood with hindsight (Neal & Magorian, 1997). They 
may be regions of more highly soluble salts (e.g. potash salts), fractured non salt interbeds, zones 
of sheared salt, or zones of older naturally leached salts (‘Black Salt’) which might contain 
pressurised brine or possibly gas (methane or nitrogen; Warren, 2006). AZ’s might develop in 
brinefields and some salt mines near intersections with poorly documented older boreholes or 
brine wells. They have led to problems in some of the caverns that make up the US Strategic 
Petroleum (oil) Reserves (SPR), notably at Bayou Choctaw, Louisiana. Here, oil in two caverns 
showed higher than permitted gas content, which meant it required treatment prior to draw down 
(Neal & Magorian, 1997). A possible correlation of gassy caverns and a shear zone that transects 
the salt dome was found and it is suggested that the shear zones permit gas migration. Similar 
shear zones exist in other domes hosting the SPR facilities at Bryan Mound (Texas) and the 
Weeks Island and West Hackberry facilities in Louisiana (Hinkebein et al., 1995; Neal & 
Magorian, 1997). Apparent correlation of shear zones and gassy caverns supports work 
elsewhere on gas associated with salt outbursts in conventional mining (Iannacchione et al., 
1984; Neal & Magorian, 1997). 

In the UK context, anomalous zones might only be relevant in identifying non salt interbeds and 
layers of more soluble potash salts within the Permian salt basin. Onshore, salt deposits 
considered for storage do not show the development of halokinetic features. So the potential for 
shear zones that developed in the large diapiric salt dome structures seen in America is 
considered negligible. It may, however, be a phenomenon that requires careful study if salt 
storage caverns are developed offshore in the large salt ridges and domes of, for example, the 
Southern North Sea and East Irish Sea areas (see DTI, 2006c). 

4.5 PRESENCE OF GYPSUM AND/OR ANHYDRITE 
The presence of gypsum has long been known to represent a serious geological hazard that can 
arise from: 

• Dissolution (it dissolves rapidly, especially in flowing water) that may lead to cave 
systems and collapse with subsidence in overlying areas 

• During burial, gypsum converts to anhydrite and is associated with a volume change, 
which represents an important process in the burial history and evolution of a sequence of 
marine evaporites. It is also an important process in the gradual uplift and erosion of 
sequences containing anhydrite, which may convert back into gypsum 

Evaporite deposits often include gypsum (CaSO42H2O) and/or anhydrite (CaSO4). Given the 
above factors, determining the presence of one or both minerals in a sequence of shallow level 
evaporites could, therefore, be of importance when assessing any potential problems in a 
proposal to store gas in salt beds in which these minerals are present. Their presence may have a 
bearing upon the evolution of the evaporite sequence both during and post deposition. Phase 
changes could, for example, have caused local stresses that may have fractured adjacent rock and 
introduced a fracture system that requires study. However, for sequences that are deeply buried, 
the viscoplastic nature of the halite and the released brines are likely, over geological time, to 
cause infill of any fractures in the interbeds (section 4.6). 

4.5.1 Dissolution of gypsum 
Gypsum dissolves in flowing water about 100 times more rapidly than limestone, but only about 
one thousandth the rate of halite (Cooper, 1988). The rate is significantly less in more stagnant 
groundwaters where saturation is attained. The problem is well exemplified in the Ripon area of 
North Yorkshire where gypsum beds up to 30 m thick have been dissolved by subsurface 
dissolution (refer Cooper, 1986, 1988).  
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The problem was also discussed in relation to: 

• the rapid flooding of a gypsum mine and the effect on not only the gypsum, but any 
associated anhydrite (which would rehydrate and expand – see 4.6.2 below) and shales 
and limestone interbeds 

• Water abstraction from gypsum sequences or where there is hydrological continuity 
could affect either natural gypsum-water systems or flooded mine workings. This could 
include large scale pumping from underlying coalmines. 

4.5.2 Gypsum/anhydrite transition 
As gypsum is buried and the ambient temperature rises above 42-60°C, it converts (dehydrates) 
to anhydrite (often a nodular form). This occurs at depths of around 1000 m, but is variable and 
dependent upon the geothermal gradient, lithostatic pressure and pore brine salinity (Borchert & 
Muir, 1964; Warren, 2006). Intense solar heating in very arid areas can cause dehydration of 
gypsum to form bassanite/anhydrite at the surface, whilst in areas of high geothermal gradients 
(80-105°C – not a UK range) it may occur at depths of less than 200 – 250 m (Warren, 2006). 

The transformations not only release solutions that can trigger a series of important changes in 
the adjacent halite and, if present, potash beds, but are accompanied by a volume change 
(Borchert & Muir, 1964). Each cubic metre of gypsum is replaced by 0.62 m3 of anhydrite and 
0.486 m3 of CaSO4 saturated liquid is released. At 30°C, this volume of water can dissolve 0.081 
m3 of halite or 0.54 m3 of carnellite. A bed of gypsum 5 m, 10 m or 20 m thick could convert to a 
bed 3.1 m, 6.2 m or 12.4 m thick (Borchert & Muir, 1964). 

As rocks are uplifted and eroded away, the anhydrite beds at depth are returned to shallower 
levels and may remain largely unhydrated to within 100 m or so of ground level. What may 
happen is that the outer areas of the anhydrite body or beds may convert back to gypsum and 
protect an inner ‘sandwich’ of anhydrite. This could present problems if water were then to come 
into contact with the anhydrite. In the Ripon area, circulating groundwaters control the 
rehydration of anhydrite to gypsum, a transition that takes place at about 100 m depth (Cooper, 
1986, 1988). As outlined above, this involves a forceful expansion of up to 60%, which can 
create extreme pressures and has been responsible for rock explosions and local uplifts in 
America (Brune, 1968; Cooper, 1988). 

4.6 FRACTURES OF NON-HALITE INTERBEDS AND INFILLING HALITE 
The presence of fractures in rocks associated with gas storage is an important issue in the 
assessment of gas tightness and the safety of an underground storage facility. As discussed 
elsewhere in this report, halite rarely fractures and over geological time behaves in a viscoplastic 
way, healing any fractures that might have developed. Howeve, fractures may develop in salt in 
the walls immediately around the cavern margins due to the opening of a void (cavern) and 
releasing of the confining pressures. This is sometimes associated with spalling or breakouts of 
the wall and generally only forms a narrow zone, perhaps a metre or two wide (Rokhar, 2005 and 
section 2.2.7.3.2.1). 

Fractures in halite are rare, but have been described (Terrinha et al., 1994; Smith, 1996; Davison 
et al., 1996a&b: section 6.1.3). Fractures in more competent non-halite interbeds and also the 
enclosing mudstone sequences are common. They may represent more than one episode of 
fracture formation and infill and generally show infill with halite or other evaporitic minerals 
such as gypsum or anhydrite (e.g. Wilson & Evans, 1990 – Fig. 10a). Some of the halite (and 
gypsum) infilling fractures has a fibrous habit indicating precipitation from a brine, but is also 
present as clear and coloured crystals of the same nature as the enclosing halite bed and not 
obviously deposited from a brine. It is, therefore, pertinent to assess the origin and likely 
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presence of any fractures and infill in such sequences and the likelihood fractures will remain 
open. 

Cracks and fractures in non-halite interbeds may develop in a number of ways. They may be 
sedimentary and early burial features such as dessication cracks in silty mudstone horizons, most 
likely introduced to the salt basin during floods and which subsequently dried out. Alternatively, 
the fractures may be related to movement. Halite beds, although they may fracture if the strain 
rate is high enough and/or depth of burial is shallow enough (i.e. low temperatures and confining 
pressures), will tend to deform plastically under increasing heat and pressure (burial). In salt 
domes salt beds maybe drawn out to as little as a thousandth of their original thickness without 
fracturing (Borchert & Muir, 1964). Non-halite interbeds, however, being more competent than 
the enclosing halite deposits will tend to fracture and develop cracks during any deformation 
induced as a result of either burial or tectonic processes and the accompanying movement of the 
enclosing halite. Infilling halite might be the result of one or two main processes: 

(a) Infill of fractures by precipitation from brines 

(b) Non-brine infill origins (and fractures) 

4.6.1 Infill of fractures by precipitation from brines 
The presence of fibrous infilling material is suggestive of either dissolution and recrystalisation 
of the evaporite, or precipitation from saturated brines that remain within the halite deposits. All 
salt contains brine to a lesser or greater degree, remaining during burial either as inclusions 
within the salt crystals or as films along crystal/grain boundaries (e.g. Sonnenfield, 1984; Spiers 
et al., 1988, 1990; Warren, 2006). The fracture infills might originate in a number of ways: 

• At surface and during early burial, dessication cracks may be infilled with halite 
precipitated out from brine, which might be as a result of the re-establishment of the 
brine lake or saltpans, or its presence in the substrate. 

• Hypersaline brines of both syngenetic (derived from the same body that precipitated the 
original crystals), or epigenetic (derived from a body of water that did not crystallise the 
deposit and which may be slightly or significantly younger than the precipitate) origin. 
Being hypersaline concentrated brine, they do not dissolve the original precipitate but 
move through the precipitate along intercalations, encountering cracks or voids in the 
non-halite beds in which halite (or other evaporitic material) may precipitate. In 
consequence, depending upon the volumes of brine moving through the system, voids, 
cracks and fractures in the non-halite beds maybe sealed. Hypersaline brine movement 
may occur as a result of: 

o Gravitational instability allowing the brine to penetrate down, up or laterally into 
the precipitate (halite) body during its burial (e.g. Sonnenfield, 1984).  

o Expulsion of the brine on burial due to increasing pressure, whereupon it migrates 
and precipitates salt elsewhere. 

o Migration through the crystal lattices to areas/regions of lower pressure 

• The dehydration of any interbedded gypsum to anhydrite above 42ºC or at depths of 
around 1000 m (dependent upon the geothermal gradient), may have two consequences: 
firstly, there is a volume change that could lead to fracturing of non-halite interbeds 
(section 4.5.2) and secondly, it will also introduce liquid into a salt deposit, which can 
cause some dissolution of the halite deposit and the formation of a brine solution 
(Borchert & Muir, 1964; Warren, 2006). This could give rise to fracture infilling halite 
and gypsum/anhydrite. The latter would depend upon the location to which the fluid 
migrates. 
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• Natural salt deposits contain small amounts of original saturated brine contained as either 
inclusions within the salt crystal lattices or along crystal/grain boundaries as films or in 
minor voids (section 4.2). These minor amounts of fluid migrate gradually, under 
overburden or tectonic pressures, through the salt crystals and salt body and could, 
therefore, potentially crystallise in cracks and voids in non-halite beds and seal fractures. 

4.6.2 Non-brine infill origins (and fractures) 
Some fracture infills may have arisen from processes other than precipitation. As halite deforms 
(plastically), more competent non-halite interbeds fracture and show pull-apart boudinage 
structures – joints and fractures (i.e. potential voids are created). Two sets of fractures may 
develop in the competent beds, more or less at right angles and perpendicular to bedding. The 
halite deforms by creep mechanisms, effectively flowing plastically around the boudinaged 
sections of competent materials, infilling fractures in the non-halite beds as they appear and 
propagate – akin to the process of extrusion. The resulting blocks of competent non-halite beds 
may be forced upwards or downwards into the enclosing halite deposits and may be rotated 
through any angle. Thin claystone/mudstone/evaporite rhythms may also be seen to break down 
into breccia-type deposits with angular fragments of competent material set in a halite matrix, all 
of which is achieved during, and as a result of, ductile flow of the halite. 

It is also conceivable that under burial and increasing pressure, or due to some tectonic event 
causing an increase in pressure, some pressure solution of the salt might take place, similar to the 
process of fluid assisted grain boundary diffusional creep (section 4.2.1). If this occurs, small 
amounts of liquid might result and move along grain boundaries. The potential is for the salt 
solution to again migrate to, and crystallise in, cracks and voids in non-halite beds, potentially 
sealing fractures. 

4.7 WET ROCKHEAD AND SUBSIDENCE IN ONSHORE UK SALTFIELDS  
The issue of wet rockhead is important for many reasons. These include issues of stability, 
increased movement of brine, which itself has damaging effects on borehole materials (cement 
and steel casings) and the likelihood of further salt removal that could lead to potentially 
damaging ground subsidence. Wet rockhead conditions have led to problems of product 
containment at the Conway salt cavern facility in Kansas, USA (Ratigan et al., 2002 – section 
9.3 & Appendix 5). Saltfields in England are affected by the development of wet rockhead and 
thus the phenomenon requires careful assessment during the geological characterisation of any 
potential storage site. 

4.7.1 Definition and origin of wet rockhead 
Salt beds occur in the subsurface but unless in hot dry climates (e.g. the Persian Gulf area of the 
Middle East, where salt glaciers or ‘volcanoes’ can occur – see e.g. Kent, 1979, 1987; Talbot, 
1979; Talbot and Jarvis, 1984; Warren, 2006; Bruthans et al., 2006), generally do not crop out at 
the surface. The reason for this is dissolution by circulating groundwaters. The solubility of 
halite is one to three orders of magnitude higher than the solubility of either anhydrite or 
limestone under normal groundwater conditions (Anderson & Browns, 1999). The dissolution of 
rock salt, in the presence of unsaturated water, is essentially instantaneous relative to the time 
scale of the relevant transport mechanisms (molecular diffusion, free convection and forced 
convection). The rate of solid rock salt removal is therefore controlled by the diffusive and/or 
convective flux of sodium and chloride ions away from a halite-bearing formation (Davies, 
1989). 

Circulating groundwaters can thus dissolve salt, with the area of dissolution being associated 
with collapse breccias. These collapse breccias are formed from mudstones that originally 
overlay, or were interbedded with, the halite in a region where the salt would have cropped out 
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had it not been dissolved (Fig. 11). The base of the breccia is known as ‘wet rockhead’ and is 
usually marked by the presence of brines, which have long been pumped to the surface (see e.g. 
Earp & Taylor, 1986; Wilson & Evans, 1990). As solution proceeds and the salt is carried away 
as brine, it leaves behind insoluble inclusions from the salt beds as well as the beds of stratified 
mudstone. Some of these beds are more than 10 m thick and alternate with the salt layers. Thus a 
zone of residual material (solution residue) is created at the outcrop in the stratigraphical position 
of the salt/mudstone sequence. There is also piecemeal sagging, collapse and brecciation of the 
overlying bedded mudstones within the salt, which are inextricably mixed with residue deposits 
from the salt beds (sometimes referred to as autobreccia – Earp & Taylor, 1986; p.51). The result 
is that all stratification is lost. The estimated thickness of this solution residue deposit in the 
Winsford area of the Cheshire Basin is about 53 m. This is the sum of all the mudstone beds in 
the Northwich Halite, together with the insolubles in the rock salt, estimated at 5% of the salt 
thickness (a figure widely accepted as an approximate average for impurity in the salt of 
Cheshire: Earp & Taylor, 1986; pp 51 & 53). As indicated, associated with the removal of the 
salt and the collapse of interbedded mudstone layers is collapse of the overlying overburden 
strata, which can lead to a thick collapse breccia beneath the drift deposits that may or may not 
retain a gross overall stratigraphy but loses all internal structure (Fig. 11). 

Numerous cored boreholes in the Cheshire area have proved broken and collapsed strata above 
the salt, and it is not uncommon for a cavity to exist at rockhead. The few observations of the 
upper surface of the salt suggest that it is very uneven and deeply furrowed by solution channels. 
Many old records refer to a layer of granular marl, taken to be an insoluble argillaceous residue 
from dissolved salt; by its nature it has rarely been recovered from cored boreholes (Dickinson, 
1882, p.79; Earp & Taylor, 1986). Dickinson (1882, p.79) summarised information from brine-
shaft sinkers who described the top of the salt in the following manner: ‘From what has been 
seen and is known of them, the spaces which a brine-run makes between the rockhead and the 
marlstone may be at first as thin as a sheet of paper, but the spaces become larger, and with the 
wearing away or solution of the rock-salt a peculiar structure of granular marl called ‘horse-
beans’ ensues between the rockhead and the overlying bed of marlstone called the ‘flag’. In this 
granular structure freer course is afforded for the flow. Spaces, at first only the size of rat-holes, 
become so large that a man can enter, and they increase into large caverns, and ultimately the 
ground about them subsides’. The ‘horse-beans’ and brecciated strata, in conjunction with the 
rockhead voids, act as an aquifer for the brine. Man has exploited this brine layer for brine 
extraction, creating deepened and entrenched channel systems (see below). 

Downdip beds lie at a sufficient depth below circulating groundwaters that their contact with the 
overlying beds is a normal stratigraphical one, not associated with natural brine and is known as 
a dry rock-head. Solution of salt, seepages of brine and resultant subsidences onshore UK are 
thus of geological origin and not the consequence of Man’s activity in the saltfield. However, 
Man’s extraction of the brine product has, in cases, accelerated their development and enhanced 
their effects. 

Natural brine development is controlled by both the depth of the salt body and circulating 
groundwaters: the closer to the surface (and circulating groundwaters) the salt body is, the more 
susceptible to dissolution it becomes. Despite the fact that the most abundant (Triassic) salt beds 
in the UK would have had between two to three kilometres of (younger) strata overlying them, 
most UK saltfields are affected by wet rockhead conditions to varying extents. Solution of the 
buried salt beds is a result of uplift, tilting and erosion having removed the overlying Upper 
Triassic, Jurassic and possibly even Cretaceous cover to bring Triassic salt within the influence 
of mobile groundwater. This is likely to have occurred since at least Cainozoic times (c. 65 Ma) 
and certainly since end-glacial times, circa 10,000 years ago. The slow removal of salt by 
solution progressed in parallel with, and at about the same rate as, the general lowering of the 
land surface by erosion. Thus the process of dissolution has continued since such times and 
much as it does today (Earp & Taylor, 1986). 
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In late glacial times, when sealevel was unusually low, the solution rate in UK saltfields was 
probably accelerated temporarily as surface streams and most likely the brine seepages were 
rejuvenated. Conversely, during times of high sealevel the system would be sluggish with 
movement virtually ceasing over wide areas of rockhead. The modern-day UK conditions, where 
there has been no pumping, appear to be closer to the latter condition than the former (e.g. Earp 
& Taylor, 1986). 

Away from present and past centres of artificial brine abstraction, the movement of brine and its 
replacement by freshwater is slow; the saturated brine layer protects the salt from further 
solution and there may be few records of subsidence (Earp & Taylor, 1986). Moreover, the 
routes over the ‘wet’ rockhead by which the brine moves appear to become stabilised for long 
periods, and so villages and churches with long histories of stability exist in areas of ‘wet’ 
rockhead. 

Examples of the deepest recorded onshore instances of wet rockhead are in the Stockport-
Knutsford district in Cheshire, where the salt ‘crops out’ against an undulating surface to the 
base of the collape breccia. This can vary between about 61 m (200 ft) and 122-152 m (400-500 
feet) below present ground surface (Taylor et al., 1963). In the Chester-Winsford area, wet 
rockhead generally extends down to between 50 and 60 m. However, some brine channels 
adjacent to larger faults may be between 70 and 80 m below sea level, perhaps 100 m below 
ground level (Fig. 21 in Earl & Taylor, 1986). Collapse breccias overlying the top of the salt in 
the Winsford No. 1 Borehole indicates wet rockhead lies at a depth of 162.5 m (119.2 m below 
OD) with up to 12 m of salt may have been dissolved (Earp & Taylor, 1986; p.51). Wet rockhead 
may have been identified down to a depth of 180 m in other parts of Cheshire (Howell, 1984; 
Cooper, 2002). In NW England, wet rockhead is present in both the Preesall and Walney Island 
saltfields (Wilson & Evans, 1990; Rose & Dunham, 1979). An area of wet rockhead was mapped 
at Preesall, 0.5 km wide and extending to a depth of around 50-70 m below the base of the drift 
up to 0.75 km to the west of the Preesall Fault Zone (Wilson & Evans, 1990). The Walney 
Channel could be the site of a former brine run and an associated solution subsidence feature 
(Jackson et al., 1995). Offshore, beneath the East Irish Sea, wet rockhead may develop down to 
depths exceeding 220 m in for example well 110/9-1, and in the Calder and Morecambe fields 
where it is present in, for example, well 110/2a-8 (Jackson et al., 1987, 1997). 

4.7.2 Effects of brine exploitation on the features developed at wet rockhead 
The earliest exploitation of brine was from springs occurring where natural seepages reached the 
surface either within or outwith the saltfield. This had no effect upon the natural regime of slow 
solution and subsidence, as the brine would have run to waste in the rivers. However, the 
discovery of plentiful saturated brine at the rockhead transformed the industry (Sherlock, 1921). 
This was accompanied by extensive damage from subsidence, as the ensuing large-scale 
pumping of the rockhead brine (referred to as ‘wild brine’) greatly accelerated the solution of the 
salt surface. The phenomenon is well known in the Cheshire Basin (e.g. Taylor et al., 1963; 
Evans et al., 1968; Earp & Taylor, 1986). This was particularly so at the points of entry of fresh 
water, where the established pattern of natural brine movement in the vicinity was radically 
modified (e.g. Ward, 1900, pp. 246 – 247; Earp & Taylor, 1986) and where subsidence has 
created depressions, craters, and often linear features. The latter were known as ‘brine-runs’ by 
the early brine miners (Howell, 1984; Cooper, 2002) and are channels, cut in the salt surface by 
fresh water that replaced the extracted saturated brine. Crater subsidences (Evans et al., 1968, p. 
145) tend to form in regions of thick Quaternary sands and their formation can be sudden and 
unexpected, resembling the ‘crowning-in’ of flooded salt mines at Northwich (Earp & Taylor. 
1986). Repeated enlargements of the craters can occur, which fill with water and empty at each 
collapse. Examples are described from northwest of Winsford, occurring in a well-defined linear 
belt related to an underlying fault that may have also enhanced the amount of water entering the 
system. The volume of sand that had subsided must have exceeded 50 000 m3, indicating the size 
of the solution cavity at rockhead into which the waterlogged sands flowed. Evidence of direct 
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hydraulic connections between points along the brine-run is given by the simultaneous upward 
eruption of brine at one point along the belt with a new and sudden collapse half a mile 
upstream.  

Examples of the linear features in the Cheshire Basin show maximum depths that average around 
7.5 m to 10 m, with an overall width generally around 65 m to 75 m. They commonly exhibit a 
central flat-bottomed trough some 18 m to 22 m wide (Evans et al., 1968). They can form 
branching networks that are widened and deepened some distance away from the pumping 
stations, where the fresher water first came into contact with the salt and dissolution was most 
rapid and extensive (Evans et al., 1968; Earp & Taylor, 1986). Evidence in the Cheshire Basin is 
that some of these features show a strong linearity following the direction of strike and may, 
therefore, correspond to the subcrops of individual salt members at the ‘wet’ rockhead. The marl 
partings at rockhead are likely to form more resistant ‘interfluves’ between the dissolving edges 
of the salt layers (Earp & Taylor, 1986). Linear hollows may also follow fault-lines as shown by 
a group closely paralleling the King Street Fault between Warmingham and Crewe (Evans et al., 
1968). The marls overlying the linear channel features collapsed, allowing more water to pass 
down and so intensified the cutting of channels and subsidence. Consequently, subsidence was 
not always close to the points of abstraction and often many kilometers away, such that the most 
distant parts of the induced brine streams are subjected to and exhibit the most active subsidence 
(Earp & Taylor, 1986).  

4.7.3 Subsidence associated with salt mining activities and unrelated to wet rockhead 
conditions 

Subsidence associated with the extraction of brine unrelated to wet rockhead conditions can be 
significant and require costly remedial work. This was the case in Cheshire where brine was 
pumped from shallow mines that had flooded. This, in turn, led to the solution of roof pillars, 
catastrophic subsidence and damage at the surface. Natural brine pumping also led to 
unpredictable subsidence some kilometres from the point of extraction. Damage caused by this 
method of extraction led to the cessation of salt extraction in Worcestershire and Staffordshire in 
the early 1970s. Remedial work to infill and stabilise the flooded salt mines beneath Northwich 
has recently started and similar work is planned in the Worcestershire and Staffordshire areas 
(BGS, 2006a). 

There are also examples of major collapse hollows and deep craters associated with old ICI brine 
wells and caverns in the Preesall saltfield (section 8.7.2.1.1; Fig. 5b; Jackson, 2005; refer also 
Wilson & Evans, 1990). The topic of problems of subsidence in saltfields not related to wet 
rockhead or linked to gas storage is of particular interest when assessing the potential risks posed 
to existing or future infrastructure (gas pipelines, compressor stations etc.) in areas under 
consideration for gas storage in salt caverns and is outlined further in section 8.7.2 (Fig. 5b-d). 
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5 Underground Gas Storage and areas most likely for 
development in Britain (including Northern Ireland) 

In the light of Chapter 2 having described the main storage types, this chapter provides a brief 
review of the areas most likely to be considered for the development of UGS facilities onshore in 
Britain. UGS is only possible in certain geological strata or structures and these are present in a 
limited number of locations onshore in the UK. This section, therefore, briefly outlines the main 
hydrocarbon bearing/producing and salt bearing sedimentary basins, with a list of current 
operational gas storage facilities and applications to develop UGS (refer Table 1). Further details 
can be found in the BGS Salt and Oil & Gas factsheets (BGS, 2006a&b; 
http://www.mineralsuk.com/britmin/mpfsalt.pdf and http://www.mineralsuk.com/britmin/mpfoil 
_gas.pdf). 

5.1 INTRODUCTION 
There are a number of underground gas storage facilities currently operational or planned in the 
UK (refer Fig. 1), brief descriptions of each being provided in Appendix 3. In the UK, three quite 
different potential underground storage scenarios exist: 

1. Pore storage – in depleted (or depleting) oil and gas reservoirs, involving injection of gas 
into the pore spaces of rocks that contained the oil or gas and formed the oil/gasfield 

2. Construction of large voids either in: 

a. salt caverns within  

i. (thick) bedded salt sequences onshore Britain 

ii. salt domes (offshore in southern North Sea or East Irish Sea) –not dealt 
with in this report 

b. caverns/cavities in competent lithologies – not a option currently being 
investigated in the UK for natural gas, although the LPG storage caverns in the 
Chalk at Killingholme in N Lincolnshire show the success and potential of such 
facilities. However, compressed air storage in caverns might be possible and 
linked to renewable energy sources such as wind. Potential storage space could 
therefore be created in salt caverns (see 2 above) 

3. Aquifer storage (pore storage similar to depleted oil/gasfields), but in structures that have 
not previously held hydrocarbons (either in commercial quantities or any at all).  

Any development of aquifer storage will involve techniques similar to those in finding and 
developing oil/gasfields with the added requirement that additional work is required to prove the 
existence and performance of a caprock. However, the pressure on aquifers for supply of 
drinking water and the potential for contamination may make this option unlikely and is thus not 
considered as an option at this stage of the investigation for UK facilities 

5.2 OIL AND GASFIELDS 
Evidence of oil, both at surface and in mines and boreholes, are known in many areas of Britain. 
However, oil and gas have only been discovered and produced in commercial quantities from 
specific sedimentary basins onshore, where the required reservoir, caprock and, importantly, 
mature source rocks were deposited and where trapping structures now exist (Fig. 4a). Large 
areas of the UK are not prospective for oil and gas due to the absence or lack of one or more of 
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these features. The productive basins have been explored for about 100 years and are now at a 
mature stage of exploration. Nevertheless, they continue to attract interest and large areas are 
licensed for exploration (Fig. 12). With improving exploration technology modest onshore 
discoveries continue to be made. 

The age of mature source and reservoir rocks, and the type of hydrocarbons found (oil or gas) 
varies, the most productive defining a number of ‘provinces’ or producing areas (Table 5). Many 
of these provinces are not wholly onshore with, for example, the Wessex and Weald basins 
extending offshore into the English Channel. Similarly, the West Lancashire Basin is the eastern, 
onshore margin of the more extensive East Irish Sea Basin, and the East Midlands Oil Province 
and Cleveland Basin link to the Southern North Sea Gas Basin. In Northern Ireland prospective 
Carboniferous and Permo-Triassic sequences occur beneath the Antrim basalts in the north east 
of the province. Exploration continues but no commercial discoveries have, to date, been made. 

5.2.1 Midland Valley of Scotland 
In 1937, Anglo American discovered the small Midlothian oilfield, which only produced small 
amounts for a few years that were refined at Purfleet in Essex. Within a few months, D’Arcy 
Exploration, the forerunner of BP, made a gas discovery at Cousland along the same structural 
trend as Dalkeith. BP later returned to the site and for a time produced gas for local use.  

5.2.2 North West England 
The Formby Oilfield, about 17 km NNW of Liverpool, was discovered by D’Arcy Exploration in 
the Spring of 1939. The occurrence of oil had long been known in the vicinity, but the oilfield 
proved difficult to locate, being sealed by superficial deposits. The oilfield, which probably 
results from seepage of oil from a deeper accumulation, produced almost 72,000 barrels of oil 
before being shut down in 1965. Elsewhere, the only other success in the region was the 
discovery by British Gas about 10 km east of Blackpool in 1990 of the still operational Elswick 
Gasfield. 

5.2.3 East Midlands Oil Province – Carboniferous play 
The East Midland oil province comprises a series of major Carboniferous rift basins, within 
which sequences containing important source and reservoir rocks were deposited during 
Namurian and Westphalian (late Carboniferous) times. Early exploration led to the oil discovery 
at Kelham in the 1920s, after which exploration continued into the 1930s as the need to ensure 
oil supplies during the Second World War grew. In June 1939, BP discovered the Eakring 
oilfield about 23 km NE of Nottingham, confirming the East Midlands as a major oil province. 
However, wartime censorship meant that no announcement was made until September 1944.  

Historically, the East Midlands province, comprising Lincolnshire, Nottinghamshire and the 
northern part of Leicestershire, has been one of the most prospective areas for onshore oil and 
gas in Britain. It is an area that has been subjected to only minor folding or tilting and faulting in 
post-Mesozoic times, such that hydrocarbon accumulations emplaced in post-Carboniferous 
times have not been greatly disturbed. 

Since the Eakring discovery in 1939, many further important discoveries have been and continue 
to be made, including Gainsborough/Beckingham, Welton, Saltfleetby and Keddington. 
However, many of the older fields such as Eakring, Bothamsall, Egmanton and Kelham Hills are 
now shut down due to exhaustion of recoverable reserves and increasing water production. One 
or two oil discoveries have yet to be developed, including those of Broughton and Brigg. The 
current trend is for small focussed operators to identify smaller satellite structures to the main 
producing fields. 
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Consequently large parts of the East Midlands have been and are currently licensed. Cumulative 
output of oil in the East Midlands is in excess of 6 million tonnes with the cumulative output 
from individual fields being in the range from a few thousand tonnes up to about 2 million 
tonnes. 

5.2.3.1 ENHANCED OIL RECOVERY (EOR) OPERATIONS IN THE EAST MIDLANDS OIL PROVINCE 

Two notable onshore UK pilot demonstration EOR injection projects, overseen by BP Petroleum 
Development Ltd in the early 1980s, are known in the East Midlands oilfield region and may 
ultimately have relevance to gas storage operations. They are notable for the reason of injection 
of CO2 and might provide useful background (in terms of the success or [reasons for] failure of 
individual processes) to any proposed schemes at these or closely related oilfields in the area. 

A CO2 miscible flooding project was undertaken at the Egmanton Oilfield in Nottinghamshire 
(Bradley et al., 1982; Grist et al., 1982; Bardon et al., 1983). The project was eventually 
terminated in 1983 on the grounds of prohibitive costs and the low injectivity of the formation 
having extended the project framework beyond the planned schedule. In a second project, 
surfactant flooding was conducted in the Bothamsall oilfield (Grist et al., 1982; Cooper et al., 
1985), in order to assess the feasibility of using low concentration surfactant to release oil held in 
the formation by capillary forces (refer Fig. 4c). Although practical experience was gained in the 
handling of such surfactants, no marked response was detected at the producing wells to enable 
clear conclusions to be made regarding the effectiveness of the process. 

5.2.3.2 WESTPHALIAN SANDBODY DIMENSIONS OF THE SOUTHERN NORTH SEA, EASTERN AND 
NORTHERN ENGLAND 

Silesian (Namurian and Westphalian) sandstone and channel sandstone abundance and 
dimensions show systematic changes across the East Midlands, NE England and Southern North 
Sea (SNS), with sediment delivered to the basin from more than one direction (see Collinson et 
al., 1993). This is especially so in sequences of late Namurian and Westphalian A and B age, 
which form the major oil reservoirs of the East Midlands oil province. Depleting oil and 
gasfields in this region are being considered for conversion to gas storage facilities (refer 
Appendix 3) and a brief summary of their environment of deposition and dimensions is perhaps 
of use, providing background to reservoir characteristics input to modelling gas storage 
reservoirs (Figs 13&14). 

The following is a brief review with more detail and provided in Appendix 7 following the 
review of different East Midlands oilfields. The East Midlands oil province lies within a major 
depositional basin: the Pennine Basin. This major depositional area existed in Britain during 
Dinantian and Silesian (Namurian and Westphalian) times and formed as a result of major 
crustal rifting processes. It lay to the north of the Wales–Brabant Massif and extended 
northwards towards the Southern Uplands of Scotland (Guion & Fielding, 1988; Collinson, 
1988; Martinsen et al., 1995) and was gradually filled by enormous volumes of siliciclastic 
sediment (sandstones, conglomerates, siltstones, mudstones) and coals, which now form the 
Westphalian Coal Measures.  

Within the Pennine Basin a number of smaller sub basins were formed and in which accumulated 
important source and reservoir rocks in central and northern England. The main reservoir rocks 
are of Silesian age, which onshore in the UK during Westphalian times, were in general, 
deposited across virtually the entire basin in a broad flat delta plain environment (see e.g. 
Fielding, 1984). Sediment patterns indicate that the sediment was introduced to the onshore UK 
coalfield areas from a northerly source through quite a narrow major channel feeder route 
located in the region of the present day Humber (Collinson et al., 1993). Some sediment was 
locally derived and supplied to the basin from the London Brabant Massif to the south in a 
narrow strip along the southern margin of the basin and the East Midland province. Within this 
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area of deposition, various Westphalian channel sizes are recognised and summarised in Fielding 
(1984), Guion et al. (1995) and Aitken et al. (1999): 

• proximal/lacustrine delta – 1-10 km wide with lobate to sheet-like deposits generally < 8 
m thick. 

• Major channels – 10’s kilometres long, 1-20 km wide and typically 8-20 m thick 

• Minor channels – up to 10 kilometre long, 10-1 km wide and typically 1-8 m thick 

• Overbank deposits – elongate belts parallel to channels. Dimensions depend upon 
channel sizes, typically 1-8 m thick and 10’s m wide 

• Crevasse splay – minor delta developments along main channel resulting from overbank 
flow. Circa 1 km wide and 0-1 m thick, thinning away from channel centre 

A relationship exists between channel width and thickness (Figs 13&14), with the maximum 
width being around 30 km and maximum thickness being around 50 m (but up to 100 m where 
sandbodies are amalgamated). Additionally, the data indicate that 90% of channel sandbodies are 
less than 25 km wide, less than 40 m thick and generally, reservoir intervals greater than 30 m 
will extend for more than 10 km perpendicular to the palaeoflow direction (Aitken et al., 1999). 
There is also a 35% probability of penetrating a relatively poor reservoir zone within the main 
channel belt, due to fine-grained horizons. These are interpreted to be partial abandonment 
channel reaches. By their nature and origin, these are difficult to correlate and may form 
potential baffles of up to several hundred metres in extent within the channel sandstone 
reservoirs. 

5.2.4 Wessex-Channel (including the Weald) Basin 
This prospective basin covers the Weald and Wessex areas in southern Britain, across which, oil 
and gas occurrences have long been known. Prospective sequences also extend offshore beneath 
the English Channel. A number of oil seeps have been documented inland, but most occur along 
the Dorset coast, from near Osmington in Weymouth Bay to Durlston Head (Selley, 1992 and 
Chapter 3). They include the famous Mupe Bay oil seep and the occurrences of gas bubbling on 
the seabed between Durlston Head and Anvil Point. Many oil and gas seepages are also known 
from East Sussex, the first discovery of which was in a water well being excavated in 1836. 
Similar discoveries led to the formation of a company in 1902 to develop and supply the gas to 
local markets at Heathfield, Polegate and Eastbourne (refer Chapter 3). 

These oil and gas seepages and occurrences provided the early impetus for exploration in the 
area. Though results were initially disappointing, it did lead to the discovery of the Kimmeridge 
oilfield in 1959, which is still producing today. Exploration has been ongoing since then and in 
the early 1970s led to the discovery of the giant Wytch Farm oilfield. Production from this field 
has dominated onshore oil output. Ten other oil and gasfields have subsequently been discovered 
in the Wessex-Channel Basin and many are now depleting. One depleting oilfield has been 
developed as a gas storage facility (Humbly Grove  - refer Appendix 3), whilst others (e.g. 
Albury and Storrington), being currently considered for conversion to underground gas storage. 

5.2.5 North East England (including the Cleveland Basin) 
In 1937 BP and ICI drilled at Eskdale and tested gas from the Permian Upper Magnesian 
Limestone. The field was developed in 1960 and the gas fed into the town gas system in the 
Whitby area until it was shut down in 1967. Subsequently, a number of other gasfields have been 
discovered along an E-W structural trend. The gas originates from Carboniferous (Westphalian) 
Coal Measures and has been trapped in fractured Permian limestones to create the now closed 
Eskdale and Lockton gasfields and the still producing Malton, Kirby Misperton, Marishes and 
Pickering gasfields. 
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5.3 SALT BASINS 
Salt (halite; sodium chloride, NaCl) is found in nature as solid rock salt (halite) or in solution as 
brine. The UK possesses important halite deposits, many of which were discovered during the 
search for coal in the late 1800s. Rock salt occurs in beds varying from a few centimetres to tens 
of metres in thickness, commonly associated with thin interbeds of mudstone, anhydrite and/or 
other evaporitic minerals. Individual salt beds and salt-dominated sequences may be hundreds of 
metres thick providing Britain with huge reserves of salt that is found in a number of areas and 
of differing ages (Fig. 1. Refer also to Mineral Planning Factsheet; BGS, 2006a 
[http://www.mineralsuk.com/britmin/mpfsalt.pdf]; Evans & Holloway, in press). There is no 
development of halokinetic structures in onshore UK salt basins, although some minor 
thickening of salt is noted into the core of the Weymouth Anticline, which might be related to 
early stages of salt movement during tectonism (section 11.2.7). 

The most laterally extensive halite-bearing strata are of Permian age and lie concealed at depth 
beneath much of eastern England, from Teesside southwards through Yorkshire into northern 
Lincolnshire (Fig. 1). The halite beds form part of the Zechstein Group, which onshore represent 
the western margins of a large salt basin (the Zechstein Basin) that extended across the southern 
North Sea into Germany and Poland (refer Taylor, 1986; Ziegler, 1990) Within the Zechstein 
Group, halite formations are interbedded with thick dolomite, mudstone and anhydrite 
formations in five cycles (Z1-Z5). Each cycle represents a flooding of the southern Permian 
Basin from the north, followed by evaporation and drying out of the basin (Cameron et al., 
1992). The halite beds thin rapidly westwards, but thicken and deepen to the east and south. The 
halite beds are east of the eastern limit of the predominantly carbonate sequence that lies along a 
roughly north-south line through central Yorkshire. These salt deposits have been exploited in 
two areas, referred to here as the Yorkshire and Teesside provinces. 

Important rock salt deposits of Triassic age occur in NE England, NW England and the Cheshire, 
Stafford, Worcester, Somerset and Wessex basins (Fig. 1). The Triassic Mercia Mudstone Group 
(Mercia Mudstone Group) comprises a succession of mainly interbedded red-brown siltstone and 
mudstone, with gypsum or anhydrite and, in places, halite. Mercia Mudstone Group strata extend 
eastwards from Northern Ireland, across England and continue, with different lithostratigraphical 
nomenclature, beneath the North Sea, the Netherlands, central Germany and Poland. They 
represent ancient desert sediments deposited in a semi-arid environment consisting mainly of 
flat, low-lying plains, which were frequently flooded by seawater. At the time of deposition there 
was significant differential subsidence in this vast area and the main Triassic salt deposits 
onshore arise from individual basins that subsided more rapidly than surrounding areas, 
producing thicker and cleaner halite deposits than found on the basin margins.  

Further salt deposits of Permian and most significantly, Triassic age, are found in Northern 
Ireland (Fig. 1), as proved in the Larne No.1 and No.2 boreholes (Manning & Wilson, 1975; 
Penn, 1982; Mitchell, 2004; Evans et al., 2006). In these areas, interest is being shown in 
developing salt cavern storage facilities in these salts. Three main salts totalling around 300 m in 
thickness are of Triassic age and lateral equivalents have been mined by both pillar and stall and 
solution mining methods to the south in the Carrickfergus and Eden areas. A Permian salt bed 
113 m thick near the top of the Permian succession has also been proved by the Larne No. 2 
Borehole. However the extent of the Permian salt is poorly constrained having only been proved 
in the area of South and East Antrim, although it is known to be absent towards the southern 
edge of the Larne Basin as proved by the Newmill Borehole (Evans et al., 2006). 

5.3.1 Non-halite interbeds in UK salt basins 
The thickness and relative purity of the UK salt beds can initially be relatively rapidly assessed 
from geophysical well logs, examples of which are described from the major salt-bearing 
formations in Britain by Evans & Holloway (in press). The geophysical logs all reveal the 
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presence of generally thin non-halite interbeds within the Triassic salts. Of the main halite 
sequences that are likely to be suitable for gas storage (and which have undergone tests for this 
purpose), the Northwich Halite in the Cheshire Basin, the Preesall Halite in the Fylde area of 
NW England and the Dorset Halite succession in southern Britain all contain non-halite interbeds 
(Appendix 7, refer also Figs 54-57). 

In the Cheshire Basin, the Northwich Halite contains non-halite interbeds that are generally on 
the metre scale and are more frequent in the upper half of the formation, but includes the ‘Thirty 
Foot Marl’ in the lower third of the succession (refer Figs 54&55). The Portland No. 1 well 
drilled in 2006 (Egdon, 2006a) reveals mudstone interbeds increase in number towards the base 
of the Dorset saliferous beds. 

Two geophysically logged boreholes (one fully cored) drilled through the Preesall Halite during 
early 2004 for the Preesall investigations reveal generally thin mudstone and anhydrite interbeds 
are present in the western unworked area of the saltfield (Ratigan, 2005; Evans et al., 2005). 
Three more prominent zones of salt and non-salt interbeds 5 m, 6.19 m and 6.54 m thick were 
encountered, with the maximum individual non-salt bed thicknesses in these zones between 1.04 
m and 1.76 m (Ratigan, 2005). Gamma ray logs from the older ICI brine wells and the Canatxx 
wells reveal a consistent halite stratigraphy that can be traced along the western boundary of the 
brinefield (Evans & Holloway, in press). An abnormally thick (17.5 m) mudstone is reported in a 
very old shaft in the east of the saltfield. However, the thick mudstone proving is at odds with 
sequences in surrounding boreholes and shafts and it is suggested that the records in the area, 
being very old and unsatisfactory, cast doubt on the accuracy of the logged sequences for that 
shaft (Wilson & Evans, 1990). The present information indicates that the Preesall Halite, the 
lateral equivalent of the Northwich Halite of the Cheshire Basin (Warrington et al., 1980; 
Wilson, 1990, 1993), contains fewer thick mudstone interbeds than the other Triassic salt fields 
in the UK and within the saltfield, the interbeds thin westwards into the basin (Evans & 
Holloway, in press). The salt is equivalent to thicker halite sequences offshore containing fewer 
mudstone interbeds (e.g. Jackson et al., 1987, 1995; Jackson & Johnson, 1996). 

5.4 AQUIFERS 
As mentioned above, although aquifer storage is successfully undertaken in a number of 
countries including France, it is not currently perceived as an immediate prospect in the UK. 
This is for a number of reasons, which primarily include the higher costs associated with 
developing such a facility when compared to other options. However, other issues, including 
how such facilities might be covered by current UK legislation and regulatory bodies, would 
require clarification and further input from, for example, the Environment Agency and 
Government. 

As stated, however, aquifer storage facilities exist elsewhere at for example, Spandau, beneath 
Berlin and at various sites around Paris. For completeness, therefore, the likely areas in the UK 
that might in future be regarded as having potential are indicated in Figure 15. The figure shows 
the main aquifers at outcrop in the UK and the reader is referred to Allen et al. (1997) for further 
details on UK aquifers. 

5.5 PREVIOUS INVESTIGATIONS INTO STORING GAS IN POROUS STRATA IN 
THE UK ONSHORE AREA 

In the early 1960s, the Gas Council’s London Research Station had begun exploring the 
possibilities at a number of onshore sites for the development and control of underground (town) 
gas storage in Great Britain (Johnson, 1962; Holloway et al., 2006). The plan was to identify 
geological structures with porous formations, which could be safely used to store town gas and 
initially was targeted at the Lower Greensand (Cretaceous age) in both the Winchester Anticline 
in Hampshire and the Cliffe Anticline on the borders of Essex and Kent. The vast majority of 
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sites were located outwith the main sedimentary and oil and gas producing basins, being on the 
London-Brabant Platform: an area of relatively shallow Variscan basement. All structures 
eventually tested were initially identified on gravimetric anomalies and drilled to establish the 
structural high. However, not all the wells reached the intended reservoir, as the purpose was to 
drill quickly and to establish the structure. A systematic search in the Midlands followed in an 
area SE of Birmingham between the towns of Cheltenham, Warwick, Northampton and Banbury. 
This lay near national pipelines but away from urban development. The Triassic Keuper 
Sandstone (now known as the Bromsgrove Sandstone), which pinches out at depth to the SE 
against the London Platform, was identified as the most likely reservoir horizon. Overlying 
Mercia Mudstone Group strata provided the seal.  

Exploration ceased during the mid 1960s due to imports of LNG from Algeria and the gas 
discoveries in the North Sea. The location of the geological structures investigated is shown in 
Figure 1, brief descriptions of which follow. 

5.5.1 Winchester Anticline 
The Winchester Anticline in Hampshire was first drilled by the Gas Council (GC) and BP’s joint 
venture to explore for gas, in 1959. The first of five deep wells reached the Lias (TD5 at 1781m 
bgl) and the subsequent wells were terminated in the Purbeck-Wealden (TDs about 600m). The 
GC returned in 1962 to drill 30 wells to appraise the potential for gas storage. Several of these 
wells were drilled through the Chalk and Upper Greensand into the Gault. 

5.5.2 Cliffe Anticline 
In 1959, a series of 10 wells was drilled and geophysically logged by BP and Schlumberger on 
behalf of the GC, on the Cliffe Anticline, which crosses the Thames from Tilbury Marshes in 
Essex to Cliffe in Kent. Chalk crops out in the core of this anticline. Two of the wells were sites 
on the Essex coast and two were farther south. All wells penetrated the Lower Greensand, which 
was probably the target storage reservoir with the Gault appearing to offer potential as a cap rock 
(Johnson 1962). The southern two boreholes reached strata of probable Devonian age. These 
wells were part of the gas storage programme (Johnson 1962; p158) although they were drilled 
before it officially started in 1960. 

Another shallower series of 20 wells was drilled and geophysically logged in 1961. Four of these 
are located on the Essex shore, although no geological reports exist for these boreholes. The 
majority of these wells terminated in the Lower Chalk and it is thought the location had not been 
completely investigated (Johnson, 1962). 

5.5.3 Napton 
Eight shallow wells were drilled at Napton in 1961. The area was considered unfavourable due 
to faulting (Johnson 1962).  

5.5.4 Stow 
About 31 wells were drilled near Stow-on-the-Wold, to appraise the potential for gas storage, in 
1961. The target is assumed to have been the Keuper Sandstone. Not all the wells reached the 
Keuper Sandstone, which in this area, lies at about 100m below sea level. 

                                                 
5 TD = terminal depth (final depth) of the borehole 
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5.5.5 Chipping Norton 
During 1962, 340 wells were drilled over a large area near Chipping Norton, with the aim of 
‘structure proving for gas storage’. Cores were taken in the Keuper (Bromsgrove) Sandstone and 
in the Upper Coal Measures in GCN 1 well and it is, therefore, assumed these were the reservoir 
targets. 

5.5.6 Brackley 
Eighteen wells were drilled in 1963 in the vicinity of Brackley (NGR: SP53NE) for the purposes 
of ‘structure proving’ for gas storage. The wells spudded into Middle Jurassic strata and the 
target may have been the Keuper (Bromsgrove) Sandstone, although not many of the wells 
reached this stratigraphic level. 

5.5.7 Huntingdon 
Fourteen wells were drilled near Huntingdon in 1964. These mostly spudded into Oxford Clay 
and many reached Devonian and older rocks. The reservoir target was probably thin sandstones 
at the base of the thin Triassic sequence or basal Lias. These sandstones were not present in 
some of the wells because of overlap by Jurassic strata. 

5.5.8 Nene 
Two wells were drilled in 1964 by the GC, ‘proving underground structure’ near Raunds, 
Northamptonshire (NGR: SP97SE). One reached Carboniferous. The Keuper (Bromsgrove) 
Sandstone was the likely target reservoir. 

5.5.9 Stamford 
Fifty-two wells were drilled in 1964 near Stamford ‘to prove structure and sequence’. 

5.5.10 Sarsden 
About 10 wells were drilled near Sarsden (NGR: SP22SE) in 1965-1966, which were probably 
also for gas storage exploration. The intended Keuper (Bromsgrove) Sandstone is unconformable 
on Carboniferous strata at depths varying from 80-96m below sea level. 

5.5.11 Whichford 
Three wells were drilled at Whichford (NGR: SP33) ‘proving geological structure’ in 1964 and 
which were also part of the gas storage exploration. The intended reservoir was the Triassic 
Keuper (Bromsgrove) Sandstone overlying Carboniferous strata at about 150m below sea level. 

5.6 CURRENT UGS FACILITIES AND APPLICATIONS IN ENGLAND 

Current operational UGS facilities are in depleted oil and gas reservoirs and salt caverns onshore 
in England and are summarised individually in Appendix 3. They include Hatfield Moors 
(depleted gasfield), Humbly Grove (depleted oilfield), with salt cavern storage at 
Atwick/Hornsea, Holford, Hole House and at Saltholme and Wilton on Teesside (refer Fig. 1). 

In addition to those operational facilities, there are a number of gas storage projects that are 
currently under development/construction or in the planning stage (see Fig. 1 and Table 1). The 
proposed facilities currently in the scoping, planning application and development stages are 
summarised individually in Appendix 3. Further details of the operational and proposed salt 
cavern storage sites may also be found in Evans & Holloway (in press). 
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As alluded to in the introduction to the report, most UGS applications in the UK are faced with 
strong local opposition and generally become involved in lengthy public inquiries. A major shift 
was, however, noted during the application to develop a salt cavern facility at Stublach in 
Cheshire (refer Appendix 3). A further important development in the planning applications for 
UGS facilities has been the move by Star Energy in late 2006. Having experienced what the 
Company believed to be unreasonable delays to its planning applications, in October 2006 the 
Company announced its intention to use the 1965 Gas Act for all of its UK onshore gas storage 
applications (Star Energy, 2006). The Company believes that the use of the 1965 Gas Act will 
provide a more certain timeline and cost for future gas storage planning applications, and to this 
end the Company anticipates submitting planning applications under the Gas Act in the first half 
of 2007 for Welton and Albury Phase 1, and for Gainsborough in the second half of 2007. 

In addition, there are three schemes offshore in the East Irish Sea and Southern North Sea worthy 
of note at this stage: 

• Kinsale Area Gasfields, offshore Ireland - the Kinsale Area gasfields are located off Cork 
in the south of Ireland. They comprise the Kinsale Head, Southwest Kinsale and 
Ballycotton Gas Fields and are owned and operated by Marathon. The Kinsale Head 
Gasfield was discovered in the Lower Cretaceous Greensand in 1971 and started 
production in 1978. The field is produced through two platforms, Alpha and Bravo, with 
Bravo production routed through the Alpha platform, co-mingled with the Alpha 
production and exported via a 24 inch pipeline to the onshore distribution system.  

However, the gasfield depleted and following preparatory work in 2000, the Kinsale 
Gasfield became Ireland’s first seasonal production facility in 2001, when the southwest 
lobe of the Kinsale Field was converted for gas storage. The depleting reservoir is 
recharged during the summer months, with gas re-produced and delivered to the market 
in the winter months, when demand is higher. 

• The ‘Gateway Gas Storage Project’ is a proposal to develop natural gas storage caverns 
at a depth of around 550 m below mean sea level (msl) in the thick Triassic halite 
offshore in the East Irish Sea Basin, approximately 30 km offshore to the SW of Barrow 
(Stag Energy, 2006, 2007). This proposal followed an announcement by the Secretary of 
State for Trade and Industry that, following a review to the DTI that concluded salt 
deposits suitable for gas storage development were present in the East Irish Sea and 
southern North Sea (Smith et al., 2005). The UK Government is keen to pursue the 
potential to develop such offshore sites to complement the requirement for gas 
infrastructure (DTI, 2006g). 

• In December 2006, EnCore Oil plc announced that a subsidiary, Virgo Energy Limited 
(“Virgo”), had entered into an agreement with Star Energy Group plc (“Star Energy”) for 
Star Energy to farm into Virgo’s UKCS Block 43/8 Forbes field (Southern North Sea). 
As part of the deal Star Energy will undertake a feasibility study and a 3D seismic survey 
to determine the potential to use the Forbes field as a gas storage facility. 

Developed initially by Hamilton Oil, the original gas in place was in the order of 100 bcf 
(2.8 Bcm) and the field produced approximately 48 bcf (1.36 Bcm) of gas, via a tie-back 
to the Esmond field, prior to abandonment. Preliminary studies undertaken by Star 
Energy indicate the field has potential for development as a high performance gas store 
with up to 50 bcf (1.42 Bcm) of working gas capacity. Importantly, the field has a 
reservoir of high quality, has cushion gas in place and is close to major infrastructure. 
Under the terms of the farm out agreement, Star Energy will undertake a feasibility 
studies and assign 50% of its interests in the Eskdale (PEDL 002) onshore licence to 
Virgo. The farm out agreement allows Star Energy to earn up to 50% of the Forbes 
licence and to become operator if the field is developed into a gas storage facility. 
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6 Faults, faulting and fractures in salt sequences and UK 
seismicity 

This report clearly focuses on the concepts and geology of underground gas storage and 
problems that have arisen (or could arise) at UGS facilities. Faults and their movement histories 
are key controlling elements in fluid flow systems in sedimentary basins. To many, the presence 
of faults is seen as detrimental to a system that may be used to store injected gas. In terms of the 
safety and the gas tightness of any proposed storage site, faults could provide pathways to the 
surface for any gas held in storage or that has escaped from storage to an intermediate level 
intersected by faulting. However, faults do not necessarily reduce the effectiveness of a structure 
to retain oil and gas. Indeed, many oil and gasfields around the world have highly fractured or 
faulted reservoirs with closure and seal provided by one or more faults. Examples exist in 
oil/gasfields both offshore in the northern North Sea, where of the 250 or so hydrocarbon finds, 
70% are in fault block traps (Spencer & Larsen, 1993), and onshore in the UK. The latter include 
Wytch Farm (the largest onshore field in Europe; Bowman et al., 1993; Hogg et al., 1999; 
Katterhorn & Pollard, 2001), Humbly Grove-Herriard oilfield (already a gas storage facility; 
Hancock & Mithern, 1987; Trueman, 2003; Star Energy, 2006) and the Saltfleetby Gasfield 
(Hodge, 2003; already a proposed site for gas storage).  

The differing role of faults in the development of oil and gasfields is illustrated in the Wessex-
Weald Basin in southern England. Oil migration from the main ‘kitchen area’ offshore in the 
Channel Basin into reservoirs in tilted fault blocks to the north of the Purbeck-Isle of Wight fault 
system requires that the faults acted as migration pathways. These must have been sealed over by 
the Upper Cretaceous at the time of maximum migration to prevent escape to the surface. The 
faults subsequently became sealing, perhaps due to the onset of compression during the 
‘Tertiary’ basin inversion phase (e.g. Selley & Stoneley, 1987; Underhill & Stoneley, 1998). 
Clearly, the fact that these structures onshore the UK contain commercial accumulations of 
hydrocarbons attests to the fact that the faulting present has not prevented their retention over 
significant periods (millions of years) of geological time (section 3.1). 

Determining the presence and sealing potential of faults or fractures in the sequences in which it 
is proposed to store gas, including the deformation of halite beds, is therefore of clear 
importance. Many factors have to be taken into account when assessing the sealing or leaking 
capacity of faults and fault systems and the gas tightness of the storage environment. This 
process includes modelling and assessing the performance and behaviour of faults under 
differing conditions. In depleting oil or gasfields this would include modelling the increase and 
cycling of pressure back up to original reservoir pressures and the impact this inflation would 
have on any faulted reservoir or caprock sequence. In salt caverns, it would also include 
modelling the presence of faulting in sequences enclosing the halite beds and the effect of cavern 
formation and gas injection to the stability of the fault. 

Faults, associated rocks and seismic effects cover a huge range of topics and this section does not 
attempt to deal with them in detail. Rather it intends to provide some essential terminology and 
background to the processes that will be undertaken in order to assess faulting (and its 
consequences) in the sense of its importance to gas storage. If required, sources of information 
for further reading are indicated. It is also pertinent to review seismicity related to UK faults and 
its bearing on the safety of any such facilities developed. 
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6.1 FAULTS, FAULT TERMINOLOGY, SEALING POTENTIAL AND FAULTING 
OF SEQUENCES CONTAINING HALITE 
This section briefly outlines fault terminology and aims to aid understanding of the nature of 
deformation of halite in nature. In reading it, reference should be made to section 6.1 and the 
glossary, which includes a cartoon sketch diagram to illustrate faulting of strata and terminology. 

6.1.1 Terminology 
A ‘fault’ is defined as a fracture in rock, along which there has been a measurable amount of 
displacement. Faults are rarely simple planar units, but normally occur as a series of parallel or 
subparallel faults (forming an anastomosing network) along which movement has taken place to 
a greater or lesser extent and forming a fault or fracture zone. Only when a fault intersects the 
earth’s surface do we see a major downstep across the fault (rupture) and the ‘creation of space’. 
Faults may have had some movement during deposition, but have generally also moved after the 
sediments were deposited and rock layers (‘beds’) formed. 

In the subsurface, therefore, movement on a fault surface displaces the stratigraphical units of the 
hanging-wall (downthrown fault block) relative to the footwall (upthrown fault block) past each 
other along the fault plane (Fig. 16 & Glossary). In the absence of any entrained material within 
the fault zone, if displacement on the fault juxtaposes impermeable units (e.g. shales; seals) 
against permeable (e.g. sandstones; potential reservoir) units, then this can seal faults to cross-
fault hydrocarbon flow and hence control hydrocarbon trapping (Allan, 1989; Clarke et al.). 
Fault seal and juxtaposition of lithologies is discussed in more detail in section 6.1.2. 

Although a fault can be a thin clean break between two rock masses (hanging and footwall fault 
blocks), during the process of faulting the rocks are commonly broken up to a greater or lesser 
extent, forming a zone of damaged strata along the fault. Such processes that operate within the 
fault zone during deformation are collectively referred to as fault-zone processes. As alluded to 
above, they can generate a gouge of material between faulted blocks referred to as fault rock or 
fault-related rock (Peacock et al., 2000). Such material can have lithological and petrophysical 
properties very different from those of the faulted blocks between which it resides and hence act 
as a further influence on the migration of hydrocarbons between faulted blocks. Dependent upon 
the hardness of the rocks and the depth of the faulting, various fault rocks are produced. At 
shallower levels (the brittle zone, where faulting results in seismic shearing), hard rocks are 
crushed and broken (cataclasis). The process forms fault breccias comprising angular fragments 
of varying size. Continued or more intense fault movement, perhaps with the entry of fluids into 
the fault zone, may further reduce the size of the rock fragments to rock flour or fault gouge. 
Shales, mudstones and clays will, due partly to the phyllosilicate minerals present, tend to 
deform more plastically, being drawn out and smeared along the fault during faulting. These 
minerals also more readily undergo recrystallisation during deformation, enhancing the plastic 
deformation of shales/mudstones/clays (section 6.1.2.1 below). At greater depths the rocks will 
deform by aseismic shearing (crystal plastic deformation processes) such that the rocks do not 
fracture, but develop in (wider) ductile shear zones (producing, for example, mylonites). The 
depths at which the brittle-ductile transition takes place are temperature, pressure and strain rate 
dependent but would typically be from c. 15 km depth (refer Sibson, 1977). 

Most fault zones comprise a series of anastomosing faults, forming a branching network of 
intersecting faults. Modelling and observation of intersecting faults indicates the development of 
strongly dilational zones in the vicinity of fault intersections (Sanderson & Zhang, 1999; Zhang 
& Sanderson, 2001; Gartrell et al., 2004). These studies reveal that relatively large fracture 
apertures, and hence highly localised and enhanced fluid flow, can develop at intersections in 
fracture systems (McKenzie & Morgan, 1969; Andrews, 1989). Lithostatic pressure at depth in 
the Earth’s crust will resist voids opening so that finite deformation is likely to be accommodated 
on a fractal array of faults and fractures around the intersection of faults and fractures (King, 
1983; Andrews, 1989). This introduces further potential for fractures and aperture connectivity 



  70

that must be assessed and taken into account and is only possible with the development of a well-
constrained geological model. 

Faults, therefore, generally have uneven rough surfaces and are associated with various rocks, 
resulting in the existence of small voids between the fragments and along which fluids may 
move. The fluids commonly precipitate (deposit) minerals (e.g. clay minerals, quartz or calcite) 
along the fault, which often leads to the cementation of the fault zone and closure of (or 
reduction in the size and connectivity of) the network of interconnected voids. Dependent upon 
the main mineral deposited along the fault plane, the cemented fault rock may be harder or softer 
than the enclosing unfaulted rock and thus be stronger or weaker respectively. Fault zones can, 
therefore, form fluid conduits if connected open fracture networks are present within a rock 
mass. The highest fluid flux potential will occur where and when fracture apertures, density and 
connectivity are greatest (Sibson, 1996; Cox et al., 2001). Alternatively, fault zones can form 
fluid barriers where the impermeable fault gouge forms during the shearing process (e.g. shale 
gouge, shale smear) or as a result of post deformational cementation (e.g. Knipe, 1992; Sibson, 
1996). 

The evolution of the fault and cement material can also be a complex process that occurs over 
considerable periods of geological time, with many fault zones showing evidence of more than 
one period of activity and cementation. It is known that some of the major basin-controlling 
faults in the UK have suffered repeated reactivation both in extension and compression 
(Chadwick, 1986, 1993; Chadwick & Evans, 2005). However, as described below, fault 
reactivation causing a direct rock rupture hazard at surface in these examples, or indeed any 
mapped fault at surface in the UK, is considered extremely unlikely: there is no evidence of any 
such faults having been active during historic times in the UK (see below). 

From the above, it can be seen that fault zones will have varying degrees of porosity. This 
porosity, particularly at deeper levels, can be reduced by the circulation of fluids from which 
minerals are precipitated through processes such as seismic pumping (e.g. Sibson et al., 1975; 
Sibson, 1992). Alternatively, the presence of hydrocarbons in the system may help to maintain 
structural porosity and permeability (open fracture apertures) by restricting concentrations of 
hydrothermal fluids in the localised fracture system and thereby reducing the potential for 
mineral precipitation and fracture blockage to occur (Gartrell et al., 2004). Experiments have 
also shown that, in the absence of cementation, faults and fractures are very difficult to close to 
fluids due to natural fracture surface roughness (Gutierrez et al., 2000). In addition, partial filling 
of fractures by mineral cements can actually act to maintain structural permeability by holding 
open the fractures (e.g. Stowell et al., 2001; Gartrell et al., 2004). Fluid focussing at the fault 
intersection may also contribute to increased pore pressures in the fracture zone, which may 
enhance fracture activity. 

6.1.2 Sealing or non sealing (‘leaky’) faults? 
When faults undergo displacement, they change the rock volume and their own fluid 
transmissibility properties by: 

• juxtaposing varying lithologies (and lithological properties) across the fault 

• smearing impermeable/semi-impermeable fault rocks in the fault zones 

• cataclastic grain-size reduction resulting from abrasion during deformation 

• the development of a damage zone of smaller (sub seismic resolution) faults adjacent to 
the main fault which may or may not have additional, associated sealing properties 

• ‘seismic pumping’ of diagenetic fluids and hydrocarbons through the system 

The sealing capacity along a fault is not constant and leakage of hydrocarbons across a fault 
occurs when the buoyancy pressure exceeds the capillary entry pressure of the fault. This is not 
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necessarily confined to the crest of the structure or even to where the SGR value is lowest 
(Bretan et al., 2003). Generally, the relative cross-fault juxtaposition of potential reservoir and 
non-reservoir units across the fault determines fault-seal potential (e.g. Clarke et al., 2005a&b). 
A schematic illustration (Fig. 16) shows a cross-section of potential hydrocarbon traps (fault-
blocks) resulting from normal faults that offset a sand-shale sequence. For traps represented by 
fault blocks and especially hangingwall traps, such as the left hand fault-block (Fig. 16), there is 
generally the requirement that hydrocarbons are sealed by faults against the neighbouring fault 
compartment (footwall block). Fault seal can arise from reservoir-non reservoir juxtaposition or 
development of fault rocks having high entry pressure between reservoir rocks. Potential 
hydrocarbon accumulations and sealing situations are classified into two main groups based on 
fault throw related to reservoir thickness (Fig. 16; Færseth, 2006): 

• Self-separated, in which the reservoir is entirely separated from its continuation across 
the fault. If the reservoir is juxtaposed against shale across a fault, it results in a 
juxtaposition seal, which is likely to prevent leakage. If a fault juxtaposes reservoir A 
against reservoir B, a membrane seal along the fault is required to prevent leakage of 
hydrocarbons across the fault. In a fault rock, a membrane seal is a fault rock with high 
entry pressure (Watts, 1987b) developed as a result of shale smear, cementation or 
cataclasis. 

• Self-juxtaposed, in which the reservoir is partially juxtaposed against itself across the 
fault and in which to prevent leakage, a membrane seal along the sand-sand juxtaposition 
is required. Reduced permeability across the fault may result from mechanical shearing 
with grain reorganization, grain size reduction, denser grain packing and diagenetic 
reactions as well as phyllosilicate smearing (e.g. Fisher & Knipe, 2001). Where a shale 
layer is offset by a fault with throw greater than the vertical thickness of the layer, a shale 
smear may be entrained into the fault zone (section 6.1.2.1). The shale that is situated 
stratigraphically between reservoir A and reservoir B represents a source layer with the 
potential to develop a smear along faults that cut the sedimentary sequence. If the smear 
forms a continuous and impermeable membrane, the smear can separate the two reservoir 
units in the footwall and hanging wall blocks that have been juxtaposed (Fig. 16 inset) 
and that, in the absence of shale smear, would be expected to be hydraulically connected 
across the fault surface. 

Initially an analysis of the lithological juxtapositions (or the petrophysical properties of the 
lithologies) across a fault surface can be used to determine sealing capacity to cross-fault 
migration resulting from fault-block juxtaposition alone. However, a complex fault zone will 
have exhibited varying transmissibility values in three dimensions which will have changed with 
displacement through time. The understanding of fault seal generation is crucial, therefore, to the 
assessment of the migration and trapping of hydrocarbons and thus the role of faults in gas 
storage. The effectiveness of the seal depends upon the porosity and permeability characteristics 
of the fault zone, which are controlled by the microfabrics present, themselves controlled by a 
range of processes. Three broad classes of seal may be recognised (Knipe, 1992): 

• collapse seals, where the permeability/porosity of the fault zone is reduced by pore 
volume decrease achieved by grain reorganisation produced by fracturing, grain 
deformation and dissolution and by grain boundary sliding 

• cement seals, where the reduced flow across a fault is achieved by the precipitation of 
cementing minerals in and adjacent to the fault 

• juxtaposition seals, generated by the coming together of lithologies with different sealing 
capacities. Juxtaposition relationships are inferred from the fault plane profiles. The 
nature of the fault gouge or fault rock developed is an important factor in controlling fault 
sealing capacity. This is partly assessed by quantitative fault seal analysis, which 
estimates the sand/shale composition of the gouge and empirically relates seal and gouge 
composition: sand-rich gouges tend to leak, shale-rich gouges tend to seal. As in the 
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scenario of caprocks (section 3.4), the entry pressures of the fault gouge and fault zone 
determine the effective sealing potential of the fault (membrane seal – see below). 

6.1.2.1 FAULT ZONE PROCESSES – DEVELOPMENT OF SHALE GOUGE (SHALE GOUGE RATIOS; SGR) 

As previously mentioned, there are many examples of faulted, hydrocarbon-bearing, sedimentary 
basins in which faults can seal hydrocarbons even in the presence of juxtaposed reservoir units. 
In these cases, fault seal is the result of one or a number of geological processes that operate 
within the fault zone (Clarke et al., 2005a&b).  

Faulting of a major shale unit may also lead to argillaceous (shale) smearing to the development 
of ‘shale smear’. During faulting, shale deforms in a rather more ductile manner, being drawn 
out (and recrystallising) along the fault leading to the entrainment of clay-rich lithologies into the 
fault zone. This contributes to the development of a low permeability fault gouge that can act as 
a barrier to fluid flow, preventing leakage of hydrocarbons across or along faults (Fig 16). It is 
the primary example of a fault-zone process that contributes to fault-seal potential. Were normal 
faults offset sand-shale sequences, shale smear along faults is commonly invoked in hydrocarbon 
exploration as a likely membrane seal, assumed to prevent leakage across large faults and 
thereby to seal potential traps. This clearly occurs in many North Sea fields. It is also known that 
rock types other than shale, such as coal, siltstones and carbonates, may smear and thereby 
contribute to the development of a low permeability fault gouge (Færseth, 2006). 

The importance of shale smear and its particular relevance to mixed arenaceous and argillaceous 
sequences that are generally found in hydrocarbon fields has meant that the process has attracted 
considerable research and attempts at numerical quantification. Factors that govern the 
development of an argillaceous smear within the fault zone are: 

• the quantity, mineralogy and distribution of argillaceous source units within the faulted 
sequence 

• the thicknesses of these argillaceous source units 
• the throw on the fault 

With these input parameters and the dynamics of smear emplacement, numerous numerical 
models have been developed to quantify the quality of a resultant seal in terms of a 
dimensionless number that, when calibrated with appropriate analogue examples, can be used to 
express the likely sealing capacity of a fault cutting a sequence of known lithology. Of these 
numerical models, the Shale Gouge Ratio or SGR (Freeman et al., 1998; Fristad et al., 1997) is 
commonly employed for the analysis of fault seal (e.g. Freeman et al., 1998; Bretan et al., 2003). 
It is a measure of the proportion of argillaceous material within the fault zone and can be used to 
predict the height of hydrocarbon columns retained by the fauilt seal. 

The prediction of smear continuity and the sealing capacity of the smear (SGR) is, therefore, of 
fundamental importance in assessing the prospectivity of hydrocarbon traps and the gas tightness 
of the trapping structure for gas storage. It is of vital importance when assessing the maximum 
hydrocarbon column height that can be supported by faults (i.e. the fault seal capacity) and 
thereby the size of the trap or effectiveness for gas storage purposes involving repressurisation of 
the reservoir and seals. It is now common place practise in the oil industry, using juxtaposition 
relationships and varying argillaceous smear and cataclasis in three-dimensional space, to build 
fault-zone models in oilfields that calculate, model and visualise fault-seal properties through 
time within a complex, three-dimensional fault setting. The resulting models can be combined 
with invasion percolation-driven flow-pathway modelling techniques to analyse the three-
dimensional models for possible fault-controlled hydrocarbon accumulations and migration 
pathways (see e.g. Freeman et al., 1998; Clarke et al., 2005a&b). 
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6.1.3 Fault related leakage and hydrocarbon anomolies 
Although many examples exist of faults being impermeable and providing seals in oil and 
gassfields, there are examples where faults appear to be permeable and nonsealing. A number of 
studies describe hydrocarbon concentrations increasing near faults (e.g. Fisher & Stevenson, 
1973; Voytov et al., 1972; Reitsema et al., 1978; Abrams, 1992). Abrams (1992) described 
shallow cores from the Bering Sea that showed hydrocarbon concentrations within 75 m of a 
known fault and increasing towards the fault, due to passive hydrocarbon seepage. Studies in the 
Gulf of Mexico detected macroseepage up to several hundred metres away from fault scarps. 
This may have been partially due to leaky superficial and unconsolidated near surface sediments, 
a fracture system or sub seismic scale faulting that was undetected by high resolution seismic 
reflection profiles (Abrams, 1996). 

Studies of the Pyrenees-Macedon fields in the Northern Carnarvon Basin, Australia reveal 
seismic amplitude anomalies and gas shows above the reservoir, indicating vertical leakage from 
the trap (Bailey et al., 2006). The studies also reveal the differing roles that faults can play and 
the need to characterise and model their performances effectively. Hydrodynamic analysis of 
pressure data indicate that faults separating the fields act as barriers to the migration of 
hydrocarbons and water, whilst faults within the Macedon Field do not. The reasons for 
hydrocarbon leakage and the difference in fault seal capacities are investigated using a number 
of approaches and analytical techniques. These include integrating field observations, analysis of 
pressure and stress data, the appraisal of caprock (standard mercury porosimetry measurements) 
and fault (SGR) membrane seal capacities, constraining geomechanical properties (top and fault 
seals) and wellbore-based fracture analysis. It has been found that the caprock seals are at a low 
risk of capillary failure, but vertical leakage is possible via dynamic failure along pre-existing 
faults and conductive fractures. Lateral leakage across the reservoir into different fault blocks is 
thought to arise by fault juxtapositions of porous reservoir rock types (so called ‘thief zone fault 
juxtapositions’). The difference in observed fault seal capacities between different faults is 
explained by a combination of the spatial distributions of SGR and buoyancy pressure. 

There are also the recent studies of the Ketzin former aquifer gas storage site to the west of 
Berlin, where a gas chimney and amplitude anomalies are noted on seismic reflection data above 
a graben bounding fault. These features illustrate that gas has leaked to shallower levels via the 
fault (Juhlin et al., 2007 – Appendix 5). 

6.1.4 Strain rates, deformation and faulting in and around halite beds 

It is important to assess the possibility of faulting in halite and associated non salt interbeds that 
might be used for gas storage. Section 4.2.1 outlined the rheological behaviour of halite, 
illustrating that deformation of halite is commonly viscoplastic in nature with many people’s 
perception being that it ‘flows’. In actual fact it is not flow per se, but is described as creep 
achieved through crystal plastic deformation and/or pressure solution mechanisms (e.g. Jenyon, 
1986a,b&c). Some studies have, however, suggested that long-range methane gas migration 
occurs through fractures in salt in the Algarve Basin, Portugal (Terrinha et al., 1994) and in the 
Sergipe-Alagoas Basin, NE Brazil. In the latter, faults are recorded in Aptian (early Cretaceous) 
age halite and sylvanite from the Petromisa Mine near Aracaju. The salt lies at a present depth of 
around 300 m, being overlain by Cretaceous strata. Coarse-grained halite has recrystallised along 
the fault plane and open fractures, filled with methane, are present in the mine (Davison, et al., 
1996a). As stated previously (section 4.3), these studies should perhaps be urgently reviewed as 
they may indicate problems of tightness not previously recognised or that might not necessarily 
be anticipated. 

Many examples exist of the interpretation of seismic reflection data that show faulting affecting 
only the top or base of a halite dominated succession; the faults apparently not having 
propagated through the halite body to displace the other enclosing boundary. The salt beds form 
a weak layer between the more competent (and harder) rocks and act as a detachment 
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(décollement) surface into which faults sole or die out. The salt is interpreted to have deformed 
in a ductile or plastic manner, effectively having ‘absorbed’ the faulting and isolating the 
deformation between the layers (e.g. Jenyon, 1986a&b; Stewart et al., 1996; Harvey & Stewart, 
1998; Chadwick & Evans, 2005). This gives rise to an array of differing structures in the 
overburden such as rafts and ‘turtle structures’ (e.g. Vendeville & Jackson, 1992). 

The Boulby Halite in the Teesside area is affected by the E-W trending and northerly 
downthrown Saltholme Fault and illustrates this situation. Displacement on the fault is about 50 
m at the base of the halite, but there is little effect on the strata overlying the halite (Phillips in 
Smith, 1996). The changes in thickness and the textures of the halite in the vicinity (section 
6.1.4.1) have been attributed to ductile flow of the halite as it absorbed most or all of the 
displacement of the Saltholme Fault (Smith, 1996). Similarly attributed to absorption of fault 
movements by the halite beds in the same area are the thickness variations in the halite in 
association with a steep reverse fault extending up from the underlying Seaham Formation into 
the Boulby Halite and dying out, and farther afield in the southern North Sea, strike slip faults 
deforming the base of the halite but not overlying strata (Woods, 1979; Jenyon, 1990). 

The process of halite beds undergoing ductile deformation at a rate that readily kept pace with 
and absorbed (brittle) the faulting and graben formation that occurred in overlying sequences has 
been demonstrated in a study of well-preserved fault arrays in Canyonlands National Park, Utah 
(Moore & Schultz, 1999). Accumulated extensional strain across the closely spaced normal fault 
arrays has been calculated at rates of approximately 1.5 to 2 cm/yr (or 10-14

 to 10-13
 s-1). The 

authors suggested these rates are significantly below the rates of salt flow of >200 cm/yr (strain 
rates of 10-11

 to 10-9 s–1) derived from salt glaciers (Talbot & Rogers, 1980; Talbot & Jarvis, 
1984; Jackson et al., 1994). This they interpreted to indicate that salt flow and formation of 
reactive salt diapirs at depth beneath the grabens has accommodated the accumulated 
displacement and strain rates of the brittle faults (Moore & Schultz, 1999). The interpretation 
would appear to be supported by the strain rates for in-situ deformation of salt, which vary by 
over eight orders of magnitude from 10-8 s-1 to 10-16 s-1 (Jackson & Talbot, 1986). The more 
rapid rates are those of borehole and mine closures, the lower rates being typical of rates 
associated with diapiric growth (Anderson & Browns, 1992). 

However, although commonly perceived as deforming plastically halite may suffer 
microfracturing (e.g. Munson et al., 1999 – section 2.2.7.3.2.1) and undergo brittle fracture and 
faulting under certain conditions (e.g. Davison et al., 1996a). Brittle failure of salt is reported in 
the Boulby Halite (Teesside; Smith, 1996 – section 6.1.4.2) and in the exposed top of a diapiric 
salt ridge in NW Yemen (Davison et al., 1996b). 

The most likely instances when brittle failure might occur would be when the rock salt is: 

• Exposed to high strain rates (Davison et al., 1996a), coupled with shallow depths (i.e. 
conditions of lower temperatures and confining pressures. This would appear to be the 
case in NW Yemen where the top of the salt diapir/ridge has broken surface and the salt 
has deformed under near-surface temperatures and pressures, which are considerably 
lower than at depths being considered at gas storage facility sites.  

• Suffers rapid loss of confining pressures - for example during cavern formation, if 
cavern pressures are not kept high enough, the cavern walls will, as a result of horizontal 
stresses, develop microfractures weakening the halite which then suffers breakouts 
(spalling). In extreme cases, this might perhaps lead to the sudden release of confining 
pressure on a fault in the overlying strata that might propagate rapidly into the halite 
beds. 

• When the salt beds are relatively thin and/or the faults define a major basin or 
intrabasinal structure 
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• Where the salt crystals containing impurities or inclusions lead to strain hardening and 
rupture of the salt 

• Where the halite beds are thin and interlayered with mudstone or anhydrite beds 

There may be other scenarios in which brittle failure could occur, but the ones detailed above are 
those most likely to lead to the rock salt suffering increased local stresses, strain hardening and 
ultimately to fracture and the propagation of a fault through the salt layer. The thinner the salt 
bed then the greater also the potential for this to occur. 

Following the propagation and displacement on the fault, the rock salt, being viscoplastic, will 
over geological time and under normal lithostatic pressures undergo crystal plastic deformation 
and creep. The salt will effectively self-heal (anneal) and ‘repair’ any areas of fault damage. This 
will be driven by the natural tendancy to lower the (strain) energy held in the deformed salt 
crystals/grains, facilitated by the increased temperatures and pressures that accompany burial of 
salt beneath an overburden. 

It is important to understand, therefore, that a fault possibly having connected through the salt 
bed(s) and having caused damage (fracturing) to the salt, may well, over geological time, have 
subsequently been ‘repaired’ by the naturally occurring creep of the salt. 

6.1.4.1 LINEAR FABRIC AND GNEISSIC FOLIATIONS WITHIN HALITE BEDS 

At the Preesall Inquiry much was made of a strongly lineated and foliated schistose/gneissic 
(?mylonitic) fabric found at certain intervals of the Preesall Halite in the fully cored Arm Hill 
borehole. It was observed on broken core surfaces (Fig. 10c) and was claimed by opposition 
groups to be slickensides resulting from faulting of the halite and such zones were thus 
considered a route for gas migration. A significant point is that slickenside structures can 
originate in processes other than during faulting, incuding during sedimentation. They are thus 
not diagnostic of brittle fault movements (Evans et al., 2005).  

As described above, faults in salt exposed near the top of a salt diapir in NW Yemen have been 
noted and on which slickensides have had described within the salt. This has ocurred at shallow, 
near-surface levels and not at depths of 300-350 m or more, as at Preesall. Close inspection of 
the fabric in the Preesall Halite shows it to be elongate, flattened and subparallel halite crystals, 
giving an undulose schistose or gneissic (mylonitic) fabric and surface break to the core. The 
fabric is found in thin zones within more massive halite and an alternative interpretation was put 
forward by the Appellant. This was that the fabric might be unrelated to brittle processes, but 
represent fabrics arising from ductile flow of the halite, perhaps related to deformation of thin 
non-mudstone interbeds (Evans, 2005). 

Smith (1996) described a fabric very similar to that noted in the Preesall Halite from cores of the 
Boulby Halite in a great number of boreholes on Teesside (Fig. 10b). There the fabric was found 
forming sheets ranging from a few millimetres to 3.8 m in thickness, which give rise to 
anastomosing networks around less deformed halite ‘pods’. They were interpreted as the flow 
lineated sheets, which were also closely associated with breccias of anhydrite. Both fabrics were 
interpreted as the result of ductile flow of the halite due to differential extension within the halite 
body and which acted as ‘glide planes’ (Smith, 1996). The precise mechanism by which the 
flow-lineated sheets in the Boulby Halite evolved is as yet unclear, but it seems likely that 
intracrystalline slip (dislocation creep) and pressure solution producing fluid films along crystal 
boundaries that was then reprecipitated were involved (Smith, 1996). The flow of the halite was 
probably driven by pressure gradients (Talbot et al, 1982; Smith, 1996). 

Thin mylonitic zones (< 5 cm thick), comprising similar strong shape preferred orientation and 
foliation formed by elongate crystals are described from within naturally deformed extrusive 
Eocene-Oligocene rocksalt in salt diapirs of the Eyvanekey plateau and Garmsar hills (Schléder 
& Urai, 2007). These mylonite microstructures indicate deformation mechanisms of both 
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solution-precipitation creep and grain boundary sliding accompanied by solution-precipitation. 
These were generated during emplacement of the salt diapir at shallow levels under differential 
stresses between 1.4 and 2 MPa and strain rates of about 10-10 s-1 (Schléder & Urai, 2007).  
Until further work can be carried out, it seems likely that the fabric observed in the Preesall 
Halite in the Arm Hill borehole, with an obvious similarity to the linear flow fabrics described 
from the Boulby Halite, has similar origins. The concentration of such sheets of flow both at or 
near the top and base of the Boulby Halite and the thicker anhydrite/dolomite interbeds, probably 
represents a response to the greater rigidity of the interbeds and their effects in focussing and 
transmitting pressure to the halite (Smith, 1996). As indicated, such a relationship was 
tentatively suggested for the Preesall Halite examples (Evans, 2005), but is worthy of further 
study should further consideration of the Preesall Halite for gas storage purposes be likely. 

6.1.4.2 FRACTURES AND FAULTS IN THE BOULBY HALITE, TEESSIDE 

Fractures and faults are described in cores from the Boulby Halite at depths of approximately 
390-425 m on Teesside (Smith, 1996). They are more readily identified when in close proximity 
to more competent and clearly fractured non-halite anhydrite and dolomitie interbeds (and salt 
with gneissic/schistose foliation) and as such, this appearance may be illusory (Smith, 1996). 
However, faults are present and their fault plane is observed. In addition to faults, the Boulby 
Halite in several of the cores contains pull-apart structures up to 100 mm across. There is, 
however, no evidence of any significant displacement on these structures. 

The fractures and several of the faults contain, or are associated with, veins of colourless to 
amber granular and fibrous halite. Fibres in the latter are normally perpendicular to the walls of 
the veins. Some veins contain slightly curved fibres, indicating some movement of the walls of 
the veins during crystal growth. There is also evidence from the fibres of the episodic widening 
of some fractures and multiphase crystal growth (Smith, 1996). 

6.2 UK SEISMICITY, SEISMOTECTONICS AND SEISMIC HAZARD 
UGS facilities are planned in areas of the UK that have been subjected to shaking related to 
earthquakes that have occurred elsewhere  in the UK, both on and offshore. It is appropriate, 
therefore, to provide a brief overview and assessment of UK earthquakes and from that, the 
potential danger from seismicity to UGS facilities in the UK. However, it emphasised that an 
overview of this type is insufficient and any assessment of seismic hazard will probably have to 
be done on a site-by-site basis. 

Earthquakes occur due to movement on faults (planes of rupture in the earth’s crust), releasing 
energy (seismicity). Although seismicity risk in the UK is not of the same order of magnitude as 
that in, for example, Japan and California that lie close to plate boundaries, the UK nevertheless 
has a low to moderate seismicity. It is sufficiently high to pose a potential hazard to sensitive 
structures such as dams, chemical plants and nuclear facilities (Musson, 1997, 2003a&b). 
Between 300 and 400 earthquakes are detected annually in the UK, with only about 10% of them 
strong enough to be felt by people (Browitt & Musson, 1993). Occasionally, larger earthquakes 
occur, such as the Welsh border earthquake in 1980 (magnitude 5.4) and the 2007 Folkestone 
earthquake (magnitude 4.3). The areas over which the larger earthquakes are felt are often very 
large, as with the Dogger Bank (7/6/31), Lleyn Penninsular (19/7/84) and Roermund 
(Netherlands) events (Fig. 17). British earthquakes are not, however, generally perceived as 
presenting a hazard to life: in the period for which reliable records are available (since around 
1580), only 12 fatalities can be associated with earthquakes (Musson, 2003a).  

In order to quantify the effects, earthquake hazard must be distinguished from earthquake risk. 
Hazard is taken to be the likelihood of shaking of a certain strength taking place. Risk is the 
likelihood of actual damage resulting, taking into account the distribution and strength of 
buildings etc. The level of hazard is dependent upon the size of the earthquakes, their distribution 
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within the crust and over time. In Britain, earthquake depths range from 2-20 kilometres, with 
the typical British earthquake occurring at depths of between 5 and 15 km. An earthquake 
occurring near the surface will have much more impact than one many kilometres deep (Browitt 
& Musson, 1993): earthquake waves are twice as powerful on the surface than further down 
(Booth, 2007), because as seismic waves approach the surface they slow, becoming amplified 
and more destructive. It is noteworthy that the most damaging earthquake in the last 400 years 
(22nd April 1884 at Colchester), was not very large (4.6 ML), but was very shallow at about 2 
kilometres (Browitt & Musson, 1993). As a consequence, underground structures stand up quite 
well because they are buried rather than on the surface, because as indicated above, seismic 
waves approach the surface they slow, becoming amplified and more destructive. Also surface 
waves (known as Rayleigh and Love waves) are generated by earthquakes, travelling along the 
earth’s surface and have a greater effect on buildings. 

Further information on the subject of seismicity and earthquake hazard and risk assessment in 
the UK is available on the BGS website (http://www.earthquakes.bgs.ac.uk/hazard/Hazard_UK. 
htm), in Musson in Evans et al. (2005) and the various papers of Musson quoted below and 
reference lists therein. 

6.2.1 Measurement of the magnitude or strength of an earthquake 

The spatial location of any earthquake can be considered in three dimensions. The hypocentre (or 
focus point) is the source location of the earthquake (i.e where the slipping of the rocks along the 
fault begins). The point at the surface and generally marked on a map is the epicentre and lies 
directly above the hypocentre. The vertical distance from the hypocentre to the epicentre is the 
depth of the earthquake. 

The magnitude of an earthquake is generally measured or referred to in terms of the Richter 
Scale, which is a way of measuring the amount of energy released during an earthquake. The 
Richter magnitude scale (or more correctly, local magnitude ML scale) is an attempt to give one 
value to the overall size of the earthquake. A single number is assigned to quantify the amount of 
seismic energy released by an earthquake. It is a base-10 logarithmic scale obtained by 
calculating the logarithm of the combined horizontal amplitude of the largest displacement of the 
waves from zero recorded on seismographs with adjustments included to compensate for the 
variation in the distance between the various seismographs and the epicentre of the earthquake. 
Measurements have no limits but because of the logarithmic basis of the scale, each whole 
number increase in magnitude represents a ten-fold increase in measured amplitude. In terms of 
energy, each whole number increase represents a 30-fold increase in energy release (and a 10-
fold increase in the amplitude of ground displacement). Thus a magnitude 5 earthquake releases 
30 times the energy of a magnitude 4 earthquake and 900 times the energy of a magnitude 3 
earthquake (Musson, 1994). 

The Modified Mercalli Scale is a subjective measure that describes how strong a shock was felt 
at a particular location in values ranging from I (not felt, except by very few under especially 
favourable conditions) to XII (damage total, lines of sight and level distorted, objects thrown 
upwards into the air). 
It has long been realised that larger earthquakes occur less frequently than smaller earthquakes, 
the relationship being exponential, i.e. roughly ten times as many earthquakes larger than 4 ML 
occur in a particular time period than do earthquakes larger than magnitude 5 ML. This holds true 
for UK earthquakes. The following conclusions about average recurrence in the UK can be 
drawn (Musson, 2003b):  

• an earthquake of 3.7 ML or larger every 1 year  

• an earthquake of 4.7 ML or larger every 10 years 
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• an earthquake of 5.6 ML or larger every 100 years. 
Increasingly, an estimate of the size of an earthquake at any particular point is expressed as the 
strength of shaking or intensity at a particular place and is based on a number of things that may 
be found in an everyday environment (the extent of damage to buildings of different type, the 
reaction of people affected etc.). In Europe these observations are then related to the European 
Macroseismic Scale (EMS: refer Grünthal et al., 1998; http://www.gfz-potsdam.de/pb5/pb53/ 
projekt/ems/index.html), where 1 is not felt and 8 is very damaging.  

A description of what happened is matched to the overall picture of the different descriptions in 
the scale as follows (further detail of the various grades and their meaning are given in Appendix 
5): 

• 3 - Felt by few  

• 4 - Felt by many indoors, windows and doors rattle  

• 5 - Felt by most indoors, small objects fall over  

• 6 - People run out in alarm, slight damage to buildings (plaster cracks)  

• 7 - Moderate damage to buildings (chimneys fall, cracks in walls)  
The EMS-98 scale is one of a family of intensity scales that recognises the statistical nature of 
intensity, that is, that at any place a certain effect is likely to be observed in a proportion of cases 
only and whether that proportion is small or large is itself something that tells one about the 
strength of the shaking. Earlier scales often described only effects, with no quantities, implying 
that the same effect was universal on all such sensors when the intensity reached that value. 

6.2.2 General background to seismicity in the UK 
The following sections, based upon Musson (2005a, in Evans et al., 2005), outlines the seismic 
hazard in the UK context. Each region or site area considered for UGS would probably require 
an individual probabilistic seismic hazard assessment (PSHA). 

It is perhaps appropriate to start with some words about seismic hazard in the UK in general, as 
common misconceptions exist. These are due to some misunderstanding of seismicity in the UK 
context and the extent to which issues relevant to seismic hazard in seismically active plate 
margin areas such as California and Japan have created expectations concerning procedures. 
These procedures are not always appropriate in less seismically active intraplate areas of the 
world, such as that in which the UK lies. 

In places like California, approaches to seismic hazard are largely directed to consideration of 
individual faults. For a given site, the questioning would typically be along the lines of:  

• Is this fault, which is near a site, active 

• If not, what is the closest active fault to a site 

• Is a site best avoided because it lies so close to the trace of an active fault that surface 
displacement may occur across it in a future earthquake? 

Conventional definitions, largely developed in active tectonic areas, refer to any fault that has 
demonstrably moved in the past x years as active, where x is some large number extending 
certainly beyond historical times, usually back to the beginning of the Quaternary (c. 1.8 Ma). It 
is common practice to examine known faults one by one, compare them to this definition, and 
decide if they are active or not. The number that meets this criterion indicates the number of 
“active faults”.  
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By contrast, in the UK, which lies in a tectonically quiet intraplate setting and which has not 
suffered a surface rupturing fault during at least historical times, the concept of an “active fault” 
is unhelpful and probably inappropriate altogether (Musson, 2005a&b). In order to estimate the 
number of “active faults” as defined above, the problem can be approached from the opposite 
direction. All earthquakes occur on faults and in mainland UK there are approximately 300-400 
distinct epicentres. Therefore, there must be about this number of active faults in the UK, even 
though most cannot actually be recognised in the field. The distribution of faults at 5-15 km 
depth is generally poorly known because maps of faults occurring at the Earth’s surface are of 
limited use for precisely locating faults at depth. 

In the case of major earthquakes worldwide, causative faults can be identified in one of a number 
of ways. In the first case, since major earthquakes require large structures to host them, the fault 
may already be well known. In the second case, the fault may be directly observable through 
surface rupture. Thirdly, the fault plane is often imaged by the distribution of aftershocks. 
Fourthly, waveform inversion can be applied to map not only the fault itself, but the distribution 
of rupture along it. 

These methods are of limited application in the UK. It is impossible to not only identify any 
demonstrably active faults, but it is also extremely difficult to discern any relationship between 
the pattern of seismicity and local or regional geological structure. It has, to date, proved 
extremely difficult to reliably associate any British earthquakes with specific known faults. Even 
the two largest U.K. faults, suspected to be active, pose problems in attributing historical 
seismicity to them as distinct features. The typical British earthquake is small and occurs at 
depths of between 5 and 15 km and a typical damaging earthquake in the past has been around 5 
ML (ML = local or “Richter” magnitude) in magnitude (no onshore event is known to have 
exceeded 5.4 ML). Since the typical earthquake is small, its rupture dimensions are also small 
and what faulting occurs at these depths is usually poorly known. The hypocentre is likely to be 
located only to an accuracy of ± 5 km or so in three dimensions and within this crustal volume 
several faults may occur. Hence, looking at a map of faults that shows only their surface traces is 
of very limited use.  

Consequently, it is thought very few British earthquakes have reliable fault attributions. Notable 
exceptions might be the 15 February 1865 Barrow earthquake(Musson, 1998), the 16 September 
1985 Ardentinny earthquake (Redmayne & Musson, 1987) and the 22 September 2002 Dudley 
earthquake (Baptie et al., 2005).  These three appear to be cases where named faults can be cited 
as causative features with some certainty. A few others exist, but not many. 

This is typically the case in intraplate areas, due to the absence of significant tectonic 
deformation. At plate boundaries and other areas of active deformation, large-scale differential 
movement within the crust requires fault planes on which to accommodate this movement. Most 
large faults were originally created in this way. The rocks that comprise the British Isles have 
been subjected to various phases of orogenesis and active deformation in the past, leaving behind 
many fault structures which were once active but are now relict features. It is possible, however, 
that these faults could be reactivated in the context of the quite different tectonic circumstances 
that exist today. 

6.2.3 Hazard from ground rupture and hazard assessment in the UK 
The issue of hazard from ground rupture in the UK does not really arise. This is demonstrated in 
Figure 18, which shows all earthquakes > 3 ML with known depths in mainland UK and the Irish 
Sea, plotted by latitude and depth as a north-south cross section. The vertical bars show the 
extent of the fault rupture calculated from Wells & Coppersmith (1994), assuming that all 
ruptures are circular and that rupture length is the predicted value plus one standard deviation. 
None of the ruptures intersect the surface and very few even come close and this is with what 
can be considered a pessimistic model; Burton & Marrow (1989) predict much smaller ruptures 
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for the same size of earthquake in Britain than are given by Wells & Coppersmith’s (1994) 
global regressions, which are primarily based on large magnitude earthquakes. 

Not only are British earthquakes generally small, therefore, but the larger, more infrequent, 
events tend to be of deeper focus. This is illustrated in Figure 18, and is even clearer in Figure 
19, which plots magnitude against depth for a slightly larger area than is covered in Figure 18. 
Only two events in the last 400 years are identified that are both >4 ML and have depths in the 
top 5 km of crust. 

As mentioned above, the typical damaging British earthquake in the past has been around 5 ML 
and such an earthquake requires movement on a fault no more than a few kilometres long. An 
earthquake of around 5.8 ML, similar to the 1992 Roermond earthquake in the southern 
Netherlands and which might be considered the typical scenario event for the UK (Musson, 
2004a) can, from the relations of Wells & Coppersmith (1994), originate from 6 km of fault 
rupture. Faults large enough to host such an earthquake are rather common in the UK. Major 
fault structures are not required. 

6.2.4 UK seismotectonics 
A major report for Nuclear Electric (Chadwick et al., 1996) presented detailed maps of the deep 
subsurface structure of the UK and a seismotectonic model for the UK. The research indicated 
that the UK is divided into a set of generalised ‘seismotectonic zones’. Each of these zones has 
characteristic crustal structure and each is associated with seismicity, which at least in part, is 
explicable, although the correlation of deep structure with seismicity is not clear-cut. From this it 
is possible to make an assessment of both local source zones and also the probable hazard from 
individual faults that might be identified as relevant to site-specific studies. 

Any correlation of individual bulk crustal properties (thickness, depth, heatflow etc.) with 
seismicity is too weak to be recognised and therefore, taken in isolation, bulk crustal properties 
do not appear to exert a strong seismotectonic influence in the current stress regime. However, 
major faults affecting the crust do appear to be of greater seismotectonic significance and show 
more obvious correlations with seismicity. 

Major faults form important lines of weakness in the upper crust, very effectively taking up 
strain during crustal extension or shortening. In the UK context, on geological timescales the 
relatively low-angle thrust-faults have been of particular importance in this respect, having 
suffered compressional and extensional reactivations at various times in the past. These 
structures have controlled the location and development of sedimentary basins, many containing 
the oil and gasfields or halite beds being considered for gas storage purposes (refer Chadwick, 
1986, 1993; Chadwick & Evans, 2006). However, the observed correlation of present seismicity 
with these features is by no means as clear-cut as might be expected. In the current regime 
representing rather low stress (calculated from in situ stress measurements in boreholes; 
Chadwick et al., 1996), cumulative accrual of strain appears to be very small, and such strain that 
does occur is not being strongly localised around or along these pre-existing zones of weakness.  

The maximum horizontal compressive stress is oriented roughly NW-SE, which is probably 
attributable to 'ridge-push' from the North Atlantic mid-ocean ridge (Whittaker et al., 1989; 
Zoback, 1992). Earthquake focal mechanisms are thus dominantly strike-slip on near-vertical 
faults, indicating that, at seismogenic depths, the intermediate principal stress is vertical. Faults 
oriented north-south or east-west are most favourable to being reactivated under these conditions 
and might be considered as capable of reactivation. This applies not only to mapped faults with a 
surface expression, but also (really, even more so) to basement faults, which may have no 
surface expression. 

However, the orientation of the orientation of the stress field and the observed lack of 
deformation in the sedimentary cover rocks over the last 10 million years or so, suggests that 
under the current stress regime, horizontal stress magnitudes are low and unable to readily (or 
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effectively) reactivate and drive either thrust faults or normal faults. This contrasts markedly 
with the situation 20-10 Ma ago. At that time much stronger compressive stresses existed, which 
were the result of Alpine continental collisions and these were sufficient to drive major fault 
reversals with basin shortening and structural inversion. This is revealed by important 
compressional structures in the Weald and Wessex basin areas of southern England (refer 
Chadwick, 1993; Chadwick & Evans, 2006). 

The effects of post-glacial isostatic rebound may exert localised influences on seismicity, 
particularly in the northern UK, but are not considered to be a driving force of regional 
significance. 

Most UK earthquakes, therefore, appear to arise as a consequence of minor interactions and 
adjustments ('jostling') between upper crustal blocks, giving predominantly strike-slip focal 
mechanisms. Some systematic correlations of seismicity with deep structure can be recognised. 
Earthquakes are associated with steep transcurrent faults and in a general way with major thrust-
faults, which appear to be reactivated to some degree. Enhanced seismicity is associated with the 
apical areas between converging faults and in particular, with the intersections of major faults 
(where three or more upper crustal blocks interact). 

The seismotectonic model for the UK shows the country to be divided into a set of generalised 
‘seismotectonic zones’ (Fig. 20), and indicates that in the southern UK, seismicity is associated 
with distributed, dominantly strike-slip, reactivations of Variscan and Caledonian thrusts and 
other basement faults. Interactions between the Midlands Microcraton and surrounding adjacent 
structural blocks appear to be a cause of significant seismicity, with, in particular, the northward 
transmission of stress (and strain) along the Pennine Line, the effects penetrating well into 
southern Scotland. In northern Britain, seismicity appears to be mostly restricted to the major 
northeast-trending structures such as the Great Glen and Highland Boundary faults and, in 
particular, their intersections with the Moine Thrust. 

6.2.5 UK seismic hazard 
Certain seismotectonic zones of low seismicity may well remain low in activity. Other low 
seismicity zones, such as those in northern Scotland, northeast England, and, particularly, central 
southern England, have the capability to become more active. High seismicity zones of regional 
extent are likely to remain active at similar levels of seismicity. Some more restricted high 
seismicity areas, particularly those associated with a specific fault structure (such as around the 
Lleyn Peninsula) may become less active as strain is partitioned to other segments of the fault 
structure. 

This is relevant to seismic hazard in different ways. At the most obvious level, it is clear that 
seismic hazard studies concerned with long exposure periods (such as those connected with 
nuclear waste repositories), will be acutely concerned with identifying areas not active now but 
which have an enhanced possibility of becoming active within the lifetime of the facility. 

But even for seismic hazard studies for short-term hazard (i.e. for exposure times of 50-100 
years) it may be considered that should such areas co-incide with likely areas of UGS 
applications, then they might merit special treatment. The timescale on which possible changes 
in seismicity could occur in the present stress field is most uncertain, but could range as low as a 
few tens of years, or within the lifespan of the average engineering facility (Chadwick et al., 
1996). Of course, quantifying the probability of current low seismicity areas becoming enhanced 
is difficult and subjective. However, as long as the aim is for a reasonably conservative approach 
to seismic hazard evaluation, identifying the possible areas of concern is a priority. It could also 
be argued that the possibility of a "maverick" earthquake, i.e. a relatively large earthquake 
occurring unexpectedly in a low seismicity area, should be considered to be higher in an area 
identified as having a higher seismic capability than in one identified as fundamentally stable. 
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A map of earthquakes in the UK, taken from the BGS catalogue (Fig. 20a) illustrates that the 
spatial distribution of earthquakes is neither uniform nor random, nor is there a clear-cut 
correlation of deep structure with seismicity (Chadwick et al., 1996; Musson, 2003b).  

As might be expected for Britain, the areas of highest hazard parallel the areas where 
earthquakes have been most common in the past (Fig. 20), but particularly those places where 
repeated earthquake activity has been highly localised - this localisation has a pronounced effect 
on the hazard calculations compared to areas where the seismicity, while high, is more diffuse 
and less repetitive. The zones where hazard is higher than average encompass the W Highlands 
of Scotland, an arc shaped zone running from Carlisle to Pembroke, NW Wales and W Cornwall. 
The places in the UK with lowest seismic hazard are Northern Ireland (especially the western 
counties) and outlying parts of Scotland, including the Orkneys and Outer Hebrides.  

The actual values of hazard are not particularly high, since the predicted intensity for the higher 
zones is only 6 EMS (Musson, 2003b). In other words, even in areas of relatively high exposure 
to earthquakes in the UK, if a facility has a life of 50 years there is only a 10% chance that it will 
experience shaking equivalent to intensity 6. Moving briefly from hazard to risk, taking a 
guideline that probably less than 5% of buildings of normal construction (e.g. conventional brick 
houses) will be damaged in a place when the intensity there is 6, the probability of damage for a 
single house in 50 years is therefore less than 0.5% (Musson, 2003b).  

In Scotland most earthquakes are concentrated on the west coast, between Ullapool and Dunoon, 
with the addition of centres of activity near the Great Glen at Inverness and Glen Spean, and a 
small area around Comrie, Perthshire, extending south to Stirling and Glasgow. The Outer 
Hebrides, the extreme north and most of the east of Scotland are virtually devoid of earthquakes. 
For the north-west of Scotland the absence of early written records, the small population, and the 
recent lack of recording instruments means that there may be a data gap; for instance, there are 
indications that an earthquake occurred in 1925, possibly near Ullapool, with magnitude 
probably about 3.5 ML, for which there are no first-hand reports. However, many other parts of 
Scotland, especially south of the Highland line, are quite well documented, at least since 1600, 
and therefore the lack of earthquakes is genuine.  

Further south a similar irregularity is seen. An area drawn from Penzance to Holyhead, to 
Carlisle and then to Doncaster includes most English and Welsh earthquakes. The northeast of 
England appears to be very quiet, almost aseismic. The southeast has a higher rate of activity, 
with a number of earthquakes that seem to be "one-off" occurrences. The most notable example 
of these is the 1884 Colchester earthquake, a magnitude 4.6 ML event which was the most 
damaging British earthquake in at least the last 400 years, and yet which occurred in an area 
(Essex) otherwise more or less devoid of earthquakes from the earliest historical period up to the 
present day. There are also important centres of activity near Chichester and Dover. The former 
produced a swarm-like series of small, high-intensity earthquakes in the 1830s, was active again 
in 1963 and 1970. The latter is close to the recent Folkestone earthquake on 28th April 2007. 
The Lake District Boundary Fault Zone (LDBFZ) is a complex feature on the western boundary 
of the Lake District, oriented mostly NNW-SSE. In its northern regions it is an anastamosing 
(braided and branching) structure, with one of its splays in the Furness peninsula, the Yarlside 
Fault, almost certainly the fault responsible for the small but damaging 1865 Barrow earthquake 
(Musson, 2005a). It is because this earthquake was small and very shallow (perhaps 1-2 km) that 
this association can be advanced with some confidence (Musson, 1998). Another small, shallow 
earthquake, the 17 November 1755 Whitehaven earthquake, occurred within the traces of the 
LDBFZ and must have been related to it. The much larger 11 August 1786 earthquake (5.0 ML), 
which had an epicentre offshore from Whitehaven, may also have been linked to the LDBFZ. 

It has been suggested (Akhurst et al., 1998) that the Preesall Fault and the Formby Point Fault to 
the south may be structurally related to the (LDBFZ). Thus, given that the LDBFZ has been 
seismogenic (i.e. responsible for an earthquake - which is different from saying that it is “active” 
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in the sense that, say, the San Andreas Fault is active), it is possible that reactivation could in 
theory shift to one of the southern splays at some point in the future, but there is no evidence that 
this has taken place. 

Offshore, there is significant activity in the English Channel (the likely source of the Folkestone 
earthquake) and off the coast of Humberside. Because only the larger events in these places are 
likely to be felt onshore, the catalogue in the pre-instrumented period is probably under-
representative of the true rate of earthquake activity in these zones. 

6.2.6 Summary 
Seismic hazard assessment in the UK tends not to be a search for the nearest active fault, but 
proceeds on the basis that a damaging earthquake can effectively happen anywhere. However, 
based on historical experience, it is clear that some parts of the country are more prone than 
others. The geological reason for this variation is not very clear (Musson, 1996), but it is 
statistically certain that the distribution of earthquake epicentres across the UK is not random or 
even (Musson, 2000). Normal hazard assessment procedure is to take account of these regional 
variations to construct a probabilistic model of earthquake occurrence that can be used to assess 
the likelihood of any degree of ground shaking within a specified interval of time (Musson, 
2004b; Musson & Winter, 1997). 

In quantifying the level of hazard by conventional probabilistic methodology, however, some 
problems arise in attempting to interpret earthquake data in terms of geological structure and 
faults. As indicated above, in the U.K., not only is it impossible to identify any demonstrably 
active faults but it is also extremely difficult to discern any relationship between the pattern of 
seismicity and local or regional geological structure. It is suggested that, in intraplate areas such 
as the U.K., it is often inappropriate to attempt to model individual fault sources. There is no 
proof that any particular faults in the UK are active. Because an earthquake of moderate size can 
occur on a very short fault segment, it is impractical to restrict fault modelling to major features. 

The UK, therefore, is seen as having low-moderate seismicity, with low levels of seismic hazard 
and risk, only really representing a problem for near surface and surface installations. 
Earthquakes in the UK are generally deep, typically occurring at depths of between 5 and 15 km 
and attributing any particular fault with an earthquake is extremely difficult, with only a handful 
thought likely to be seismogenic. The depth of UK earthquakes and the attenuation of seismic 
waves not just with distance from the epicentre but also depth means that the integrity of the 
structure deep under ground may not be affected, but that effects on surface and near surface 
infrastructure require to be taken into account. Deep underground facilities (the deepest currently 
anticipated being 2234 m in a depleted oil/gasfield and 2.1-2.3 km in a salt sequence – refer 
Table 1) are less than the typical depth of UK earthquakes. Deep facilities (more than a few tens 
to hundreds of metres) are, therefore, only at risk when they are actually cut by an active fault, 
which in the UK context with the history of seismicity relative to likely areas of gas storage, is 
considered unlikely 

It has to be borne in mind, however, that low probability events do happen, for example, the 
Maharashtra earthquake of 1993 (Musson, 2003b). Assessing the hazard in this part of India in 
1992, would have led to the conclusion that the probability of a damaging earthquake was 
extremely low. This would have been correct at that time, but unfortunately the following year 
the earthquake happened despite the very small probability. Seismic hazard assessment helps the 
engineer design safe facilities, but to be 100% safe would require designing every building 
against improbably large earthquakes occurring unexpectedly close to any given site almost 
irrespective of whether it were in a high activity zone or not. 

In the UK, therefore, where sizeable earthquakes are historically rare, it may not be possible at 
this stage to quantify the probability of seismic hazards in any meaningful way. It may be more 
appropriate to deal with seismicity on a “what if” basis, where the consideration is “what would 
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happen if an earthquake of greater than a certain size were to occur”. Then, if the facility has 
been designed properly, illustrate that the consequences for safety would be insignificant, or at 
least manageable. It is possible to design surface and near-surface facilities to be able to 
withstand seismic hazards. Such design and construction is now undertaken for nuclear facilities 
in areas of high seismicity such as Japan, where no leaks of radiation have occurred as a result of 
earthquakes. In addition, Japan has an operational UGS facility at the depleted Sekihara gas field 
a few kilometres north of Minami-Nagaoka (Oshita, 2002) and is also constructing underground 
LPG storage facilities facilities (Takeshi et al., 2000; Yamamoto & Pruess, 2004). The main 
problems are caused by the collapse of structures that are not designed with earthquakes in mind. 
Examples of this in the UK were the damage seen at Colchester in 1884 and more recently the 
toppling of chimney pots in the 2007 Folkestone earthquake. 

Each proposal to develop a UGS facility may, therefore, have to be dealt with on a site-by-site 
basis and it is likely that it would require not only a quantitative performance/safety assessment, 
but also preparation of a “safety case” that is based upon multiple quantitative and qualitative 
arguments supporting the hypothesis that gas storage will be safe. Such an approach is also now 
widely adopted in radioactive waste disposal programmes throughout the world (Metcalfe, 2007 
pers comm.). 
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7 Methane storage in reservoir rocks - effects of (and on) 
microbial populations (Julie West, BGS) 

As seen elsewhere in this report, methane storage underground in reservoir (porous) rocks and 
salt beds is a recognised technology. In the UK, porous reservoir rocks used or being considered 
for methane storage include Carboniferous sandstones, the Triassic Sherwood Sandstone, 
limestones and sandstones of the Middle and Upper Jurassic and sandstones of the early 
Cretaceous Purbeck Group. Methane is injected at depths between 450 m and 3 km, where 
temperatures will be above 35°C and the pressures greater than 70 bars. The composition of the 
methane will here be considered as consistent, being ‘pure’ and uncontaminated with other 
compounds. 

This section is not a detailed literature review but briefly considers the effects of such injection 
on any deep subsurface ecosystem; biological influences on methane/rock interactions both in 
the reservoir itself and in cap rocks. Generally questions raised can be summarised: 

1. Do microbes live in such deep reservoir rocks? 
2. If so, what kinds of organism exist? 
3. Can these organisms survive at such depths and could they survive the injection of methane? 
4. If these microbes exist and can survive methane injection, what effects will they have on the 

methane? 
5. Could these effects be detrimental to the containment or could other substances be produced 

as a result of microbial metabolism? 
6. Can these effects be quantified? 

7.1 THE MICROBIOLOGY OF THE DEEP SUBSURFACE 
For any life to occur in any environment certain conditions for the synthesis of protoplasmic 
constituents and the liberation of energy necessary for life processes must exist. The synthesis of 
protoplasm requires water, a carbon source (organic or inorganic), nitrogen, phosphorus and 
sulphur, an energy source plus certain minerals (trace elements). The biochemical liberation of 
energy in the absence of light (as in a deep reservoir) requires: 

• The presence of an electron donor such as oxidisable organic compounds or, in the case of 
chemolithotrophic organisms, oxidisable inorganic substances such as molecular hydrogen, 
ammonia, sulphide or ferrous ions 

• The presence of an electron acceptor such as molecular oxygen, sulphate, nitrate, ferric 
compounds, carbon dioxide and simple organic compounds (McNabb & Dunlap, 1975) 

 

Qualitatively, by this approach, it can be seen that most geological formations (including 
reservoirs) have the capacity to support at least a limited microbial population due to the 
presence of: 

• Carbon sources - dissolved organic matter, carbonates, dissolved carbon dioxide 
• Electron donors - dissolved H2 and CH4 and Fe2+ 
• Electron acceptors - dissolved O2, SO4

2-, CO2 and NO3 
 

However, the long-term stability of many carbon rich fossil fuels in the subsurface (including 
oil) prior to drilling does suggest that some biological factor is limiting (usually phosphorus) the 
growth of indigenous microbes on these resources whilst it remains unexploited. However, once 
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the oil is tapped for commercial exploitation it then becomes available for microbial attack as 
additional microbes, nutrients and energy supplies are introduced into the reservoir (Ehrlich, 
1996). Thus it can be seen that the injection of methane into a reservoir should be viewed as yet 
another introduction of a potential carbon source and electron acceptor which can be used by 
those microbial groups whose biochemistry is capable of utilising the gas. 

The deep subsurface is an extreme environment for life but it is not sterile. West & McKinley 
(2001) have shown that many different groups of microbe are found in a variety of geological 
environments, with total numbers approximately 105 to 106 organisms per ml groundwater. 
These include sulphate reducing bacteria, denitrifiers, iron bacteria and methanogens. Other 
work has indicated that complex ecosystems can live at depth in reservoirs (e.g. see references in 
Ehrlich, 1996). The deep subsurface can generate extreme conditions (pressure, heat) but Table 6 
gives some examples of extreme conditions that individual microbial species can tolerate.  
Clearly, a reservoir environment of >35°C and 70 bars is not extreme. Indeed 35°C is an optimal 
growth temperature for many microbes.  

7.2 THE CARBON CYCLE 
The carbon atom, with its ability to be stable in a number of different oxidation states (-4 to +4) 
and its tendency to form stable covalent bonds, is very efficient at storing and releasing energy. 
The ability of carbon to absorb solar energy by forming reduced organic compounds and then 
release this chemical energy through oxidation reactions is the chemical basis of life on earth 
(Chapelle, 1993). 

The pathways and mechanisms whereby oxidation and reduction reactions involving carbon 
occur are known as the carbon cycle. The central compound is carbon dioxide present either in 
the atmosphere as a gas, or in water as dissolved inorganic carbon species (CO2, HCO3

-, CO3
2-).  

In terrestrial and near surface marine environments sunlight is available and carbon dioxide is 
reduced to carbohydrates via photosynthesis. The reduction of oxidised carbon in carbon dioxide 
to organic carbon releases free oxygen and results in aerobic conditions. Much of this organic 
carbon is aerobically oxidised via plant and animal respiration back to carbon dioxide. 

A large amount of organic carbon produced by plant photosynthesis is cycled back to carbon 
dioxide by means of anaerobic oxidation. Anaerobic oxidation of carbon compounds occurs in 
many environments (such as soils, aquatic environments) and also in the deep subsurface (which 
would include potential reservoirs). In this overall process fermentative bacteria incompletely 
oxidise organic carbon producing organic acids, alcohols and molecular hydrogen. These simple 
reduced compounds are then completely oxidised by anaerobically respiring bacteria using 
mineral electron acceptors such as Fe(III) (by iron reducing bacteria), sulphate (by sulphate 
reducing bacteria) and carbon (by methanogens - refer Daniels et al., 1987). It should be noted 
that the interactions between sulphate reducing bacteria and methanogens are very complex and 
often methanogens are outcompeted by sulphate reducing bacteria because of the latters’s high 
affinity for these simple compounds (Ehrlich, 1996). Nevertheless, the cycling of carbon under 
anaerobic conditions requires a cooperative food chain of a variety of microbial groups to 
achieve complete oxidation. The activity of these different organisms will give rise to by-
products such as methane and hydrogen sulphide, which can cause souring of oil reservoirs. 
Methane produced by methanogens in the subsurface subsequently diffuses into aerobic 
environments where oxidation by methanotrophs takes place. Biological anaerobic oxidation of 
methane is also possible. The methanotrophs thus play a crucial role in the return of methane to 
CO2 within the carbon cycle. 

7.3 METHANOTROPHS 
Methane can be used as a primary energy source by bacteria known as Methanotrophs.  Some of 
these cannot use any other energy source (‘obligate’) whilst others are ‘facultative’ and can use 
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other energy sources. Methane can also be oxidised by some yeasts and by some methanogenic 
archaea. With the exception of these methanogens, most methanotrophs are aerobic although 
many are microaerophilic preferring lower oxygen availability for development. Additionally, 
there is some evidence of the existence of anaerobic methanotrophs, which are not methanogens. 
For more details on the biochemistry see references in Ehrlich (1996). 

Methanotrophs are generally found at aerobic/anaerobic interfaces in soils and aquatic 
environments that are crossed by methane and also in coal and petroleum deposits (Ehrlich, 
1996). Given the generally small amounts of methane trapped in geological structures compared 
to the global carbon cycle it is clear that oxidation of methane is the common fate of biogenic 
methane gas. 

7.4 THE INFLUENCE OF METHANE ON MICROBIAL LIFE IN A RESERVOIR 
ENVIRONMENT AND RESULTING CONSEQUENCES 

As can be seen above, methane introduced into a reservoir can be regarded as a potential energy 
source for micro-organisms – particularly methanotrophs. The potential effects of enhanced 
microbial activity are: 

1. Direct e.g. reduced volumes of methane, increased volumes of carbon dioxide 
2. Indirect e.g. production of biomass with potential decrease in storage capacity; change in 

geochemical conditions 
 

These effects could influence overall containment especially production of biomass with 
resulting production of biofilms.  Such biofilms could, in the worst case, physically ‘block’ off 
areas of the reservoir thus altering permeability. If gas migration occurred into overlying geology 
and aquifers then the effects would be the same. However, the effects may have wider 
implications. For example, production of carbon dioxide could acidify groundwaters with 
resulting mobility of certain toxic species such as heavy metals.   

However, the consequences of methane injection on methanotroph activity will depend on the 
status of the reservoir itself – particularly whether aerobic/anaerobic interfaces are present. It is 
likely that methanotroph activity will be at very reduced levels in a completely anaerobic 
reservoir although the injection point should be regarded as potential interface. Thus effects may 
be quite localised. However, unless a pristine environment is selected where no drilling has taken 
place, the reservoir may have been subjected to previous geochemical and biochemical change 
and various organisms may have been introduced to the subsurface environment together with a 
variety of nutrients and energy sources from, for example, drilling fluids. Thus to evaluate the 
effects of the injection of methane it is important to first characterise the reservoir in terms of its 
basic geochemistry – particularly the existence of oxygen – and its existing capacity to support 
all microbial life. Once this baseline has been established then the subsequent changes to the 
ecosystem following methane injection can be evaluated.   

In the first instance, such an assessment of the microbiology of the reservoir prior to injection 
can be achieved using a simplistic modelling approach (Baker et al., 1998).  Nutrient and energy 
inventories of the solid (reservoir) and liquid (groundwaters) components in this environment 
(i.e. concentrations of species that can be used as nutrient and energy sources) would be used to 
calculate biomass. The approach assumes that all nutrients and energy are available for 
immediate use by organisms and thus it assumes a 'worst case' giving maximum biomass of the 
various groups of organism (including methanotrophs).  It would also be possible to determine 
the useage of methane by methanotrophs with subsequent production of carbon dioxide.  
Limiting growth factors can also be established - it is possible that a nutrient and not an energy 
source may be controlling biomass. Following this basic evaluation it would then be possible to 
determine the maximum effects of methane injection on these populations.  Following such basic 
calculations it would then be important to validate the results by performing basic 
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microbiological analyses of the reservoir environment followed by laboratory experiments to 
estimate the kinetics of nutrient/energy usage and by-product formation. Such experiments 
should be undertaken under realistic conditions using well-characterised materials.   

7.5 CONCLUSIONS 

• Microbes will exist in the deep subsurface reservoir. The environmental conditions produced 
at depth will not sterilise the rock. The ecosystem in the reservoir will depend on the 
geochemical conditions and the history of the environment. Indigenous microbial populations 
may have been joined by contaminant organisms and external nutrient and energy sources 
introduced during any drilling procedures. Thus injection of methane into the reservoir can 
be regarded as the introduction of yet another possible nutrient and energy source for 
microbial exploitation.  

• In broad terms, if the storage reservoir is completely anaerobic then biological methane 
oxidation rates will be very low (although rates cannot be predicted). If oxygen is introduced 
into the system then oxidation rates will increase.   

• The consequences of biologically catalysed methane oxidation on containment properties are 
complex and diverse. Simple modelling based on nutrient and energy inventories can give 
the maximum biomass and controlling factors on microbial growth in the environment.  
Estimates of maximum by-product generation can also be obtained by this approach. The 
results from these 'worst case' scenarios could then be constrained and validated by using 
experiments in realistic conditions. 
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8 Subsidence, ‘inflation’ and microseismic activity 
associated with oil and gas production, gas injection 
and underground storage in depleting fields and salt 
caverns 

This section outlines briefly the relevant considerations and potential problems associated with 
injection and storage of natural gas in depleted oil/gasfields (pore storage). The concepts 
regarding the effects of subsidence and ‘inflation’ (during gas injection) on caprocks, existing 
structures (e.g. faults in the caprock sequence) and associated subsidence, being based upon 
mining engineering experience, are also applicable to cavern storage, at least in the initial 
assessment stage. Problems of subsidence at saltfields are briefly reviewed in the final section 
(8.7). 

It is a simple fact that all engineering activities performed underground in rock result in a finite 
effect at the ground surface (Cuss et al., 2003). For example, groundwater is a major source of 
drinking water in the UK and is abstracted from numerous boreholes located throughout the 
country. The pumping and abstraction of drinking water from porous geological formations 
(aquifers) for public water supply purposes can and does produce small surface ground 
movements in many areas of the country. But for the most part they are so small that they go 
completely unnoticed by the public and have no deleterious effects on property or infrastructure. 

With subsidence it is really the gradient of the subsidence that is the problem (Cuss 2007, pers 
comm.). A metre or so of subsidence at the surface isn't necessarily a problem if that metre is 
spread over say one or two kilometres. Where it becomes a problem is when even a few 
millimetres occurs over a very short distance (like a fault). Of course, it also depends on where 
more general subsidence over a wide area occurs, and over what timeframe. If it is in coastal 
regions, then this might lead to encroachment by the sea in some areas (see below). However, 
even here it is not always straight forward, because the subsidence rate must also be balanced 
against the net sediment input to the region (from river systems into estuaries or sediment 
transport along the coast). This might keep pace with the subsidence and prevent encroachment 
by the sea. 

Subsidence associated with oil and gas production is a well-known phenomenon and one that 
nowadays is predictable and can be modelled, rather like when considering mining problems. 
Fluid production and declining reservoir (pore) pressures may lead to a ‘relaxation’ of the 
reservoir. This movement may propagate to the surface, being typically manifested as a bowl-
shaped subsidence (depression) at the surface, centred over the oilfield. The production of oil 
and gas from underground reservoirs gives rise to detectable effects at the surface, the magnitude 
or severity of which depends on a number of factors, including: 

(a) Depth, lateral extent and vertical thickness of the reservoir 
(b) Properties of the reservoir rock and of the adjoining rock formations 
(c) Fluid pressure changes within the pores of the rock caused by oil or gas production 

and/or re-injection/withdrawal 
(d) Major structural geological features such as faults 
(e) Timescales of pressure variation and operation of the facility 

Furthermore, during oil or gas production when ‘relaxation’ of the reservoir occurs or during the 
gas storage operations when the reservoir and caprock (or sequences overlying a salt cavern) are 
cyclically inflated and deflated, faults and fractures in the reservoir or cap rock may develop or 
be reactivated. Such faults and fractures can lead to increased or accelerated subsidence. They 
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are also the cause of microseismicity described below and could act as conduits for gas 
migration. 

Over the years, numerous small onshore oilfields have been successfully exploited for oil and 
natural gas in the UK. Whilst the general experience gained in the operation of small onshore oil 
and gas fields here in the UK is positive and very few problems have been encountered, 
subsidence associated with production has occurred offshore and around the world. Well-
documented cases stemming from oil production operations in the North Sea, North America and 
elsewhere demonstrate that, in unfavourable circumstances, oil and gas production can cause 
damaging reservoir subsidence (e.g. Allen, 1968; Hermansen et al., 2000). It is, therefore, 
important to examine the potential for damaging surface ground movements resulting from 
cyclical changes in reservoir pressure in the UK, but this will very much be site-specific. The 
factors common to most reported problems are (Cuss et al., 2003): 

• thick (i.e. vertically extensive) reservoirs 
• the presence of weak and compressible porous rocks prone to irreversible (i.e. inelastic) 

pore collapse 
• a substantial lowering of the reservoir pressure by oil and/or gas production with time 

8.1 RESERVOIR SEISMICITY/MICROSEISMICITY, SUBSIDENCE ENGINEERING 
AND SURFACE GROUND MOVEMENTS ASSOCIATED WITH THE 
INJECTION OF FLUIDS AND/OR GAS 

Underground withdrawal and injection of significant amounts of fluid or gas may modify (stress) 
the mechanical state of the porous (and eventually fractured?) strata involved (Fabriol, 1993). 
Materials, including rocks, when stressed (deformed) generate transient vibrations and emit 
acoustic signals (a phenomenon commonly termed microseismic activity or acoustic emission; 
AE) in the audible and sub-audible range. The study and analysis of such emissions can provide 
important information and data on the state of a gas storage reservoir during operation and 
degree of stability of the structure under study. 

Generally, small-scale local modifications result, little altering the reservoir permeability and 
performance, and are not perceptible at the surface. Nevertheless, important effects have been 
noted in one or two specific cases and should be noted here. They are of two kinds: 

• Surface effects – slow deformation related to reservoir compaction (withdrawal of e.g. 
fluids or gas) or inflation (re-injection of e.g. fluids or gas) 

• Underground effects – reduction in permeability as a consequence of reservoir 
compaction, or induced seismicity due to sudden ruptures along pre-existing faults or 
weak joints caused by hydrocarbon production or the injection and withdrawal of gas  

The possible damage and the seismic hazard related to induced seismicity resulting from the re-
utilisation of old oil or gas reservoirs for fluid or gas storage must be taken into account and 
carefully assessed. This should be the case even if the abandoned reservoir has previously shown 
no anomalous behaviour (Fabriol, 1993). 

The operation of a gas storage facility in a depleted oil/gasfield involves re-injecting gas into a 
depleted reservoir, which will increase the pore fluid pressure in the reservoir above the final 
operating pressures. The effect of re-injecting gas will be to decrease the effective stress acting 
on the reservoir rock and adjoining formations and this will actually decrease the possibility of 
future subsidence. 

The operation of a salt cavern storage facility involves the creation of a large void in the salt 
body and the injection of gas. Should pressure in the void not be built up to compensate the 
overburden pressure, then creep of the salt is likely, as the overburden pressure effectively drives 
the salt to infill the lower pressure void by natural plastic deformation (creep – section 4.2). The 
process continues until the cavern and overburden pressures are equalized, or in the extreme 
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case, the void closes up. The process would most likely be associated with subsidence to some 
degree. Injection of gas will ‘jack-up’ or keep the void open. However, if the pressure is built up 
too high, such that it becomes greater than the overburden pressure, then it could potentially 
cause some uplift of the overburden. It might also exceed the fracture limit of the overburden 
rock, leading to fracturing in the caprock. 

Subsidence above producing oil and gas reservoirs is a direct consequence of the reduction in 
pore fluid pressures in the reservoir rock and in adjoining formations that have direct hydraulic 
connection with the reservoir. In simple terms, surface ground movement due to oil or gas 
production can be separated into two components (Cuss et al., 2003): 

• reversible elastic component – when de-pressuring the reservoir by an amount –ΔP leads 
to a lowering of the ground surface and repressurising the reservoir by an amount +ΔP 
leads to an uplift of the surface which is of the same magnitude as the settlement. 

• non-reversible inelastic component - associated with plastic deformation of the rocks and 
with phenomena such as fabric damage and pore-collapse that cannot be reversed by 
repressurising the reservoir. 

The effect of re-injecting gas will be to decrease the time-averaged effective stress acting on the 
reservoir rock and adjoining formations. It is likely that this will actually decrease the possibility 
of future subsidence. A certain amount of uplift, the opposite of subsidence, will occur as the 
elastic component of stress is recovered during pressure cycling. The re-injection of fluids can 
prevent further ongoing ground movement associated with inelastic mechanisms and is widely 
used as a method of controlling oil field subsidence.  

Surface ground movements associated with the reversible (elastic) component of rock 
deformation are rarely problematic. If the reservoir rocks and adjoining formations are 
moderately strong and, therefore, fairly incompressible, then the elastic strains and 
displacements associated with a reservoir pressure decline are usually quite small. The only 
exception is when the thickness (i.e. vertical extent) of the zone affected by the lowered fluid 
pressure is very large. In this situation, even though the elastic strains are quite small, the total 
displacement (i.e. the cumulative change in bed thickness over the affected zone) can be quite 
large. 

Surface movements associated with the inelastic component of rock deformation can, under 
unfavourable circumstances, be much larger than those associated with the elastic component. 
Porous rocks subject to an increasing mean normal effective stress and declining pore fluid 
pressure may exhibit a “yield threshold”. When the effective stress exceeds this threshold, the 
rock becomes progressively more compressible as brittle phenomena such as grain crushing and 
pore collapse become more important. These processes can (dramatically) alter the properties of 
a reservoir rock/interval. 

In terms of strength, clay rich rocks have strengths generally described as weak to very weak. 
Limestone and sandstone units range from weak to strong rocks.  

There are two types of deformation that can occur within a hydrocarbon reservoir that can lead to 
surface deformations and strains: 

• Consolidation of the intact part of the rock - can result in a lowering of the ground 
surface (subsidence). The porous rock is ‘work-hardened’ during inelastic volumetric 
deformation and possible deformation mechanisms include shear-enhanced compaction, 
plastic flow, grain crushing and pore collapse. 

• Movement along faults - fault mechanics either create new faults in the reservoir or 
environmental/rock parameters cause the existing fault network to move. 
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8.2 DEFORMATION FROM PORE PRESSURE CYCLING 
Geotechnical assessments of the reservoir and caprock successions are required to assess both 
natural (pre-existing) stresses within the succession and the effects of stresses resulting from the 
injection and withdrawal of gas (refer also section 3.4). The response of the rocks to these 
stresses requires careful determination, with measurements of their strength and an 
understanding of their deformation mechanisms. 

8.2.1 Effective stress analysis using critical state concepts 

In simple terms, if the mean effective stress during the gas storage cycle is less than the 
maximum value the rock has sustained over its entire geological history (i.e. the preconsolidation 
stress), then it is likely that the volumetric behaviour during pressure cycling will be largely 
elastic. If the mean effective stress during the storage cycle is greater than the preconsolidation 
stress, then the possibility that inelastic mechanisms might contribute to total deformation cannot 
be discounted.  

Porous rocks that have undergone some form of diagenetic alteration leading to strengthening 
(e.g. cementation) usually exhibit a yield stress which is significantly larger than the value 
calculated from maximum burial depth (Cuss, 1999). The critical state approach can be used to 
determine what sort of deformation is expected within the stress conditions under consideration. 

8.2.2 Transmission of pore pressure to the surrounding layers 
Raising the pressure within the gas storage reservoir will result in the transmission of some pore 
fluid pressure to the beds immediately above and below the storage reservoir. Hydrocarbon 
reservoirs are normally associated with an overlying low permeability shale or clay caprock seal. 
This generally means that pore fluid pressure will not be modified significant distances from the 
gas reservoir. Because of low permeabilities in the sealing claystone caprock lithologies, 
pressure changes would be extremely slow in relation to the periodicity of the pressure variation 
due to storage. 

8.2.3 Transmission of subsidence at depth to the surface 
To estimate the amount of subsidence seen at depth transmitted to the ground surface, standard 
procedures adopted by the mining industry (Waltham, 1994) can be used (Cuss et al., 2003). This 
method calculates compression/extension, subsidence, ground strain and tilt. To calculate surface 
deformation, three parameters are required: 

w – width of reservoir 

ΔH – total change in reservoir thickness 

z – depth of reservoir 

8.3 FAULT REACTIVATION DUE TO SUBSIDENCE 
It is a common observation that displacements associated with subsidence can become localized 
in faulted lithologies. Thus a fault may act as a boundary, which limits the lateral development of 
the subsidence trough. The displacements at such a boundary are focused on the fault plane. In 
effect, the movement on the fault is reactivated by the ground strains associated with subsidence. 

If the fault cuts through all strata to the surface, its reactivation can cause a discontinuity in 
subsidence and strain profiles, which is sometimes apparent as a fault-scarp. This is a highly 
problematic and often damaging form of localised subsidence. 

Oil and gas reservoirs are often present in tilted horst blocks bounded by faults with normal 
displacements. These faults may pass through the volume of rock affected by reservoir 
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subsidence. Whether or not these faults could play a role determining surface ground movements 
depends on the magnitude of the strains and the detailed mechanisms of strain transmission. If 
the strains are small and largely elastic then the faults might play a minimal role. If the strains 
are larger and inelastic mechanisms such as pore collapse, fracturing and bed separation are 
implicated, then the faults are likely to play a more important role. To fully appraise the 
consequences of gas injection on faults at any particular site requires detailed site 
characterization that includes the collection of information on rock and fault properties. 

8.4 TENSILE DEFORMATION 
The maximum pore-pressure within the reservoir will dictate whether tensile deformation is 
induced in the reservoir rocks. Hydrofractures occur under conditions of stress when pore fluid 
pressure at the caprock-reservoir interface reduces the minimum effective horizontal stress below 
zero to the tensile strength of the rock. For hydrofractures to develop in preference to shear 
fractures the conditions: 

P=σ3 +T  and  σ1−σ3<4T 

must be satisfied, where P is pore fluid pressure, σ1 and σ3 are maximum and minimum 
horizontal stresses respectively and T is the tensile strength of the cap-rock (Hubbert & Rubey, 
1959; Sibson, 1995). Tensile strength is measured in units of force per unit area, which in the SI 
system is newtons per m2 (N/m2) or pascals (Pa), which in geological context will in all 
probability be in MPa. Pore fluid pressure can be estimated from the expected weight of the 
overburden, σ3 from tectonic stresses and T from hydrofrac tests or laboratory experiments. 

Natural gas reservoirs are generally found at discovery pressure gradients of between 5.4 and 
11.8 kPa/m (0.78 to 1.6 psi/m). Katz & Coats (1968) found that no fracturing of the caprock 
occurred at or below gas pressures of 22.6 kPa/m (3.28 psi/m) of depth, suggesting that it could 
possibly happen at 33.9 kPa/m (4.92 psi/m) of depth, but that gas might open existing fractures at 
between 22.6 and 24.9 kPa/m (3.61 psi/m) of depth.  

Therefore, to avoid leakage through the caprock, the applied overpressures must be below 
threshold displacement pressures and thus less than fracturing pressures. These values are higher 
than the maximum overpressures sustained during UGS. Thus, from a knowledge of the original 
reservoir pressures, displacement pressures (and thus fracturing pressures) and determination of 
rock properties, operating limits can be calculated for the facility, such that overpressures related 
to injected gas do not cause tensile failure of the reservoir or caprock. 

Some American states (e.g. Indiana) stipulate a maximum wellhead injection pressure to ensure 
that the pressure during injection does not initiate new fractures or propagate existing fractures. 
The maximum wellhead pressure is calculated using the following formula: 

Pmax = (0.8 psi/ft - (0.433 psi/ft (Sg)))d 

Where:  Pmax = Maximum injection pressure (psia). 

 Sg = Specific gravity of the injected fluid. 

 d = Depth to the top of the injection zone in feet. 

(refer http://www.in.gov/legislative/iac/T03120/A00160.PDF) 

8.5 RESERVOIR SEISMICITY/MICROSEISMICITY ASSOCIATED WITH 
WITHDRAWAL OR INJECTION OF FLUIDS AND GAS 

Examples of reservoir-induced seismicity (RIS) are frequent in the literature and cases of 
damaging earthquakes having been detected in and around oilfields that have produced for 10 
years or more are known (Fabriol, 1993). RIS can occur either in cases of mass addition 
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(injection) or withdrawal and is similar to that in mining situations involving mass removal of 
rock and involve the same rock mechanics theory. 

RIS is extremely variable and manifested in many ways: 

• Magnitude – micro scale to damaging earthquakes 

• Time between injection and onset of (micro)seismicity – from a few days to several years 

• Distance from point of injection – from the vicinity to tens of km 

Complexities increase when extraction and re-injection are carried out in the same reservoir 
simultaneously or delayed in time, as for oilfields where water, gas or steam are injected for 
enhanced oil recovery (EOR) purposes. The most common scenario is injection leading to an 
increase in pore pressure, which decreases the effective stress on pre-existing faults that might be 
close to failure. This allows accumulated shear stresses to release, causing movement on the fault 
plane. The injection of fluid may also trigger damaging earthquakes along faults that are moved 
to a critical state by the principal regional stress loading, making it important that the present day 
tectonic context is fully understood (Fabriol, 1993).  

RIS is slightly different to hydraulic fracturing, where the high pressured fluid or gas opens up 
pre-existing fractures or joints or creates new small scale fractures, which propagate into the rock 
mass. A number of cases are reviewed below (refer Fabriol, 1993). 

8.5.1 Injection of waste fluid – the Denver earthquakes 
Between 1962 and 1966, around 625,000 m3 of contaminated waste water was injected in a deep 
well drilled at the Rocky Mountain Arsenal (RMA), NE of Denver, Colorado USA (Hsieh & 
Bredehoeft, 1981). Injection was at a depth of 3650 m into a highly fractured Precambrian 
Gneiss. Between 1962 and 1967 over 1500 earthquakes were recorded, with three major ones of 
magnitude 5 or more in 1967 and which shook the Denver area causing minor structural damage. 
Previously, the last event felt in the area had been in 1882. By the mid 1980s, the earthquake 
activity had all but died away. The causes were attributed to movements along the fractures in 
the gneiss triggered by the increase in pore pressure due to injection. 

8.5.2 Injection of fluid for EOR – the Cogdell oilfield, Texas, USA 
RIS is fairly common in cases of high-pressure waterflooding in an oil reservoir for EOR (Davis 
& Pennington, 1989). At Cogdell, saltwater injection was initiated in 1956, seven years after the 
field was discovered. Seismic activity was detected in 1974 in the closest town, some 20 km to 
the south of the field. The earthquake activity was related to the field and hypocentres were close 
to the injection depths. From 1956 to 1983, 114 Mcm of salt water were injected through 119 
injection wells located around the perimeter of the field.  

8.5.3 Injection of fluid for EOR – the Rangely oilfield, Colorado, USA 
Again, an EOR related case but where specific seismic monitoring was carried out at the same 
time as pressure tests that were performed to map the pressure distribution in the Permian 
reservoir (Raleigh et al., 1976). Injection was into the main reservoir at 1700-2100 m depth and 
only one fault oriented NE-SW was known on the anticlinal structure. The field was developed 
in 1945, with waterflooding having commenced in 1957-1958, prior to establishing the 
monitoring network in 1962. Earthquakes were, however, reported before 1962 with 
unconfirmed reports of felt earthquakes prior to the fluid injection. Consequently, it is not 
possible to establish any correlation between the initiation of waterflooding and the onset of 
seismic activity at Rangely (Fabriol, 1993). Waterflooding increased the fluid pressure in the 
reservoir above the original 190 bars. Studies in the 1970s suggested that the critical fluid 
pressure above which earthquakes could be triggered was 257 bars (3730 psi). Fluid pressures 
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had reached 275 bars by the early 1970s, with more than 1500 minor seismic shocks recorded 
between 1963 and 1973 (Moran, 2007). Water pressures were then adjusted to maintain 
pressures below the critical pressure. Since 1963, 19 have had magnitudes between 2.5 and 4.7 
on the Richter scale with the strongest, curiously, having been in 1995.  

8.5.4 Exploitation of a geothermal field, The Geysers, California, USA 
The geysers geothermal field is located 130 km N of San Francisco, with steam extracted straight 
from the reservoir (Oppenheimer, 1980). Steam is produced from over 200 wells penetrating the 
fractured reservoir at between 0.8 and 3 km depth across the field. Earthquakes have been known 
since 1969 and appear to be clustered in the production region, but occur randomly within the 
field, apparently not related to any through going fault system. It has been demonstrated that an 
increase in the number of earthquakes is related to an increase in geothermal production. 
Generally seismicity is very shallow, almost all is less than 5 km depth. There has been a 
volumetric contraction of the reservoir revealed by a subsidence rate of 3.4 cm/yr. The area of 
maximum subsidence coincides with the location of the maximum steam pressure decline in the 
reservoir. Two mechanisms remain plausible for inducing seismicity in the field: 

• Volumetric contraction due to mass withdrawal may perturb the stress field, causing 
faulting in the reservoir rock 

• Cementation of the fractures and fault surfaces leads to faulting rather than more ongoing 
aseismic slip in the rocks 

8.5.5 Microseismicity induced within a gas storage reservoir, Germigny facility, Paris 
Basin, France 

This facility located in the Paris Basin in northern France (Fig. 21) represents one of the few 
published examples of a microseismicity survey in a gas storage facility (Deflandre et al., 1993). 
The reservoir for the Germigny facility is a sandstone present in an anticlinal structure at around 
750 m below sea level. Injection commenced in 1983, with the gas in storage between 1400 
Mcm at the end of the winter period and 2100 Mcm following refilling at the end of the autumn 
(injection is from March to November). The microseismic survey was conducted with three 
permanent geophones in a single injection well, clamped to the casing wall at differing depths 
(783, 815 and 905 m). Between November 1991 and April 1992, 27 microseismic events were 
recorded, but posed no danger to the facility or its operation (Fabriol, 1993). Microseismic 
events were correlated with pressure changes in the vicinity of the observation well at the top 
and bottom of the reservoir interval, but the mechanism was not thought to be related to any 
faults (which had not been detected by drilling or seismic reflection data). Instead, the cause of 
the microseismicity was attributed to the reduction of effective stress along planes of different 
lithologies in an unfaulted sedimentary sequence (Fabriol, 1993). 

8.5.6 Microseismic monitoring within gas storage reservoirs, Pennsylvania State 
University, USA 

The Pennsylvania State University initiated a project on the optimisation of gas storage pressures 
in reservoirs in 1966 (Hardy et al., 1972a&b). Phase I of the project, which included analytical 
and model studies on cap and reservoir rocks, was directed towards the development of a 
criterion for establishment of optimum pressures in underground storage reservoirs and was 
completed in 1971. A PRCI monograph ("A Study to Evaluate the Stability of Underground Gas 
Storage Reservoirs") was published in 1972, with a conclusion that, from a rock mechanics point 
of view, optimum pressures in underground gas storage reservoirs where water containment is 
not a limiting factor could be of the order of those defined by the geostatic gradient (Hardy et al., 
1972a). 
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Phase II of the project ("Feasibility of Utilizing Microseismic Techniques for the Evaluation of 
Underground Gas Storage Reservoir Stability") commenced in 1971 (Hardy et al., 1972b), with 
the main objective being the investigation, under field conditions, of the feasibility of using 
microseismic techniques to monitor the stability of gas storage reservoirs. Field studies 
associated with Phase II were carried out firstly at the Wharton Field site (Pennsylvania), 
primarily developing the monitoring equipment and field techniques. These were then employed 
in a detailed study at the Lenox Field (Michigan). The studies concluded that optimum storage 
pressures in underground gas storage reservoirs could be, at least, of the order of those defined 
by the geostatic gradient, with no mechanical rock failure (plastic deformation or fracturing) of 
the reservoir or cap rock (Hardy et al., 1972a&b). 

The results obtained during Phases I and II of Project PR 12-43, led to additional microseismic 
studies being undertaken at a third underground storage site using refined techniques and 
experimental facilities. Phase III of the study ("Microseismic Monitoring of Storage Reservoirs": 
Project PR 12-75), involved a detailed five-year investigation (between January 1st 1975 and 
December 31st 1980) of the microseismic activity associated with the injection and withdrawal 
cycle of the New Haven underground gas storage reservoir (Hardy et al., 1972b; Hardy et al., 
1981; Hardy & Mowray, 1981). The study, which would provide a complete documentation of a 
reservoir pressurized above discovery pressure, investigated the stability of underground gas 
storage reservoirs. The main objective was to establish suitable criterion for optimum 
pressurization based on the principles of rock mechanics. One of the most significant results of 
the study was the fact that over the reservoir pressure range studied (approximately 220-623 psi), 
the microseismic event rate was found to decrease with increasing pressure. This indicates that 
the structural stability of the New Haven reservoir increased with storage pressure (Hardy et al., 
1981). 

8.5.7 Reactivation or ‘opening’ of faults in the Salt Lake Oilfield, California 
The Salt Lake Oilfield was largely abandoned but redeveloped by slant drilling during 1962, 
with the continuous production of oil, salt water and gas thereafter. Water has been re-injected 
into the field since 1980 and gas has been found to leak out of the oilfield and make its way to 
the surface (Appendix 5). It is believed that the 1985 and 1989 Fairfax gas leaks were the result 
of waste disposal or secondary recovery operations initiated by pressure injection of oilfield 
wastewater back into the fields. In addition to migration up old and poorly completed wells, 
increased pressures are thought also to periodically cause migration of gas along the Third Street 
Fault, allowing gas to escape to shallower levels and the surface (Hamilton & Meehan, 1992). 

8.5.8 Discussion 
It is worthy of note that the injection examples described above all concern water or fluid. This is 
fundamentally different to gas injection. Water is incompressible and therefore tends to 
hydraulically transfer pressure into the rock. Gases are compressible and transfer less pressure 
into the rock.  

8.6 SUBSIDENCE ASSOCIATED WITH OIL AND GAS PRODUCTION AND GAS 
STORAGE FACILITIES AT DEPLETED OIL/GASFIELDS 

Again, this is a major topic in its own right, with several cases of subsidence documented during 
exploitation of oil and gas fields in for example the North Sea (e.g. Holloway et al. 1996) and 
which cannot be adequately dealt with in this report. It is the aim of this section, therefore, to 
highlight one or two examples to illustrate the potential for and amount of subsidence associated 
with oil and gas production experienced in some areas. 
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8.6.1 Los Angeles Basin in general 
Subsidence associated with oil and gas production has been described from the Los Angeles 
Basin, where the subsidence area maybe up to twice the size of the oilfield itself (Khilyuk et al., 
2000; see Chilingar & Endres, 2004). The scale of the potential problem is illustrated in the case 
of the Wilmington Oilfield, where subsidence reached approximately 8.5 metres before 
corrective action was taken by implementing a major water injection program (Chilingar & 
Endres, 2004). Historical measurement data regarding subsidence in the Playa del Rey/Venice 
oilfield areas reveal almost 0.6 m of subsidence from the time that oil production began in the 
1920s up to 1970 (Chilingar & Endres, 2004). Subsidence associated with the Torrance-Redondo 
Oilfield has also caused major damage when in January 1988, waves overtopped the breakwater 
protecting the Redondo Beach King Harbour Boat Marina and surrounding commercial 
properties (Chilingar & Endres, 2004). Investigations following the disaster revealed that nearly 
0.6 m of subsidence had occurred under the breakwater as a result of oil production beginning in 
1943. However, accelerated subsidence had occurred from 1956, following increased oil 
production. 

8.6.1.1 INGLEWOOD OILFIELD SUBSIDENCE 

An incident at the Inglewood Oilfield reveals the potential problems and dangers that might be 
connected to oilfield subsidence if not monitored. The incident concerns the Baldwin Hills Dam 
in the south and west of the Inglewood Oilfield area of Los Angeles. In the late morning on 
December 14, 1963, the dam failed and the resultant flood of water caused massive damage to 
homes located below the dam and resulted in five deaths. The Inglewood Oilfield, discovered in 
September 1924, lies under the western half of the Baldwin Hills area. It covers about 4.9 km2

 

and in 1963 had more than 600 producing wells, with at the time, the nearest reported production 
at the time of the reservoir failure being from three wells within 213 m of the south rim 
(Chilingar & Endres, 2004). Despite this, no monitoring of the oilfield for subsidence was 
undertaken. 

Investigations into the failure revealed ground movement that correlated directly with production 
from the Inglewood Oilfield (Chilingar & Endres, 2004). The area of subsidence was elliptical in 
shape and centred over the oilfield, about 805 m west of the reservoir: subsidence at the reservoir 
site was about 0.9 m, compared to nearly 3.4 m at the subsidence bowl, contributing to 
differential settlement across the dam of approximately 0.15 m. Also revealed, was a large strike-
slip fault system (the Inglewood-Newport Beach Fault Zone) that ran through the area, with 
numerous faults branching off the main fault. Drilling records indicated many of these faults had 
been intersected in wells drilled across the area. The post-accident investigation suggested that 
some of these faults had been re-activated and caused rupturing of the asphaltic membrane used 
as a water seal over the floor of the dam. 

8.6.2 Ekofisk Oilfield, North Sea 
Subsidence is an ongoing phenomenon in oilfields of the North Sea, with the Ekofisk Oilfield in 
the Norwegian sector of the North Sea being a high profile example. In the mid-1980s it was 
discovered that the oilfield was suffering from an unexpected degree of subsidence that caused 
problems with the interconnected series of platforms. Detailed geological investigation revealed 
the problem was related to delayed compactional diagenesis of the Chalk Formation from which 
the oil is produced. Production of hydrocarbons meant that water replaced the oil and began to 
dissolve the Chalk, which was redeposited in a more compact, lower porosity configuration. 
Total subsidence was almost 6 metres and required that the platform legs were cut and all the 
interconnected platforms were jacked-up by this amount and new leg sections inserted. 



  98

8.7 SUBSIDENCE AND DAMAGE OCCURRING AT SALTFIELDS DURING SALT 
EXTRACTION AND GAS STORAGE OPERATIONS 

This section briefly outlines some of the problems encountered at operating saltfields (both dry 
mines and brine extraction) and during salt cavern gas storage operations. Examples of 
subsidence and damage resulting from poor operational procedures and observed subsidence 
rates are described, with further detail available in Appendix 2. 

The impacts of mining and solution mining operations to man-made surface structures and other 
features are relatively well known and studied. The effects range from mild subsidence across 
wide areas to catastrophic failure and collapse of the overburden, resulting in the formation of a 
(often deep) crater at surface, as has occurred in salt workings in Europe and in the UK at the 
Preesall brinefield (Lancashire – refer Wilson & Evans, 1990; Jackson, 2005 – section 8.7.2.1.1 
and Fig. 5b). 

8.7.1 Subsidence occurring with salt cavern formation and overburden/caprock stability 
As alluded to in section 2.2.7.3.3, all solution-mined caverns, be they brine extraction or gas 
storage caverns, converge as they very gradually shrink due to salt creep (Bérest & Brouard, 
2003). This occurs until either the salt fills the void or confining pressures and cavern pressures 
are equalised, and is associated with varying degrees of subsidence as the salt moves into the 
void.  

Elsewhere in the report (section 4.2), the ability of salt to deform either in a ductile (plastic) or 
brittle manner, depending on the temperature, stress state and strain rate is outlined. At 
temperatures expected for the salt-dissolution subsidence process, the primary creep (or ductile-
deformation) mechanisms for rock salt are glide and solution precipitation (Urai et al., 1986b). If 
groundwater penetrates the subsiding salt mass, deformation by solution-precipitation creep is 
capable of producing strain rates that are orders of magnitude higher than are possible in 
relatively dry salt at the same stress states (Davies, 1989). Two basic types of subsidence exist 
(Anderson & Browns, 1992):  

• very slow subsidence characterised by predominantly ductile deformation – salt creep 
• relatively rapid subsidence characterised by predominantly brittle deformation (Ege, 

1979; Davies, 1989). 

These two types of subsidence represent the end members of a continuous range of subsidence 
processes. The process of salt creep at depth into the cavern area can lead to closure of caverns 
that are not constructed or operated correctly (see Appendix 5). This process typically generates 
an upward-expanding zone of subsidence that is transferred to the surface with decreasing 
amplitude over a wide cone of influence. With time, the ground surface over an intact cavern 
will deform into a broad shallow depression (Warren, 2006), referred to as ‘bowl subsidence’ or 
‘zone of draw’, a term originally used in coal mining to describe the distance on the surface to 
which the subsidence or creep extends beyond the underground workings (e.g. Thrush, 1968). It 
is, therefore, similar to ‘trough subsidence’ at the surface above ‘long wall’ or ‘room and pillar’ 
mining operations. This phenomenon is normal and predictable using fairly standard mining 
calculations and is more obvious above shallower storage caverns. It will occur over the entire 
footprint of an individual cavern projected vertically upwards to the ground surface and beyond 
into an area determined by what is termed the ‘angle of draw’ (e.g. Jeremic, 1985). For relatively 
flat-lying strata, this is commonly held to be c. 35º to the vertical. The greater the cavern depth, 
then the greater is the extent of the zone of subsidence beyond the limits of the undergound void. 
To illustrate, for a cavern developed at depths of 300 m to 600 m, the area within which 
subsidence could occur would extend between about 210 m and 420 m in all directions beyond 
the limit of the cavern projected vertically to the ground surface. However, it should be noted 
that the amount of subsidence that occurs is inversely related to depth, i.e. there is a depth below 
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which closure of an opening of a particular size or shape does not give rise to subsidence at 
surface. 

Bowl subsidence does not, however, generally become a problem unless the roofspan is breached 
and the rate of subsidence increases (Warren, 2006). This can lead to brittle deformation and 
collapse of the overburden followed by ingress of water, perhaps further escalating the 
subsidence problems due to dissolution of the salt. Brittle deformation is characterized by an 
inverted-cone-shaped vertically migrating collapse cavity or chimney (refer Warren, 2006).  

It has been suggested that in a brittle collapse zone, water ingress could lead to ongoing 
dissolution but facilitate relatively rapid creep of adjacent salts (as a result of the presence of 
water), back into the dissolution cavity. This could conceivably help to prevent the formation of 
large cavities and subsequent catastrophic collapse. A consequence would be more gradual 
subsidence, the horizontal extent of which would increase upwards as dissolution proceeded 
through time (Anderson & Browns, 1999). 

For the case of developing a large cavern field the closure mechanics become more uniform. 
Once the width (of the field) becomes larger than the overburden thickness, large-scale stress 
arching effects in the overburden become less important All creep strains in the salt horizon are 
accommodated by direct downward movement of the overburden, with all ‘pillars’ (undissolved 
salt between caverns) carrying the full weight of the overburden (Mraz et al., 1991; Dusseault et 
al., 2001). This process will accelerate closure when compared to an isolated cavern, where some 
of the stress concentration (i.e. shear stress) is transferred farther from the cavern through the 
rigidity of the non-salt roof rocks above the cavern. If all other factors are equal, then an isolated 
cavern will close more slowly that a cavern group (Dusseault et al., 2001). 

Measured land subsidence rates vary above salt caverns, due partly to the differing depths and 
operational procedures at any particular cavern. In the 1980s, measured subsidence rates over 
shallow caverns in the US SPR ranged up to 40-50 mm/yr at facilities in Texas and Louisianna 
(Warren, 2006). Deeper caverns, such as that at Tersanne in France (c. 1450 m below ground 
level), are associated with much lower rates of around 6-8 mm/yr. Since the late 1980s, most 
purpose built storage caverns have been filled and maintained at higher pressures than was the 
case in the 1970s-1980s. The result is that salt creep and resultant subsidence has been reduced 
(Thoms, 2000; Warren, 2006). 

Ongoing and continuous monitoring/surveillance and reappraisal is required at most storage 
sites. However, understanding of the causes, rates and magnitudes of the subsidence permits site 
operations to continue in most cases. 

8.7.1.1 OBSERVED AND CALCULATED RATES OF SUBSIDENCE ASSOCIATED WITH GAS STORAGE AND 
BRINE CAVERNS 

This section briefly details some observed and calculated rates of subsidence associated with gas 
storage and brine caverns. 

8.7.1.1.1 Bryan Mound, Big Hill and West Hackberry SPR salt cavern storage facilities, USA 

A series of cavern storage facilities have been constructed in salt domes of the Gulf Coast, USA 
including Bryan Mound, Big Hill and West Hackberry. All have been monitored for the effects 
of subsidence (Warren, 2006). Between 1982 and 1988, the subsidence rate at Bryan Mound was 
24.4-36.6 mm/yr. This fell to between 6.1 and 24.4 mm/yr in the period 1988-1994 and 3.1-15.2 
mm/yr from 1994-1999. The reduction in the subsidence rate by around 70% was related to 
increasing cavern pressures (Warren, 2006). At Big Hill, subsidence rates ranged from 6.1-15.2 
mm/yr between 1989 and 1994, but reduced to 6.1-9.1 mm/yr between 1994 and 1999. The 
lower rates overall at Big Hill may, to some extent, be related to a thick (300 m+) brittle caprock 
overlying the salt dome (Linn & Culbert, 1999; Bauer, 1999; Warren, 2006). 
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In contrast, however, the West Hackberry storage facility is an example of extensive, major 
subsidence resulting from mainly salt creep closure of the SPR storage caverns below (Magorian 
et al., 1993; Neal & Magorian, 1997). Even following pressurisation, the subsidence rate 
remained high at 76.2 mm/yr (Warren, 2006), which although other causes of subsidence have 
been found to contribute, is mainly attributed to salt creep.  

8.7.1.1.2 Example of predicted subsidence associated with proposed gas storage salt caverns in 
the Preesall Saltfield, NW England 

During the Canatxx application to develop salt caverns for gas storage, studies of the likely 
subsidence associated with cavern development and operation were undertaken by two cavern 
design experts (Dr J Ratigan & Prof K Fuenkajorn). In the design of a gas storage cavern, a 
pressure range is defined within which the caverns should operate at given depths and geostatic 
pressures. The upper (higher) pressure limit is designed to prevent overpressurization that could 
cause fracturing of the rocks. The lower operating pressure is designed to stop the inward 
movement of the cavern walls due to salt creep. Pressures for the operating caverns were 
anticipated to be in the range 25-75 bar (368-1103 psi), for 100 m diameter caverns, the tops of 
which are between 220-425 m below ground level (refer Table 1 in Heitmann, 2005). The 
subsidence estimates for these conditions were calculated using industry recognised modelling 
methods and covered a range of possible cavern sizes and designs. The subsidence rates derived 
were: 

• An average rate of 0.2-0.3 mm per year, maximum being 0.5 mm (Dr J Ratigan) 
• An average rate of 0.4-0.8 mm per year, maximum being 1.4 mm (Prof Fuenkajorn) 

For reasons not entirely clear, it was noted in the report by Hyder Consulting (2005) that Dr 
Ratigan considered cavern sizes that were generally smaller in size than those reviewed and 
modelled by Professor Fuenkajorn. 

8.7.2 Problems of subsidence in saltfields not related to wet rockhead or linked to gas 
storage 

Problems of stability and subsidence have arisen when parts of the salt mass are extracted in a 
poorly managed way, or salt bodies with previous or ongoing drilling activities. This has led to 
disturbance and collapse of the caprock sequence(s), with cases of ingress of water that have led 
to enhanced salt dissolution and subsidence. The following far from exhaustive review 
summarises the problems that have been encountered in saltmine or brine field areas. It is 
emphasised that they are not as a result of operations associated with gas storage, but are merely 
presented to illustrate the problems that have been encountered by poor mining or operational 
practice or site characterisation, either when extracting salt or drilling in areas of previous salt 
extraction. A comprehensive review of the various failure mechanisms of the caprock sequence 
above saltmines or caverns experiencing problems and that lead to the development of ‘collapse 
chimney’s’ or pipes is provided by Warren (2006). 

The surface effects of the events described here and in Appendix 2 (see Fig. 5b-d) are of 
particular interest when assessing the risks posed to existing or future infrastructure (gas 
pipelines, compressor stations etc.) in areas under consideration for gas storage in salt caverns.  

8.7.2.1 PROBLEMS AT SALTMINES AND BRINE FIELDS 

Appendix 2 details briefly the nature of problems encountered at saltmines and brinefields where 
catastrophic ground failure arose through poor mining and working practices. Examples found in 
Romania, Italy, Poland, France and the USA illustrate how poor mining and cavern development 
can lead to significant areas being affected by subsidence and collapse. They represent potential 
problems that could arise from inadequate site characterization and poorly managed solution 
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mining of a cavern or cavern field without due regard to, or control over, the shape, dimension or 
long-term geological stability of the resulting cavity/cavities. 

In some countries large areas are now unstable and unusable, whilst in Kansas (USA), the 
collapse of brine caverns and formation of significant surface collapse hollows and craters has 
led to problems with and damage to surface infrastructure (Fig. 5c&d). The development of such 
features is of potential importance to sites being considered for gas storage where above ground 
gas pipelines would be present onsite. The extraction of brine from the eastern areas of the 
Preesall Saltfield in NW England reveals similar problems of surface subsidence and collapse 
structures and is outlined in the following section. 

8.7.2.1.1 Subsidence associated with salt caverns related to former brining operations in the 
Preesall Saltfield, NW England 

ICI have for many decades extracted salt and brine from the Preesall Saltfield near Fleetwood, 
Lancashire. Many caverns were developed and the earlier examples are often associated with 
subsidence problems due to uncontrolled brining. In general, these collapse craters and 
subsidence features are located in the older (eastern) areas of the worked brinefield, where the 
brining operations were aimed at removing as much salt as possible. Often this removed the 
supporting and protective roof salt, causing damage to the overlying mudstones and leading to 
their collapse into the cavern with time. As a consequence, large subsidence hollows and 
collapse structures of varying size have developed, some of which are now the sites of deep 
craters and lakes (Fig. 5b and Wilson & Evans, 1990).  

The later brine caverns were located further west along the western limit of the worked saltfield 
and appear more stable. A subsidence monitoring system was established by ICI, although it 
appears not to have been kept up to date. On abandonment, the cavities were filled with brine 
and wellheads were sealed, with the natural creep of the salt (and thus tendency for cavern walls 
to move in and close the cavern) left to equilibrate with the pressure of the brine in the caverns. 
This build-up in pressure due to salt creep is clearly illustrated by the brine geyser described in 
section 2.2.7.6.1. 

The collapse chimney’s of course may provide pathways for the downward movement of water 
potentially adding to the dissolution of salt at depth. However, it is likely that below a certain 
depth, there is no groundwater circulation. Any waters that penetrate down below this depth will 
become saturated and may effectively protect the salt from further dissolution. The presence of 
such structures and the brine saturation levels would require careful study and monitoring to 
ensure activities elsewhere in the brindefield did not affect ground conditions, permitting 
movement of fresher waters and possible renewed salt dissolution for example. 

8.7.2.2 PROBLEMS ASSOCIATED WITH OLD WELLS IN SALT BEARING SUCCESSIONS 

Certain events in the USA and Algeria, whilst closely related to the previous section, are worthy 
of mention in their own right and highlight the problems of old oil and brine wells in areas of 
halite and old mine workings (Warren, 2006). An example of a mine intersecting an old well at 
the Winsford Mine in the Cheshire basin is also reported and all incidents (described in more 
detail in Appendix 2) are relevant to UK proposals. Again, the list of such examples in Appendix 
2 is not exhaustive, merely illustrative. However, in all examples, old wells led to problems of 
water ingress and instability of a mine or areas of a brinefield. They illustrate the problems and 
dangers that can occur in areas as a result of inadequate site characterization and liaison with 
relevant authorities, in the process of defining positions of old abandoned oil or brine wells etc. 
Without rigorous/diligent site characterisation, they could present similar problems at UK UGS 
sites. The scenarios this might cover in the UK context could include: 

• Old wells (including non brinewells) not properly capped and abandoned might provide 
pathways to depth for fresh or undersaturated water that has the potential to cause 
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unknown solution and thus cavity formation in the salt formation at around the level of 
proposed caverns 

• A brine cavern being constructed and intersecting a previously unknown (and which 
might remain unknown until cavern pressure tests are conducted) well, leading to 
possible risk of communication or failure of the pressure test 

• Previously unknown wells into the salt storage formation not intersecting the cavern, but 
that might, if the cavern is operated in brine compensated mode, ultimately be 
encountered or intersected as a result of unmonitored cavern enlargement during storage 
operations 

The scenarios and examples described in Appendix 2 demonstrate the requirement for careful 
preparatory work that includes both checking of borehole siting records and detailed ground 
investigations. 

8.7.2.3 PROBLEMS ASSOCIATED WITH NEW OIL EXPLORATION WELLS IN SALT BEARING 
SUCCESSIONS AND FORMER MINED AREAS 

An incident in America, involving the drilling of an oil exploration well in 1980 (described in 
more detail in Appendix 2), is of likely relevance to some UK proposals where salt beds occur 
within areas having hydrocarbon potential and in which exploration is possible in the future (e.g. 
the Cheshire Basin, NE England, Dorset). During the drilling of the well from a pontoon in a 
lake, an unused section of a salt mine was intersected around 350 m below lake level. This 
resulted in rapid flooding of the mine workings and emptying of the lake. It again illustrates the 
problems and dangers that can occur in areas as a result of inadequate site characterization and 
liaison with relevant authorities, in the process of defining positions of previous and abandoned 
mine workings. The scenarios this might cover in the UK context would include: 

• the drilling of an exploration well in an area of gas storage caverns, especially if the well 
were to be deviated from the surface position some distance to the final depth location 

• drilling a well in an area that might intersect old mine or brine cavern workings and with 
gas storage caverns close by. This could cause water ingress and a sudden collapse that 
might lead either to a chain reaction and rapid expansion of the affected area, or slower 
dissolution and cavity formation that then impacts upon the area of the storage caverns 
and ultimately their integrity and safety 

Again, the examples demonstrate potential scenarios that illustrate the requirement for careful 
preparatory work that includes both checking of records and detailed ground investigations. 
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9 Incidents and casualties at underground hydrocarbon 
storage facilities 

This section outlines documented problems encountered at UFS facilities and incidents of 
leakage of varying degrees of severity (Tables 7 – 11; see also Evans, in press). Appendix 5 
provides more detailed descriptions of the cause and where possible, the resolution, of each 
event. In the main, reports of problems are from American and European sites. At this stage of 
the survey, no incidents have been found reported from Eastern Europe or Russia, although we 
expect them to have occurred.  

The problems and incidents are dealt with by storage type (depleted reservoir, aquifer, salt 
cavern and abandoned mine) and country. Overall, 65 reports of instances of problems 
encountered at UFS facilities have been found. Of these, 27 have been at salt cavern facilities, 17 
at aquifer and 16 at depleted oil/gasfields (Table 7). Escape or leakage of stored product appears 
most prevalent at salt cavern storage facilities, which are generally shallower than those in oil or 
gas reservoirs and as described in Chapter 2, differ considerably from facilities constructed at 
depleting/depleted oil and gasfield sites. Only 9 deaths related to UFS have been found reported 
in the literature, with around 62 injured and circa 6700 evacuated. However, the latter figure 
does not include figures from the village of Knoblauch, near Ketzin (west of Berlin) that was 
apparently permanently evacuated following one gas leak (see section 9.2 and Appendix 5). Of 
the reported deaths, 8 have occurred at salt cavern facilities and all of these have been in 
America (West Hackberry, Mont Belvieu, Brenham and Hutchinson). A ninth death was reported 
at the Ketzin gas storage facility during the 1960s (NJ Riley, pers comm., 2007). Indeed, 53 of 
the reported incidents have occurred in America, with California (12) and Illinois and Texas (10 
each) having the highest number of incidents found. The 65 incidents have, however, been of 
varying cause, severity and nature, with some involving only minor problems that were quickly 
rectified and at no stage threatened failure of the facility or release of product. 

9.1 DOCUMENTED INCIDENTS AT DEPLETED OIL AND GAS FIELD FACILITIES 
As described in Chaper 2, underground gas storage operations were first undertaken at an 
operating gasfield in Welland County, Ontario (Canada) in 1915. The first gas storage facility in 
a depleted reservoir was built in 1916, using a gasfield in Zoar near Buffalo, New York (USA), 
and remains the oldest operational facility (WGC, 2006). Gas storage in depleted oil/gasfields 
now represents around 76% of the total number of UGS facilities (Plaat, 2004 & this volume; 
EIA, 2006). 

This study has identified 16 documented problems and incidents at depleted oil and gas field 
facilities (Tables 7&8), with 3 of these cases (19%) having involved casualties or evacuees. No 
fatalities have been reported. Relative to today’s number of operational facilities (478), which 
are fewer in number than in recent history, this represents an incident rate of 3%, with 0.63% 
involving fatalities/casualties/evacuees (Tables 2,7&8). Fourteen (c. 88%) of the cases (Table 8) 
have occurred in America, of which, 11 (c. 69%) have been in California. In all, 5 people have 
been injured and around 83 people evacuated during reported incidents. All cases involve 
injection and storage of natural gas. 

In terms of the main failure mechanisms or difficulties encountered at depleted oil/gasfield 
facilities, 2 scenarios with 5 incidents (c. 31%) apiece were associated with: 

• failure of the well or casing (due to cracks, damage, corrosion or during 
repair/maintenance) at Fort Morgan, Colorado (State of Colorado, 2006) and 3 in 
California. In the latter, 2 were related to repairs of wells and 1 was due to damage 
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during an earthquake (Vector Magnetics, 2007). All 3 Californian well incidents were 
rectified by directional drilling of sidetracked wells, isolating and plugging the 
damaged sections (Appendix 5). The fifth case of problems with a well was an 
anomalous pressure rise in the annulus of a gas storage well at the Breitbrunn/Eggstatt 
Gasfield (Bavaria, Germany) in 2003 (Bary et al., 2002; Überer et al., 2004). The 
incident is not reported as having led to serious problems, with repairs to the well 
casing quickly and successfully undertaken (Überer et al., 2004). 

• migration from the injection footprint, due effectively to overfilling at: (East) Whittier 
(Benson & Hepple, 2005), Epps (Coleman, 1992), Playa del Rey (Reigle, 1953; 
Chillingar & Endres, 2005) and Castaic and Honor Rancho (Khilyuk et al., 2000; Davis 
& Namson, 2004). At Playa del Rey, gas leaking from the reservoir into the adjoining 
Venice Beach accumulation was known since the earliest days of operation (Reigle, 
1953; Chillingar & Endres, 2005). Gas migration to shallower levels was believed to be 
related, in part, to faulting of the caprock in the Castaic Hills & Honor Rancho, Playa 
del Rey cases and the El Segundo facility (Reigle, 1953; Khilyuk et al., 2000; 
Exploration Technologies Inc., 2000; SoCal, 2004; Chillingar & Endres, 2005). 

Three incidents (18% of cases) were related to problems with above ground infrastructure at: 
McDonald Island, California (Delta Protection Commission, 1997), Playa del Rey (SoCal, 2004) 
and the Rough Storage facility, Southern North Sea (HSE, 2006; Centrica, 2006). The offshore 
Rough Gas Storage Field, about 31 km (20 miles) off Withernsea on the East Yorkshire coast, 
represents the one recorded incident in a depleting gasfield in the UK, on the 16th February 2006. 
An explosion and fire occurred on the Bravo 3B platform, which led to the evacuation of 31 
workers, whilst 25 essential staff remained on the platform. Two workers suffered from burns 
and the effects of smoke inhalation and were treated in hospital. The cause of the accident 
appears to have been the catastrophic failure of a cooler unit and an explosion in that vicinity 
(HSE, 2006; Centrica, 2006 – Appendix 5). 

9.1.1 California and the case of numerous old oilfields with migrating gas in an urban 
environment and the impact on the perception of gas storage safety issues.  

California provides 11 (c. 69%) of the UFS incidents at depleted oil/gasfield sites and c. 18.5% 
(12) of all (65) UFS incidents, somewhat distorting the statistics and is worthy of further 
appraisal. The region has been an area of intense hydrocarbon exploration and production since 
the latter part of the 19th and early part of the 20th centuries (Chilingar & Endres, 2005). Over 70 
oilfields have been discovered in the Los Angeles Basin alone (Appendix 5) and many oil wells 
were drilled on these fields in very close proximity to one another (refer figs 22&23 and 
http://www.consrv.ca.gov/DOG/photo_gallery/historic_Mom/photo_01.htm). In the UK, there 
has been no drilling on the intensity seen in American urban environments at the turn of the 20th 
Century, sites of which became heavily populated. 

The depleted Playa del Rey (PDR) oilfield is one of 5 gas storage facilities that operated within a 
64 km (40 mile) radius of the Los Angeles region until the late 1990s (Chilingar & Endres, 
2005). Hundreds of oil wells were drilled from derricks that once blanketed the landscape (Fig. 
22b). The majority of these oilfields are now abandoned, but the area has been left with a legacy 
of old, disused wells, the locations of which are often poorly known, but that now lie beneath 
densely populated urban areas. 

The oilfields in the Los Angeles area provide numerous instances of potentially explosive 
methane gas seeping to the surface in heavily built-up areas, raising the possibility of a major 
incident (Hamilton & Meeham, 1992; Renwick & Sandidge, 2000; Gamache & Frost, 2003; 
Chilingar & Endres, 2005). The Fairfax and Belmont oilfield gas leaks are of particular interest 
when incidents at the gas storage facilities developed at the Montebello and PDR oilfields are 
considered. The problems associated with, and the failure to completely retain injected gas in the 
5 storage facilities developed in depleted LA fields, could be explained by and be related to, the 
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rather unique geological environment represented by the Los Angeles area. The LA incidents 
may, therefore, not be typical of the likely problems encountered in depleting oil/gasfield storage 
elsewhere and may distort the gas storage safety figures. 

Leakage problems in existing fields have been most vividly illustrated in incidents at, for 
example (Figs 22a,c&f & 23), Fairfax (1985, 1989, 1999 and again in 2003; Gamache & Frost, 
2003; Chilingar & Endres, 2005), La Brea Tar Pits (associated with the Old Salt Lake and South 
Salt Lake oilfields respectively) and at a school site in Belmont (the Los Angeles City Oilfield). 
In March 1985, methane that had accumulated in the basement of the Ross Department Store 
ignited and caused an explosion that injured 23 people. Fires also broke out along surface cracks 
and fissures that developed nearby and burnt for days after the explosion (see Gamache & Frost, 
2003). The escaping gas originated from the Old Salt Lake Oilfield lying immediately beneath 
the area and had migrated up along at least 2 wells and the Third Street Fault that reached 
surface beneath the department store. One of the wells was an old abandoned vertical well, but 
the second was a relatively modern inclined well that was found to have suffered corrosion 
below 366 m depth (Chilingar & Endres, 2005). A very similar gas leak incident occurred on 
February 7th 1989 across the street from the 1985 explosion (Chilingar & Endres, 2005). In 
January 2003, serious gas leakage problems were discovered in the vicinity of Allendale and 
Olympic Boulevard, in the Fairfax area. The gas had been leaking to the surface along 
abandoned and poorly completed wells (Chilingar & Endres, 2005). A leak was detected and a 
potentially major hazard averted in 1999 at the intersection of Wilshire and Curson streets just 
south of the La Brea Tar Pits above the South Salt Lake oilfield, (approximately 1.6 km from the 
Fairfax incidents).  

Gas migration problems were also identified during the $200-million Belmont High School 
development, in Northwest downtown Los Angeles (Fig. 23b). Construction was halted by the 
discovery of high levels of methane in the soil across the site. Geological investigations revealed 
the gas originated from the underlying Los Angeles Oilfield, with a fault below the school site 
thought likely to have provided a pathway to the surface. Archival photos of the area circa 1890 
also show hills blanketed by oil derricks, the majority of sites of which are not documented and 
are now covered by homes, business premises and the site of the school (Fig. 23c&d). A decision 
to abandon work on the school was taken in January 2000, although pressure to recommence 
work remains. 

These incidents were all related to the presence of old corroded wells, many of which were 
drilled before official records were kept and over which high density housing (largely apartment 
buildings) had been developed (Chilingar & Endres, 2005). Other contributory factors included 
blocked ventilation wells and ongoing oil and gas production involving waste disposal or 
secondary recovery operations increasing reservoir pressures (Hamilton & Meehan, 1992; 
Chilingar & Endres, 2005). Increased pressures had driven the gas out of the storage reservoir 
and up old wells with poorly completed or corroding and deteriorating steel casings and cements. 
The overpressuring also caused the periodic ‘opening’ of the Third Street Fault, further 
exacerbating the situation (Hamilton & Meehan, 1992). 

9.1.2 Gas leaks at the Montebello and Playa del Rey converted oilfield gas storage 
facilities 

The Montebello and PDR oilfields in the Los Angeles area were discovered many decades ago 
and during production, hundreds of unregulated (or unmonitored) oil/gas wells were drilled, the 
majority of which are now abandoned (Fig. 22b&e). Many of these wells were drilled before 
today’s rigorous drilling and completion standards were implemented or applied (Chilingar & 
Endres, 2005). Following production, the oilfields were converted to gas storage facilities. 

In the case of Montebello, gas had been injected at a depth of around 2286 m and was 
subsequently found to be leaking to the surface along old wells, again, many of which were 
drilled in the 1930s (Chilingar & Endres, 2005). Investigations have revealed that the old well 
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casings and cements are unable to cope with the increased pressures, allowing high-pressure gas 
to enter the old wells and migrate to shallower depths but not to the surface (Benson & Hepple, 
2005). The problems encountered led to the facility being closed in 2003 (Chilingar & Endres, 
2005; EIA, 2006). 

The PDR Oilfield was discovered in 1929 and is developed in the western Los Angeles Basin, 
about 17.5 km WSW of downtown Los Angeles. Between 200 and 300 operational or abandoned 
oil/gas wells have been drilled across the field, although the precise total is unknown, with areas 
once densely covered by oil derricks (Fig. 22b). The field comprises two accumulations 
separated by a NW-SE trending ridge of basement (Mesozoic) rocks referred to as the Santa 
Monica or Catalina Schist (Fig. 24): a northwestern ‘Ocean Front’ or ‘Venice Beach’ 
accumulation and a southeastern accumulation, known as PDR that extends north of the Ballona 
Creek (Eggleston, 1948; Landes et al., 1960; Barnds, 1968). The field quickly depleted and in 
1942, as part of the wartime effort, it was converted for use as a gas storage facility, full-scale 
operations commencing in June 1943 (Barnds, 1968). PDR has continued to be used as a storage 
facility and since 1945 has been operated by Southern California Gas (SoCal). Investigations 
have revealed that gas has, since the earliest days of operation, leaked from the reservoir both 
into the adjoining Venice Beach accumulation and also upwards to surface via faults, old wells 
and intermediate ‘collection zones’ (Reigle, 1953; Chillingar & Endres, 2005). 

The PDR area has been the focus of attention since the 1990s as land in the Venice, Ballona 
Creek and PDR region, immediately overlying the PDR oilfield is being considered for major 
urban development (e.g. Davis & Namson, 2000; Chilingar & Endres, 2005). However, there are 
numerous documented instances of gas leaking to the surface at PDR, with gas seen bubbling up 
in waters of the Marina and Ballona Creek/Channel, in shallow lakes alongside old well casings 
(Fig. 22d), and in standing water following heavy rains (Chilingar & Endres, 2005). Analyses of 
the gases from the Ballona Creek and other leaks indicate that it is seeping up from deep 
underground with estimates for the rate of gas loss due to uncontrolled migration and/or seepage 
into the atmosphere put at around 2.8 Mcm per year (Tek, 2001; http://www.saveballona.org/ 
expert.html). 

The change of land use has led to problems, with the PDR area the centre of a major ongoing 
battle to prevent the development of a large housing project over the oilfield. When excavations 
began for the actual construction of the housing development, it was discovered that wells, 
abandoned as recently as 1993 to make way for the housing development, were found to be 
leaking (Chilingar & Endres, 2005). In each case, homes were constructed over the old wells 
after minimal efforts were taken in an attempt to reseal the wells. There have also been attempts 
to install a membrane to try and stop the migration of gas into buildings. Further problems are 
posed by some of the larger buildings. These require the driving of piles up to 15 m down 
through the poorly consolidated river terrace and wetland marsh sediments into solid rock and 
that provide further potential gas migration pathways. 

Opposition groups to the Playa Vista development have alluded to the Fairfax and Belmont gas 
seepage incidents, highlighting the problems of old wells and possible unmapped faults in the 
area, as valid reasons for the abandonment of the project. The Playa Vista development and 
associated problems clearly highlight the difficulties encountered with urban encroachment into 
oil and gas fields, not just within the Los Angeles Basin, but anywhere with historical oil 
production (Chilingar & Endres, 2005). 

9.1.3 Hydrocarbon exploration well, Hatfield Moors, England 
Although not a gas storage incident, the Hatfield Moors gas well explosion and fire has some 
relevance, as the depleted gasfield has, since 2000, become one of the UK’s few operational gas 
storage fields (Ward et al., 2003). The Hatfield Moors Gasfield was discovered by accident in 
December 1981, when the Hatfield Moors No.1 exploration well unexpectedly encountered gas 
in a Westphalian sandstone reservoir at around 425 m below ordnance datum (OD). This led to a 
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major gas escape that ignited with the ensuing blaze destroying the drilling rig. There were no 
casualties, but fire was not brought completely under control until 38 days after the initial 
explosion, by which time around 28.3 Mcm of gas had been consumed in the fire (Ward et al., 
2003). 

9.1.4 Summary/discussion 
As alluded to, underground fuel storage facilities in California account for 11 of the documented 
problems in this category. California represents a special area for a number of reasons: 

• It is a highly petroliferous area, developed in (relative to the UK) young (Cainozoic) 
sedimentary rocks 

• It is an area of ongoing seismic activity. The area is undergoing compression related to 
plate tectonics, which is associated with transpressional tectonic forces. This has resulted 
in the formation of many anticlinal traps with numerous surface rupturing faults that have 
contributed to fracturing of strata over of large areas 

• It has a long history of (often unregulated) oil exploration dating back to the late 1800s, 
with many thousands of wells having been drilled across the State, often of very high 
density 

• As a consequence, the locations of many wells are not known accurately, with many not 
known at all. Also, many of the older wells now have no, or at best old and deteriorating, 
well completions (casings and cement) 

Consequently, California provides a high number of incidents associated with UGS and distorts 
the data. Whilst data provide important information on problems encountered and modes of 
failure of UGS infrastructure for planning and risk assessment, many of the problems and 
geological factors encountered in California would not necessarily be applicable or relevant to 
assessment of UGS in the UK situation. 

9.2 DOCUMENTED CASES OF PROBLEMS OR INCIDENTS AT AQUIFER 
FACILITIES 

Underground gas storage operations in an aquifer were first undertaken in 1946 at a site in 
Kentucky, USA (Chabrelie et al., 1998; Favret, 2003) and there are currently about 80 
operational aquifer storage facilities in the world today. Most of these are in the United States, 
the former Soviet Union, France, Germany and Italy. 

This study has identified 17 documented problems and incidents at aquifer storage facilities 
(Tables 7&9). Two incidents (c. 12% overall), both in Europe provide the only fatality, 
casualties and evacuees at aquifer storage sites: Ketzin and Spandau, both on the outskirts of 
Berlin in Germany. Relative to today’s number of operational facilities (80), which are fewer in 
number than in recent history, the 17 reported incidents represents an incident rate of c. 21%, 
with cases involving fatalities/casualties representing 2.5% (Tables 2, 7&9). All involve 
injection and storage of natural gas, with 12 (c. 71%) having occurred in the USA, of which, 8 
(c. 47%) have been in Illinois (Buschbach & Bond, 1974; Coleman et al., 1977; Perry, 2005). To 
date, 5 documented incidents (c. 29%) have occurred in Europe (at Stenlille in Denmark, 
Chémery in France and Spandau, Frankenthal and Ketzin in Germany). 

Two incidents in Europe resulted in the reporting of the only fatality, casualties and evacuees at 
aquifer storage sites. Sketchy reports exist for an incident, at Ketzin around 25 km west of Berlin 
in Germany (refer Appendix 5). During the 1960s, town gas was being stored underground in an 
aquifer, when leakage led to the seemingly permanent evacuation of the village of Knoblauch 
(New Energy News, 2007; Kanter, 2007; MyDeltaQuest). These reports mention that leakage of 
carbon monoxide (CO) was also associated with the leak (MyDeltaQuest), which is believed to 
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have led to 1 fatality as a result of CO having come up an old well into a house. The well was 
repaired and sealed following the incident (N.J. Riley pers comm., 2007) and natural gas 
continued to be stored in the anticlinal structure from the 1970s until 2000, when the facility 
closed, leaving only cushion gas in the aquifer. The stored gas was thought to have been 
escaping through the cap rock, perhaps aided by the presence of faults, as a gas chimney is 
associated with one important fault zone in the crest of the structure (see e.g. Juhlin et al., 2007).  

A second incident occurred at Spandau, in the western suburbs of Berlin (Germany) on April 
23rd 2004 (Associated Press, 2004; Berliner Zeitung, 2004a,b&c). At about 9.40-9.45 am, an 
explosion destroyed part of the wellhead of a monitoring well (B5). This allowed the escape of 
gas that ignited, resulting in a flame about 30 m high. The gas escaped for about a day before it 
was brought under control. The explosion destroyed a tanker truck and damaged several 
buildings at the gas storage site, leaving 9 injured, 3 seriously. It led to the evacuation of around 
500 people within 1 km of the site (F. May, pers. comm., 2004). Although maintenance work 
was being carried out, involving H2O2 treatment of the well following winter operation at the 
time, the cause of the incident is unclear (F. May, pers. comm., 2004). Work on the contents 
gauges at the facility was also ongoing at the time and failure of a seal is thought to be a 
possibility. At no time was the stored gas inventory in danger (GASAG, 2004). 

Problems with, or failure of, the well or casing (due to cracks, damage, corrosion or during 
repair/maintenance), was involved in 3 (c. 18%) of the documented cases. Two have been in 
Europe, at Stenlille, Denmark (well casing - Laier & Øbro, 2004 & this volume) and at Chemery, 
France (during routine maintenance of a well completion and replacement of a filter - NAWPC, 
1999; IAVWOPSG, 2005). The third was at Leroy, Wyoming (USA), where gas leakage was 
linked to corroded casing and overpressuring of the aquifer (Katz & Tek, 1981; Araktingi et al., 
1984; Nelson et al., 2005). At a facility in Northern Indiana, the reservoir/structure leaked gas 
(Buschbach & Bond, 1974; Perry, 2005). Unlike some of the leaking fields that utilize shallow 
gas capture through shallow wells before the gas can reach the surface, this field (at 
approximately 457 m) was deemed too shallow for this type of procedure and was abandoned 
(Kent Perry, 2007 pers comm.). 

In terms of the difficulties encountered at other facilities, problems with the cap rock provided 
the main ‘failure’ mechanism and all such leakages occurred at facilities in the USA. It was 
found that in 9 (c. 53%) of the cases, gas had migrated to shallower levels due mainly to the 
predicted caprock not having been gas tight. In 3 (c. 18%) of those cases, faulting of the caprock 
is also thought likely to have been a contributary factor in the migration of the product from the 
reservoir (Jones & Drozd, 1983; Jones & Pirkle, 2004; Morgan, 2004).  

9.3 DOCUMENTED CASES OF PROBLEMS OR INCIDENTS AT SALT CAVERN 
GAS STORAGE FACILITIES 

Large underground salt caverns provide secure environments for the containment of materials 
that do not cause dissolution of salt. As outlined in Chapter 2, salt caverns have been used for the 
storage of a range of materials including liquid (oil, liquified petroleum gas [LPG] and NGL’s), 
gaseous hydrocarbons and hydrogen. However, this study has found evidence for 27 reported 
problems at salt storage facilities. Relative to today’s number of operational facilities (66), which 
are fewer in number than in recent history, the 27 reported incidents represents an incident rate 
of c. 41%, with cases involving fatalities/casualties (5) representing 7.6% (Tables 2, 7&10). 

In terms of the main failure mechanisms or difficulties encountered at salt cavern storage 
facilities, problems with, or failure of, the well or casing (due to cracks, damage, corrosion or 
during repair/maintenance), was involved in 11 (c. 41%) of the 27 documented cases (Tables 
7&10). Of these, 4 (c. 15%) well-related incidents (Hutchison, Brenham, Mont Belvieu and West 
Hackberry) led to 8 fatalities (Fig. 25). Failure of above ground infrastructure was involved in 5 
(c. 19%) of the incidents (valve, pipes, wellhead or compressor units). They represent the highest 
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rate of failure of this nature in all storage facility types and resulted in 3 fatalities at Brenham. 
Three facilities were brined but never commissioned, one at Bayou Choctaw (Louisiana) failed 
due to uncontrolled leaching. Problems were encountered at the Clovelly and Napoleanville 
(Louisiana) sites, due to insufficient site characterization, with the caverns being built too close 
to the edge of a salt dome and encountered ‘host rock’ in the cavern walls (Neal & Magorian, 
1997). 

Large volume losses occurred in caverns at 3 facilities (c. 11%): Eminence, Louisiana (Allen, 
1972), Kiel in Germany (Coates et al., 1981; Bérest & Brouard, 2003) and Tersanne in France 
(Thoms & Gehle, 2000; Bérest & Brouard, 2003). The Eminence facility operated for over 10 
years, but the loss of cavern capacity due to having operated at pressures too low to maintain 
cavern walls, appears to have led to its closure in the early 1980s. However, operations appear to 
have resumed, with cavern volume having been regained by further brining operations (Warren, 
2006). The Tersanne facility, one of a number of caverns operated by Gaz de France in southeast 
France, remains operational having also recovered much of the original volume loss (Thoms & 
Gehle, 2000; Warren, 2006). Kiel has continued operating, storing town gas since 1971 (Padró & 
Putsche, 1999). 

Two incidents involving storage of LPG, at Brenham, Texas (NTSB, 1993a&b, 2006; Thoms & 
Gehle, 2000; Gruhn, 2003) and Petal, Mississippi (AEA, 2005), arose from overfilling of the 
caverns and must again be deemed the result of human error. Both were operated in brine 
compensated mode, which if poorly monitored and controlled, can lead to further undetected 
enlargement of the cavern and inaccuracies in storage volumes. A third incident where a propane 
storage facility was operated in brine compensated mode occurred at Mineola, East Texas (USA) 
in 1995 led to a release of propane and an explosion followed by a fire (Gebhardt et al., 1996; 
Bérest & Brouard, 2003; Warren, 2006). Here, communication between 2 caverns resulted from 
the injection of brine during each cavern emptying-filling cycle, which dissolved the salt wall 
between the 2 caverns, causing structural weakness and ultimately failure (refer Appendix 5). 
The accident was, therefore, the result of human error on at least two counts. Firstly, enlargement 
of the caverns and a narrowing of the intervening salt wall by the injected brine went unnoticed. 
Secondly, one cavern was held at much lower pressure than the adjoining one, which resulted in 
pressure induced failure of the thinned intervening cavern wall (Bérest & Brouard, 2003; 
Warren, 2006). 

A number of cavern storage sites exist in and around Conway (Kansas, USA) storing NGL’s, 
some of which have operated since 1951 (Ratigan et al., 2002). One NGL storage facility in the 
area has experienced sustained leakage of product from caverns, possibly since 1956. NGL’s and 
gas have been encountered in both storage wells and domestic wells on at least 6 separate 
occasions between 1980 and 1981. In December 2000, NGL’s were encountered in a newly 
drilled well at the site (Ratigan et al., 2002). Investigations have shown that large parts of the 
Conway area are affected by salt dissolution (wet rockhead). This has led to the development of 
collapse breccias forming voids with wells losing circulation at the top of the salt and into which 
hydrocarbons have migrated (Ratigan et al., 2002). Investigations into the leaks and possible 
remedial action are ongoing. 

9.3.1 Discussion 
Two cases of problems encountered at salt cavern facilities (Clovelly and Napoleanville, 
Louisiana) were due to insufficient site characterization, with the caverns having been built too 
close to the edge of a salt dome such that there was not enough salt ‘buffer’. In terms of the UK, 
this is not really an issue onshore, as there are no halokinetic structures. However, it would have 
similarities where a previously unknown large fault, producing an offset of the bedded salt 
deposits, might be close by a proposed facility, with the potential to intersect or impact on the 
cavern walls. Over much of the workable salt beds area onshore in the UK (mostly the Cheshire 
Basin, but including Wyre in Lancashire), exposure of rocks at surface is often poor, with thick 



  110

glacial drift deposits blanketing the bedrock (solid) geology. A lack of exposure and also 
subsurface information in terms of boreholes and/or seismic reflection data, mean that surface 
geology is not, therefore, always well constrained. It is possible that site characterization 
(subsurface mapping etc. using high resolution seismic reflection data for example) may not yet 
have been adequately undertaken and that possible faulting of an area is as yet poorly 
constrained or even unrecognized.  

Consequently, it might be expected that detailed site characterization would be required to 
adequately delineate not only the extent of the salt body (and structures affecting it) in which gas 
storage is proposed, but also its physical properties. This could include acquisition of seismic 
reflection data of high enough quality (resolution) to image the main structure and any faults 
present. 

The Clovelly and Napoleanville examples could have more relevance in the offshore 
environment, where thick Zechstein and Triassic salt deposits occur. The offshore area is not the 
subject of this report, but is worthy of note as the Government is considering the prospects for 
offshore UGS, that would include salt cavern facilities. In the East Irish Sea and particularly the 
Southern North Sea, halokinesis has given rise to large salt structures (pillows, domes and walls) 
that could offer sites for storage caverns. The Government is currently considering the feasibility 
of such schemes and revisions that would be required to current legislation related to storing gas 
in offshore areas (Smith at al., 2005; DTI, 2006c&d, 2007). 

9.4 DOCUMENTED INCIDENTS AT ABANDONED MINE FACILITIES 
Few hydrocarbon storage facilities exist in abandoned mines (Table 2), with 4 documented 
problems and incidents at abandoned mine storage facilities having been identified. Together 
with an incident that occurred at what is described as an unlined rock cavern facility, this 
category of storage represents about 8% of overall UFS incidents (Tables 7&11). Of the 2 
facilities where natural gas was being stored in abandoned coalmine workings (Leyden, 
Colorado - Raven Ridge Resources, 1998 and Anderlues in southern Belgium - Piessons & 
Dusar, 2003), problems with leakage through the caprock or overburden was encountered. 
Leyden ceased operations in 2001 and was converted for water storage, whilst at Anderlues, gas 
storage operations began in 1980 but ceased in 2000, due to connectivity with shallower mine 
levels, and leakage through the caprock. 

A third facility, at Weeks Island, Louisiana, was developed in an old salt mine, storing crude oil 
as part of the American Strategic Petroleum Reserve (SPR). The facility experienced problems 
associated with wet rockhead and sinkhole formation that ultimately caused the withdrawal of 
the stored oil and its closure (Neal & Magorian, 1997; Warren, 2006).  

A fourth facility at Crossville (Illinois) is believed to have been a former coalmine, storing 
propane at a depth of around 60 m. The facility experienced leakage to surface over most of its 
30-year life (Pirkle, 1986, Pirkle & Price, 1986, Jones & Burtell, 1994). In 1981-1982 
investigations revealed that product escaped from storage via the mineshaft and one of the mine 
drifts (tunnels). Migration within the overburden was pressure driven along faults, fractures and 
joints (Pirkle, 1986; Pirkle & Price, 1986; Pirkle & Jones, 2004). 

Brief details exist of a product release incident on 24 August 1973 at what was described as an 
‘unlined underground cavity’ at the Ravensworth Propane Storage Facility (Berest, 1989; N 
Riley, HSE pers com 2007). The facility is presently operated by Washington Gas Light 
Company and believed to be in Virginia, USA. The propane was stored in an unlined 
underground cavity (which is inferred to be a salt cavern, although this has not been confirmed), 
around 130m below ground level with a capacity of approximately 50,000 m3. Cavern operations 
continued whilst water was injected in the vicinity of the well in an attempt to stem the 
emissions. The latter point would indicate that the storage rock is not in fact salt.  
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9.5 FREQUENCY RATES OF NATURAL GAS STORAGE INCIDENTS AND 
INCIDENT FREQUENCIES FROM OTHER STUDIES 

This study has described problems at 65 UFS sites, however, a lack of information relating to 
many of the 65 problems described above means that at this stage, information on the number of 
wells at any one site, the years of operation/downtime or exact opening/closure date is not 
available. It is, therefore, difficult to determine the incident rates relative to ‘storage experience’, 
either as the total operational hours of gas storage against number of incidents, or the total 
operational well hours against the number of incidents. 

A report by the Ohio Environmental Council (2006), attempted such estimates during an 
assessment of the potential for underground storage of CO2 (Lippman & Benson, 2003; Perry, 
2005). These figures are, however, related to US storage facilities and are not worldwide figures. 
The report states that such experience amounts to in excess of 10,000 facility years and 
demonstrates that operational engineered storage systems can contain methane with release rates 
of 10-4 to 10-6 per year.  

A recent review of documented data from the 1970s onwards, which only identified 17 accidents 
associated with fugitive gas emissions from natural gas storage facilities, provides operational 
figures incorporating facilities outside the USA (Papanikolau et al., 2006). The review of 
incidents, whilst more restricted than in this report, is nevertheless useful. It provided the 
cumulative operative years of natural gas storage sites, which were calculated to be 20,271 years 
with well operations to be 791,547 well-years. Of the incidents identified, 1 occurred during 
maintenance of surface equipment and was not included in the natural gas storage leakage 
frequency calculation. The remaining 16 were associated with underground causes (principally, 
well failures). 

The incident frequencies associated with these facilities were then calculated, showing: 

• The frequency of a major incident from a natural gas storage facility was 8.39x10-4
 

/site/yr, or once every 1,192 years of site operation.  

• The frequency of a major incident from a natural gas storage well was 2.02x10-5
 /well/yr, 

or once every 49,505 years of well operation. 

These results were compared with a smaller sample European study (MARCOGAZ; Joffre & 
LePrince, 2002), where the accident frequency from well failure was calculated as 5.1x10-5 
accident/well/yr (see section 9.5.1). By comparison, a study of blowouts from oil and gas 
reservoirs offshore revealed a production blowout frequency of 5x10-5

 per well/yr, or a major gas 
release from a well once every 20,000 well-years (Holand & Holland, 1997; Papanikolau et al., 
2006). 

9.5.1 The MARCOGAZ European UGS Study 
In 1998, an ad hoc working group was established by MARCOGAZ to exchange information on 
UGS operations. This work was essentially dedicated to the survey of the consequences of some 
EC Directives: 

• The COMAH Directive (Control of Major Accidents Hazards involving dangerous 
substances) or SEVESO II Directive (Dir. 96/82 of 12/9/1986) to be applied by Member 
States from February 1999  

• The Water Framework Directive (Directive 2000/60/CE of 23/10/2000) establishing a 
new policy in the field of water and replacing the existing Groundwater Directive 80/68 
of 17/12/1979).  

At a meeting in 2000 with the participation of 8 companies involved in UGS activity 
(DISTRIGAS, DONG, ENAGAS, ENI-AGIP, Gaz de France, ÖMV, RUHRGAS and 
TRANSCO), it was decided to establish a database for major accidents on UGS facilities based 
upon the COMAH Directive, namely, that “The scope of the COMAH Directive concerns some 
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industrial activities using dangerous substances. Natural gas is one of these substances so that 
UGS and LNG terminals are concerned with the COMAH Directive regarding two thresholds, 
which correspond to 50 t and 200 t of natural gas.” The purpose of the database was to “help to 
prove to the public and to national authorities the high safety level of UGS, to dissipate fears of 
people bordering of UGS sites and to contribute to reducing the requirements of authorities by 
implementing the SEVESO II Directive in each national Law system.” 

The database was established (Joffre & LePrince, 2002) and contains information from each 
company involved in the UGS Working Group. The accidents included in this database were 
selected using the criteria defining major accidents and given in Annex VI of the COMAH 
Directive. The criteria can be summarized as follows: 

1. Fire, explosion or accidental discharge involving at least 10 tons of natural gas (5% of 
200 tons). 

2. One death or, 
• injuries inside establishment or, 

• 1 injury outside establishment or, 

• housing damaged or made unavailable outside establishment or, 
• evacuation or confining of people for more than 2 hours (persons x hours <= 

500) or, 
• interruption of drinking water, electricity, gas or telephone supply for more 

than 2 hours (persons x hours <= 1000) 
3. Effects on environment  

a. permanent damage:   0.5 ha of a protected area or  
10 ha of a larger area  

b. significant damage:   1 ha of a groundwater aquifer 
10 km or more along a river 

1 ha or more of a lake 

2 ha or more of a coastal area or sea 

4. Material damage 
a. More than 2 Million Ecu inside establishment 
b. More than 0.5 Million Ecu outside establishment 

5. Transboundary damage 

In total, 7 companies responded covering 7 European countries (Table 12; DISTRIGAS, DONG, 
ENAGAS, ENI-AGIP, Gaz de France, ÖMV, RUHRGAS), with 11 reports of major accidents 
produced from 3 of the 7 participating companies. Four of the 7 companies, therefore, had no 
major accident despite the fact that 1 of these 4 has a very important set of UGS sites. 
Furthermore, only short report forms were returned by 2 companies (due to loss of information 
from older incidents), which meant that only limited information is available for some incidents, 
thereby limiting analysis. 

The scope of the database for UGS is concerned with all parts of the infrastructure at storage 
plants, i.e. wells, compressors, treatment & measuring facilities and pipework systems that have 
led to any particular incident. The breakdown of the information collected during the MARCOGAZ 
survey of European UGS incidents to 2000 is provided in Table 13 (after Joffre & LePrince, 
2002). 

At the time, the 7 companies participating in the UGS MARCOGAZ survey were operating 42 
UGS sites with 845 wells (corresponding to 77% of UGS wells in EU at the time), with a total of 
970 cumulated years of operation at these sites (Table 12). The calculated average number of 
cumulated years of operations for the wells at these sites is 100,155 (based upon half the number 
of wells over the entire life of the sites, which is thus thought to be a minimum. 
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The survey results revealed: 

• 6 accidents occurred due to surface processes over a cumulative period of 970 years, the 
probability for major accidents on surface facilities of UGS sites was thus calculated at 
6x10-3

 accident/year/site 
• 5 accidents occurred due to wells over a cumulative period of 100,155 years, the 

probability for major accidents on wells of UGS sites was thus calculated at 5x10-5
 

accident/year/well 
• 1 accident occurred that resulted in severe injury due to well problems over a cumulated 

period of 100,155 years, the probability of major accidents resulting in severe injury on 
wells was thus calculated at 1x10-5

 accident/year/well 

The main conclusions of the MARCOGAZ European UGS study (Joffre & LePrince, 2002) were: 

• The frequency (i.e. number of accidents divided by the number of operative sites) was 
about the same during the 1970s and the 1980s, but about half that during the 1990s. This 
was interpreted as indicating that the safety level of UGS facilities improved due to 
increased experience and the additional measures taken by operators following these 
events 

• The major hazards leading to accidents on UGS facilities arise from surface processes (P 
= 6x10-3 accident/year/site) with no accident resulting in severe injury reported. Safety 
measures for surface processes are, therefore, related to a regulatory framework that has 
now operated in each Member State for a long time 

• For wells, despite one accident resulting in severe injury, the probability is much lower 
(P ≈ 5x10-5

 accident/year/well for all types of accidents and P = 1x10-5
 accident/year/well 

for accidents with injury) 
• The frequency of all types (wells and surface process) had decreased by about half during 

the last 10 years 
• Except for 2 accidents causing injuries, all other cases of accidents were classified “major 

accident” because of the release of gas or material damage inside the UGS facility 
• No death inside or outside the UGS facilities were reported 
• No injuries outside the UGS facilties were reported 
• No material damage outside the UGS sites was reported 

 
The MARCOGAZ European UGS study represents an important, but limited source of information. 
It claims there have been no deaths inside or ouside a UGS facility, yet does not contain 
reference to the Ketzin incident during which there are reports of 1 fatality (NJ Riley, 2007 pers 
comm. - section 9.2 and Appendix 5). 

9.5.1.1 RELATIONSHIP OF THIS STUDY TO THE MARCOGAZ SURVEY 

This study has presented evidence of 12 incidents in Europe relating to UFS between the 1960s 
and 2006: 1 at a coalmine, 2 at depleted fields, 5 in aquifer facilities and 4 at salt cavern storage 
facilities (Tables 7-11). However, the responses of 7 gas storage operators (Joffre & LePrince, 
2002) suggests that there is evidence of a number of other incidents (Table 12). Precise details 
are not readily available, but 11 incidents of varying severity to 1998 were reported, i.e. 
predating the Spandau (2004), Breitbrunn/Eggstatt (2003) and Rough (2006) incidents and 
involving natural gas (7), oil (3) and solid (1) storage. This would imply there are at least 2 
incidents not widely reported or included in this study. Reported casualties from these 11 
incidents numbered 4, one serious, with no deaths. The suspected causes were related to human 
error (3) or plant/equipment (8). In all cases, the immediate source of the accident was either 
problems with wells (5) or surface process (6: Joffre & LePrince, 2002).  

Except for 2 accidents causing injuries, all other cases of accidents in the MARCOGAZ study 
(Joffre & Le Prince, 2002), were only classified as a “major accident” because of release of gas 
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or material damage inside the facility. Importantly, of those incidents reported, no injuries or 
material damage occurred outside the storage facilities. Importantly, therefore, neither the 
MARCOGAZ nor the Papanikolau et al. (2006) studies appear to have identified or reported the 
apparent death at Ketzin (Germany) in the 1960s. 

Failure of the well as the main cause of product release is supported by a smaller study of 
fugitive gas emissions from natural gas storage facilities (Papanikolau et al., 2006). It was also 
noted that in both the USA and Europe the incidents of well failures were similar in the 1970s 
and 1980s but decreased significantly in the 1990s. This decrease is interpreted as being due to 
improved technology, better operational practices and regulatory improvements (Papanikolau et 
al., 2006). It may just be, however, that there has also not been time for the faults or problems 
with younger wells to surface. 

9.5.2 Incidents known by the Risques du Sol et du Sous-sol Directorate 
Storage of gas underground is undertaken on the outskirts of Paris and BGS has been advised of 
a conversation between Dr N Riley (HSE) and Mr M Ghoreychi (Directeur des Risques du Sol et 
du Sous-sol). The conversation at an INERIS seminar on 9th May, 2007, related to reports of a 
number of leaks from storage at one or more of these facilities, some of which have involved the 
loss of very large quantities of gas. Mention is made of the gas having leaked from shallow 
‘caverns’ at 80 metres depth near Versailles. 

The details are very sketchy and efforts to contact Mr Ghorechyi have, to date, proved 
unsuccessful. However, the report of ‘caverns’ would imply salt caverns at very shallow depths, 
or perhaps lined rock caverns. However, preliminary consulations of French 1:50,000 scale 
geological maps for the Paris-Versailles region indicate that whilst gypsum is present in the Paris 
Basin, there is no mention of halite beds. This is borne out by Ziegler (1990). Furthermore, the 
depths seem too shallow for salt cavern storage (given the potential for wet rockhead 
development etc.) and mention is made of the leakage having been controlled by water injection, 
which again would seem highly unlikely in a salt-bearing sequence. 

The likelihood is that the leakage occurred from storage facilities developed in relatively shallow 
aquifers (probably with poor caprock lithologies), like the nearby Beynes gas storage facility, 
operated by Gaz de France. This is situated 25 km east of Versailles, in open farmed countryside 
and is surrounded by several small villages. It consists of 2 underground storage reservoirs, the 
Beynes Superieur (commissioned in 1956) and the Beynes Profond (commissioned in 1975), 
both of which are aquifers, at somewhat greater depths of 405 m and 740 m respectively 
(http://www.ieagreen.org.uk/nov69.html). It is not clear if the leakages mentioned were reported 
in the MARCOGAZ survey (previous section). Because of this, the late awareness of the incidents 
and the sketchy details available, these reports are not included in the database of reported 
incidents (sections 9.1-9.4). 

Gas losses might be expected in shallow aquifer storage due to the increased pressures on the 
caprock, which may not perform aswell as one in an oil or gasfield. However, this does not mean 
that the gas would necessarily reach the surface or pose a hazard, as witnessed by the examples 
from Indiana, where leakage is monitored and controlled and which, to date, do not appear to 
have led to any reported casualties. 

9.5.3 Summary and discussion 
This study has identified only 65 documented incidents or problems related to UFS facilities, 
with reported totals of only 9 deaths, around 62 injured and circa 6700 evacuees (not including 
the evacuated village of Knoblauch, near Berlin). As detailed above, 8 of the fatalities have been 
sustained at UFS (not just UGS) in salt caverns or abandoned salt mines with up to 3 deaths at 
individual sites. A ninth fatality appears to have been linked to leakage of gas and CO at an 
aquifer storage facility in the 1960s. Of the incidents related to underground storage of 
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hydrocarbons described here, 15 were accompanied by an explosion and/or fire, 10 at salt cavern 
facilities (Table 7). It is noted that these figures probably represent a minimum as there are no 
statistics from Russian or East European facilities (where it is thought likely that there have been 
incidents, but that they have not been reported or found during this study). However, given the 
sensitive nature of the topic and people’s fear of UGS, it is surprising that if they have occurred 
that they have not been more widely reported. Major accidents with casualty rates are regularly 
reported from other areas of the energy supply sector (Chapter 10) and one would think that UFS 
would be no different in attracting public attention or press reports, which would then have been 
reported in the literature. 

The majority of problems have occurred at salt cavern storage facilities (27), where 9 have led to 
fatalities, injuries or the evacuation of people and 10 have been accompanied by an explosion 
and/or fire. Eight of the 9 reported deaths at UFS facilities have occurred at 4 salt cavern storage 
incidents and involved storage of various hydrocarbons, not just natural gas. In all cases the salt 
cavern(s) did not fail, although the Mineola (USA) incident that led to release of propane and an 
explosion arguably involved failure of the caverns (in that there was catastrophic communication 
between caverns). In actual fact the failure is ultimately attributable to human (operational) error 
in that the amount of ongoing leaching of the caverns during the brine compensated storage 
operations that led to the thinning of the intervening saltwall was not recognised. All other 
causes have been related to human error, poor management or operational practices, utilisation of 
existing and inappropriate brine caverns, poor forward planning, a lack of due diligence by the 
storage company or operator, or a combination of these factors (see also Warren, 2006). It should 
be noted that the earliest salt cavern storage sites utilised old brine caverns not ideally designed 
and engineered for gas storage. The first purpose-designed and engineered gas storage caverns 
were not constructed until the early 1970s. Technology and understanding of salt rheology and 
cavern design has increased significantly since those early days of cavern design and 
construction. 

The second highest rate of incidents is found in aquifer storage facilities (17), which are 
associated with 1 reported fatality from incidents at aquifer storage facilities, with only one other 
incident (Spandau) having resulted in injuries (9), all onsite. Following the leak at the Ketzin 
facility in the 1960s, the village of Knoblauch near Berlin (the then DDR) was evacuated, 
apparently permanently (MyDeltaQuest). Depleted oil and gas fields provide the most widely 
developed type of facility, with about 478 in operation, mostly in the USA. The 16 incidents 
found at these storage sites have, to date, led to only 5 injured with no reported incidents 
involving deaths. Hopper (2004) is correct to state (when discussing catastrophic loss of stored 
product) “In every case, however, a salt cavern storage facility was the culprit, not a depleted 
reservoir or aquifer gas storage facility”. However, he is describing single point (catastrophic) 
failures at salt cavern facilities and the statement could be misleading, as Tables 2 and 7 
document stored product (fuel) loss and casualties at depleted reservoir, aquifer and abandoned 
mine fuel storage facilities related to causes other than single point catastrophic failure. 

Closer examination of the statistics shows that 53 of the 65 incidents and problems with UFS 
have occurred in the USA (Table 7). Of these, 12 have been in California, with 10 each in Texas 
and Illinois, where in the latter, 9 have been associated with pore storage (the other was leakage 
of propane from an abandoned mine). California provides a very different environment to that of 
the UK in a number of significant respects. Firstly there are many more poorly located wells 
stemming from a long history of relatively unregulated oil exploration. Secondly, it is a 
tectonically very active area, with present day seismic activity and major faults causing surface 
ground rupture. Many of the oilfields are compressional features formed during Cainozoic times 
with associated faulting of the reservoir and caprock units causing ongoing leakage from the 
reservoirs and in one case, fracturing of a well. By comparison, the UK lies in a seismically 
inactive intracratonic area, where the possibility of any fault reactivation causing a direct rock 
rupture hazard at surface anywhere in the UK is all but negligible. Such an event has not 
happened since historical times (and perhaps since Quaternary times, up to 1.8 Ma) and known 
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larger UK earthquakes have depths considerably in excess of their rupture dimensions (Musson 
in Evans et al., 2005 – section 6.2). 

Old and abandoned wells represent a major source of potential leakage in any UGS environment, 
which is particularly so in the Californian oilfields, especially in the Los Angeles region (e.g. 
Chilingar & Endres, 2005). Steel well casings and cement deteriorate over time, resulting in shoe 
leaks and loss of bonding in the annular cement, permitting gas to enter the well and leak to the 
surface. Due to poor construction practices and deterioration over time, old wells are especially 
prone to the development of leaks. However, even when plugged in accordance with 
contemporary government regulations, most abandoned oil and gas wells eventually develop 
leaks, with failure rates of 10% known in recently plugged wells in California due to the use of 
inferior materials by contractors during well abandonment (Miyasaki, in press). But even modern 
up-to-date cements do not guarantee success, with failure rates of 10-15% documented (Marlow, 
1989; Chilingar & Endres, 2005; Miyasaki, in press), and the figure may be as high as 60% in 
some areas (Miyasaki, in press). A further problem exists with completed oil/gas wells in 
depleting fields. These wells have generally been operating in a declining pressure regime as the 
field becomes depleted. Re-injecting gas back into the reservoir raises the pressures on the 
existing completions and casings, providing the potential for failure, which may be exacerbated 
if injection and withdrawal cycles are rapid. Old well completions have, therefore, to be the 
focus of detailed pressure and sample tests before the facility is fully commissioned. 
Understanding these failures requires knowledge of the history, nature and purpose of the wells, 
the brining methods (if related to brine caverns) and the ultimate operation of the wells, 
particularly in salt caverns.  

From the reviews of each incident above and in Appendix 5, it is clear that in the vast majority of 
cases, the incident or problem experienced at any particular facility has not been the result of a 
direct failure of the geology. The exceptions, where the geology has apparently been linked to 
the failure are: 

• one salt cavern facility, where connection of caverns occurred (Mineola, USA), although 
human error was ultimately behind this failure 

• a case where a gas storage well in California appears to have been crushed due to 
faulting (in a seismically active area, with little similarity to the UK environment) 

• in a number of aquifer storage sites, mainly in Illinois (USA), where the caprock was not 
gas tight and may have also been affected by faulting. In these examples, human error 
seems more appropriate in that gas tightness of the caprock was not established. Aquifer 
storage is not, however, a type of storage facility currently under review in the UK 

• and in a number of depleted oil/gasfield storage sites, mainly in California (USA), where 
the cap rock was not gas tight and may have also been affected by faulting. Again, these 
occurred in oilfields developed decades ago in a seismically active area, where fault 
rupture at surface is known on faults that are described as active, which is not the case in 
the UK. Again, human error seems more appropriate in that ‘leaky’ structures were put 
into use for storage purposes 

Instead, in incidents most relevant to UK developments, poor engineering practices, a lax 
regulatory regime and mismanagement appear to have been the main factors in release of stored 
product. Most of the main UGS incidents have occurred in the USA, where regulations and well 
records have not been carefully controlled or maintained. There has been failure of either the 
man-made infrastructure (well casings, cement, pipes, valves, flanges, compressors etc.), or 
human error, which has included overfilling of caverns, inadvertent intrusion and poor site 
characterisation including not establishing the gas tightness of the cap rock. The causes, scale, 
and severity of the accidents are also extremely variable and have in some cases been the result 
of a combination of these factors. Problems have also arisen from (extreme) natural events 
(seismic activity). 
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The main question is, therefore, to what extent can these UGS facilities be made safer? Moss 
Bluff, as in most currently operating salt cavern facilities, had only 1 well for injection and 
withdrawal (Hopper, 2004). A single well system does not generally cause a problem until a 
wellhead or valve failure occurs and a gas leak and fire ensues. Moss Bluff typified this when 
high pressure gas was vented and burnt at such high temperatures that it was impossible to reach 
the remaining gas stored and contain the leak and fire. A future requirement and safety 
mechanism, especially useful when the cavern is full and fully pressured, may be for a back up 
well or wells remote from the other, which would permit safe withdrawal of the stored gas and 
prevent most of it from being lost in a fire. Costs generally dictate that salt cavern developers 
rarely incorporate such ‘redundancy’ (Hopper, 2004). 

In contrast to salt cavern storage, depleted reservoir storage typically has a number of wells used 
for injection/withdrawal purposes. There are also likely to be a number of former exploration and 
production wells across the oil/gasfield. In the worst-case scenario of a well being lost or 
damaged at a depleted reservoir, then these wells provide effective ‘inbuilt’ back-up wells 
capable of withdrawing (to safe levels) the remaining gas in store, and then for only as long as it 
would take to cap the well in question (Hopper, 2004). Gas loss would be limited in depleted 
reservoirs as storage wells are easier to cap if they were to blow out and drain only a limited area 
of the reservoir. Also releases are likely to be somewhat slower due to the physical constraints of 
the gas being ‘produced’ from pore spaces. 

The aspects of gas release and flux rates for differing storage scenarios are investigated in the 
accompanying Quintessa report (Watson et al., 2007). 
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10  Incidents and casualties in the oil and gas 
production/supply chain and petrochemical industries 

Chapter 9 reports a number of incidents of varying severity have occurred at UFS facilities. 
Tragically as noted, a small number (5) of these have involved accidents that have left 9 dead 
(Table 7). However, fatalities have occurred in other sectors of the oil and gas industry and 
energy supply chain, and it is estimated that during the period 1970-1985, 25% of the fatalities in 
severe accidents worldwide have been in the energy sector (Fritzsche, 1992; Hirschberg et al., 
2004). This section, therefore, aims to provide an assessment of the relative numbers of 
casualties elsewhere in the energy supply chain, including exploration, extraction and refining, 
transport to and from a refinery, end user incidents including regional and domestic 
supply/delivery and industrial accidents in the petrochemicals industry (Tables 15-20; 
summarised in Table 14). Such figures permit a comparison between, and help put into 
perspective, the casualty figures resulting from the UFS sectors. 

The following brief account of casualty figures from published worldwide major accident 
statistics in the oil and gas production, transport (pipeline, train, tanker) and supply sector for the 
period 1969-1996 (Table 14) is based upon Hirschberg et al. (1998, 2004) and Papadakis (1999). 
It should be noted that in their studies, incidents qualified when there were 5+ deaths, 10+ 
injuries or 200+ evacuees. Additional sources provide data concerning incidents post-dating 
1996 (see references in Tables). The list of casualties in Table 14 is, therefore, neither exhaustive 
nor full, but is a minimum that represents the more severe accidents for which figures are 
available.  

For this reason, statistics relating to hazardous liquid and (domestic) gas supply (distribution) 
pipeline incidents published by the USA and UK governments (respectively, Tables 15; 
http://ops.dot.gov/stats/stats.htm and 16; http://www.hse.gov.uk/gas/domestic/statistics.htm) are 
also presented for the period 1986-2005. These data are shown independently to the figures in 
Table 14, not only because there could be some duplication in the numbers if added together, but 
in order to maintain the integrity of different data sources and to illustrate individual countries 
and types of pipeline incidents. In addition, figures are also summarised for significant petro-
chemical plant incidents, hydrocarbon related railroad accidents in the USA and above ground 
storage vessels that have involved death or injury (refer http://www.ntsb.gov/).  

10.1 CASUALTY STATISTICS IN OTHER AREAS OF THE ENERGY SUPPLY 
CHAIN 

Worldwide casualty figures arising from areas of the energy chain, involving the production and 
supply of oil, gas and LPG is illustrated in Table 17. It shows that in total, there have been at 
least 21,629 fatalities, 46,606 injuries and 1,341,533 people evacuated during incidents. The 
highest fatality rates have occurred in the oil sector, with over 15,695 deaths of which at least 
13,000 occurred during the transport to the refinery and in the regional distribution stages. These 
are, therefore the most risk-prone stages in the oil chain, where higher oil consumption leads to a 
greater number of severe accidents resulting in fatalities (Hirschberg et al., 2004). Three major 
accidents occurred in 1980, 1982 and 1987 (Hirschberg et al., 1998) and illustrate the 
significantly higher number of casualties arising at individual incidents elsewhere in the energy 
supply chain. The first in January 1980 resulted from a well blowout off the Nigerian coast, 
causing the most number injured during one oil related event (3,000, plus 180 dead). The second 
in 1982 was caused by the collision of a Soviet fuel truck with another vehicle in Afghanistan, 
which led to 2,700 fatalities (including Soviet soldiers and Afghan civilians, though not as a 
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result of acts of war). The third occurred off the coast of Mindoro in the Philippines, with 3,000 
fatalities. 

In the gas supply chain, the yearly number of LPG and natural gas severe accidents increased 
significantly after 1970 and then showed a general decrease after 1980-1984. The worst years in 
terms of the number of fatalities were 1984 and 1989 for LPG and 1978 and 1982 for natural gas 
(Hirschberg et al., 1998). The stages in which the greatest number of casualties occurred are 
(Table 17): ‘long distance transport’, ‘local distribution’ and ‘regional distribution’ for natural 
gas and ‘regional distribution’ for LPG. 

Casualties in the LPG sector totalled around 3,700 dead, 21,120 injured and almost 1 million 
evacuated. Over 53% of fatalities involving LPG occurred during the regional distribution stage 
(transport by road or rail tankers, pipelines or by ship – Table 17). The dominant cause was 
impact failure (Hirschberg et al., 2004). Two of the (then) world’s largest industrial accidents 
involved LPG (Hirschberg et al., 1998). The first occurred on November 19th 1984 in San Juan 
Ixhuatepec in Mexico, when about 500 were killed, 7,231 injured and 200,000 were evacuated 
following the leakage of LPG from a storage vessel, which then ignited. The ensuing explosion 
and fire destroyed 50 of the 54 storage vessels in the depot (Hirschberg et al., 1998). The second 
major incident occurred on 4th June 1989 when around 600 people were killed and at least 755 
were injured by a massive explosion and fire when sparks from a passing train ignited a gas 
cloud from a leaking pipeline nearby, which was carrying 30% gasoline and 70% LPG between 
Asha and Ulfa in Siberia, Russia. An LPG related incident at Mississauga (Canada) on 
November 11th 1979 led to the evacuation of around 220,000 people due, in part at least, to the 
presence of chlorine in the rail tanker fire. 

Casualties arising from the production and transport of natural gas amount to over 2,230 dead, 
5,210 injured and 105,011 evacuated (Table 17), 40,000 of which were related to a major leak at 
La Venta, Mexico in 1982 (Hirschberg et al., 1998). For the period 1969-1996, nearly 72% of the 
severe accidents in the gas chain occurred during transport by pipeline, with about 21% 
involving pipelines caused by mechanical failures and 24% by impact failures (Hirschberg et al., 
1998, 2004).  

The regional distribution phase represents the most hazardous stage in all three energy sources, 
with at least 9,356 fatalities, 24,209 injured and 685,741 evacuees. The two worst disasters 
associated with the supply of natural gas, are those on December 2nd 1984 at Tbilisi in Georgia, 
where around 100 died, and April 8th 1970 at Osaka in Japan, where a similar number of 
fatalities occurred (Hirschberg et al., 1998). Casualties in the gas sector totalled around 2,223 
dead, 5,210 injured and around 105,000 evacuated. Nearly 72% of the accidents in the natural 
gas sector occurred during the transport by pipeline 

Three individual gas pipeline and supply incidents illustrate the significant damage that can 
occur and that more people have been killed in each incident than in all UGS incidents 
combined. The first incident relates to a large explosion along the El Paso natural gas pipeline, 
near the Pecos River at Carlsbad in southeastern New Mexico (Fig. 25; NTSB, 2003; Koper et 
al., 2003). Early in the morning of Saturday, August 19th 2000, 12 campers, including 5 
children, were killed when the pipeline ruptured and exploded (registering 4 on the Richter Scale 
– Koper et al., 2003), creating a crater 26 m long, 14 m wide and 6 m deep (NTSB, 2003). The 
fire burned for an hour at temperatures of up to 1150ºC, before being extinguished and rescue 
workers could eventually approach the site, when they found 12 people who had been camped 
near the bridge carrying the pipeline over the river, around 205 m (675 feet) from the explosion 
site (NTSB, 2003). All 12 eventually died of the injuries sustained and two nearby steel 
suspension bridges for gas pipelines crossing the river were extensively damaged during the 
incident, which remains one of the deadliest in American history (Koper et al., 2003). 

The second incident relates to a gas explosion on the 21st October 1971 at a shopping centre in 
Clarkston, near Glasgow, Scotland in which 22 people died and 143 were injured, including 
some on a passing bus (KAMEDO, 2000; Watson, 2003). The gas leak led to Scotland’s biggest 
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gas supply explosion despite a 6 day search during which gas workers failed to locate and fix a 
leak. The incident was exacerbated by the collapse of a car park into the shopping centre. 

A third major gas pipeline explosion is of importance, providing significant information on 
casualties and damage zones (Hazards Intelligence, 2005; GDF, 2006). On July 30th 2004, a 
major natural gas pipeline, one metre in diameter and carrying “high calorific value gas” 
exploded in Ghislenghien, near Ath in Belgium (30 kms southwest of Brussels), killing 24 
people and leaving over 120 injured, some critically. The pipeline is one of a parallel pair, 
carrying gas from the Belgian port of Zeebrugge to northern France and is operated by Fluxys, 
the Belgian gas pipeline operator. A second pipeline carrying “low calorific value gas” was not 
affected by the explosion (Hazards Intelligence, 2005). 

Reports suggest that a gas leak was reported to fire fighters at about 08:30 local time and the 
explosions, which were heard several miles away, occurred at around 09:00 sending a wall of 
flame into the air. The explosions and fire destroyed 2 factories in the industrial park and melted 
or burned everything within a 400 m radius, leaving a large crater between the 2 factories (Fig. 
26). Fire fighters attempting to establish a security perimeter around the site were among those 
killed. Of those killed, 22 were within 200 m of the release. Bodies and debris were thrown 100 
m into surrounding fields. Investigations revealed that the pipeline had been damaged by a 
ground compaction machine during construction work, during which time the pipeline was being 
operated at reduced pressure. When the pressure was later restored to normal, the pipeline, 
scored by the teeth of the machine, failed (GDF, 2006). 

Most recently in the UK, the major incident at the Buncefield storage depot in Hertfordshire 
illustrates the inherent dangers of fuel storage, in this case at an above ground tank facility 
(Powell, 2006a&b). On Sunday 11th December 2005 the oil depot, owned by Total UK Limited 
and Texaco, was rocked by a series of explosions, reported to be the largest of their kind in 
peacetime Europe (measuring 2.4 on the Richter Scale: BGS, 2005), which were followed by a 
major fire (Fig. 27). Although there were no fatalities, 43 people were injured and around 2000 
people evacuated as the explosions and fire destroyed the site and caused serious damage to 
commercial and residential properties in the vicinity. The likely cause of the incident is thought 
to have been ignition of escaping petroleum vapour as a tank was overfilled (Powell, 2006a&b). 
It is widely acknowledged that, as at Flixborough in 1974 (HSE, 1975), had the incident 
happened during the week rather than in the early hours of a weekend, then the number of 
casualties would have been far higher, with numerous deaths likely. 

The American Office of Pipeline Safety (refer http://ops.dot.gov/stats/stats.htm) provide 
statistics for reported incidents and casualties involving both hazardous liquids and gas supply in 
the period 1986-2006[part] (Table 15). These show there were 4,731 reported incidents 
involving gas transmission and distribution pipelines, which left 405 dead and 1,706 injured. The 
highest death and injury rates (344 and 1,461 respectively) are attributed to distribution lines, 
that is, low-pressure pipelines that take gas to cities, towns and houses. A further 3,679 incidents 
were associated with hazardous liquid pipelines and resulted in 44 dead and 272 injured. 

In the UK for the same period (Table 16), there were 2,903 gas supply incidents (mainly 
domestic) that left 153 dead and 927 injured. A further 576 were killed and 3,346 injured as a 
result of carbon monoxide (CO) poisoning. 

Casualty figures for significant petrochemical plant accidents between 1963 and 2002 reveal 
3,674 dead, 303,340 injured and 7,200 evacuees (Table 18). Whilst the Union Carbide accident 
at Bhopal, India in December 1984 caused the majority of the deaths (3,500) and injuries (over 
300,000), the remaining figures are again far greater than those associated with UFS. Casualty 
figures for 17 significant American railroad accidents associated with hydrocarbons in the period 
1995-2004 reveal 9 dead, 5,441 injured and 10,452 evacuated (Table 19) – one more fatality, 
some 5380 more injured and 3752 more evacuated than have been reported in all UGS incidents. 
One major incident near San Carlos in Spain, which caused over 200 fatalities, resulted from an 
accident involving a lorry transporting propylene (Hirschberg et al., 1998). For the period 1951-
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2003, Persson & Lönnermark (2004), Clark et al (2001) and Ash (2006) detail incidents at above 
ground storage tank (or vessel) facilities that have killed at least 778, injured 426 and led to more 
than 7000 evacuees (Tables 14 & 20). One incident alone on 2 November, 1994 at Dronka in 
Egypt, resulted in 469 fatalities. Here a release of liquid (aviation) fuel from a depot of 8 storage 
tanks occurred during a rainstorm, thought to be the result of lightning. The blazing fuel flowed 
into the village where the majority of the deaths occurred (Clark et al., 2001). 

10.2 DISCUSSION 
As detailed in Chapter 9, 65 cases of problems or incidents at UFS facilities have been found as a 
result of UFS since UGS was first undertaken in 1915. Only 5 of the 65 incidents led to the 9 
people reported killed during UFS storage. However, figures show that many industrial activities 
involve dangerous substances and have the potential to cause accidents giving rise to both 
serious injury to people and/or damage to property and the environment.  

Oil and gas exploration, production and energy supply are no different. Incidents, involving 
casualty figures on a scale that dwarf UFS figures, can and will occur at all stages from 
production, during transport, storage and ultimately, use (Table 7). Any one of many incidents 
elsewhere in the energy supply chain has resulted in significantly more deaths than the combined 
total associated with UFS to date. Many of these incidents have occurred with infrastructure and 
facilities (major terminals, refineries and above ground storage facilities) that have been allowed 
to develop in close proximity to cities, major towns or centres of population. There is, therefore, 
a need to put casualty rates at UFS (and UGS) sites into perspective and gain better public 
understanding of the technology and levels of risk associated with UFS. 

It is also worth re-iterating that natural pathways and mechanisms exist whereby hydrocarbon 
liquids and gases present in petroleum reservoirs do in fact reach the earth’s surface (refer 
Chapter 3). Petroleum leakage to the surface is presently occurring in at least 126 of the 370 
petroleum-bearing basins worldwide (Clarke & Cleverly, 1991). Oil and gas seeps occur in the 
North Sea and there are at least 173 occurrences of surface petroleum seepages and 
impregnations in Great Britain, many onshore (Selley, 1992). However, although hydrocarbons 
can and will slowly migrate by diffusion through cap rocks that is driven by buoyancy or 
chemical potential gradients, the presence of commercial accumulations of hydrocarbons proves 
the efficiency of the trapping structure over long periods (millions of years) of geological time. 
This is important in the context assessing the development of depleting oil and gas fields for gas 
storage purposes over extremely short periods of time that may be at most 100 years, with most 
estimated to be up to 50 years. The reader is referred to the accompanying report by Quintessa to 
assess the flux rates and volumes from various UK UGS scenarios to see the very small rates and 
volumes likely in all but the failure of a well (Watson et al., 2007). 
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11  The Main Risk Analysis/Assessment Framework and 
Methods 

The preceding chapters outline the various methods for UGS, previous problems encountered at 
UFS sites and the potential areas for UGS development in the UK. This chapter attempts to 
summarise the various risks identified or threats posed by UGS and provide a basis for the 
assessment of the risks during appraisal of future UGS/UFS applications in the UK. The nature 
of UGS, in that boreholes are required to inject gas at depth in both depleted oil/gasfields and 
salt caverns means that significant overlap in the various identified risks set out in Appendix 6 is 
found. These are simplified and summarised in this chapter. 

As suggested previously, risk analysis and assessment requires identification of the main 
hazards. The following, therefore, summarises the main hazards and risks associated with UGS 
as found from the review of previous incidents and reported in the literature. 

11.1 GENERAL CONDITIONS COMMON TO ALL UFS TYPES 
There are certain categories of risk and hazard that are common to depleted oil/gasfield, aquifer 
or salt cavern storage facilities. They include: 

• The well bore and immediate vicinity 

• Leakage due to inadequate cap rock characterization 

• The facility operating at pressures higher than the rock units have previously 
experienced. Except for depleted oil and gasfields, which in the UK would not normally 
be operated at pressures exceeding the original reservoir pressure (BS 1998a), one of the 
main risks and causes of leakage is due to the operation of underground aquifer and salt 
cavern gas storage facilities at pressures greater than the rock has previously experienced 
(overpressures or ‘delta’ pressures). This is related to maximising the working gas 
volume to attain higher delivery rates as well as achieving a greater return on investment 

• Inaccurate inventories of stored or injected product – overfilling etc. 

• Poor operational, maintenance or legislative procedures  

11.1.1 The well bore and immediate vicinity 
Experience from previous incidents at underground fuel storage facilities suggests that the 
biggest risks in both depleted oil/gasfield facilities and salt cavern storage arise from well 
problems (Fig. 28): 

• Breaks/faults in the casing, joints or defective or poor quality cementing of casings, 
leading to 

 leakage through new or ageing injection well completions 

 leakage up abandoned wells 

• Inadequate site characterization that would not detect the presence of unknown wells, 
with ageing completions that might penetrate to depths that would intesect either 

o the storage horizon,  
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o a shallower level collector zone into which any gas escaping from storage might 
migrate to and collect in 

• During re-entry, repair or maintenance work on wells 

• Inconsistent or inadequate monitoring of injection wells 

• New oil or gas exploration wells drilled in poorly characterized/investigated areas and 
intersecting old mines, brine workings or existing facilities 

11.2 ADDITIONAL SALT CAVERN RELEASE SCENARIOS 
In addition to the potential problems with wells in both the depleted oil/gasfields and salt cavern 
storage facilities, a number of other potential problems are associated with the need to ensure 
cavern integrity and gas tightness. 

The principal factors that contribute to the instability, breaching and collapse of solution mined 
salt caverns with the potential to release the stored product are (e.g. DeVries et al., 2002, 2005; 
Warren, 2006): 

• Salt creep – section 4.2 

• Uncontrolled leaching, both: 

o during cavern construction  

o during cavern operation (when operating in brine compensated mode) 

• Presence of anomalous zones (higher solubility or porosity) in what has been assumed to 
be homogenous salt. This includes leaky interbeds or nonhomogeneous zones 

• Salt body too shallow and affected by wet rockhead conditions (circulating 
groundwaters) – present in the UK and has been found to have caused problems and 
leakage of NGL’s at the Conway NGL storage facility in Kansas and is described further 
in Appendix 5 (Ratigan et al., 2002) 

• Inadvertent intrusion 

• Release though the cavern seal 

• Release of stored product through cracks in the cavern wall 

• Partial cavern roof collapses, leading to thinning of the ‘protective’ cavern roof salt 

• Collapse of internal ledges or benches formed by non salt interbeds 

• Potential for gas to be (naturally) present in the salt beds 

• Gas (or air) absorbing concentrated brine present in the sump and being highly corrosive 
and damaging to the steel well casings 

11.2.1 Uncontrolled leaching 
Uncontrolled leaching operations might lead to problems with cavern construction, producing 
unstable or poorly shaped and inefficient voids for gas storage. Problems might occur if, for 
example, more soluble evaporitic horizons (e.g. potash) are present within the bedded salt, 
unexpectedly thick non-halite interbeds are present or wet rockhead is developed (e.g. Myers et 
al., 1972). The presence of thick potash or wet rockhead could conceivably give rise to 
uncontrolled leaching leading to quicker than expected horizontal dissolution of the salt. This 
would be a similar situation to the intentional solution mining technique described by Myers et 
al. (1972). The brining operations have injection and production wells that are some distance 
apart with brining operations dependent upon the development of solution channel labrynths 
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between the wells. In the context of salt caverns for gas storage, the development of solution 
channels could lead to problems of communication between adjacent caverns, or if two caverns 
are being brined simultaneously, connection and over enlargement. 

Uncontrolled leaching could also lead to unnoticed dissolution of the roof salt, which would be 
thinner than expected, or even absent. Potentially dangerous conditions could then arise, 
including collapse of the cavern roof and ultimately overlying strata, producing a surface 
subsidence crater as occurred during the development of a cavern facility at Bayou Choctaw, 
Louisiana and in Kansas (see Fig. 5c&d; also Coates et al., 1981; Neal & Magorian, 1997). 

There are also recorded problems (refer section 9.3 and Appendix 5) of uncontrolled leaching 
having arisen during brine compensated gas storage operations, whereby caverns become 
enlarged giving rise to amongst other things, problems of quantifying the amount of product 
present (Brenham, Texas; NTSB (1993a&b, 2006); Thoms & Gehle (2000); Bérest & Brouard 
(2003)), thinning of salt walls between caverns (e.g. Mineola, East Texas; Warren, 2006) and the 
intersection of the sides of a salt dome. The latter led to the abandonment of the mined cavity 
before it was commissioned (Napoleanville, Louisiana; Neal & Magorian, 1997). 

11.2.2 Inadvertent intrusion 
The inadvertent intrusion scenario involves an exploratory well for oil or minerals that penetrates 
a hypothetical gas storage cavern. If the blowout-prevention system of the well failed, it could 
permit stored gas from the cavern to escape to the surface, leading to a release of gas and 
possible explosion/jet flame. 

Of slightly different nature but related to this scenario are:  

• Previous drilling in salt-prone sequences leading to developing caverns intersecting old 
wells  

• New gas storage wells in areas of former mined salt as certain events in the USA where 
wells have intersected old mining cavities have illustrated (Warren, 2006 and section 4.8) 

• Storage in abandoned salt mines with previously unknown or incorrectly located old 
wells where, for example, water intrusion can cause failure of the cavern seal and release 
of gas to surface (similar to the problem in Cheshire during active salt mining – section 
4.8.2) 

11.2.3 Release through the cavern seal 

This scenario involves the failure of the seal that keeps gas within the cavern, permitting the 
release of stored gas to the well bore and thence to the surface, either directly or via pathways in 
shallower horizons. However, rather than the ‘static’ situation of sealed waste repositories, 
certain scenarios and settings might present more risk during continued operation of the storage 
cavern during injection and withdrawal cycles. 

Well casings are generally steel and with time these tend to deteriorate (corrode) due of the 
presence of brine, which ultimately leads to failure of the well casing. Initially this will be close 
to the top of the cavern, but in the long term, the well casing is likely to fail at shallower depths. 
If left fully pressured for long periods, the pressure in the cavern could, due to the combined 
effects of the addition of heat from the surrounding salt and salt creep, potentially increase. If the 
cavern pressure were to reach a high enough value then the cavern seal might fail if the plug 
cracks and the salt around the seal dissolves, or by some other means. Gas could then move up 
the well bore towards the ground surface as the pressure in the cavern is reduced to the 
hydrostatic value. 

It should be noted that at the Huntorf salt cavern CAES facility, even fiberglass reinforced 
plastic (FRP) casing, which replaced the original 13⅜ inch steel production casing in the 1980s, 
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has experienced corrosion (Bary et al., 2002). Corrosion avoidance measures there have included 
injection of dry air between steel and the FRP casings. It was found that brine in the cavern sump 
area became highly concentrated and was readily absorbed by the compressed air. The air 
became highly corrosive and when released, it quickly caused dmage to the steel casings, which 
were replaced at least once before the RFP casing was installed. 

While ascending the borehole, gas from the cavern could also move laterally into adjoining 
formations if the well casing has failed. Well casing, generally being made of ordinary steel, 
presents a high probability that it would suffer damage when exposed to groundwater containing 
brine over time. Two possible cases might be considered under this scenario: 

(1) the casing fails at the depth of the cavern (at or near the cavern roof) and gas is 
released to a deep aquifer 

(2) the casing fails at a shallow depth and releases gas to a near-surface aquifer. 

In terms of the storage of gas, the potential for this leakage route to occur could be increased as a 
result of the cyclic pressuring and depressuring of the cavern. If minimum pressures are not 
strictly monitored, then it could lead to weakening of the salt in the cavern roof around the well. 
Cracks or fractures could develop in the salt and degradation of the seal formed between the salt 
and well could also occur, through which gas might escape and enter the well string and thence 
reach the surface. 

11.2.4 Release of stored product through cracks in the cavern wall 
Cracks in the salt cavern walls that might develop if minimum pressures in the cavern are not 
maintained, with the result that the salt dilates (microfractures and spalls), releasing gas into the 
surrounding salt cavern walls and roof. Such a damaged zone could then intersect non salt 
interbeds and permit transport of the gas away from the cavern. The damage might also develop 
during pressurization of the cavern or because of the combined effects of thermal heating and 
salt creep. The volume of gas released would be a function of the pressure in the cavern, the 
volume of the cracks, and the crack pressure. Depending on the pressure in the cracks, they could 
self-heal after the release as a result of additional salt creep, but repressurization of the cavern 
could also lead to reopening of the cracks. 

11.2.5 Release of gas through leaky interbeds or nonhomogeneous zones 

In this scenario, the cavern is assumed to intersect a leaky interbed or heterogeneity that allows 
communication with the outside environment. As the cavern pressure rises because of injection 
and/or thermal effects/salt creep, gas could be expelled into the interbed where it might be 
transported laterally under existing pressure or chemical gradients. 

11.2.6 Partial cavern roof fall 
Loss of cavern integrity through a partial roof fall coupled with failure of the cavern seal could 
release gas. If the collapse is not noticed, then the release might be in a series of short pulses 
separated by periods of low to no discharge when the pressure in the cavern is increasing 
because of injection or (less likely) salt creep. A partial roof fall coupled with a release through 
leaky interbeds or nonhomogeneous zones of higher permeability material would manifest itself 
as a long slow release. 

Cyclical pressuring and depressuring of the gas in the cavern could, if minimum pressures are 
not strictly monitored, lead to fracturing and collapse of the cavern roof and walls. Collapse of 
the roof would pose an immediate threat not only to the cavern seal at the entry of the well bore 
string, but also the well string within the cavern. 
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11.2.7 Collapse of internal ledges or benches formed by non salt interbeds 
In terms of UK gas storage this scenario potentially represents a threat in onshore areas where 
bedded salt is being considered for cavern development. Many caverns in the USA are 
constructed in massive salt domes formed during salt movement (halokinesis). This gives rise to 
salt that is both very thick and generally very uniform in nature. Caverns, however, are also 
constructed in thick-bedded salt (halite) sequences, which contain interbedded non-salt layers of 
varying thickness. In the UK context only offshore, in for example, the Southern North Sea and 
East Irish Sea areas, halokinetic features are developed. Onshore in the UK the halite is of the 
bedded type, although in the Portland area, some minor halokinesis may have occurred, where 
the Triassic halites appear to thicken slightly into the core of the Weymouth Anticline (Appendix 
3, Fig. 57; see Chadwick & Evans, 2005). Solution mining of such bedded salt deposits requires 
that careful characterization of the salt body has been undertaken to ensure that the existence, 
nature and extent of the non salt interbeds are known. This should help ensure that the brining 
process does not leave benches or ledges of thicker units protruding into the cavern and through 
which the well strings have to pass. Clearly, collapse of such benches into the cavern could 
damage the well string and possibly lead to a major incident if the cavern had been 
commissioned before the collapse occurred. 

It is possible to manage such benches or ledges by a controlled collapse, but the resulting debris 
will fall into the sump at the base of the cavern, reducing both its effective volume and impacting 
on the storage volume. 

11.2.8 Potential for gas to be (naturally) present in the salt beds  
Gas has been encountered in salt beds or formations both in the UK and USA. It has led to 
blowouts in mines and has led, in instances in the USA, to problems of verifying product 
inventory where the volume of gas held in storage has increased. Gas generated within the salt 
body has moved through the salt into the storage cavern along anomalous zones (AZ’s; Neal & 
Magorian, 1997). Gas is known in the Boulby Potash Mine in NE England (section 4.3.1) and 
may be of relevance to salt cavern development in Permian salts. 

11.3 SPECIFIC TO DEPLETED OIL/GASFIELDS - DRIVE MECHANISM 

Of potential importance and specific to oil/gasfield storage scenarios is the drive mechanism 
during production. Depletion drive in gasfields would leave the pore spaces largely filled with 
gas, whereas water drive would result in water invasion into the reservoir. Storage in the latter 
scenario would require greater injection pressures in order to drive the water out of the pore 
spaces. This could increase the risk of overpressuring the area surrounding the borehole and 
cause fracturing of the reservoir rock. Similarly, injection and storage in depleted oilfields, with 
oil remaining in the pore spaces (+/- water invasion), might require greater pressures than 
injection and storage in gasfields. 

11.4 RISK ASSESSMENT PARAMETERS FOR CONSIDERATION IN RISK 
ANALYSIS/ASSESSMENT OF UK SCENARIOS 

In terms of the UK and as described above, 2 main types of storage have immediate potential: 

• Depleted oil and gasfields 

• Salt caverns in bedded salt  

To assist in the assessment by Quintessa of the risk of storage, release and flux rates of product 
to the surface in either scenario, a list of parameters relevant to a proposed site was prepared and 
includes the general stratigraphy, any faulting present and the number of deep boreholes of 
differing depth within 1, 3 and 11 km of the proposed site area etc. These summaries are 
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provided for both storage scenarios relevant to various areas of the UK. The details may be 
found in Appendix 7. 

11.4.1 Risk assessment and modelling of UK scenarios 
Based upon the results presented in this report and their experience in underground CO2 storage, 
Quintessa compared the main leakage scenarios with a series of features, events and processes 
(FEPs) developed for CO2 storage studies and developed a series of FEPs relevant to UGS and in 
the UK context (Watson et al., 2007). Then Quintessa undertook the risk assessment and 
calculations for gas releases from potential UK UGS facility scenarios. 

The FEP analysis provided a systematic framework for identifying issues that are relevant to the 
overall safety of the gas storage site, but also ruled out less important issues at an early stage. 
Based on the outcome from the FEP analysis and the scenario selection, the main features and 
events were identified (Watson et al., 2007). From these, Quintessa then ran models for the 2 
basic storage scenarios currently being considered in the UK, and within each of these categories 
two end member states were considered, namely: 

• Salt caverns 

o Low permeability (K) geosphere – storage horizon mainly overlain by low 
permeability mudstones and other salt beds 

o Mixed permeability (K) geosphere – storage horizon overlain by mudstones and 
Jurassic and Cretaceous rocks 

• Depleted oil and/or gasfields 

o Low permeability (K) geosphere – storage horizon mainly overlain by low 
permeability mudstones plus or minus salt beds 

o Mixed permeability (K) geosphere – storage horizon overlain by a relatively thin 
caprock of mudstones succeeded by mixed permeabilty sequence of Jurassic and 
Cretaceous mudstones, sandstones, limestones and chalk.  

For the depleted oil and gas system the Quintessa report deals only with a mixed-K geosphere 
model. A low-K geosphere is not dealt with explicitly because the range of fluxes calculated for 
the mixed-K geosphere would bracket those for the low-K geosphere. This is because a wide-
range of low-K formation thicknesses are considered in the calculations for the mixed-K 
geosphere. Instead, the main difference between the two geospheres is that potentially there will 
be different pathways for gas migration, details of which are considered and discussed in more 
detail in the Quintessa report (Watson et al., 2007). 

11.4.2 Mitigation 
The area of mitigation is a wide-ranging subject that cannot be adequately covered here. The 
section therefore highlights a few major points and areas that might be considered as an initial 
starting point for any studies or design. 

In the event of an incident and a leak (or worse) occurring, then systems should be in place to 
bring the situation back under control as soon and as safely as possible. Methods for mitigating 
and remediating risks caused by leakage of gas from the primary storage reservoir should be 
developed and might include (in no particular order): 

• Lowering storage pressures within the storage reservoir or cavern, to  

o Prevent leakage or damage to the cap rock  

o Improve immediate safety and allow considered approach for ensuing stages 
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o Permit the design of remote secondary wells, or (with more risk involved) the 
drilling of new access wells to enable safe access to, and withdrawal of the stored 
product remaining 

• In the event that leakage has occurred, gas that has accumulated in shallow traps can be 
pumped out to prevent further migration and surface releases (as seen at a number of the 
Illinois aquifer storage facilities) 

• Monitoring of injection/production/abandoned wells to detect damage or leakage – 
perhaps involving a regular sonar logging run 

• Repair of leaking injection/production/abandoned wells 

• For salt caverns, performing regular sonar scans to accurately map the cavern walls and 
monitor closure – tools are now developed to run in the cavern even when the cavern 
contains gas 

• Extreme case scenario – facility abandoned by either 

o Withdrawal of the remaining stored gas 

o Being left to burn out (an extreme case, but has occurred e.g. at Moss Bluff, 
Texas) 

o All injection/withdrawal wells plugged, following strict guidelines/regulations 

• In the case of salt cavern storage facilities and as discussed by Hopper (2004), the 
installation, during cavern construction, of a remote second well system that would allow 
safe draw down of the stored product in the event of an incident. This would carry its 
own risks, however, in that it represents an additional intrusion of the reservoir or salt 
cavity and potential pathway back to the surface 

• On abandonment, closure and monitoring of salt cavern stability and internal pressure to 
prevent overpressuring and possible failure of he walls or roof rock and the 
wellhead/valves 

• On abandonment of depleted fields (or aquifers, if ever developed), withdrawal of 
injected stored gas to below cushion gas levels, as undertaken in some decommissioned 
facilities (e.g Ketzin) 
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12  Summary and Conclusions 
From this report and many others cited herein, it is clear that a number of factors are critical to 
the successful safe design and construction of UGS storage facilities, including: 

• The site provides strata deep enough for safe and economically viable storage of gas 
under high pressures 

• Development of UGS requires that the site is adequately characterized, geologically 

o For pore storage this requires adequate knowledge of the storage area, based upon 

 Accurate depth maps of the reservoir horizon 

 Accurate thickness (isopach) maps of the reservoir horizon 

 Superficial deposits mapped 

• Nature of the deposits – presence of any potential ‘collector zones’ 
(higher porosity layers) 

• Their distribution across the proposed area 

• Their thickness or the depth to rockhead 

 Knowledge of any faulting across the structure/storage area 

 Producing a sedimentary model for both the reservoir and caprock 
lithologies to provide information on  

• Porosity and permeability 

o distribution across the area 

o distribution vertically through the reservoir 

• Thickness and extent of storage reservoir 

• Interconnection or isolation of sandbodies 

 Caprock integrity 

• Thickness and distribution 

• Geological structure – including presence of faults in reservoir or 
caprock 

• Lithology 

• Physical properties (porosity, permeability, pore entry pressures 
etc.) 

• Mechanical properties (e.g. strength) 

o Salt caverns require similar geological characterisation and adequate knowledge 
of the porposed site area 

 The thickness, depth and extent of the salt beds 

 The thickness, depth and extent of the caprock sequence and its suitability 

• Lithological heterogeneity 

• Presence or absence of fractures 
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o Open or infilled 

o What mineral – studies of fractures may show several 
stages of development and differing types of infilling 
material 

• Rock mechanical properties 

 Superficial deposits are mapped 

• Nature of the deposits – presence of any potential ‘collector zones’ 
(higher porosity layers) 

• Their distribution across the proposed area 

• Their relationship to any development of wet rockhead 

• Their thickness or the depth to rockhead 

 The sedimentary environment that will permit understanding of  

• The presence and nature/distribution/thickness of non salt 
interbeds 

• The presence and nature of more soluble evaporite beds 

• Lateral changes in sedimentary facies 

 The geological structure, including the likely presence of faulting in 
overlying sequences and whether, for example, large faults define the 
margins of the saltfield 

• That the facility is designed and operated with sufficient safety measures to ensure the 
storage reservoir or salt cavern cannot be inadvertently or otherwise overpressured 

• Proper design, construction, monitoring and maintenance of injection/withdrawal wells 

• Abandoned wells in and around the proposed storage area must be accurately located and 
previous completions checked for integrity and gas tightness. 

Clearly all the above can only be obtained through detailed site characterisation and geological 
investigations. In depleting oil and gasfields, much of this work will have been undertaken 
during the exploration and production phases when such detailed knowledge of the reservoir and 
structure is required to maximise production. For aquifers, most of the investigations required to 
discover and develop oil/gasfields has to be undertaken. For this reason aquifer storage sites are 
generally more costly to develop.  

Developing salt cavern storage facilities requires detailed geological investigations in order to 
prove the depth, thickness, extent and purity of the salt beds in which it is proposed to develop 
the caverns. Boreholes have to be drilled to provide samples of the halite for in situ and 
laboratory tests to gain information of the strength and mechanical properties. However, there is 
a ‘Catch 22’ situation. Ideal cavern storage sites are safer when few boreholes penetrate the cap 
rock and salt succession. This is perhaps also true for depleted fields, although possibly less so in 
that releases will be somewhat slower due to the physical constraints of the gas being ‘produced’ 
from pore spaces. Therefore, careful design and planning of boreholes is required to generate the 
least number of borehole penetrations that could form a route back to the surface for any gas that 
might escape from the salt cavern. Ideally, site characterisation would involve non-invasive 
investigative techniques such as seismic reflection data (perhaps a 3D cube) to aid building up a 
3D model of the subsurface structure and distribution of the salt beds. Seismic data (perhaps 
acquired with high frequency sources), tied to geophysically logged boreholes, would offer the 
greatest potential to image any faulting that might affect the proposed storage site. 
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A review of casualty figures from other areas of the energy supply chain, including above 
ground storage vessels, allows those figures associated with UGS/UFS to be compared with 
other storage environments and energy supply sectors in order to assess the conclusions of Bérest 
et al. (2001) and Bérest & Brouard (2003). These authors state that “salt caverns provide one of 
the safest answers to the problem of storing large amounts of hydrocarbons”. Pore storage 
facilities are associated with even lower incident rates. Even in urban areas such as Los Angeles 
Chillingar & Endres (2005) concluded “…Underground gas storage, oil and gas production can 
be conducted safely if proper procedures are followed. After recognition of the existing problem, 
proper safe operating procedures can be easily developed”...  

Whilst it is acknowleged that the figures reported here probably represent a minimum (i.e not all 
incidents have been found, or were reported), the figures collated during this work indicate that 
UGS has extremely low incident and casualty numbers when compared to these other areas. The 
results from 2 smaller studies on the safety of UGS undertaken for both the natural gas storage 
industry and researchers in the field of the underground storage of CO2, support the results of 
this study. Casualty rates several orders of magnitude greater are reported from other sections of 
the energy supply chain and which individually, have often resulted in more deaths than those of 
not just UGS, but all combined UFS described here. This includes fatalities arising from the 
supply of domestic gas in the UK.  

Contrary to public belief, UGS is regarded by other sectors of industry and research as having an 
excellent health, safety and environmental record (Lippman & Benson, 2003; Imbus & 
Christopher, 2005). Even in the infamous Hutchinson incident, it would appear that it was not 
failure of the cavern, but human error and poor operational and safety controls that led to the 
leak, resulting in the explosions, fires and 2 fatalities. 



  132

Appendix 1 Gas migration rates – hydrocarbon-bearing 
basins 
 

Source Area Nature Source depth Flux Flow/seepage 
rates rates 

Effective Diffusion 
rate 

Migration 
velocities 
calculated 

Clayton & Dando 
(1996) 

N Sea 1 (Block 15/25 Biogenic gas 
(Tertiary seds) 

 440 L/m2/yr 0.14-0.6 L/hr   

Hovland & 
Sommerville (1985) 

N Sea 2 (Ekofisk area 
- – over 100000m2 

  890 L/m2/yr 1000 L/hr   

Dando et al. (1994) N Sea 3 (Kattegat 
coast, Denmark –– 
over area of 1700 m2 

Biogenic gas 
(Emsian) 

> 1000 m 520 L/m2/yr 0.15-21.8 L/hr   

Hovland & 
Sommerville (1985) 

Norwegian N Sea Deep seated 
thermogenic source 

  24 m3/day   

Krooss & Leythaeuser 
(1996) 

 Russian rock salt 
(Antonov et al., 
1958) 

 88.5 m3/km2/yr  2.8x10-10 m2/sec  

  US Shales (Smith et 
al., 1971) 

1737 m 
(overburden) 

1.9 m3/km2/yr  6.9 x 10-11 m2/sec  

   150 (seal) 

1590 
(overburden) 

1 m3/km2/yr  5.4 x 10-12 m2/sec 

6.9 x 10-10 m2/sec 

 

  shale (Nesterov & 
Ushantinskij, 1972) 

 0.16 m3/km2/yr  3 x10-12 m2/sec  

Leythaeuser et al., 
1982 

Krooss et al., 
1992a&b) 

Nelson & Simmons 
(1992) 

Harlingen gas field 
(Neths) 

 390 m 3.7 m3/km2/yr  21.0 x 10-10 m2/sec  

Montel et al., (1993)   Claystone, 550m 10 m3/km2/yr    

Nesterov & 
Ushatinskij (1972) 

 Total diffuse gas loss 
– 17x109 m3 over 25 
my 

shale 680 m3/yr    

Kettel (1996) Munsterland Basin B2/4  2.91 x104 
m3/km2/x200000 
yrs 

   

  B2/5  2.91 x104 
m3/km2/x200000 
yrs 

   

  B2/6  2.57 x104 
m3/km2/x200000 
yrs 

   

  B2/7  5.60 x104 
m3/km2/x200000 
yrs 

   

  B2/8  1.52 x104 
m3/km2/x200000 
yrs 

   

 Lower Saxony Basin 1  9.30 x105 
m3/km2/x10 my 

   

  7  3.73 x103 
m3/km2/x10 my 

   

  10  1.19 x102 
m3/km2/x10 my 

   

  13  1.12 x105 
m3/km2/x10 my 

   

  18  5.60 x104 
m3/km2/x10 my 

   

  19  1.30 x105 
m3/km2/x10 my 

   

  31  6.51 x105 
m3/km2/x10 my 

   

  32  6.51 x107 
m3/km2/x10 my 

   

  33  5.40 x107    
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m3/km2/x10 my 

  34  4.34 x107 
m3/km2/x10 my 

   

 Upper Rhine Graben 5  1.15 x103 
m3/km2/x10000 
yrs 

   

  8  1.00 x102 
m3/km2/x10000 
yrs 

   

  9  5.00 x102 
m3/km2/x10000 
yrs 

   

  10  8.00 x102 
m3/km2/x10000 
yrs 

   

  11  1.15 x103 
m3/km2/x10000 
yrs 

   

  61  1.00 x103 
m3/km2/x10000 
yrs 

   

  62  2.00 x103 
m3/km2/x10000 
yrs 

   

  64  1.60 x103 
m3/km2/x10000 
yrs 

   

  65  1.00 x103 
m3/km2/x10000 
yrs 

   

Arp (1992) Patrick Draw 
Oilfield, Wyoming 

 1576 m (5200 ft)    76-305 m/yr (250-
1000 ft/yr) 

Araktangi et al. 
(1982) 

Leroy Storage Field, 
Wyoming 

     305 m/yr (1000 
ft/yr) 
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Appendix 2 Problems and subsidence experienced at 
saltmines and brine caverns – i.e. not associated with gas 
storage 
Section 4.8 briefly introduced problems that had been encountered at salt and brinefields that 
were not related to wet rockhead or linked to gas storage operations, but that could have a 
bearing on how saltfields may be developed for cavern gas storage. The nature of problems 
encountered at salt mines and brinefields where catastrophic ground failure arose either from 
poor working practices, or problems that occurred of old oil and brine wells in areas of halite and 
old mine workings are briefly outlined (see Warren, 2006). The examples are relevant to 
proposals for UK gas storage in salt caverns. They illustrate the problems and dangers that can 
occur in areas when brining operations are poorly controlled, or site characterization and 
defining the positions of old abandoned oil or brine wells and liaison with relevant authorities 
has been inadequate. 

Problems in saltmines and brine caverns, including old brinewells 

Ocnele Mari Brinefield, Romania 
An incident at a salt mine in Romania producing salt by solution mining, though not directly 
linked to gas storage caverns is worthy of note. It represents a potential problem that could arise 
if uncontrolled or poorly managed solution mining of a cavern without due regard to, or control 
over, the shape, dimensions or long term geological stability of the resulting cavity. As such, 
consideration is briefly given to the problem at the Romanian Ocnele Mari field 2 
(http://www.saltinfo.com/Romania.htm). 

The brine field has been worked over the period 1961 to 1993, with old caverns left brine-filled. 
Over-mining caused the development of a huge cavern, reaching around 250 m in diameter, with 
a volume of about 3.7 Mcm, and a corresponding surface area of about 10ha 
(http://www.saltinfo.com/Romania.htm). This was created by the inadvertent dissolution of 
pillars separating adjoining caverns (http://www.solutionmining.org/smri.cfm?a=cms,c,33). 
Although mining operations at the cavern location ceased in 1993, some caverns have 
subsequently collapsed, leading to subsidence of the ground above. There are very real fears of 
total collapse of the remaining caverns, destroying 22 homes on top of the cavern and releasing 
up to one million cubic meters of brine. This would flood of the Sarat River valley for many 
kilometres and put hundreds, perhaps thousands, of residents in the river valley at risk. 

In 1991 SOCON (a German company specialising in cavern sonar imaging) and Romanian 
hydrogeologists independently undertook investigations and evaluations of the situation in 
Ocnele Mari. Their aims were to determine the risk factors and how to stabilise the field and thus 
prevent the collapse of the remaining caverns. Two opposing opinions emerged on the action to 
be taken to stabilise the cavern field. SMRI reported in 2001 that the problem could still be 
stabilised if immediate remedial action based on backfilling were taken. The situation 
progressed, with a partial collapse of the field occurring in the summer of 2001. In November 
2001, the total collapse of the remaining caverns was regarded as ‘imminent’. 

The problems at Ocnele Mari would not have arisen if normal ‘best practice’ mining engineering 
principles had been employed in its development (http://www.saltinfo.com/Romania.htm). 
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Old Belvedere Spinello, Italy 

The Old Belvedere Spinello brinefield in southern Italy was originally operated via brine wells 
interconnected by hydraulic fractures. The area exhibits subsidence effects ranging from 
sinkholes to bowl subsidence and landslides. A major collapse occurred, caused by the salt 
solution mining process, which went unnoticed. Solution mining of the salt beds had apparently 
migrated undetected away from the brinewells some considerable distance updip within the salt 
formation, to where a large cavern had been dissolved out, previously. This cavity lay below the 
toe of a hill and when a sinkhole developed, the hillside collapsed and caused major flooding. 
Solution mining is now undertaken in a new area of the brinefield using a number of sonar 
monitored salt caverns accessed by single wells (Warren, 2006). 

Brinefield and mine collapse, Krakow, Poland 

A former salt mining region, centred on Krakow in southern Poland has mined Miocene age salts 
since the 13th century. Two main problem sites exist, at Barycz and Lezkowice (Warren, 2006).  
The Barycz mine covers an area of 1 km2, being 2 km wide at its maximum. The salt formation 
is flat lying around 30 m thick and 230-280 m below ground level. Solution mining was first 
carried out in 1923. At Lezkowice, the salt dips steeply and occurs as little as 40 m below the 
surface. Salt was solution mined to a depth of more than 450 m. Both sites are covered by 15-20 
m of unconsolidated Quaternary sands, gravels and peat.  

At its height, the Barycz brinefield had more than 900 solution wells about 50 m apart. Total 
production was equivalent to a 3 m thick unit across the whole site. Significant ground 
subsidence occurred from the outset, with 10-30 cm noted in the period 1926-1934 and 33 
sinkholes up to 27 m across and 27 m deep forming between 1923 and 1993. The land surface is 
now pock marked by stagnant brine filled subsidence cones and sinkholes often centred on 
abandoned wells (Warren, 2006). 

Depletion of the Barycz brinefield meant operations were moved to the Lezkowice site in 1968, 
where exploitation was carried out using brinewells sited 35 m apart. Operations were meant to 
be controlled and regulated to avoid the problems encountered at the Barycz brinefield. 
However, this never happened and operations went unchecked for 20 years until the brinefield 
was shut down in 1988. By then, numerous cavities had joined and subsidence problems were 
being encountered, with two areas where it was more than 80 cm and a maximum of 1.2 m. In an 
attempt to reduce its impact, local industrial waste material was injected into some of the 
cavities.  

Gellenoncourt saltworks, France 

On March 4th 1998, a sinkhole measuring 50 m across and 40 m deep was induced above two 
brine caverns in the Gellenoncourt saltfield near Lorraine in France, opened in 1967. Collapse 
was triggered to prevent future uncontrolled ground collapse (Warren, 2006). Two brine caverns, 
each designed with a substantial salt roof to protect the overlying Triassic marls, formed part of a 
field of caverns. In 1971 the two caverns unexpectedly joined and although brine extraction was 
stopped, cross-flowing brines flowing into another producing well continued to leach the two 
caverns. By 1982, the salt roofs to the two caverns had been dissolved away. Between 1982 and 
1992 no further upward growth of the cavern occurred. However, a 25 m thick section of the 
marls fell in, stopping only because of an interbedded dolomite bed that prevented further 
collapse of the strata and propagation of the cavity to surface. 

Retsof Mine, New York State, USA 

The Retsof mine covered an area of 24 km2 and was the largest working saltmine in the USA. It 
had been in operation since 1885 (Warren, 2006). The problems at the Retsof mine began in 
March 1994 with a magnitude 3.6 earthquake caused by the (catastrophic) collapse of a small 
pillar and panel section of the mine. This was accompanied by collapse at the surface of an area 
180 m by 180 m and 10 m deep. A month later an adjacent mine room collapsed, forming a 
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second crater. Collapses were accompanied by influx of brine, flooding of the entire mine within 
weeks and causing the loss of the entire mine operation. Associated aquifer drawdown led to 
inadequate water supply for months following the collapse, with some wells drying up 
altogether. 

Brinefield subsidence, Windsor, Ontario 

In 1954, subsidence, followed by collapse, destroyed part of the infrastructure of an active salt 
works near Windsor, Ontario (Warren, 2006). The first well was drilled in 1902 with intensive 
exploitation commencing in 1922, with 25 wells drilled between 1922 and 1953. Prior to the 
collapse, an area around 300 m across and 40 cm deep had subsided in the preceding 5 years. 
The collapse in February 1954 occurred over a 9 hour period and destroyed most of the surface 
plant. 

Sinkholes at Cargill, Kansas 

A number of sinkholes appeared in the 1950s and 1970s around brinewells and salt caverns near 
Hutchinson, Kansas (see Fig. 5c&d and http://www.kgs.ku.edu/Hydro/Hutch/Subsidence/index. 
html). The area has had numerous wells extracting brine from bedded Permian salts around 105 
m thick, some 130 m below surface (Walters, 1978; Warren, 2006). Several collapses have been 
noteworthy, including the Cargill collapse sink in 1974, which formed above a breached salt 
cavern. Within four hours of starting, it was 60 m across. After three days, it had formed a 
circular depression 90 m across and nearly 15 m deep. The sinkhole developed in an area that 
was part of an active brinefield at the time and included both operating and abandoned wells. A 
number of railway lines had been built on the brinefield and the sinkhole developed beneath the 
junction of three lines, leaving them suspended across the crater (Fig. 5c&d). A further large 
sinkhole is developed in the area to the immediately to the north of the salt (refer Fig. 5d). 
Within the sinkhole area, was an old well drilled in 1908, which was plugged and abandoned in 
1929. Earlier uncontrolled brine extraction in the region since as early as 1888 contributed to the 
collapse and new regulations now require all caverns to retain a 12 m thick salt roof to protect 
the overburden.  

Sinkholes in the Detroit River 

In 1971, several sinkholes developed in and around Hennepin Point near the Detroit River, some 
10 km downstream from the Windsor collapse (Warren, 2006). Production of brinefield salt 
began in 1943 and the sinkholes resulted from 30 years of solution mining at depths of more than 
320 m, using poorly completed or protected wells. Salt cavities quickly coalesced to form larger 
cavities. The largest cavity was created  from two caverns and ground subsidence was noted in 
1960. Subsidence was constant until 1967 after which it accelerated until the first collapse crater 
formed in February 1971. Its subsidence history closely mirrors that of Windsor, with a second 
larger crater formed in May 1971. 

Sinkhole at Bayou Choctaw Dome, Louisiana, USA 

A brine well in the Bayou Choctaw salt dome collapsed during brine production in 1954 as a 
result of loss of the salt roof above a growing cavern. A sinkhole formed at the site, into which a 
rig collapsed. Eventually a lake 210 m in diameter developed.  

Grand Saline sinkhole, Texas 

A sinkhole appeared at surface within the city of Grand Saline, Texas in 1976. It developed at 
the site of a former brine well that produced brine between 1924-1949 from the Grand Saline salt 
dome, the top of which was only 60 m below ground level. A sinkhole 15 m in diameter 
developed, causing the collapse of a sewer. 

Winsford Mine, Cheshire 

Salt mining at the Winsford Mine commenced in 1844, although the mine was closed between 
1892 and 1928 (BGS, 2006). Since 1928 it has been the major source of rock salt in the UK. 



  137

Extraction is by room and pillar mining and is currently from the Bottom Bed of the Northwich 
Halite Formation at a depth of about 140 m. The salt is extracted from galleries 8 m high and 20 
m wide. Pillars are 20 m x 20 m, which gives an extraction rate of 75%. Formerly, drill and blast 
methods were used for salt extraction. However, since 2002 a continuous mining machine has 
been used to extract the top ‘lift’ of 4.5 m, with either bench blasting or a continuous machine 
being used for the bottom 3.5 m. The mine is dry and stable and room and pillar mining creates 
little or no surface subsidence.  

However, the intersection of a borehole in 1968 caused serious flooding of the mine and as a 
result, protection barriers of 75 m are now left around boreholes (BGS, 2006a). 

 

Examples of problems associated with old (non brine) wells in salt bearing successions 
Again, the list of examples in this Appendix is not exhaustive, merely illustrative. 

Wink Sink, Winkler County, west Texas, USA 

The Wink Sink oil well is an example of problems with a well arising from drilling through thick 
salt beds. The incident at Wink Sink, Winkler County, west Texas, centred on an abandoned oil 
well within the giant Hendrick Oilfield (Warren, 2006). The oilwell had been drilled and 
completed to industry standards of the time in the late 1920s and had produced oil from 1928 to 
1951. It was finally plugged in 1964. 

The incident involved the development of a sink or subsidence crater, which first formed in June 
1980, centred on the abandoned well. Within 24 hours the sink was around 110 m wide and 
within 3 days was 34 m deep. Investigations found that the collapse was the result of an 
underlying solution cavity that had developed in Permian halite beds 400 m below. It had 
migrated upwards by successive roof failures until it eventually breached the land surface.  

The process of dissolution, cavity growth and resultant chimney collapse were accelerated by 
drilling and inappropriate well management practices in the immediate area of the well in the 
early part of the 20th Century. Several factors and events were clear: 

• Use of fresh water drilling fluid at the time 

• Nitro-glycerine had been used to straighten the hole 

• Casing too short to isolate aquifers, permitting fresh water into the borehole surrounds 

• Poor cementing of the well failing to seal adequately the salt beds behind the casing, 
thereby opening a vertical pathway for movement of undersaturated brine up or down the 
borehole surrounds 

• Inappropriate cement for basal section of the borehole in saline conditions. 

• Corrosion of the casing and cement by salt water 

• Possible fracturing of original cement during later workover, re-entry and plugging 
operations. 

• Removal of some critical casing during the final plugging and abandonment of the well 
in 1964, which would have permitted movement of water up or down the borehole 
surrounds. 

• The absence of cement plugs or linings to the well below a certain depth during operation 
would also have allowed movement of water up or down the borehole 

• The pumping of large amounts of brine water between 1928 and 1951, would have 
caused significant cross flow of undersaturated water and further assisted corrosion of the 
casing and dissolution of the salt. 



  138

Drilling, completion and plugging procedures therefore, combined to create a conduit that 
enabled fresh water to circulate more effectively in the vicinity of the borehole and thereby 
dissolve salt. Once dissolution and cavity formation was sufficient, roof collapse into the cavity 
occurred. The Wink Sink collapse thus illustrates the importance of (Warren, 2006): 

• Appropriate well design specifications 

• Reliable maintenance during well life 

• Need for adequate plugging and abandonment procedures specifically designed for wells 
passing through salt or salt prone intervals. 

Panning Sink, Barton County, Kansas, USA 

The Panning Sink formed in April 1959 as a result of subsidence and collapse around a saltwater 
disposal well, abandoned the previous January because of uncontrolled wellhead tilting. The 
suspect well (Panning 11a) was originally drilled as an oil well in 1938 and penetrated the 
Permian Hutchinson salt about 200 m below ground. It was drilled using freshwater which 
caused the dissolution of the salts, with the result that the cavity thus formed was not cemented 
in behind the casing. The borehole was converted to a saltwater disposal well between 1946 and 
1958, further dissolving the salt behind the casing and leading to roof falls and upward migration 
of the collapse chimney. Eventually, the cavern reached ground level, forming a 90-metre wide 
water-filled sinkhole in about 12 hours, which continued to gradually widen over the next few 
days. 

Gorham oilfield, Russell County, Kansas, USA 

The largely depleted giant Gorham Oilfield, produced from around 1,397 oil wells, is the site of 
slow ongoing subsidence above salt dissolution zones in the Wellington Salt, which is equivalent 
to the Permian Hutchinson Salt, described elsewhere in this report. A number of wells drilled in 
the period 1936-1937 that pass through the salt are now plugged and abandoned. However, 
corroded casing has been left in these holes above, within and below the salt, permitting 
unsaturated water to flow up and down some of the boreholes, dissolving large volumes of salt. 
Subsidence was also aided by disposal of waste oilfield brines that were reinjected when under 
saturated with respect to halite. 

Lake Peigneur, Louisiana, USA 

Lake Peigneur is a natural water-filled depression approximately 2.4 km in diameter located on 
top of the Jefferson Island salt dome in the low-lying Gulf Coast area of Louisiana. The Jefferson 
Island salt mine works are nearby. 

On November 20th 1980, a sinkhole started to develop during drilling of an oilwell from a 
pontoon in the lake. The oilwell intersected an unused section of the salt mine around 350 m 
below lake level. Within 12 hours the lake had drained, leaving a collapse sinkhole 0.91 km2 in 
area. The surface entry hole in the floor of the lake quickly grew to a half-mile wide crater. Fifty 
personnel were working underground in various areas of the mine at the time and were safely 
brought to the surface. In the days following, the surrounding sediments collapsed into the crater, 
sealing the hole. The waters of the Gulf of Mexico refilled the depression and restored the lake. 

This episode illustrates how quickly incidents can arise and how human error (in the form of a 
lack of due diligence, forward planning and communication between various private and 
government authorities) once again contributed to a major accident (Warren, 2006). It also 
demonstrates how quickly potential leakage could occur following a breach in a cavern roof in 
any shallow storage facility filled with low density and mobile fluids. 

Haoud Berkaoui Oilfield, Algeria 

In October 1986 a crater around 200 m in diameter and 75 m deep appeared in the Haoud 
Berkaoui Oilfield in Algeria. It continued to expand and reached around 230 m by 600 m across, 
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at a growth rate of about 1 m per year. The collapse is centred on two oil wells drilled in the 
1970s, one of which was abandoned due to well stability problems, with no casing near the 
bottom of the well and just below an evaporite sequence. The absence of casing, properly 
cemented inplace, allowed water to percolate into surrounding salts. A second well, drilled in 
1979, was located 80 m away and completed successfully. However, in March 1981 the lining of 
the second well fractured due to cavity formation in the salt, with the creation of the large crater, 
as a result.  

As with the Wink Sink, the loss of the wells again shows the need to plan abandonment of wells 
in a salt bed, especially if the salt is a seal to a regional artesian system (Warren, 2006). 
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Appendix 3 Descriptions of current operational UK 
UGS facilities and proposed schemes at the planning or 
development stage 
The following are summaries of various oil or gas field gas storage facilities/operations in the 
UK.  

Currently operational UGS facilities 

Depleted Oil and gasfield facilities 

Rough Gasfield, (offshore, Southern North Sea) – also Appendix 5 
The Rough gasfield storage facility is about 31 km (20 miles) off Withernsea on the East 
Yorkshire coast, in the southern North Sea. It was originally developed in October 1975 to 
produce natural gas from the (Early Permian) Rotliegend sandstone reservoir, at around 2750 m 
(circa 9,000 feet) below the seabed, forming the Rough field. 

The gasfield was converted to Britain’s biggest offshore gas storage facility in 1985, since when 
it has been used to store gas under pressure in the depleted Rotliegend reservoir, providing 
seasonal gas storage capability (Stuart, 1991). It can supply around 10% of Britain's peak 
demand for gas and currently represents 80% of the UK’s gas storage volume. In November 
2002, the Rough offshore gas storage facility, linked pipeline and onshore processing plant at 
Easington in Yorkshire was acquired by Centrica.  

Hatfield Moors and Hatfield West (onshore) 
The Hatfield Moors gasfield was discovered accidentally (leading to a blow out and fire) during 
drilling of the Hatfield Moors No.1 exploration well in South Yorkshire in December 1981 
(Ward et al., 2003). It was followed by the discovery of the small Hatfield West gasfield in 1983. 
Gas was encountered at a depth of 484 m (1587 feet) in the Westphalian B Oaks Rock Sandstone 
Formation. Gas was previously unknown at this stratigraphic level, apart from mine gas, despite 
the many coal and several oil boreholes that had already penetrated the shallow formation in this 
area. 

Production at the fields commenced in 1986, with both presently 100 per cent owned and 
operated by Edinburgh Oil and Gas (EOG). Gas was initially supplied to the local Belton 
Brickworks, although this contract terminated in June 2000. 

Devised in 1996, a plan was agreed with Scottish Power in 1998 to use the depleting Hatfield 
Moors field as a gas storage facility. A 25-year storage contract was agreed and the gasfield was 
converted to a gas storage facility during 2000. Under the agreement Scottish Power have 
exclusive rights to inject, store and withdraw gas. EOG receives revenues based upon the storage 
capacity of the reservoir and for the provision of reservoir management services to Scottish 
Power.  

Although the technique is widely used in France, Germany and the US, Hatfield Moors 
represents the first onshore UK facility of its kind. Gas from the National Transmission System 
is compressed before being injected into the porous layers of sandstone circa 1,450 feet 
underground for storage. The reservoir can store up to 121.8 Mcm (4.3 bcf) of gas at any one 
time, providing enough gas to meet the peak demands of 250,000 domestic customers. 

Some of the gas stored at Hatfield Moors is also used for electricity generation at Scottish 
Power’s gas-fired power stations. Before gas can be returned to the network for delivery to 
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customer, it must be reduced to the appropriate pressure. A 12 km pipeline provides the link 
between the storage facility and National Grid Gas’s Transmission System. 

The Hatfield West field also has potential for conversion to use as a gas storage facility. 

Humbly Grove, Hampshire (onshore) 
The Humbly Grove oilfield in Hampshire was one of the largest onshore oilfields in the UK. 
However, as production declined, Star Energy proposed to develop it as a gas storage facility 
when they announced the major new underground gas storage scheme in early 2003 (received by 
Hampshire County Council, May 2003: www.hants.gov.uk/decisions/decisions-docs/030910-
regunct-R0909111823.html). Having gained planning permission in 2003, work commenced on 
the site in February 2004 to construct a c. 283 Mcm (10 Bcf) gas storage facility (Fig. 29). The 
facility was completed in February 2005 and commenced operation on November 4th 2005. The 
gas injection will also re-pressurise the main oil reservoir, which is the Great Oolite (Middle 
Jurassic in age) at around 982 m below Ordnance Datum (OD), which will also extend the life of 
the field from less than 10 years to around 20 years. 

The facility required the construction of a pipeline 27 km long and 24 inches in diameter to link 
the oilfield to the national gas transmission system (NTS) at Barton Stacey near Andover. An 
additional processing plant has been constructed, together with the installation of compression 
equipment to pump the gas into the gas store from the NTS and to return the gas back to the NTS 
after processing. 

Salt Cavern Storage facilities 
The following are summaries of salt cavern gas storage facilities/operations onshore in the UK 
(refer Fig. 1): 

Holford, Cheshire (Triassic salt) 
A former brine production cavern (H 165) in the (Triassic) Northwich Halite Member in the 
Holford Brinefield, Cheshire, was converted by ICI in 1984 into a gas storage cavern. It was 
originally leased to Transco, providing diurnal storage and operation has since been transferred 
to IneosChlor who operate the facility for gas trading. 

After the cavern was refilled following a required 10-year inspection, operations resumed in 
November 2006. 

Hole House, Cheshire (Triassic salt) 

The Hole House facility, west of the village of Warmingham near Crewe, Cheshire is a gas 
storage facility developed in the Triassic Northwich Halite Member of the Warmingham 
Brinefield, which is owned and operated by British Salt. Permissions and consents were 
originally granted to Aquila Energy Limited in 1995. Commercial operations began in February 
2001. The facility was acquired by EDF Trading Limited in October 2002, since when it has 
been operated by EDF’s subsidiary company Energy Merchant Gas Storage (UK) Limited 
(Beutal & Black, 2005). It is linked to the National Grid gas transmission system. 

Phase I of the project saw the construction of two cavities, each of approximately 30 Mcm (c. 
150GWh) and a gas processing plant, which became operational in March 2003. The caverns 
have been designed to provide a highly flexibile facility, capable of supplying ‘peak gas’. British 
Salt use the brine produced during the cavern washing process. The salt is up to 230 m thick and 
the tops of the caverns are at about 300-400 m depth, slightly shallower than at the Holford and 
Byley sites (Beutal & Black, 2005). Gas can be delivered at a rate of 2.8 Mcm per day and 
injected at 5.6 Mcm per day (UK Gas Report, 2005). Phase II saw two additional salt cavities 
constructed, providing a further 30 Mcm (150 GWh) storage, and an upgrade of the gas 
processing plant with gas again delivered at 2.8 Mcmd and injected at 5.6 Mcmd. EDF 
commissioned the first of these two cavities before the end of 2006, and expect to complete the 
second by the end of 2008 (UK Gas Report, 2005). 
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Hornsea (Atwick – Permian salt) 
The Hornsea gas storage facility in East Yorkshire was granted planning permission in 1973 and  
built originally by British Gas Corporation (refer Dean, 1978, 1985). It became operational in 
1979, providing storage and peak-shaving supply to the NTS. The facility was bought by US 
energy company Dynergy in 2001 and sold the following year to the current owners and 
operators SSE Hornsea Ltd - part of Scottish & Southern Energy plc (UK Energy Report, 2005). 

The facility comprises a central processing area and nine salt cavities leached into the main salt 
of the Fordon Evaporites (Z2) at depths of between circa 1720 km and 1820 m below the surface 
(Beutal & Black, 2005). Wellhead spacings are >400 m and the size and volume of the caverns is 
variable due to variations in the thickness of the salt, with the facility providing a total of around 
325 Mcm of gas storage space. Gas can be injected at circa 2 Mcmd and withdrawn at up to 18.5 
Mcmd (UK Energy Report, 2005). 

Teesside – Billingham (Saltholme) and Wilton (Permian salt) 
The Teesside Saltfield in south Durham is formed by the (Middle or Main) Boulby Halite 
Formation (Z3) which overlies the Billingham Main Anhydrite. Salt was extracted at Greatham 
by controlled brine pumping from around 1822 until at least 1969. As early as 1959, the 
Northern Gas Board used a solution-mined cavity to store town gas (Notholt & Highley, 1973). 
More than 100 small brine production caverns were created by ICI to the north of the River Tees 
at Saltholme and south of the river at Wilton. Some of these have been converted and used for 
storing light hydrocarbons and the various fluids and gases associated with oil refining since 
1960. 

In the Teesside area, the top of the Boulby Halite lies at depths of between 274 m and 366 m, 
deepening eastwards and offshore to over 650 m and is up to 45 m thick (Notholt & Highley, 
1973). At least 4 caverns at Saltholme, owned by IneosChlor and leased to Northern Gas 
Networks (NGN), are owned by IneosChlor & operated by NGN for natural gas. Development 
and storage commenced 1959-1983, with cavern volumes of 10,000 m3 – 30,000 m3 (providing a 
total net cavern volume of 0.08 Mcm). 

SABIC (formerly IneosChlor//Huntsman) have informed this report that there also exists at 
Saltholme, 18 ex ICI caverns that are in operation for storage purposes (Table 1). There are a 
further 9 redundent caverns. Development started in the 1950s with storage having commenced 
1965-1982. They include 1 ‘dry’ cavity storing nitrogen, 17 ‘wet’ storage cavities containing 
hydrocarbons ranging from hydrogen to crude oil. In addition, 9 redundant storage cavities, 75 
redundant brine wells/cavities (that have never used for storage) and 5 in service brine wells also 
exist. Injection and withdrawal rates are not available. 

Further caverns in both the Saltholme and Wilton brinefields have, for many years, been used to 
store other liquids and gases such as nitrogen (SembCorp to store BOC nitrogen) and hydrogen 
(refer Table 1). 

 

Current Applications and Proposals for UGS onshore 
A number of applications for both depleted oil and gasfields and salt cavern gas storage facilities 
are currently at varying stages of the planning application process, or are now in the construction 
phase. These are briefly outlined below. 

Applications to convert depleted oil and gasfields to gas storage 

Caythorpe 
Caythorpe Gas Storage Limited (CGSL), a subsidiary of Warwick Energy Limited, has applied 
for permission to build the surface facilities required to convert the existing gas field at 
Caythorpe into a gas storage facility. This permission has been requested from East Riding of 
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Yorkshire Council under the Town and Country Planning Act 1990. Permission to store gas in 
the underground gas reservoir has also been requested separately from the DTI under the Gas 
Act 1965 (http://www.warwickenergy.com/gas.htm). 

The Caythorpe gasfield lies around 5.5 km west of Bridlington in East Yorkshire between the 
villages of Rudston and Boynton. The field was discovered in 1987 and commenced production 
in 1992. As with many of the gas fields in NE England, the reservoir is Permian dolomites. 
Initially, gas after processing was exported to the Natioanl Grid system, but since 1997 and the 
installation of a small power station on the site, power has been generated and exported offsite. 
Warwick Energy acquired the field in 2001 and commenced producing from an additional gas-
bearing horizon in 2002. The current facilities comprise one producing well, a gas processing 
plant and a 9 MW power station, together with a low pressure pipeline which links the site to the 
nearby gas grid. To date, field operations have been without incident. 

The Caythorpe Gas field is located in Licence area PL 234 in Yorkshire, which expires in 2017. 
To date, two wells have been drilled to define a single geological structure with fault-dip closure. 
The first well (C-1) was drilled by the original operator, Kelt UK Limited (Kelt) in 1987, on the 
edge of the accumulation. The second (C-2) was also drilled by Kelt in 1989 from the same 
surface location, but the borehole was deviated up to 44º to a crestal location to the west of C-1 
(IEA, 1999). Two gas-bearing reservoirs of Permian age have been tested: one in the Kirkham 
Abbey (Dolomite) Formation (KAF - Permian Zechstein dolomitic and oolitic limestones) at 
1748 m BOD; and the other in the Rotliegend sandstone formation at 1829 m BOD. The 
Rotliegend is a regionally-extensive formation and it is the main producing reservoir in many of 
the offshore gas fields in the southern sector of the UK North Sea. Over 30 m of core was 
collected from the Rotliegend in wells C-1 and C-2, providing detailed information on the 
reservoir characteristics. The reservoir consists of two sections, with the upper part having the 
better reservoir properties (permeability more than 100 mD) than the lower section (20 mD). No 
core was collected from the KAF (IEA, 1999). 

The initial reservoir pressures were determined from the Repeat Formation Tester (RFT) tool 
data, with values obtained for the Rotliegend of 2,969 psia, and 2,835 psia for the KAF (IEA, 
1999). The KAF was tested for 30 hours in well C-2 at up to 8 Million Standard Cubic Feet per 
Day (MMscfd) from a 13m interval. The reservoir is a tight dolomite with production from a 
natural fracture system. The gas had an H2S content of around 5 parts per million (ppm). Two 
separate production tests were completed in the Rotliegend in well C-2. A lower section near the 
gas-water contact (GWC) was tested at 1.0 MMscfd for 4 hours from a 3 m interval. The section 
near the top of the reservoir was subsequently put on extended test from a 3 m interval at rates up 
to 10 MMscfd. The Rotliegend gas has no reported H2S content. Well log interpretation and core 
analysis indicates an average porosity of 15% for the KAF and 18% for the Rotliegend and 
average water saturation of 40% for the KAF and 31% for the Rotliegend. 

The Rotliegend has an original GWC at 1870 m BOD with a mapped closure of approximately 
213 acres or 86 ha (IEA, 1999). No detailed map of the KAF has been made publicly available. 

The field was originally explored, developed and produced by Kelt from 1983 to February 1997.  
Gas production has been from the Rotliegend reservoir alone, with well C-2 being the only 
producing well in the field. The KAF reservoir is isolated by the well completion. The well 
produced at rates up to 10 MMscfd mainly during the winter months. It has required two sand 
clean-out jobs to assist production performance, no other production problem issues being 
reported. Produced condensate has averaged around 5 Bbl/MMscf. 

The field was shut-in from March 1996 until November 1997, during which time IEUKL secured 
the transfer of the licence and then obtained local planning and DTI approval for revisions to the 
development plan to allow onsite power generation. That plan included producing the reservoirs 
to a lower abandonment pressure than proposed originally due to the new surface production 
configuration that could operate to a lower pressure (60 psig versus 295 psig). The project 
approval covers power generation operations up to 2009. IEUKL operated and produced the field 
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at rates up to l.78 MMscfd from December 1997, with flowing wellhead pressures between 400 
and 980 psig. 

Production from the field has now declined, however, and the good reservoir properties in the 
KAF (c. 1748 m to 2090 m depth) and Permian Rotliegend (Leman equivalent) sands (c. 1829 m 
to 2135 m depth) mean that gas storage represents a viable future for the gasfield. Development 
would require a site extension to accommodate the additional gas processing facilities and 
compressors for the gas storage project. In addition, a further six wells would be required and 
these would be located at a separate site nearby. A new 4.4 km high pressure pipeline would also 
be needed, laid in the same pipeline corridor as the existing low pressure line, connected to the 
National Transmission System. The existing low-pressure line will be retained to provide fuel for 
the power generation facilities. A new pipeline will connect the storage facility and the new 
wellsite. 

Studies indicate that the gas field has a total usable storage capacity of 210-212 Mcm (7.5 Bscf) 
offering the potential for short term withdrawal and injection rates of up to 8.5 Mcm/d (300 
Mscf/d) or the capability of producing an average 4.7 Mcm/day (167 Mscf/d) over a 45 day 
period (http://www.warwickenergy.com/reservoir.htm). The redevelopment plan would extend 
operations on the site for an estimated 25 further years. 

The hazardous substances consent application was accompanied by a full Environmental 
Statement (ES) for the proposed development, which drew upon the results of a number of 
environmental and technical surveys and studies commissioned by CGSL. A public meeting for 
the project was held in June 2005, at which concerns were expressed by some local residents 
about possible safety issues. The planning application for the surface facilities for the scheme 
was considered at a meeting of the planning committee of East Riding of Yorkshire Council on 
22 June 2006, at which the committee rejected their planning officer’s recommendations that the 
application be approved, citing amongst other things, safety reasons and the lack of national 
need. Warwick/CGSL immediately stated their intention to appeal the decision and a public 
inquiry is due to commence on 24 April 2007 (Malcolm Wicks, Minister of State [Science & 
Innovation], Department of Trade and Industry (now Department for Business, Enterprise and 
Regulatory Reform): http://www.theyworkforyou.com/wrans/?id=2007-01-25b.110513.h). 

Welton 
The Welton oilfield was discovered in 1981, although oil exploration has taken place in the area 
since the 1950’s and has produced oil (and associated gas) since 1984. Production has now 
reached the mature stage as reservoir pressures and oil production declines. The main trap is 
provided by an anticlinal structure with fault closure to the east. The main reservoir is provided 
by late Namurian to early Westphalian channel and interchannel sandstones deposited in a large 
delta system. The depth to the main reservoir interval in the crest of the anticline is mapped at 
circa 1360 m below sea level. Oil density is 36° API and initial reservoir pressure was 2230 psi. 
Porosities and permeabilities lie in the range 9.5-12.5 % and 1-500 mD respectively (Rothwell & 
Quinn, 1987). 

The proposals involve the construction of a 24” (609.6 mm) diameter steel pipeline, mainly 
located underground, from an existing national gas pipeline system near Holton cum Beckering 
(to the north of Wragby) which will link to the existing Star Energy Gathering Centre to the 
northeast of Reepham, and southeast of Sudbrooke. At the Gathering Centre the gas would be 
pumped into the existing depleted underground oil reservoir during periods of low gas demand, 
where under pressure it would assist in the recovery of the residual oil resources, but would also 
act as a substantial gas storage facility (refer Table 1). The stored gas would be reintroduced 
back into the national system during periods of high demand. 

West Lindsey District Council at an Extraordinary Meeting of the Council on 27th May 2004 
resolved to recommend “that Lincolnshire County Council be strongly urged not to grant 
planning permission”, citing public safety fears as the main point of concern. Subsequently, 
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County Council planners recommended planning permission be granted for the proposal, subject 
to certain conditions. No major concerns, in relation to the project were expressed by, the 
Environment Agency, English Nature or the Health and Safety Executive. However, at a meeting 
on 22 February 2006, Lincolnshire County planning committee concluded that planning 
application “was minded to be refused”, citing local fears over health and safety and claiming the 
proposals would represent an intensification of industrial development in open countryside, 
contrary to planning policy. The recommendation was that the proposal be called in for 
consideration and determination only after a Public Inquiry. 

Star Energy immediately stated that they will appeal the decision to the Office of the Deputy 
Prime Minister believing that the company has grounds for appeal due to the fact the council's 
planning officers' report recommended approval of the project. It seems likely, therefore, that the 
situation will be resolved either at a Public Inquiry at some point in the future, or that the 
application will test the provisions of 1966 Gas Act in securing the relevant permissions to 
develop the gas storage facility. 

Saltfleetby 
The Saltfleetby Gas-condensate field is located on the East Lincolnshire coast between the 
Welton Oilfield of the Midlands oil province and the offshore gasfields of the southern North 
Sea (SNS). It was discovered in 1996 and commenced production in 1999. In January 2006, 
Wingas Storage (UK) Ltd (WSUKL) submitted a planning application to Lincolnshire County 
Council to convert the producing Saltfleetby Gasfield on the east Lincolnshire coast to a gas 
storage facility. The gasfield has been producing gas and associated condensate since December 
1999 and is now reaching the mature stage of production, with reservoir pressures and gas 
production declining. The suitable geological conditions (reservoir and trap) mean that it is now 
being considered for conversion to use as an underground gas storage (UGS) facility. 

The crest of the structure is mapped at circa 2234 m below sea level, with the trap being mainly 
the result of four-way dip closure, although faults provide seal and closure in a number of areas 
(Hodge, 2005). The reservoir rocks are late Namurian to early Westphalian channel and 
interchannel sandstones deposited in a large delta system. Initial reservoir pressure was 3566 
psia, with a present day pressure gradient of 0.112 psi/ft. Porosities and permeabilities lie in the 
range 9.5-12.5 % and 1-10 mD respectively. 

Gainsborough/Beckingham 
Star Energy acquired the Gainsborough-Beckingham Oilfield in the East Midlands as part of its 
purchase of Pentex in July 2005 and is looking into its potential use for gas storage. Preliminary 
subsurface and development studies have been carried out and these indicate that the field is 
suitable for use as a gas storage facility with the potential to provide a seasonal storage capacity 
of 227 – 240 Mcm (8 – 8.5 bcf), with a deliverability of 3.5 Mcmd. 

The Gainsborough-Beckingham Oilfield comprises a number of distinct accumulations, due 
mainly to the lateral and vertical (stacked) distribution of reservoir sandstones at a depth of 
approximately 1375 m. The Gainsborough section of the field was discovered in 1959, with 
production also having commenced in 1959. The Beckingham portion of the field was 
discovered and commenced production in 1964. A closely associated field, Beckingham West, 
was discovered in 1985 and commenced production in 1986. The reservoir rocks are late 
Namurian to early Westphalian channel and interchannel sandstones deposited in a large delta 
system. 

Oil gravity at Beckingham West is 35.64° API, with original reservoir pressures in Beckingham 
of around 1400 psi (Gair et al., 1980). 

In addition to the Gainsborough Oilfield, Star Energy is also undertaking further studies of other 
fields in the Pentex portfolio (many of which are in the East Midlands), to assess their suitability 
as potential gas storage reservoirs. 
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Albury 
The Albury oil and gasfield in the Weald Basin, southern England, was discovered in 1987 and 
commenced production in 1994. It is currently operated by Star Energy, producing gas, which is 
used to generate electricity on site from two 1MW generators.  

Albury is one of a number of depleting oil and gasfields in southern England operated by Star 
Energy and which, following Humbly Grove, are under consideration for conversion to storage 
facilities. Lower Cretaceous glauconitic sands and limestones of the Lower Purbeck Beds form 
the reservoir rock, present in tilted fault blocks at around 625 m below sea level (Trueman, 
2003). Oil density is 31° API, initial reservoir pressure was 1100 psi and porosities and 
permeabilities are of the order of 25.3 % and 1067 mD respectively. 

Development at Albury is anticipated to take place in two phases, with the projected completion 
of the facility somewhere around 2010. 

In May 2006 Star Energy announced an agreement to purchase Edinburgh Oil and Gas's 37.5% 
share of the Albury gas field and its 25% share of the Storrington oilfield. The acquisition, which 
is subject to regulatory approval, will now give Star Energy 100% ownership of both fields. 

On the 26th July 2007, Star Energy Group plc submitted its preliminary submission for a Storage 
Authorisation Order for its Albury Phase 1 gas storage project to the Department for Business, 
Enterprise & Regulatory Reform (Star Energy, 2007). 

The application is for permission to store up to 8.2 bcf (billion cubic feet) of natural gas in the 
existing, partially depleted Albury gas reservoir. 

Bletchingley 
The Bletchingly gas discovery, lies along the northern boundary of the Weald Basin in southern 
England, to the south of the Palmer’s Wood oilfield in acreage operated by Star Energy. Gas was 
discovered in 1965 with the drilling of three exploration wells, flowing at a rate of 4 million 
cubic feet per day (Mcf/d)/0.113 million cubic metres per day (Mcm/d) from Jurassic (Corallian) 
limestones. Recoverable reserves at the time were estimated at 2.4 bcf/68 Mcm (Huxley, 1983). 

The gasfield is formed by Upper Jurassic Corallian Limestone present in a faulted dome at 
around 930-1143 m below sea level (Trueman, 2003). Initial reservoir pressure is not available 
but porosities and permeabilities lie in the range 10 % and < 1 mD respectively. 

The discovery and immediate license acreage in which the discovery lies, are currently under 
evaluation by Star Energy for their suitability to provide a gas storage facility, with storage 
potential currently estimated to be up to 900 Mcm. If the results are successful and planning is 
approved, it could be operational by 2009. 

Storrington 
The Storrington Oilfield lies in the Weald Basin, southern England and is operated by Star 
Energy. The reservoir rock is formed by sequences (limestones +/- sandstones) of the Great 
Oolite Group, present within tilted fault blocks at around 1152 m below sea level (Trueman, 
2003). Oil density is 39.04° API, initial reservoir pressure was 1758 psi and porosities and 
permeabilities lie in the range 13 (6-26)% and 5 (0.1-2000) mD respectively. 

 

Applications and plans to develop salt caverns for gas storage 

Byley Cheshire (Triassic salt) 
The Byley gas storage scheme is being developed in the Triassic Northwich Halite Member, 
around the Drakelow Lane area that lies towards the southern end of the Holford Brinefield, 
owned by IneosChlor. It is also referred to as the Holford storage scheme. Planning consent was 
not granted when Scottish Power originally applied in 2002. Scottish Power appealed the 
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decision, which led to a Public Inquiry in late 2002. Following the Inspector’s decision and after 
an intervention in the national interest by the then Deputy Prime Minister John Prescott, consent 
was granted in May 2004. It was confirmed after a legal challenge against the intervention failed 
in December 2004, and work commenced clearing and preparing the site in March 2005. In July 
2005 Scottish Power sold their rights to Eon UK for around £96 million. In August 2005 work 
on the infrastructure commenced and Eon began the brining process for the caverns in the 
summer of 2006. The facility will be connected to the national transmission system (NTS) by a 4 
km long pipeline. 

IneosChlor will undertake the solution mining, with Eon leasing the caverns and 
owning/operating the infrastructure. The plans are for eight cavities, with wellhead spacings of 
280 m, providing a storage capacity of around 170 Mcm, with a deliverability of 16 Mcmd 
(emptying in around 10 days) and injectability of 8 Mcmd (filling in 20 days). Phase 1 cavern 
washing commenced in summer 2006 and will provide about half the space (4 caverns) and 
estimated completion is by 2008. Estimated completion of the second phase (and full capacity 
achieved), is by 2010 (UK Gas Report, 2005). Cavern tops will be between 630 m and 730 m 
below ground (Beutal & Black, 2005) and it is noted that latest designs indicate the base of the 
caverns are likely to be at the level of the ‘Thirty Foot Marl’, which will form the cavern ‘sump’. 
Earlier designs had indicated that the ‘Thirty Foot Marl’ would lie at a level between half to two 
thirds of the way up the caverns (e.g. Beutal, 2002).  

Stublach, Cheshire (Triassic salt) 
The Stublach gas storage facility is located in the Holford Brinefield between Drakelow Lane 
and Lach Dennis. The site is about 2 km from Byley. The proposal to develop the Stublach 
facility, comprising 28 caverns in the Northwich Halite, will provide around 540 Mcm capacity. 
The cavities will be bell-shaped, approximately 100 metres in height, with their tops at around 
550 metres depth. 

INEOS Enterprises Limited submitted the planning application to Cheshire County Council in 
December 2005. Following a council meeting, planning permission was granted in June 2006 
(Cheshire Council, 2006), subject to the Government not ‘calling it in’ (requiring further 
consultation and Public Inquiry). In July 2006 the DTI (now DBERR) “confirmed that whilst 
recognising that each case must be decided on its own merits, the Energy Markets Unit of the 
DTI believes that new gas storage projects would be invaluable from an energy policy 
perspective”. In December 2006, the Government confirmed that it would not be calling for an 
Inquiry signalling the go ahead for development. Hazardous substance consent was also granted. 
The project is thus fully consented and development can commence. The statements by Council 
members following the meeting said that “As far as [the Council] are concerned this application 
is a very difficult thing to refuse on local grounds”……“Byley was a long time ago and things 
are now vastly different.”…….“Members felt that the need for gas storage had been more clearly 
identified than when considering the Byley application……“And today felt that that national 
need was more important than all other planning considerations.” However, Council Members 
also resolved that should planning permission be granted, a legal agreement be entered into with 
the applicant and that over 80 stringent planning conditions would be required. 

In late August 2007, it was announced that Gaz de France had signed an agreement with Ineos 
Enterprises for the commercial development of the proposed salt cavern storage facility (GDF, 
2007). INEOS will continue to be involved in the development of the facility, which will involve 
the construction of up to 28 caverns by solution mining. The brine will be used for industrial 
purposes. The first phase of the Stublach gas storage facility remains on track to commence 
cavity development in 2009, with commissioning of the first caverns anticipated in 2013 and the 
remaining caverns developed through to 2018. The Group will operate the infrastructure under a 
30 year lease agreement running until 2037. 
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Preesall/Wyre, Lancashire (Triassic salt) 
Canatxx Gas Storage Ltd is planning to develop a salt cavern storage facility in the Preesall 
Halite of the Lancashire saltfield, which was worked by both mining and solution mining until 
the final brine extraction operation closed in 1993 (Landless, 1979; Wilson & Evans, 1993; BGS, 
2006). In 2003, Canatxx submitted a planning application to develop up to 24 caverns, providing 
storage space for between 1200 and 1700 Mcm of gas, in the unworked Preesall Halite to the 
west of the existing brinefield beneath areas of the River Wyre Estuary. Pre-existing salt cavities 
arising from the brine extraction process have already been used by ICI for the storage of 
hazardous materials. Limitations exist on large-scale development of any sort due to the salt 
coming to crop in the east and south and by large areas of new housing in areas of unworked 
halite to the north of the brinefield. 

The unworked halite is between 140 m and 240 m thick and the top of the caverns will be at 
depths between 220 and 425 m (refer Heitmann, 2005). Caverns, the heights of which will be 
variable and dependent upon local geological conditions, will be accessed via S-shaped deviated 
wells from clusters of wellheads located elsewhere in the saltfield. The facility has an anticipated 
operational life of 25 years and will be connected to the National Transmission System by a 
pipeline, with deliverability estimated at as much as 114 Mcmd. 

The planning application received strong opposition, both from the local planning authority and 
local residents and in December 2004, Lancashire County Council voted to oppose the scheme. 
The application went to a Public Inquiry that ran from October 2005 to May 2006, when the 
number of cavities was reduced to 20 providing storage capacity for up to 1600 Mcm (c. 1.2 
million tonnes: Heitmann, 2005; Humphries & Barrett, 2005).  

On 17th October 2007 following the Inspector’s report, Hazel Blears, Secretary of State for 
Communities and Local Government, announced that the Government was dismissing the 
Canatxx appeal and refusing Planning Permission and Hazardous Substances Consent for 
development of a natural gas storage facility. The plans have been rejected mainly on the 
grounds of the impact on the local environment and on safety issues 
(http://www.gnn.gov.uk/Content/Detail.asp?ReleaseID=323317&NewsArea 
ID=2). 

Isle of Portland, Dorset (Triassic salt) 

In April 2005, Egdon Resources announced plans to develop a high deliverability salt cavern 
storage facility in Triassic salts beneath the Isle of Portland in Dorset. In February 2005 Portland 
Gas Limited was established as a wholly owned subsidiary of Egdon Resources. Portland Gas 
signed an agreement with Portland Port Limited in April 2005 to lease a 5 ha ‘brownfield site’ at 
the former naval base HMS Osprey for a period of up to 90 years.  

Work began, with German cavern design experts KBB, on a feasibility study on the potential 
capacity and operating parameters for gas storage facility in the Triassic salts of the Weymouth 
and Portland area. A seismic reflection line was acquired in May 2005 and an exploration well 
(Portland No.1) was drilled and completed in June 2006. This proved the presence and thickness 
of the Triassic saliferous beds (Egdon, 2006a). Initial estimates were that the storage facility 
would have potential to provide up to 10% of the UK gas demand on a typical winter day and 
provide a storage facility for 1% of the UK annual consumption. Initially, the storage facility was 
planned for development in three phases of six caverns. Each phase would bring a working 
storage volume of 330 Mcm. The project has been designed with gas export capabilities to the 
national gas grid increasing from 18 to 54 Mcmd through the three phases. In September 2006 a 
technical feasibility study confirmed the potential for cavern storage over an area of 
approximately 20 km2. The revised plans had 14 cavities storing up to 1000 Mcm of natural gas. 
The injection and withdrawal rates of 20 Mcmd would permit the filling and emptying of the 
entire storage volume in 50 days (Egdon, 2006b). The caverns will be at depths greater than 
2100 m and up to 100 m high (refer Fig. 57). The plans are that they will be operated in brine 
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compensated mode i.e. brine will be stored and used to compensate gas injection and withdrawal 
in the caverns (Egdon, 2007a). 

As a result of the feasibility study, the Environmental Statement, planning and pipeline 
construction authorization applications were submitted in March 2007 (Egdon, 2007a). Six 
planning applications were submitted and included that for a brine well site at Stafford Farm, 
near West Stafford, adjacent to the pipeline. This will be used to store the brine used to 
compensate gas injection and withdrawal in the caverns. A separate pipeline will run to Portland 
from the site. If planning approval is granted during 2007, it is anticipated that initial storage 
capacity would be available during the winter of 2011, with full capacity being available during 
2013 (Egdon, 2006b, 2007a). 

King Street, Cheshire (Triassic salt) 
NPL Estates, through its wholly-owned subsidiary King Street Energy Ltd, is proposing to 
develop a salt cavern gas storage facility near Rudheath in Cheshire (NPL, 2007). The site will 
be to the north of other proposed sites at Byley, Holford and Stublach (refer Fig. 1). 

The proposed site, known as the King Street development, was formerly part of the operational 
Holford brinefield and has an existing planning consent for brining and underground waste 
disposal. It is proposed to store gas in underground cavities leached in the salt layer some 400m 
below the surface. The area is underlain by a thick salt layer (the Northwich Halite), which 
coupled with the overlying marl, is anticipated to make conditions possible for gas storage. The 
site will require further detailed geological investigation involving drilling and other exploration 
activities. 

To develop the facility, NPL is proposing to construct nine cavities, each with a volume of 
400,000 m3. It is reported that up to 216 Mcm of gas will be stored in total, of which up to 126 
Mcm will be working gas during normal operations. The supporting gas processing facility will 
be located on the former Associated Octel Site on the northern edge of the Holford brinefield 
near Lostock Gralam. The site extends to about 16 acres (16.5 ha) and is remote from the local 
community. Once completed the wellheads will be secured in small compounds and fully 
screened from the surrounding area. 

NPL proposes to construct a twin pipeline system between the Mersey Estuary and the King 
Street site to supply leaching water and to discharge the weak brine. Other gas storage projects in 
the district take water from the local rivers and pass the brine to process users. However, the 
rivers have little remaining abstraction capacity and there is no scope for local companies to 
process more brine for some time to come. The pipeline system will include pumping stations at 
both ends of the pipeline and one at approximately the halfway point. These facilities will be 
largely underground. There will be a need for an intermediate storage tank system at the King 
Street end to provide a buffer between the brining and pipeline operations. 

North/South Aldbrough (Permian Salt) 
Plans for an underground gas storage facility to the south of Scottish and Southern Energy’s 
(SSE’s) Hornsea (Atwick) gas storage site, at Aldbrough in East Yorkshire have been ongoing 
since 1997. At that time, two separate planning applications were submitted, one by British Gas 
at Aldbrough North (six caverns) and a second by Intergen at Aldbrough South (three caverns). 
Both applications were rejected, due to strong local objections and a further application was also 
refused precipitating, in 1999, the first Public Inquiry to be held into the planning and siting of 
such facilities (Beutal & Black, 2005). The Inquiry resulted in the Government granting 
permission to both BG and Intergen to proceed with plans to develop the two facilities.  

In 2001 ownership of Aldbrough North passed to Dynergy with its acquisition of BG assets, 
which they then sold to SSE in 2002. In 2003 Intergen sold Aldbrough South to Statoil. The new 
owners combined the two projects in late 2003. The joint venture, estimated to cost £225 million, 
will generate a total storage capacity of around 420 Mcm, with SSE owning 280 Mcm storage 
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space and Statoil 140 Mcm. Injectability is thought likely to be around 20 Mcmd and 
deliverability circa 40 Mcmd (UK Energy Report, 2005).  

Site work commenced in March 2004 and leaching of the first of the nine planned caverns began 
in March 2005. Cavern tops will be between 1800-1900 m below ground, with the first five 
caverns expected to be ready for commercial use around October 2007. The remaining four are 
likely to be completed by 2009 (UK Energy Report, 2005). The plant will be operated remotely. 

North of Aldbrough (Permian Salt) 
In mid January 2007, E.ON UK submitted a planning application to build underground gas 
storage facility to the north of Aldbrough in East Yorkshire. During 2006, E.ON had carried out 
geological investigations to confirm the area’s suitability for the facility.  
 
The proposed facility is reported to provide a total working gas capacity of 420 million standard 
cubic metres of gas. The planning application was submitted to East Riding of Yorkshire Council 
with, it was hoped, a decision on the proposals reached by mid 2007. To date, there has been no 
announcement made on any decisions. 

If the scheme is approved, construction is expected to start late in 2007 with the first phase 
operational in 2010. Completion of all work is planned by 2013. 

Northern Ireland (Triassic and Permian salts) 
Interest is being shown in the potential for developing salt cavern storage facilities in salts of 
both Triassic and Permian age in the Larne Basin, Northern Ireland. As described elsewhere in 
the report, the main salts are of Triassic age and have been proved in the Larne 1 and 2 boreholes 
(Penn, 1981; Mitchell, 2004). 

On 24th July 2007, Egdon Resources Plc announced that a wholly owned subsidiary, Portland 
Gas NI Limited was being granted an exploration licence from The Crown Estate to evaluate the 
suitability of the Permian salt sequence, below Larne Lough, County Antrim, Northern Ireland to 
create caverns to store natural gas (Egdon 2007b). The salt sequence was proved by the Larne 
No.2 borehole, drilled in 1981. Close to the docks in Larne, this borehole proved a 113 metre 
thick sequence of salt near the top of the Permian sequence, at a depth of 1688 metres. During 
October 2007, Portland Gas NI Ltd plans to undertake a seismic reflection survey, which it is 
hoped will confirm the extent and suitability of the salt sequence proved in the old borehole, for 
the possible development of gas storage caverns. 
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Appendix 4 Seismicity - Earthquake magnitude/EMS-
98 intensity comparison. 
 

Earthquake magnitude/EMS-98 intensity comparison  
 

Magnitude 

(Richter) 

Intensity Description 

1.0 – 2.9 I 
I – Not felt 

Not felt, even under the most favourable circumstances 

3.0 – 3.9 II – III 

II – scarcely felt 

Vibration is felt only by individual people at rest in houses, especially on upper 
floors of buildings 

III – Weak 

The vibration is weak and is felt indoors by a few people. People at rest feel a 
swaying or light trembling 

4.0 – 4.9 IV – V 

IV – Largely observed  

The earthquake is felt indoors by many people, outdoors by very few. A few 
people are awakened. The level of vibration is not frightening. Windows, doors 
and dishes rattle. Hanging objects swing 

V – Strong 

The earthquake is felt indoors by most, outdoors by few. Many sleeping people 
awake. A few run outdoors. Buildings tremble throughout. Hanging objects swing 
considerably. China and glasses clatter together. The vibration is strong. Top-
heavy objects topple over. Doors and windows swing open or shut. 

5.0 – 5.9 VI – VII 

VI – Slightly damaging 

Felt by most indoors and by many outdoors. Many people in buildings are 
frightened and run outdoors. Small objects fall. Slight damage to many ordinary 
buildings e.g. fine cracks in plaster and small pieces of plaster fall. 

VII – Damaging 

Most people are frightened and run outdoors. Furniture is shifted and objects fall 
from shelves in large numbers. Many ordinary buildings suffer moderate damage: 
small cracks in walls; partial collapse of chimneys. 

6.0 – 6.9 VII – IX 

VIII – Heavily damaging 

Furniture may be overturned. Many ordinary buildings suffer damage: chimneys 
fall; large cracks appear in walls and a few buildings may partially collapse 

IX – Destructive 

Monuments and columns fall or are twisted. Many ordinary buildings partially 
collapse and a few collapse completely. 

7.0 and higher X or higher 

X – Very destructive 

Many ordinary buildings collapse 

XI – Devastating 

Many ordinary buildings collapse 

XII – Completely devastating 

Practically all structures above and below ground are heavily damaged or 
destroyed. 
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Appendix 5 Underground Fuel Storage Incidents 
Appendix 5 provides a review of underground fuel storage incidents found and described in 
Evans (in press) following a review of available literature and articles published on the internet 
(world-wide web). From this work the information and tables in Chapter 9 have been compiled. 

European salt cavern storage incidents leading to cavern closure 
The following descriptions summarise European examples of gas leaks at salt cavern facilities 
and instances of cavern closure arising from instability and volume loss, where no gas/product 
leakage occurred. 

Teutschenthal, East Germany 

At Bad Lauchstädt near Teutschenthal, to the SW of the city of Halle, Germany, an underground 
gas storage facility was developed in a salt cavern within the Zechstein (Permian) Stassfurt Rock 
Salt (Katzung et al., 1988). The facility lies in an area of sparsely populated countryside. 
Hereabouts halokinesis has led to markedly variable salt thicknesses with large salt pillows 
formed (Fig. 30). Overlying the Zechstein salt is up to 400 metres of ‘Bunter’ (Triassic) 
sandstones (the Volpriehausen Sandstone) and a thin Quaternary cover, comprising Pleistocene 
sands and gravels with marly till. The salt cavern, used to store ethylene, was located in the 
region of thicker salt and was approximately 150 m high, the top being at circa 550 m below 
ground and the base at just below 700 m. 

On March 29th 1988, approximately one hour prior to the eruptions seen at surface, a rapid loss 
of pressure in the salt cavern was detected. The first eruption and release of a mixture of ethylene 
and water occurred about 50 m away from well #5. It was followed by several more in parallel 
rows that formed a 2 km long NW trending line of eruptions (Fig. 30). At the same time, major 
vent sites also developed about 250 m south of well No.5, in the vicinity of well No.6. The 
ventings of ethylene continued for several days, decreasing in intensity until the pressure in the 
cavern had reduced and between 60% and 80% of the product had escaped. The migrating 
ethylene/water mix once near surface caused doming of the ground, leading to cracks in 
buildings and tilting of concrete road slabs. Circular and elongated craters and fissures developed 
as the mix escaped to the air.  

An area of approximately 8 km2 was evacuated whilst the situation was monitored, however, it 
was decided not to evacuate parts of Teutschental town. Investigations revealed that the cavern 
remained intact throughout the incident and that there had been no failure of the well casing at 
that level (Katzung et al., 1988). Ethylene was found in a drinking water well close by, which 
suggested leakage into an aquifer at depths of between 100 and 140 m. A faulty well casing 
connection at 111.8 m was subsequently found, which had permitted ethylene to migrate into the 
lower part of the Volpriehausen Sandstone aquifer, which is overlain by an impermeable 
horizon. From here the escaping ethylene, migrated laterally up-dip to the WNW until it 
encountered a reverse fault. This formed a vertical barrier and effectively ponded the ethylene, 
which then continued to migrate upwards to the NW. Eventually it breached the overlying 
caprock and escaped into the upper part of the Triassic Volpriehausen Formation aquifer. It 
migrated rapidly through this, laterally to the base of the Pleistocene deposits, aided it would 
seem by ‘linear zones of disruption’ (faults?) within the aquifer. Continued inflow and rising 
pressures caused doming of the Pleistocene deposits until finally confining pressures were 
exceeded and the mixture of water, ethylene and entrained boulder clay broke through to the 
ground surface, creating a linear series of both circular and elongated craters (Fig. 30). 
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Tersanne, France 

Between November 1968 and February 1970, a pear-shaped cavern, referred to as Te02 (Bérest 
& Brouard, 2003), was leached in salt deposits at Tersanne in SE France (Fig. 21). This 
represented the first such storage facility in France (Thoms & Gehle, 2000). The top of the 
cavern was at a depth of about 1395 m, with the bottom at approximately 1500 m, although 
significant insolubles collected at the bottom of the cavern, such that the effective base of ‘free’ 
cavern space was at a depth of around 1470 m. The initial usable volume was 91,000 m3 +/- 
2700 m3 (Bérest & Brouard, 2003). Dewatering and filling of the cavern commenced in May 
1970 and was completed by November 1970. The cavern operated for nine years, during which 
time the average pressures were high, but operation of the cavern meant frequent and significant 
pressure variations (Bérest & Brouard, 2003). Such operating conditions resulted in a 30-35% 
volume reduction by July 1979. 

The facility is still operational (operators; Gaz de France: http://www.igu.org/html/wgc2006/ 
WOC2database/Excel/Report_Tab_Summary_UGS_Key_Data_2006_in_operation_english.xls) 
and has recovered much of the volume loss (Thoms & Gehle, 2000; Warren, 2006). Presently, 
Gaz de France operate other salt cavern storage facilities at depths of 1400 m in the same salt 
deposits of the Tersanne area. Around 14 storage wells/caverns are in operation, with gas stored 
at pressures of between 80 and 240 bar and providing 204 mcm3 working gas volume. 

Kiel, Germany 

A gas storage cavern (Kiel 101) was leached out in impure halite deposits (haselgebirge facies) 
of Permian age at depths between 1305 m and 1400 m at Kiel in Germany (Fig. 31; Coates et al., 
1981). The high insolubles content of the halite meant that of the initial 68 000 m3 volume, the 
effective volume was reduced to less than 60% of the total (c. 40,800 m3). Pumping to remove 
brine from the cavern commenced in November 1967 and roof breaks were noted after only 5 
days (Bérest & Brouard, 2003). Useable cavern volume then stood at around 36,600 m3, but after 
35 days operation, sonar scans indicated had fallen by around 12% (down to 32,100 m3). A 
further volume loss of 6% (1900 m3) occurred over the next 5 months (Bérest & Brouard, 2003).  

The cavern was operated at between 80-100 bar pressure until at least 1971 and is believed to 
have been one of the caverns used to store town gas (60% - 65% hydrogen) since 1971 (Padró & 
Putsche, 1999; Leighty et al., 2003). 

Viriat, France 

Sketchy details of an incident at a salt cavern storing ethylene have been obtained (AEA, 2005; 
Nigel Riley, HSE 2005 pers com). The incident in September 1986, apparently related to rupture 
on a compressor unit that released a gas cloud. No further details are available. 

 

American and Canadian salt cavern storage incidents 
In the USA, solution-mined salt caverns have, for many years, been used for storage by the 
petrochemical industry. More recently they have been used for the storage of natural gas and 
liquefied petroleum gases (propane and butane). Figures released by the Energy Information 
Administration (http://tonto.eia.doe.gov/dnav/ng/ng_stor_cap_dcu_nus_a.htm) show that the US 
operates the highest number of UGS facilities, with 394 (although 37 were classified as marginal 
at the end of 2005 – that is no injections or withdrawals, or withdrawals only were made; EIA, 
2006). This figure compares with 410 underground natural gas storage facilities in operation in 
1998 and a peak figure of 418 operational sites in 2001. Of these 30 (c. 7%) were salt cavern 
facilities. By 2003, there were 391 underground natural gas storage facilities. Of these, salt 
caverns constituted 8% of the total. 

Two types of salt deposits of three different ages occur in the USA and Canada (Fig. 25), namely 
bedded salt and salt domes. The former occur in layers in a number of basins across the USA and 
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into Canada, bounded on the top and bottom by (often impermeable) competent rock formations. 
In Canada salt was deposited during Devonian times in the Western Canada Sedimentary Basin, 
forming the Lotsberg and Prairie evaporite formations. These have been extensively exploited, as 
have the most wide spread bedded salts in the USA, which are of Permian age. These deposits 
contain significant quantities of impurities and are interbedded with variously impermeable 
anhydrite, shale, and dolomite beds. The Middle Jurassic Louann Salt (e.g. Seni & Jackson, 
1983) is a thick bedded, homogenous halite deposited from hypersaline waters that developed in 
restricted marine basins across much of the area of the present day Gulf of Mexico, including 
onshore Texas, Louisiana and Mississippi (Jackson & Seni, 1983; Seni & Jackson, 1983; 
Wescott & Hood, 1994). These basins developed during late Triassic-Early Jurassic rifting, as 
the North American Plate drifted away from the African and South American plates.  

The Louann Salt reaches thicknesses in excess of 1500 m in the basin centre and forms the 
second type of salt deposit; halokinetic structures that include salt domes, diapirs and walls. 
These structures are most abundant in the East Texas and Gulf Coast area. The salt first moved 
during the early period of basin formation (Jurassic-Early Cretaceous) and continued to move at 
different times thereafter. 

American incidents involving storage facilities constructed in Mid-Jurassic Louann salts of the 
American Gulf Coast area 

Eminence, Louisiana (USA) 

Located in Covington County, Mississippi, the Eminence salt dome represents a large salt 
piercement structure, the top of which lies at about 745 m below ground level (Halbouty, 1979). 
Strictly, the Eminence facility is not associated with any release of gas, but is included here as it 
experienced loss of volume due to salt creep, which led to its closure. 

In 1970, following extensive studies, Transcontinental Gas Pipe Line Corporation selected the 
Eminence Salt Dome, as the location for the first solution-mined salt cavern facility constructed 
specifically for the storage of natural gas in the USA (Allen, 1972). The site was chosen because 
the dome was near to Transco’s natural gas pipeline, the salt was relatively shallow, there was a 
ready supply of freshwater with which to leach the salt and the Wilcox Sands provided an 
aquifer for brine disposal (Fig. 32). 

Two caverns between 1740 m and 2050 m apart, each with capacities of just over 1,100,000 bbl, 
were constructed using solution wells, which were spudded in August and November 1968. 
Leaching operations were completed by January 1969. A further two caverns followed, to 
provide a storage volume of 251.8 Mcm (Coates et al., 1981). 

The caverns, each served by a single well, were operated “brine free”, i.e. no brine was present 
in the cavern, natural gas being injected into the caverns under pressure. Gas is withdrawn from 
the caverns due to the pressure, not by pumping brine into the cavern. Maximum operating 
storage pressure was around 27.2 MPa (3,950 psi), although the well casing and shoe assembly 
was tested to 5000 psi, whilst wellhead equipment with 34.5 MPa (5,000 psi) working pressure 
was installed. Minimum operating pressures were around 6.9 MPa (1000 psi). 

In 1970, cavern tops were at around 1725 m and the bases at about 2000m. By 1972 the cavity 
bottom in cavern No.1 had risen by around 46 m, with a total closure of 40% of the initial 
volume in just two years (Baar, 1977; Bérest & Brouard, 2003). 

The facility operated for over 10 years, but the loss of cavern capacity appeared to lead to its 
closure in the early 1980s. However, it is reported that volume was regained and the facility is 
currently in operation (Warren, 2006). The cause of the volume loss was due to having operated 
at pressures too low to maintain cavern walls. 
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Petal City, Mississippi (USA) 

The Petal City gas storage facility is located near Petal City in Forrest County, Mississippi (Fig. 
25; EIA, 1995). Petal Gas Storage LLC (a subsidiary of GulfTerra Energy Partners, LP) operated 
the facility in 2004, with a contract to provide Southern Natural Gas with storage space. The 
facility, with interconnectors to the Tennessee Gas Pipeline, Gulf South Pipeline and Hattiesburg 
Gas Storage facility, comprises at least 7 caverns providing up to 83.2 Mcm of high-
deliverability natural gas storage and 35,400 horsepower of compression (Energy Pipeline News, 
2001, 2004). The top of the salt is around 530 m below ground level (Halbouty, 1979) and the 
caverns have been used to store natural gas for over 30 years, operating in brine compensated 
mode (gas is injected/withdrawn as brine is removed/replaced). 

On the 25th August 1974, liquefied butane gas was being pumped into the cavern with displaced 
brine moved to an open pond for storage. A miscalculation in the cavern volume amounting to 
2190 tonnes (circa 106 US gallons), led to the cavern being overfilled, although the amount that 
eventually escaped is not known. As the gas replaced the brine in the well, pressure was lost, 
allowing high velocity escape of butane, which quickly formed a flammable cloud 2 kms (1.25 
miles) in diameter (AEA, 2005). 

Sometime after the release of butane, there was a small explosion and a fire, which caused 
convection and mixing of the cloud and air column. This led to a second explosion, some 240 m 
– 305 m above the ground, which damaged houses up to 275 m away and shattered windows up 
to 11 kms away (AEA, 2005). The fire burnt for 5 hours before the well was controlled by 
pumping brine into it and closing the valves. In all, 24 people were injured and around 3000 
evacuated during the incident (Hirschberg et al., 1998; AEA, 2005). 

West Hackberry, Louisiana (USA) 

Located near Lake Charles in southern Louisiana, the West Hackberry salt dome (Fig. 25) was 
known as early as 1902. The top of the dome is at around 545 m below ground level (Halbouty, 
1979). The salt deposits provided brine for the local chemical industry and in 1977, a number of 
the resulting caverns were acquired by the US Department of Energy (DOE) for the SPR. The 
first crude oil delivered to the SPR on July 21, 1977 was stored at the West Hackberry storage 
site, which now has 22 caverns capable of providing 219 mmbbl storage space. 

On September 21st 1978, during work on one of the wells servicing the Number 6 cavity (it was 
serviced by more than one well in order to speed up operations), there was a sudden release of an 
estimated 72,000 bbl of oil, which caught fire, killing one of the crew. The oil geyser continued 
until the cavern had depressurised (Bérest & Brouard, 2003). A DOE report into the accident 
(1980) concluded that it arose as a result of work to repair a leak in the outer casing of the well 
completion and to reinforce wellhead equipment. This involved the withdrawal of an inner pipe 
and installation of a packer to seal off the cavern. During the work, however, the packer moved 
and was then pushed to the surface by the pressure of the oil. This led to the sudden and violent 
release of the cavern contents. The release and the associated oil geyser, continued until the 
pressure reached zero. 

The investigation and safety reports concluded that any future work of this nature should be done 
when cavern pressures are lower and the wellhead pressure is zero. The incident serves to 
illustrate that the highest risks at cavern storage facilities result from special activities, rather 
than during normal operations (Bérest & Brouard, 2003). 

Mont Belvieu (aka Barbers Hill), Chambers County, Texas (USA) 

The Mont Belvieu gas storage facility is closely linked to the Barbers Hill oilfield discovered in 
April 1916 and developed in association with a salt dome near Mont Belvieu, approximately 48 
kms northeast of Houston (Fig. 25). The salt dome has served as an underground storage facility 
in more recent years, with around 150 solution-mined caverns constructed to store liquid propane 
gas for the area’s numerous refineries. 
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The salt dome has a diameter of approximately 1600 m (1 mile), arising from mobilisation of the 
Jurassic Louann Salt at depth. It has led to an oval-shaped area up to 14 metres above the 
surrounding land level and caused radial faulting of the rocks pierced by the salt dome (Fig. 33). 
In 1955 Warren Petroleum Company commenced construction of underground storage caverns 
and a gas terminal. Twenty-six caverns with a capacity of 43 mmbbls of LPG (a mix of propane 
and ethane) were built making it the largest such facility for LPG in North America. Today, 
many other companies operate similar facilities in the area. Up to 150 active solution-mined 
caverns now store between 75 and 300 mmbbls of hydrocarbon products, making this, the 
world's largest storage site for petrochemicals and volatile hydrocarbons. 

On September 17th 1980, a drop in pressure was recorded in one of the cavities holding the LPG, 
due to an underground leak in which the LPG gasified. It is believed that almost 28.3 Mcm (1 
billion cubic feet) of an ethane-propane mix was lost from one of the caverns (Pirkle, 1986; 
Bérest et al., 2001). The cause of the initial leak was traced to a hole in the corroded casing of a 
well, dating from 1958, within the caprock overlying the salt at a depth of around 550 m (Pirkle, 
1986; Bérest et al., 2001). The low-density propane and ethane rose through the cement outside 
the casing and then through porous rocks, faults and joints, accumulating in reservoirs at depths 
of 60 m – 120 m at pressures near the fracture pressure of the strata. Additionally, the gases 
migrated to the near surface and were found in a water-bearing sand 10 m thick beneath the town 
of Mt Belvieu. Relief wells were drilled into the high-pressure reservoirs at 60 m – 120 m and 
the gases flared off. The gas mixture migrated into the foundations of a house in the area and on 
October 3rd ignited when a spark from an electrical appliance (believed to be a dishwasher) 
triggered an explosion. In the days following, gas escapes appeared elsewhere, forcing 75 
families from their homes for almost six months.  

To relieve gas accumulations in the near surface, water-bearing sands, approximately 500 wells 
were drilled. In addition, the shallow sand was purged with nitrogen with shallow wells serving 
both as injection points and extraction points. As part of the post-incident remedial work and 
ongoing monitoring, over 100 monitor wells were installed on the operator’s property. These 
wells have been regularly monitored both around each storage cavern and around the property 
perimeter to provide early detection of any similar product release. 

The 1980 explosion was followed by numerous other gas related incidents in the area over the 
years. In October 1984, several million dollars damage to property was caused after a further fire 
and explosion at the storage complex. This was followed by another explosion and fire in 
November 1985. On this occasion, two people were killed and the town's entire population of 
more than 2,000 residents were evacuated. 

Prompted by these incidents, more than 200 homeowners and several churches within 240 m –
250 m of an underground storage well accepted buyouts as part of an eventual settlement with a 
nine-member industry consortium. 

Other incidents related to the gas storage operations in the area include: an ethylene leak that 
closed Texas (route) 146 running through the town; a pipeline rupture that led to a gas leak and 
explosion in December 2000, which destroyed a home and released a large gas cloud 15 m into 
the air. There were reports the explosion caused several minor injuries, the evacuation of about 
40 homes and the diversion of airplane flights around the area. There are also sketchy reports of 
explosions at two underground storage wells that burned for 43 days, and a major fire at Warren 
Petroleum Company when two workers were killed with many acres of land scorched. 

Salt Dome Storage Field, Mississippi, USA 

Sketchy reports exist of gas leakage at a salt dome storage facility in Mississippi in the early to 
mid 1980s (Pirkle, 1986; Pirkle & Jones, 2004), though the exact date and location is not known. 
The salt dome is likely to have been formed from the Louann Salt of Jurassic age. 

A leak was suspected in one of the four storage caverns via a well. In order to identify the source 
of the leak, a grid of soil gas samples was taken from around the suspect storage well from 



  157

depths of circa 1 m for analysis of any hydrocarbons present. A clear hydrocarbon soil gas 
anomaly was observed largely within 3 m – 4.5 m of the well bore, with some annomalies up to 
15 m away. Both the molecular and isotopic compositions of the anomalous surface soil gases 
were found to be identical to the composition of the stored product. The leak of the well resulted 
from poor cement jobs at the time of casing installation. The well was shut in and repairs 
undertaken (Pirkle, 1986; Pirkle & Jones, 2004). 

Similar surveys around the other three storage wells were conducted. Two wells exhibited no 
evidence of hydrocarbon leakage, whilst around the third an area of approximately 38 m 
diameter was found where hydrocarbon concentrations in the soil gas at a depth of 1 – 1.5 m 
were 15% by volume. Again the molecular and isotopic composition of these soil gases was 
identical to the stored product. The leakage was attributed to poor cementation when the casing 
was installed. The operator immediately undertook remedial work, emptying the well and 
repairing the leak (Pirkle, 1986; Pirkle & Jones, 2004). 

Mineola, Houston, East Texas 

An incident, involving a blow-out and fire, occurred at an underground LPG (propane) salt dome 
storage facility operated by Suburban Propane near Mineola, East Texas, around 145 km east of 
Dallas (Fig. 25; Gebhardt et al., 1996; Bérest & Brouard, 2003; Warren, 2006). The exact date of 
the incident is slightly confused, with an incident in 1993 described on the WCO website 
(http://www.wildwell.com/Firefighting/ff_na4.htm) that makes reference to the novel use of 
coiled tubing in this well capping operation, as also referred to in Gebhardt et al. (1996). 
However, identical events and circumstances are described and attributed to the same authors 
(Gebhardt et al., 1996; Bérest & Brouard, 2003) relating to an incident in 1995 (Warren, 2006). 

The facility utilised two salt caverns serviced by two wells, which were originally drilled as oil 
exploration and producing wells in the 1950s. Subsequently, the wells were used to inject water 
to leach the caverns after which they acted as the injection and withdrawal wells for the storage 
facility. The caverns, constructed in the Jurassic Louann Salt, extend from 360 m to 750 m below 
ground level (1200-2500 ft), with production string casing set at 483 m and tubing string to 732 
m. Hydrostatic pressure at the bottom of the tubing string was 1,040 psi (Gebhardt et al., 1996). 

Initially, it was thought that work on a storage well had caused fracturing of the salt, allowing 
communication between the two caverns. Further investigations revealed the incident had arisen 
because the storage facility was operated in brine compensation mode. This meant that new brine 
was introduced during each withdrawal of product, which had dissolved the salt, enlarging the 
caverns and narrowing of the salt wall between them until it was too thin to prevent the caverns 
from connecting. At the time of the incident there was circa 13 million gallons stored in one 
cavern, whilst the adjacent cavern was brine filled and undergoing a mechanical integrity test, 
involving cyclical injection and pressurisation with nitrogen. These operations and pressure 
variations caused failure of the salt wall, allowing the stored propane to flow into the adjacent 
cavern under test. This created a pressure build-up that ultimately caused a leak via the well 
casing that went undetected, allowing the stored propane to escape (Bérest & Brouard, 2003; 
Warren, 2006).  

The propane migrated through the overburden via shallow sandy soil horizons reaching the 
surface in a halo extending up to 30 m from the well, where it found an ignition source. The fire 
burned with heavy black smoke. Around 15 m away from the product withdrawal, a water well 
that had been used during cavern leaching operations also ignited and burned during the incident. 
The water well provided a route to the surface for the propane that had collected in a shallow 
sand. 

Extinction of the fire was not considered an option due to the likelihood of further unpredictable 
build-ups and re-ignition of the escaped propane. The situation was eventually brought under 
control using innovative kill techniques employing coiled tubing (Gebhardt et al., 1996). 
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Brenham, Texas (USA) 

The Brenham salt dome, known since around 1915, lies on the Washington-Austin county border 
in Texas (Fig. 25), with the top of the salt occurring at around 350 m below ground level 
(Halbouty, 1979). The Wesley storage facility near Brenham, Texas, is an unmanned 52 acre site 
that in 1992 was owned and operated remotely from Tulsa, Oklahoma by an affiliate of the 
Seminole Pipeline Company; MAPCO Natural Gas Liquids Inc. (MNGL). The site was subject 
to a major incident in April 1992. 

The cavern at the centre of the incident is around 810 m below ground level with a height of at 
least 50 m (Bérest & Brouard, 2003). Caverns at this facility were storing LPG and being 
operated in brine compensation mode. The brine was stored in two above ground ponds and it 
was found there had been some enlargement of the cavern due to the use of undersaturated brine. 
Wellheads were equipped with shut-down valves. The National Transportation Safety Board 
investigated the incident (NTSB, 1993a) and found a sequence of events and failures of 
procedures that led to the release of product and a series of explosions and a fire. Early in the 
morning of April 7th, 1992 operations to inject LPG into a cavern commenced. Ultimately, these 
operations led to a blast that registered 4+ on the Richter Scale in Houston (Thoms & Gehle, 
2000) and was heard 160 kms away and felt 258 kms away. The blast left 3 people dead, 23 
others injured, destroyed 26 homes within 1.5 miles of the explosion and damaged a further 33 
homes. The ensuing fire scorched an area of 0.74 km2 (8 million square feet; NTSB, 1993a&b, 
2006; Thoms & Gehle, 2000; Gruhn, 2003). 

The NTSB investigation found that the explosion was caused when the storage cavern was 
overfilled with liquefied gas that pushed its way to the surface, pouring into an adjoining brine 
pit. Two valves in a brine sensing line were closed at the time of the accident, preventing sensors 
from detecting the increased pressure as the gas moved up the main pipeline. The valves had 
probably been shut during a maintenance review several weeks before the accident. No backup 
system was in place to allow for human error. Once above ground, the LPG vaporized rapidly 
and being heavier than air, formed a low-lying cloud several hundred metres long and 6 m – 9 m 
deep. A spark of unknown origin, but most likely from a passing car, triggered the explosion. 

MNGL and the parent company (Seminole) were found to have failed to incorporate fail-safe 
features in the facility's wellhead safety system. The cause of the overfilling was the inadequacy 
of procedures for managing cavern storage. The company believed the cavern to be holding 
288,000 barrels (circa 45,800 m3) of liquid. However, the safety audit following the explosion 
suggested that the figure was nearer to 332,000 barrels (circa 52,500 m3). The cavern was 
therefore filled beyond its capacity. Other contributory factors found were the lack of federal and 
state regulations governing the design and operation of underground storage systems and 
inadequate emergency response procedures. 

Following the explosion, the LPG storage cavern passed a mechanical integrity test (Thoms & 
Gehle, 2000) and the operator applied to re-open the facility with an increased capacity. Almost 
two years after the blast, permission was refused and the Texas Railroad Commission, which 
regulates the oil and gas industry for the state, ordered that the facility be shut down 
permanently. The company fought the closure, losing several appeals and the site now operates 
as a pump station for pipelines. The cavern is empty. 

A lawsuit brought by victims of the blast eventually resulted in a jury award of $5.4 million in 
compensatory damages and $138 million in punitive damages. 

Stratton Ridge, Freeport, Texas (USA) 

The Stratton Ridge salt dome in Brazoria County near Freeport, Texas (Fig. 25), was discovered 
in 1913. It represents a typical Gulf Coast salt dome (Applin, 1925), the top of which is at around 
381 m (1250 ft) below ground level (Halbouty, 1979). 
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Caverns in the salt dome have been used to store LPG/NGL’s for many years (Halbouty, 1979). 
These include the caverns referred to as the Stratton Ridge Facilities, which in 2004 were owned 
by Dow Hydrocarbon & Resources, who were leasing them to Kinder Morgan Energy Partners 
L.P for gas storage purposes. The facility has a combined capacity of 334.1 Mcm of natural gas, 
working natural gas capacity of 153 Mcm and a peak day deliverability of up to 11.3 Mcm per 
day (http://www.kindermorgan.com/investor/kmp_2004_annual_report_financials.pdf). 

In the early 1990s, a salt cavern was commissioned as a natural gas storage facility at the 
Stratton Ridge salt dome. However, the cavern had to be abandoned when, during testing, it 
failed a mechanical integrity test, having leaked gas whilst being pressured up for storage 
(Hopper, 2004). 

Magnolia, Grand Bayou, south Louisiana (USA) 

The Magnolia salt dome is located in a sparsely populated area at Napoleonville, about two miles 
from Grand Bayou, south Louisiana (Fig. 25). In 2003, a cavern gas storage facility was 
constructed in the dome, operated by Entergy Koch/Gulf South 
(http://www.txgt.com/sec/Pipelines%2010K%2012-31-05%20FINAL.pdf; Hopper, 2004). On 
Christmas Eve/Day 2003, only six weeks after operations began at the facility, around 30 people 
were forced from their homes by a natural gas leak that led to the release of about 9.9 Mcm of 
gas in a matter of hours.  

Investigations revealed that the gas escaped from a crack in the casing of a well near the top of a 
cavern, some 440 m (1,450 ft) below the surface. It was eventually plugged at a point below the 
crack and four other wells were drilled in the area to monitor and control the release of leaked 
gas that was bubbling up from underground. 

Moss Bluff, Texas (USA) 

The Moss Bluff salt dome, located in Liberty County about 64 km (40 miles) northeast of 
Houston Texas (Fig. 25), was known as long ago as 1926 (Halbouty, 1979). It is a typical Gulf 
coast salt dome with the development of a rim syncline. The top of the salt lies at around 330 m 
below ground level and the base at depths greater than 3 km (Fig. 34).  

The development of the salt dome has led to the region being dotted with man-made caverns and 
represents one of the world’s largest storage sites for hydrocarbons. The Moss Bluff gas storage 
facility, comprising three separate underground caverns in a 640-acre site, is operated by Duke 
Energy Gas Transmission and represents an important component in the regional production, 
storage and shipping of natural gas. An onsite compressor station pumps natural gas into and out 
of the caverns through wellhead assemblies on each of the caverns. There are related facilities 
for the transport and/or storage of hydrocarbons and pipework for natural gas, freshwater and salt 
water (brine). The operation of the caverns is brine compensated (brine is withdrawn from the 
cavern as gas is injected). 

In August 2004, an incident occurred at cavern nos.1, the top of which is approximately 760 m 
below ground level and is circa 427 m high. For several days prior to the incident, cavern 
number 1 was operating in “de-brining mode” when brine was being brought to the surface and 
pumped to a surface holding pond (Duke Energy, 2004;http://www.solutionmining.org/cmsFiles/ 
Files/MossBluff_Part1ExecSum_&_IncidentDescrp.pdf). At the same time compressed gas was 
being injected into the cavern. Monitoring of brine-gas levels before the incident indicated that 
the brine/gas interface at the time was at 1132 m, some way from the bottom of the well string. 

At just after 4 am on 19th August 2004, a leak in a pipe led to a sudden gas release from cavern 
Nos.1. The resultant explosion and fire caused the closure of roads and forced dozens of 
residents from their homes within a 1.6 km (c. 1 mile) radius, although no one was reported 
injured. A valve that could possibly have been used to turn off the flow of gas was inaccessible 
due to the heat of the fire. It was reported 1 person was present inside the facility at the time of 
the blast and was able to escape. A second explosion occurred the following day and the 
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evacuation zone was expanded to 4.8 km (c. 3 miles), with local press reports suggesting the 
total number evacuated to be around 360. The fire remained above ground throughout the 
incident and for safety reasons was allowed to burn itself out. It was eventually extinguished 6½ 
days later at 9:15 p.m. on August 25th, when a blowout prevention valve was successful 
installed. During this incident, the safety and integrity of the two other storage chambers at the 
facility was never threatened. 

Detailed investigations by Duke Energy and consultants subsequently revealed a series of events 
responsible for the uncontrolled gas release and resultant fire (Duke Energy, 2004; 
http://www.solutionmining.org/cmsFiles/Files/MossBluff_Part1ExecSum_&_IncidentDescrp. 
pdf). There was an initial separation and breach of the 8 5/8-inch well string inside the cavern at, 
or above, the 1135 m level. The reason for this breach remains unknown, as the affected 
materials could not be recovered from the cavern. However, records indicated that, only 10 days 
prior to the incident, the well string showed no signs of a separation. The breach permitted high 
pressure gas to displace the brine in the well, enter the well string, reach the surface and flow 
into the 8-inch above ground brine pipework. The emergency shutdown (ESD) system in place 
on the 8-inch brine pipework, a short distance from the wellhead assembly was designed to close 
on the detection of a change in pressure, flow and/or composition. The ESD operated properly. 
However, the sudden surge of flow acted like a “water hammer” and caused the 8-inch pipework 
between the wellhead and the ESD valve to rupture. This failure occurred at a location in the 
pipework that had suffered a general loss of wall thickness due to internal corrosion. The extent 
of the internal corrosion of the brine pipework was not anticipated due to the relatively short 
period of time it had been in service (installed and tested in 2000). The incident was prolonged 
when the extreme heat of the fire blew off the entire wellhead assembly early on Friday, 20th 
August. For about 28 seconds the fire appeared to have been extinguished, but gas escaping 
through the 20-inch production casing re-ignited and burned until it was extinguished finally on 
the 25th August. 

The investigations concluded that the operating procedures were adequate and followed 
appropriately. Valve positions were confirmed and found to be correct. A thorough review of 
operator logs and employee interviews revealed no evidence for procedural or human error that 
contributed to the incident. 

Odessa, Texas, USA 

Natural gas liquids are stored underground in caverns at the Huntsman Polymer site in Odessa, 
Texas. Although not finally confirmed, this is likely to be in salt caverns engineered in one of the 
many salt domes in the Texas area. According to a single report, more than 100t of natural gas 
liquids escaped on 16 March 2004, due to a faulty gasket. The remaining gas was flared off, with 
no injuries reported (Hazardous Cargo Bulletin, June 2004). 

American incidents involving storage facilities constructed in Permian salts 

Salt deposits of Permian age are found across central America and have long been used for brine 
extraction and the construction of cavern storage facilities. More than 600 solution mined salt 
caverns exist in Kansas alone, many of which are used for the storage of natural gas liquids 
(NGL’s) and refined liquid products. In Kansas, the salts form the Hutchinson Salt Member of 
the Wellington Formation, separating the Lower and Upper Wellington shales (refer Figs 
25&35). The Hutchinson Salt Member can be up to 215 m thick and in general, occurs as a series 
of distinct salt beds with interbedded mudstones and anhydrites. The Permian Ninnescah Shale 
between 61 m and 84 m thick conformably overlies the Wellington Formation. Permian strata are 
overlain by the unconsolidated Equus Beds of Pleistocene age up to 100 m thick, which form the 
local freshwater aquifer for much of south-central Kansas. 

Leakage of stored product is reported from two cavern storage facilities developed in the 
Hutchinson Salt Member in Kansas. 
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Conway Underground East facility, Conway, McPherson County, Kansas (USA) 

The Conway area in McPherson County, Kansas, has around 300 active and plugged & 
abandoned storage caverns. Some have been used for storage since 1951, when the National 
Cooperative Refinery Association commenced operations west of the town of McPherson. Other 
storage fields were developed around the town of Conway during the 1950’s, 1960’s and 1970’s 
(Ratigan et al., 2002). 

The Hutchinson Salt Member in the Conway district dips westwards and is typically 61 – 183 m 
(200 – 600 ft) thick. To the east dissolution of the salt has occurred and resulted in a zone of wet 
rock head, with collapse breccia formed from the overlying Upper Wellington Shale. Across this 
zone of wet rockhead, wells encounter a loss of circulation at the top of the salt, indicating voids 
and in which hydrocarbons have been recorded as recently as December 2000 (Ratigan et al., 
2002). The overlying Ninnescah Shale is between 61 m and 84 m thick. The unconsolidated 
Pleistocene deposits (Equus Beds) do not, however, extend beneath the Conway Underground 
East facility; the western edge of the aquifer lies circa 1 km to the east of the site. 

Records show that natural gas liquids (NGL’s) and gas has been escaping from cavern facilities 
in the Conway area since 1956 (Ratigan et al., 2002). NGL’s and gas have been encountered in 
both storage wells and domestic wells in and around Conway itself on at least six separate 
occasions between 1980 and 1981. The leaks and presence of propane and hydrocarbons in local 
groundwater led to several storage operators purchasing around 30 homes and relocating the 
occupants. At the time, Kansas Department of Health and Environment also required 
investigations to discover the origin of the leaking propane gas. 

One of the most recent incidents occurred at the Williams Midstream Natural Gas Liquids’ 
Conway Underground East Storage facility. Storage of jet fuel for a nearby air force base began 
at the site in 1959, with extension of the facility in 1974 when operated by Home Petroleum. 
Williams acquired the facility in 1987 and in December 2000, NGL’s were encountered in a 
newly drilled well at the site. Investigations into their presence indicated that large areas of the 
storage facility, particularly the north-central part, lie in the area affected by salt dissolution (wet 
rockhead). Up to 10 m of the upper salt bed is now missing, with collapse breccias forming voids 
into which hydrocarbons have migrated (Ratigan et al., 2002). Further occurrences of NGL’s 
have been encountered in two shallow groundwater monitoring wells and investigations during 
2002-2003, that included soil gas sampling, were ongoing to assess how and by what route the 
NGL’s and gas present in the area of wet rockhead could migrate upwards into the local aquifer. 
The results have yet to be made widely available. 

Hutchinson  – aka Yaggy, Kansas (USA) 

The town of Hutchinson, with a population of around 44,000, lies around 11 km (7 miles) SE of 
the Yaggy Storage Field (Figs. 25&35), and provides the location for perhaps the most 
publicised and notorious UGS incident. The area is underlain by the Hutchinson Salt Member, 
which has been mined and extracted at Hutchinson since the 1880s and in which caverns had 
been created for storage purposes. At the time of the incident, the Yaggy storage facility played a 
key role in the supply of gas in central Kansas and was thus of national importance. It was one of 
30 “hubs” in the USA national gas distribution system and one of 27 such cavern storage fields 
in the USA. The incident has been extensively reviewed elsewhere and so will only be outlined 
here, with emphasis on the history of the facility to illustrate the background to the disaster. 

The Yaggy field was originally developed in the early 1980s to hold propane. The storage 
caverns were formed by salt dissolution using brine wells, drilled to depths between 152 m and 
274 m in the lower parts of the Lower Permian Hutchinson Salt Member of the Wellington 
Formation (Fig. 35). The top of each cavern was located about 12 m below the top of the salt 
layer to ensure an adequate caprock that would not fracture or leak and the wells were lined with 
steel casing into the salt. The Wellington Shale Formation is overlain by the Ninnescah Shale, 
both of which dip to the west and northwest and form the bedrock to 15 m or more of the sands 
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and gravels of the Equus Beds. These unconsolidated deposits underlie (Fig. 35) and provide the 
municipal water supply for the city of Hutchinson, and the city of Wichita to the east. 

Decreasing financial viability eventually led to the closure of the propane storage operations in 
the late 1980s. The wells were cased into the salt and later plugged by partially filling them with 
concrete. In the early 1990’s, Kansas Gas Service, a subsidiary of ONEOK of Tulsa (Oklahoma), 
acquired the facility and converted it to natural gas storage. The existing caverns were re-
commissioned, which required drilling out the old plugged wells, whilst further wells were 
drilled to solution mine additional caverns. 

Mention is made of the Yaggy Storage Field consisting of 98 caverns in the Hutchinson Salt 
Member at depths greater than 150 m. It appears that at the time of the 2001 incident, the facility 
had about 70 wells, of which 62 were active gas storage caverns, at depths greater than 152 m. 
More than 20 new wells had been drilled and were being used to create new caverns for 
expansion of the facility (Allison, 2001a). The wells, with 90-120 m spacing, are located on a 
grid. A group of wells are connected at the surface via pipes and manifolds, allowing gas to be 
injected or withdrawn into all the caverns in the group simultaneously. The capacity of the 
Yaggy field was circa 90.6 Mcm (c. 3.2 Bcf) of natural gas at around 600 psi.  

The incident at Hutchinson occurred on the morning of January 17th, 2001, when monitoring 
equipment registered a pressure drop in well S-1, which connected to a cavern being filled. The 
cavern could hold 1.7 Mcm of gas at an operating pressure of about 4.65 MPa (675 psi). This 
could, however, range from 3.8 to 4.7 MPa (550 to 684 psi). Later that morning a gas explosion 
occurred in downtown Hutchinson, around 11 km (7 miles) away and was followed by a series of 
gas and brine geysers, up to 9 m high, erupting about 3.2 km (2 miles = c. 9 miles from the 
storage site) to the east along the outskirts of Hutchinson (Fig. 35). The following day (18th 
January), a gas explosion at the Big Chief Mobile Home Park killed 2 and injured another (Fig. 
35). The city promptly ordered the evacuation of hundreds of premises: many not returning to 
their homes and businesses until the end of March 2001. 

An investigation into the incident led by the Kansas Geological Survey (e.g. Allison, 2001a&b), 
found the leak was the result of a large curved slice in the casing of the S-1 well at a depth of 
181.4 m, just below the top of the salt and 56 m above the top of the salt cavern. The damage to 
the casing resulted from the re-drilling of the old cemented well when re-opening the former 
propane salt cavern storage facility. Furthermore, ONEOK computer operators in Tulsa had 
overloaded the storage field caverns with natural gas, causing the initial leak. For at least 3 days 
the casing leak allowed natural gas at high pressure to escape and migrate upwards through the 
well cement and fractures in rocks above the salt. On reaching a permeable zone formed by a 
thin bed of micro-fractured dolomite near the contact between the Wellington Formation and the 
overlying Ninnescah Shale at around 128 m, the gas was trapped by overlying gypsum beds, 
preventing further vertical movement. The dolomite was fractured in the crest of a low-
amplitude, asymmetric, northwesterly plunging anticlinal structure and the pressure of the 
escaping gas induced parting along the pre-existing fracture system. The gas migrated laterally 
southeastwards up-dip along the crest of the anticline towards Hutchinson, where it ultimately 
encountered old abandoned and forgotten brinewells that provided pathways to the surface 
(Allison, 2001a; Nissen et al., 2003 & 2004). 

Geological investigations of the area suggest that the fractures in the dolomites were related to 
deep seated fractures that caused faulting in the overlying strata. These fractures then appear to 
have permitted undersaturated water to penetrate down and dissolve the Hutchinson salt, causing 
variations in thickness of the halite beds. Faulting in strata overlying the halite beds is greatest 
where dissolution has taken place and the edge of this dissolution zone trends NW close to the 
crest of the anticlinal structure. The dissolution of the halite appears to have locally enhanced 
structural relief, which led to further stresses, fracturing and preferred zones of weakness in the 
overburden, providing pathways for gas migration along the trend of the anticline (Watney et al., 
2003a; Nissen et al., 2004b). Shut in tests on vent and relief wells following the incident revealed 
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that with reduced gas pressures, fracture apertures were reduced and closed as pore pressures 
declined. 

Basic volumetrics of the fracture cluster were calculated (Watney et al., 2003b): 

• Length – 14 km (8 miles) 

• Width – 300 m (1000 ft) 

• Height – 0.9 m (3 ft) 

• Porosity – 2% 

• Fracture volume – 78,000 m3 (2.8 Mcf) 

• Estimated volume of gas released – 4.04 Mscm (143 Mscf) = 99,109 m3 (3.5 Mcf) at 4.14 
MPa (600 psi), 12°C (54°F) 

Other storage facilities exist around Hutchinson and provide some useful information on storage 
pressure gradients. In late 1996 to 1997, Western Resources Inc. who operated a hydrocarbon 
storage well facility to the west of Hutchinson, submitted requests to the Kansas Department of 
Health and Environment (KDHE) to increase the maximum storage pressure gradient at their 
facility. KDHE regulate gas storage operations and operated a ‘rule of thumb’ that the maximum 
storage pressure gradient at such facilities in the Hutchinson area was limited to 0.75 psi/foot of 
depth. This was in order to prevent fracturing of the salt deposit. Following tests on rock cores, 
Western Resources Inc. requested increasing the pressure from 0.75 psi/foot of depth to a 
pressure gradient of 0.88 psi/foot of depth, which was actually close to the average fracture 
pressure gradient of 0.89 psi/foot of depth. One rock sample actually had a fracture pressure 
gradient of 0.72 psi.foot of depth (KDHE, 1997). 

The original downtown explosion site was related to a mineral water well in a basement that had 
provided mineralized waters for a hotel spa. The second explosion occurred at the site of an old 
abandoned brinewell. Images of a blazing well in the ruins of a building are available on the 
Kansas Geological Survey website (http://www.kgs.ku.edu/Hydro/Hutch/CUDD/2nd/set01.html). 
The same was found to be true for the numerous gas and brine geysers to the east of the city and 
the explosion at the Big Chief trailer park. When drilled, most old brine wells were only cased 
down through the shallow Quaternary “Equus beds” aquifer. The deeper parts of the wells were 
open-hole and thus provided ready pathways for the gas to escape to the surface. As many as 160 
old brinewells are thought to exist in the Hutchinson area, either buried purposely or by 
subsequent development. It is unlikely that the well casings of these wells, if they exist, are 
sufficiently gas tight to prevent gas escapes and would present problems if future leaks were to 
occur. 

Following the operations to trace and deal with the January leak incident, a second event 
occurred around six months later on the afternoon of Sunday, July 7, when one of the vent wells 
(Deep Drilled Vent well 64) suddenly started venting gas at high pressure (Allison, 2001c). The 
following day, the flare was reported at about 4 m in height and a pressure of 2.3 MPa (330 psi). 
Mechanical modifications to the surface pipework were made with the result that the flare 
reached an estimated 9 m - 30 to 12 m in height by Monday evening. Pressures had dropped to 
only 0.04 MPa (6 psi) by the following Wednesday; when the well was temporarily shut in. 
However, the pressures then increased quickly again. 

Three possible causes for the flare-up were identified (Allison, 2001c): 

• formation or near-well-bore damage – this is caused by the flow of water and gas through 
the near-well-bore environment. The permeability of the rock near to the well is reduced 
by the plugging the rock with fine materials, chemical alteration, or by changes in 
relative permeability as the volume of gas drops relative to the volume of water. Such 
“damage” routinely occur in oil and gasfield wells and is readily corrected. 
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• segmented pockets or fractures of gas remained - when the gas first entered Hutchinson it 
was under sufficiently high pressure that it may have forced open previously closed 
fractures in the rock layers or pushed its way into areas of ‘tight rocks’, i.e. less 
permeable rocks. As pressures dropped, it is possible that some fractures would have 
closed up again, isolating small amounts of gas in separate pockets, which over time, 
could have worked their way back into the main accumulation and into the vent well. 

• another source of gas besides the Yaggy field exists – a scenario thought to be unlikely as 
well DDV 64 sits in the midst of a swarm of vent wells and it is hard to project a new 
source of gas that would affect only this one well.  

The causes of the resurgence of gas were still being investigated in late 2001/early 2002. 
However, the results of this investigation, although it is likely that they have been published, 
have not been found during this study. 

The incident in 2001 was not the first time that there had been problems with a cavern and well 
at the Hutchinson storage facility. On September 14, 1998, a shale shelf collapsed inside the 
field’s K-6 cavern, trapping a gamma-ray neutron instrument that had been used for monitoring 
purposes. Downhole video surveys revealed the casing on the verge of collapse at about 183 m, 
with the camera unable to go below 205 m, due to the blockage. In October 1998, a plan was 
established to remove gas from the cavern over the winter. In the spring of 1999, the radioactive 
tool was buried under 1.2 m of concrete and the cavern’s main pipe was relined with bonding 
cement to block any possible leaks. The cavern is still monitored for radiation leaks. 

Elk City Oklahoma, USA 

Brief mention is made of an apparent incident at a salt cavern storage site in Oklahoma (Katz, 
1974). If it proves to have some foundation, then it is likely to have been at a facility developed 
in Permian salts, which extend across Oklahoma and into Kansas, in the same basin as those salts 
found at Hutchinson. At the time, the incident was reported in the Elk City newspaper with 
mention of 30 ton boulders being thrown in the air and landing in a field. Katz (1974) concluded 
this “is the kind of event to be avoided.” No other details are readily available. 

Salt Block Storage Well, Goodyear, Arizona, USA 

Again, sketchy reports exist for gas leakage at a salt cavern storage facility in Arizona (Pirkle, 
1986; Microseeps), though the exact date and location and depth of storage is not known. The 
salts are likely to have been Permian in age. 

Propane was stored in salt caverns in an area of salt referred to as the Luke Salt near Goodyear, 
Arizona. At some point in the storage operations, the well casing in one of these caverns 
developed a corrosion hole and lost ‘several million cubic feet’ (perhaps 0.5 to 0.85 Mcm) of 
propane into the surrounding and overlying strata at a depth of a few hundred metres. The 
propane accumulated in strata just above the water table at a depth of approximately 92 m and 
was found in several open water wells in the area.  

Three relief wells were sunk to the top of the water table to remove the propane from the 
formation, with the rate of escape to the atmosphere found to be influenced by daily fluctuations 
of barometric pressure (Pirkle, 1986; Microseeps). 

Canadian cavern storage incident 

Fort Saskatchewan, Alberta 

As previously alluded to, the Saskatchewan Power Corporation constructed the first salt cavern 
designed specifically for the storage of natural gas at Melville, Saskatchewan, Canada. It was 
constructed in the Mid Devonian Prairie Evaporite salt formation at a depth of circa 1128 m 
(3,700 feet) with a capacity of 290,000 bbl, and came into service during 1963. 
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Fort Saskatchewan, Alberta lies in the Interior Plains area of Canada, in the Western Canada 
sedimentary basin (Fig. 25). Within the basin clastics, redbeds, carbonates and important salt and 
potash deposits of Lower to Middle Devonian age were deposited unconformably upon 
Precambrian or lower Palaeozoic rocks (Meijer Drees, 1994; Hamilton & Olsen, 1994). These 
sediments form the Elk Point Group and accumulated in topographic basins, separated by 
highlands, some areas of which remained emergent until late Middle Devonian times. 

The salt beds form two distinct types and define the Upper and Lower subdivisions of the Elk 
Point Group. The Upper Elk Point contains the Prairie Evaporite salt formation, being up to 200 
m thick and by far the most extensive deposit (Fig. 36). It does, however, vary in purity within 
the basin. Salt also occurs as three separate and very pure deposits within the Lower Elk Point: 
the Lower Lotsberg, Upper Lotsberg and Cold Lake salt formations. These salts are more 
restricted in area but can also attain considerable thickness. 

In 2001 BP Canada Energy Company were operating a natural gas liquids (NGL) plant located 
about 6 kilometres northeast of the City of Fort Saskatchewan, near Edmonton, Alberta. NGL 
products have many uses in the petrochemical industry and were being stored on site in 
underground caverns and delivered through pipelines to a number of locations in Alberta, eastern 
Canada, and the United States. The facility represents an important part of the Alberta NGL 
pipeline network. 

An incident occurred between August 26th and September 3rd, 2001, when fire broke out at one 
of the ethane wells (Fig. 36), connecting to Cavern 103. The cavern was constructed in the 
Lotsberg Salt Formation at a depth of about 1850 m and had been used to store NGL’s for 25 
years. Cavern capacity was circa 0.127 Mcm and at the time of the incident, there were 
approximately 0.076 Mcm of ethane in the cavern. 

Fires and black smoke were visible up to 50 kms away, but the incident was contained entirely 
within the plant site and although it caused breathing difficulties for some locals, was said to 
have presented no danger to the public. An investigation by the Alberta Energy and Utilities 
Board (EUB, 2002) found that early on August 26th 2001, ethane was being pumped up well 103 
by displacing the ethane in the storage cavern with brine injected into the cavern via well 103A. 
Just after 7:00 am the cavern 103 gas detector relayed an alarm to the main control room at the 
Fort Saskatchewan site, with a vapour cloud observed in the area above cavern 103 facilities. 
Cavern 103 was shut in, with well 103 opened to a pipeline to reduce the ethane leak. However, 
this action failed to reduce the release rate. 

The flames spread to the second well and the fire burned for over a week. This was largely for 
safety reasons, to allow the pressure in the gas cavern to reduce. By August 28th, heavy black 
smoke from the well fires was significantly less due to a combination of the ongoing fire control 
efforts and the reduced gas flow as the ethane storage cavern depressurised. On August 29, it was 
possible to close a connecting valve between the two wellheads, greatly limiting the fire at the 
both wells. 

Investigations found that the leak had occurred due to failure on the exterior surface of the 
forged elbow on the line connecting the two wellheads. The growing ethane vapour cloud ignited 
sometime after 9 am, was ignited when it came into contact with overhead power lines located 
within the site. An explosion and fire ensued. The site was evacuated with no injuries to plant or 
emergency service personnel. In total, it is estimated that about 14,500 m3 of ethane product was 
lost during the 8 days of the incident. In the weeks immediately afterwards, most of the plant and 
pipeline operations returned to normal, except for those involving the wells, pipelines, and the 
ethane storage cavern associated with the incident.  

The magnitude of the change in operating pressure of cavern 103 and the speed of the pressure 
change that occurred may have caused damage to the cavern, with indications that cavern 103 
now shows some signs of communication with an adjacent cavern. The ethane storage cavern 
103 remains out of operation and will do so until the EUB grant approval to resume operations. 
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Salt cavern construction ‘problems’. 
A number of proposed storage facilities have developed difficulties during development and 
prior to completion. These are briefly reviewed in the context of potential problems that might be 
faced when developing storage facilities in the UK. 

Cavern 7, Bayou Choctaw, Baton Rouge, Louisianna 

In 1954, during operations to develop a cavern for storage in the salt dome at Bayou Choctaw, 
uncontrolled leaching operations led to the collapse of overburden into the developing cavern 
number 7 (Coates et al., 1981; Neal & Magorian, 1997). A 245 m diameter lake formed and a 
further cavern (number 4) continues to be monitored following the incident due to fears of 
collapse due to possible faults in the cap rock (Neal & Magorian, 1997). 

Napoleanville and Clovelly 

Problems have arisen in caverns constructed too close to the edges of the Napoleanville and 
Clovelly salt domes in southern Louisiana and have resulted in cavern integrity and pressure 
maintenance problems. This has meant that a number of caverns could not be commissioned 
(Neal & Magorian, 1997).  

At Clovelly, cavern leaching in the salt overhang meant there was not a sufficient thickness of 
salt to act as a barrier (Fig. 37). At Napoleanville, shale layers were encountered in some 
caverns, indicating the salt dome edge and enclosing rocks had been encountered, with 
insufficient buffer salt remaining (Neal & Magorian, 1997). 

Both incidents point to inadequate site characterisation prior to commencing development and 
brining operations. 

 

Aquifer gas storage incidents - Europe 

Spandau, western suburb of Berlin 

Gas is stored approximately 800 m underground in an aquifer facility beneath the western 
suburbs of Berlin at Spandau (Fig. 30). Up to 6 Mcm of gas can be stored, enough to supply all 
Berlin households for a year. 

At about 9.40-9.45 am on April 23rd 2004, a gas explosion occurred at one of the GASAG 
Gasspeicher Berlin well sites (Associated Press, 2004; Berliner Zeitung, 2004a,b&c). The 
incident appears to have occurred at a station where gas is pumped from underground storage to 
what are understood to have been road tankers. The explosion destroyed the wellhead of a 
monitoring(?) well and gas escaped and ignited, resulting in a flame about 30 m in height. The 
gas escaped for about a day before the well was successfully capped. Associated Press (April 
23rd, 2004) reported that the incident injured nine workers, three seriously, destroyed a tanker 
and caused damage to several buildings, forcing the evacuation of around 500 residents in a 1 km 
radius (F. May, pers. comm., 2004; Associated Press, April 23rd, 2004). Indications are that the 
explosion occurred either as a result of maintenance work following winter operations (involving 
H2O2 treatment of the well - F. May, pers. comm., 2004), a defective seal, or work on the store’s 
contents gauges, which began to leak. In any case, the incident appears to have resulted from the 
failure of above ground infrastructure and at no time was the stored gas inventory in danger 
(GASAG’s web site, 2004: http://www.gasag.de/de/privatkunden/index.html). 

Stenlille, Denmark 

An underground gas storage facility in an aquifer was established in 1989 at Stenlille, 
approximately 70 km SW of Copenhagen in Denmark and operated by the state-owned Danish 
Oil and Gas Company (DONG; Laier & Øbro, 2004 & in press). In that area, salt movements in 
the Zechstein deposits have caused gentle doming of the overlying Late Triassic Gassum 
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Sandstone Formation some 1500 m below ground. The clay-dominated Lower Jurassic 
Fjerritslev Formation forms a cap rock some 300 m thick. Natural gas is injected into the 
Gassum Sandstone Formation with the structure having an estimated capacity of 3 Bcm. 

A minor gas escape occurred during one drilling operation in 1995. Gas bubbles were observed 
at the surface at the drilling site and an increase in gas concentration was found in the Palaeocene 
aquifer 130 m below ground (Laier & Øbro, 2004 & in press). No increases in gas concentration 
were detected in shallower level aquifers. The gas escape was due to a hole in the casing and was 
quickly remedied, with methane levels in the Palaeocene aquifer declining significantly since. 
Pressure and groundwater monitoring measures have detected no gas leakage from the 
underground storage site during normal operation. 

Chémery, France 

France, in addition to salt cavern gas storage facilities, has a number of aquifer storage facilities 
including that at Chémery, 120 miles SW of Paris (Fig. 21). Operated by Gaz de France, it is one 
of the largest in Europe and was commissioned in 1968. It stores gas piped in from the North Sea 
at depths greater than 1120 m (GDF, 1996). At the time of the incident, the aquifer storage 
facility had a capacity of around 6.8 billion cubic metres (Bcm) of gas at 130 bar (13 MPa/1886 
psi). 

On the 25th September 1989, a leak began during routine maintenance of a well completion and 
replacement of a filter at a depth of around 1106 m (3630 ft). Gas escaping at a rate of 0.15 
Mcm/hr (5.2 million cubic ft per hour), the noise of which exceeded 120 decibels, led to the 
development of a gas cloud that rose around 7600 m (25,000 ft) into the air and caused the 
diversion of aircraft from a nearby airport (NAWPC, 1999; IAVWOPSG, 2005). 

During the gas leak, power lines were shut down and no explosion occurred. A safety zone was 
established and the public kept informed of developments. The leak was finally plugged on the 
27th September (IAVWOPSG, 2005). The incident was reviewed and guidelines drawn up for 
future maintenance procedures. 

Frankenthal, West Germany 

In the late 1970s and early 1980s, Saar-Ferngas operated an underground natural gas storage 
facility at Frankenthal, West Germany (Fig. 30). Reports of an incident involving the escape of 
gas from the facility are vague, with reference to large underground tanks and ‘underground 
chambers in soft rock and sand layers’ (AEA, 2005). That said it appears that some 16 Mcm of 
natural gas was being stored at a depth of around 680 m and 70 bar (7 MPa/1015 psi), in what is 
in fact an aquifer storage facility. 

The incident was triggered on 30th September 1980 when drilling operations, close by the 
facility, encountered gas that immediately started to escape. Water and mud were pumped into 
the well in an attempt to stop the escaping gas but proved unsuccessful. The leak was eventually 
halted when a 14 tonne valve was fitted to an underground pipe, with the incident finally being 
brought under control on the 16th October. Indications are that the drilling activities had damaged 
an existing pipe to the underground ‘storage chamber’. 

Fortunately, the escaping gas never caught fire, but the value of the gas losses at the time were 
estimated at 10 m DM or 5 million dollars (AEA, 2005). 

Ketzin, Berlin, Germany 

The Ketzin gas storage facility is a former gas storage site around 25 km west of Berlin operated 
by UGS Mittenwalde (Fig. 30; Juhlin et al., 2007). It is developed in the Northeast German 
Basin, part of a Permian basin system that extends from the east of England and the North Sea 
across Denmark, the Netherlands and northern Germany to Poland (Ziegler, 1990). As in the 
Southern North Sea, thick sequences of Zechstein salt were deposited, following which a thick 
series of sandstones and mudstones were deposited during Triassic and Jurassic times. Salt 
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flowage has resulted in a series of pillows, walls and diapers, resulting in deformation of the 
overlying Mesozoic overburden that has formed a system of anticlines and synclines (Kossow, et 
al., 2000; Förster et al., 2006; Juhlin et al., 2007).  

The Ketzin site lies on the eastern part of a double anticline, the Roskow-Ketzin Anticline 
(Juhlin et al, 2007), which is formed above an elongated NNE-SSW trending salt pillow 
developed at a depth of 1500-2000 m. The anticline developed during several phases of salt 
movement and (Juhlin et al., 2007). Lower Cretaceous rocks were eroded from the crestal 
regions at around 106 Ma. 

Saline aquifers of Lower Jurassic age at between 250 and 400 m below ground are present in the 
Ketzin anticline and were used for storage of first town gas in the 1960s and between the 1970s 
and 2000, for natural gas (Juhlin et al., 2007). The operator (UGS Mittenwalde) suggests that the 
maximum utilization of the facility was n 1999. In 2004, the site was abandoned and the 
(aquifer) resevoir pressure was lowered to approximately 17 bar below hydrostatic pressure 
(Juhlin et al., 2007). Faulting affects the crest of the anticlinal structure, with a 600-800 m wide 
E-W striking central graben fault zone (CGFZ) in the crestal region. Faulting in the CGFZ 
extends down to Triassic levels and the bounding faults have about 30 m of downthrow, but 
faulting appears to die out quickly in the overlying Rupelian clays of Cainozoic (Tertiary) age 
(Juhlin et al., 2007). Although the facility has closed, some infrastructure from the facility still 
remains and deeper aquifers in the lithologicaly heterogeneous Stuttgart Formation of Upper 
Triassic age are being considered for CO2 storage purposes (refer Juhlin et al., 2007).  

Reports suggest that during the 1960s, the injected and stored town gas migrated out of the 
reservoir and ultimately found its way to the surface, causing the (permanent) evacuation of the 
nearby village of Knoblauch (New Energy News, 2007; MyDeltaQuest). There is mention that 
leakage of carbon monoxide (CO) was also associated with the leak (MyDeltaQuest). It would 
appear that during this incident, 1 person was killed when CO came up an old well into a house, 
following which the well was repaired and sealed (N.J. Riley pers comm., 2007). As mentioned 
above, gas storage continued until 2000 (Juhlin et al., 2007). Recent seismic reflection studies 
reveal amplitude anomalies in the aquifer units on seismic reflection data, indicating that 
remnant (cushion or residual) gas remains in some aquifer units near the crest of the structure. 
Amplitude anomalies and a gas chimney about 1 km long and 100 m wide has been observed on 
seismic reflection data acquired over the southwestern, east-west striking main fault of the 
CGFZ. This indicates that the stored or remnant gas either has been or is presently migrating out 
of the reservoir formations (Juhlin et al., 2007). 

Aquifer gas storage incidents - America 

Leroy Storage Facility, Uinta County, Wyoming, USA 

The Leroy gas storage field is located in Uinta County, Wyoming, approximately 100 miles NE 
of Salt Lake City and in the period 1973-mid 1980s, was operated by Mountain Fuel Supply 
Company (Araktingi et al., 1984; Nelson et al., 2005). Early hydrocarbon exploration had 
defined an anticlinal structure (Fig. 38) bounded on its western side by a fault (Araktingi, et al., 
1984). An exploration well, drilled in 1951 (Leroy #3), proved two potential coarse-grained 
sandstone reservoir units in the Triassic lower Thaynes Formation at a depth of roughly 900 m 
below ground level (circa 1161 m above sea level). These sandstones were re-examined for gas 
storage purposes in 1969. Shales, siltstones and anhydrite in the middle Thaynes Formation 
provided the cap rock for the storage reservoir (Araktingi et al., 1984; Nelson et al., 2005). The 
initial sandstone aquifer pressure was 1500 psig (103 bar/10.3 Mpa) and testing of the structure 
commenced in October 1970. 

Further appraisal continued with the injection of around 56.6 Mcm of gas during August 1972. 
Approval for the facility followed in November 1972, with further wells completed in 1973, 
increasing capacity to around 99.1 Mcm. However, on reaching 104 Mcm and a reservoir 



  169

pressure of 1740 psia (120 bar/12 Mpa), gas began escaping from around the surface casing of 
well number 3. 

Investigations revealed that the gas leakage originated from a corroded well casing in the 
adjacent Leroy Well 4 at a depth of 415 m within the Twin Creek Limestone, through which it 
then migrated to the Leroy #3 well. The gas then migrated up the old Number 3 well to the 
surface (Araktingi et al., 1984). Repairs were attempted but were unsuccessful and the Leroy 
Well 4 was eventually plugged and abandoned in 1974 (Araktingi et al., 1984). 

In 1974 the estimated stored gas volume ranged between 100 and 110 Mcm, with a pressure 
close to the original 1500 psig (103 bar/10.3 MPa). During 1975 this was increased to 1830 psig 
(127 bar/12.7 MPa), around 330 psi (22.6 bar/2.3 MPa) above the original aquifer pressure with 
circa 246 Mcm of gas stored. During 1978 a surface survey revealed natural gas bubbling in a 
creek and pond above the storage reservoir site. Several gas tracer surveys were carried out 
between 1979 and 1981 and proved the gas to be leaking from the aquifer and reaching the 
surface, sometimes within 9 days of injection (Araktingi et al., 1984; Nelson et al., 2005). 

Some of the gas bubbling was observed to be dependent on the storage reservoir operations, 
stopping altogether during the summer when the reservoir was flooded and did not contain gas. 
However, elsewhere the gas bubbling was observed to be independent of the storage reservoir 
operations, which indicated that some of the leaking gas was migrating to a shallow gas 
collection zone from which seepage to the surface then occurred. Modelling suggested that the 
second phase of gas migration had started during 1975-76 and that over a period of 130 months 
storage, a total of circa 17 Mcm of gas had escaped.  

Following analysis of the results, it was decided in 1981 that gas loss from the storage reservoir 
could not be eliminated, but that by limiting the maximum pressure in the reservoir, the leakage 
rate could be controlled (Araktingi et al., 1984). 

The experience at the Leroy facility perfectly represents the problems encountered in aquifer 
storage reservoirs. These facilities require gas injection at pressures higher than the initial value 
to displace water from the pores, with gas leakage at the Leroy facility apparently related to a 
pressure triggered hydraulic seal failure in the middle Thaynes Formation which formed the 
reservoir cap rock (Katz and Tek, 1981). 

The Coalville and Chalk Creek gas storage facilities, Utah, USA 

Questar operates two underground sandstone-reservoir gas storage units for peak load demands 
at Chalk Creek Canyon and Coalville (Morgan, 2004). Gas is stored in porous and permeable 
Cretaceous sandstone beds; the reservoir unit at Chalk Creek being a sandstone bed in the Kelvin 
Formation around 550 m below ground, and at Coalville it is the Longwall Sandstone of the 
lower Frontier Formation around 730 m below ground (Fig. 39). The trap at both storage units is 
formed by faults and sealed by overlying impermeable shale. 

Drilling at the Chalk Creek gas storage unit began in 1960 and in 1973 at the Coalville gas 
storage unit. Leakage from the reservoirs is indicated by soil gas surveys across the storage 
fields: reservoir gas is present in the overlying successions, with at least some of the leakage, 
from the storage fields and from the Pineview Oilfield to the east, linked to faults (Jones & 
Drozd, 1983). 

Pleasant Creek Gas Storage, California, USA 

The Pleasant Creek Gas Storage facility is located in the Sacramento Basin of California, to the 
west of Sacramento (Fig. 40). The storage reservoir horizon is found in a shallow stratigraphic 
trap at the top of Cretaceous sequences at a depth of 760 m below ground (Hunter, 1955?). 
Shallow soil gas surveys (circa 10 m depth) across the storage field in the period 1972-1976 
indicated that the natural gas had leaked upwards from the reservoir (Jones & Drozd, 1983; 
Jones & Pirkle: http://www.eti-geochemistry.com/FinalVersion1.10.htm). 
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Gas storage facilities in Illinois and Indiana, USA 
During the 1970s, more than 16.4 Bcm of natural gas was stored in underground reservoirs at 37 
localities in Illinois (Buschbach & Bond, 1974). The numbers currently stand at 29, of which 18 
are aquifer storage (EIA, 2006: http://www.eia.doe.gov/pub/oil_gas/natural_gas/feature_articles/ 
2006/ngstorage/ngstorage.pdf). The facilities were operated by a number of operators and 
constructed in rocks varying from Cambrian to Carboniferous in age, although the majority of 
the storage volume was in sandstone aquifers of Cambrian and Ordovician age. A number 
experienced problems and ultimately closed (Fig 41). All were aquifer storage facilities and 
suffered leaks due to inadequately sealing caprock and problems due to faulting. One further 
facility at Crescent City in Iroquois County was tested by the Northern Illinois Gas Company 
during 1967 and was reported as inactive in 1974 (Buschbach & Bond, 1974). Another aquifer 
storage facility in Indiana was abandoned because the reservoir proved too shallow (Buschbach 
& Bond, 1974; Perry, 2006). Details are sketchy, but it appears a number of water wells were 
affected by the intrusion of natural gas that had migrated out of the shallow storage reservoir. 

Illinois has around 650 oilfields, located in the Illinois Basin, an elongate intracratonic basin 
(failed rift) developed mostly in central and southern Illinois, southwestern Indiana, and western 
Kentucky (Collinson et al., 1988; Kolata & Wilson, 1991). The basin extends about 600 km 
northwest to southeast and 320 km northeast to southwest, with the greatest thickness of 
sedimentary fill developed in southern Illinois and western Kentucky, where a maximum of 
7,000 m of Cambrian to Permian strata are proved. Hydrocarbons are encountered and stored in a 
number of reservoir units, which include (Fig. 41): the Cambrian Mount Simon, Eau Claire, 
Galesville, and Ironton Sandstones, the Lower Ordovician Gunter and New Richmond 
Sandstones and the Middle Ordovician St. Peter Sandstone. The latter is overlain by the thick, 
impermeable, regionally extensive, Maquoketa Shale Group, which serves as a major aquiclude 
(Young, 1992a&b). 

Herscher, Kankakee County 

A doubly plunging, N-S trending asymmetric Herscher Anticline was delineated by over 100 
structure test wells drilled in 1952 by the Natural Gas Storage Company of Illinois (Buschbach 
& Bond, 1974). Both the Galesville and Mt Simon sandstones are developed as reservoirs. The 
Ironton Formation, 38 m of sandstone and dolomite, is the caprock to the Galesville Sandstone, 
itself around 30 m thick at a depth of 533 m. The Mt Simon Sandstone is around 760 m thick at a 
depth of 747 m, although gas is only stored in the uppermost part and in the Elmhurst Sandstone 
Member of the overlying Eau Claire Formation (Buschbach & Bond, 1974). The caprock to this 
reservoir is provided by 60 m of shale and dolomite of the Lombard Member of the Eau Claire 
Formation.   

Injection of gas into the Galesville Sandstone commenced in April 1953 but within 6 weeks, 33 
shallow water wells began to bubble gas and injection was stopped (Buschbach & Bond, 1974). 
The cause of the leakage was not determined with certainty and in 1956 wells were drilled into 
the reservoir to remove water from the periphery of the gas bubble, to be re-injected back into 
overlying formations. This enabled regulation and control of pressures in overlying formations, 
which with the recycling of gas that escaped into the Galena and St Peter sandstones, allowed 
successful gas injection and storage without significantly raising the pressure in the Galesville 
Sandstone (Buschbach & Bond, 1974; Coleman et al., 1977). 

Testing of the Mt Simon Sandstone commenced in 1957 and storage began late in 1957, with no 
leakage detected from the lower reservoir (Buschbach & Bond, 1974). 

Manlove (aka Mahomet), Champaign County 
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The Manlove facility in the NW of Champaign County was developed by Peoples Gas Light and 
Coke Company in the elongate, N-S trending, La Salle Anticline, around 11 km long and 9.6 km 
wide (Buschbach & Bond, 1974). Storage was initially attempted in 1961 in the St Peter 
Sandstone but was discontinued when it was discovered to the south of the crest of the structure 
that gas had migrated up into glacial drift deposits (Buschbach & Bond, 1974; Coleman et al., 
1977). Shallow vent wells were drilled in the area of leakage to prevent the accumulation of gas 
but despite tests on the structure and the wells, the reason for the leakage was never discovered. 

Tests on the Galesville Sandstone reservoir commenced in 1963, but gas was found to migrate 
up into the St Peter Sandstone and tests were discontinued. At the same time, the Mt Simon 
Sandstone, which lies at around 1200 m below ground, was appraised and found to be suitable 
for storage purposes, with 30 m of shaly beds in the overlying Eau Claire Formation providing  
an adequate seal. Injection of gas commenced in 1964 and the facility was operational in 1966 
(Buschbach & Bond, 1974). 

Pontiac, Livingston County 

Northern Illinois Gas Company began preliminary investigations in 1963 on a N-S trending 
anticlinal structure 8 km long and 4.8 km wide in the Pontiac area. The Mt Simon Sandstone, 
more than 600 m thick, provides the reservoir at around 900 m below ground. The caprock is 
formed by around 40 m of shale and thin dolomite lenses forming the Lombard Member of the 
Eau Claire Formation (Buschbach & Bond, 1974). However, an intervening shaley, silty 
sandstone circa 15 m thick provides an incomplete seal, lowering the effectiveness of the facility. 
Gas was first injected into the Mt Simon Sandstone in 1966 and the facility was operational by 
1969, but inactive by 1974 (Buschbach & Bond, 1974).  

The higher St Peter Sandstone was also tested for storage potential in 1970 but the caprock could 
not be guaranteed and any further tests ceased in 1974.  

Sciota, McDonough County 

Several oil test wells were drilled in the Sciota area, indicating the presence of an anticlinal 
structure. Tests by Central Illinois Public Service Company in 1971 confirmed the Sciota 
structure as a NNW-SSE trending anticline in which the Mt Simon Sandstone forms the reservoir 
at depths of around 800 m. The caprock is provided by 90 m of shaley and sandy dolomites 
interbedded with shales of the Eau Claire Formation (Buschbach & Bond, 1974). 

Testing and injection of about 0.6 Mcm of gas continued in the period 1971-1972 and the facility 
was abandoned by 1974 (Buschbach & Bond, 1974). 

Troy Grove, La Salle County 

Between 1957 and 1958, Northern Illinois Gas Company tested a structure in the Troy Grove 
area. Again tests proved the presence of an anticline 8 km long and 4.8 km wide within the La 
Salle Anticlinal belt. At least four faults with up to 55 m throw displace the anticline. Within it 
the Mt Simon Sandstone reservoir is at depths in excess of 430 m, with around 55 m of shale and 
siltstone in the upper part of the Eau Claire Formation providing the caprock (Buschbach & 
Bond, 1974).  

Gas was first injected in 1958 and the facility was operational in 1959, with gas known to 
migrate from the Mt Simon reservoir up into sandstones within the lower and upper levels of the 
Eau Claire Formation since the early development of the reservoir. This resulted in a pressure 
build up in the overlying strata, which was controlled by withdrawing gas from these zones and 
reinjecting at depth (Buschbach & Bond, 1974; Hunt, 2004). Until recently, it was thought that 
the sequences overlying the Eau Claire caprock had prevented the gas from migrating into 
shallower sequences, however, a certain amount of gas has been found to reached the surface 
(Hunt, 2004). 

Waverley, Morgan County 
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An anticlinal structure was known in the vicinity of Jacksonville in the early 1920s and later 
drilling found oil and gas shows in the structure (Buschbach & Bond, 1974). The structure is 
domal with three reservoir horizons present: the Ironton-Galesville reservoir circa 10 m thick and 
1070 m deep (caprock provided by the Davis Member, circa 21 m thick), the St Peter Sandstone 
76m – 90 m thick and 550 m deep, and subsidiary sandstones within the Galena group that 
generally provides the caprock to the St Peter reservoir. In the early 1950s, Panhandle Eastern 
Pipeline Company acquired storage rights and began injecting gas into the St Peter Sandstone in 
1954, with the facility fully operational in 1961. Injection into the underlying Ironton-Galesville 
reservoir commenced in 1968. 

Gas was found to migrate from the St Peter reservoir through the caprock of limestone, dolomite 
and thin shale beds of the Joachim Formation and the Platteville and groups into the porous 
zones of the Galena Group. Further migration appeared to be halted by 60 m of shale in the 
Maquoketa Group overlying the Galena Group, and the gas was either recycled into the St Peter 
reservoir or produced (Buschbach & Bond, 1974). 

Brookville, Ogle County 

Between 1963 and 1964, tests were carried out on the Mt Simon Sandstone in a NW-SE trending 
anticlinal structure with around 40 m of closure at reservoir level circa 320 m below ground. 
Around 70 m of the Eau Claire Formation form the caprock and though tests were inconclusive, 
indications were that communication existed between the Mt Simon, Eau Claire, Galesville and 
Ironton formations (Buschbach & Bond, 1974). Communication with overlying sandstones was 
confirmed between November 1964 and July 1965, when 25.3 Mcm of gas were injected into the 
Mt Simon reservoir. Faulting of the reservoir was seen as the most likely cause of gas migration 
and the project was abandoned in 1966 (Buschbach & Bond, 1974). 

Leaf River, Ogle County 

Between 1968 and 1969, the Leaf River reservoir sandstone was tested in a WNW-trending 
faulted anticline with around 25 m closure and in which, the caprock was expected to be 
provided by the Eau Claire Formation (Buschbach & Bond, 1974). The reservoir lies about 250 
m below ground. Around 10.9 Mcm (348 m ft3) of gas was injected with leakage from the 
reservoir proved by rising water levels in observation wells completed in porous zones above the 
caprock. Leakage was most likely due to faulting and the project was abandoned in 1971 
(Buschbach & Bond, 1974). 

Unlined rock cavern, abandoned salt and coal mine gas storage incidents 

Weeks Island, Louisianna 

The Weeks Island salt mine, excavated in the Weeks Island salt dome formed from the Jurassic 
Louann Salt around the Gulf Coast, is located around 30 km SE of Jefferson Island. The facility 
formed part of America’s Strategic Petroleum Reserve (SPR) and utilised abandoned room and 
pillar caverns around 150-220 m below sea level at the Morton Salt Company mine site (Warren, 
2006). The top of the salt dome is less than 40 m below sea level (Fig. 42). The mine was 
purchased from the mining company in the 1970s and was thus not a custom built or designed 
facility for storing hydrocarbons (Warren, 2006). Following oil fill (1980-1982) the facility 
stored around 72.5 mmbbls of crude oil.  

In 1990-1991, a sinkhole formed over the edge of a salt mine that by May 1992 was 10 m across 
and 10 m deep (Fig. 42), with a second smaller sinkhole also discovered over the edge of the 
mine in early 1995 (Neal & Magorian, 1997; Warren, 2006). The sinkholes resulted from a series 
of geological, hydrological and mining factors, specifically, the mine geometry and excavation-
induced stresses had placed the mine periphery in tension and led to crack development in the 
overlying strata, perhaps as early as 1970 (Neal & Magorian, 1997). The cracks permitted 
undersaturated brine to penetrate downwards, which eventually reached the SPR mine workings, 
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dissolving the top of the salt, creating a void, which ultimately caused the collapse of overlying 
strata. 

The 1990-1991 sinkhole was eventually stabilised by the injection of saturated brine directly into 
the crevasse beneath the sinkhole. This was followed by construction of a freeze wall around the 
sinkhole to arrest groundwater flow, prior to the stored crude oil being withdrawn (Neal & 
Magorian, 1997). Investigations revealed that there had been an earlier leak of groundwater into 
the mine in 1978, adjacent to the sinkhole that had been arrested at the time by injection of 
cement grout into the flowpath (Warren, 2006). The stored crude oil was withdrawn, leaving 
around 1.47 mmbbls in the facility, which was plugged and abandoned post-1999 (Warren, 
2006). 

Leyden, Arvada, Jefferson County, Colorado 

The Leyden coalmine is located near Arvada, Colorado some 14 miles NW of Denver and has 
been described by Raven Ridge Resources (1998). It lies 250 m east of the Leyden Hogback, a 
N-S trending monoclinal structure on the western margin of the Denver Basin (Fig. 43). 
Cropping out along the monocline are near vertical Upper Cretaceous strata including the Pierre 
Shale, the coal-bearing Laramie Formation and the Fox Hills Formation. To the east in the region 
of the mine, the dip of the strata reduces to near horizontal over a distance of circa 366 m, such 
that the coal seams lie at between 244 m and 260 m below ground level. The mine occupies an 
area approximately three miles wide and two miles long. Up to 6 million tons of subituminous 
coals were mined by room and pillar method from the A and B seams, which occur in the lower 
61 m of the Laramie Formation (Fig. 43), which otherwise comprises a series of water saturated 
shales and sandstones providing the seal to the gas held in the old workings.  

In 1960 permission was granted to inject and store natural gas in the mines. This facility was run 
by the Public Service Company (PSCo) of Colorado, and latterly Xcel Energy, to support its 
natural gas distribution and delivery operations in the Front Range area of Colorado. It 
represented the only underground natural gas storage facility made from an abandoned coal mine 
in the United States, until it ceased operating in 2001. During operation, up to 99.1 Mcm of gas 
were stored at pressures of between 170 and 250 psi. The pressures were too high and led to loss 
of gas, which it is alleged, the company were aware of from an early stage.  

In the 1990s studies indicated that natural gas had leaked through coal seams and sandstone, and 
into underground water, generating a plume of gas above the coal mine. PSCo subsequently lost 
a court case that included the award of $278,000 in punitive damages. During the case, it 
emerged that PSCo knew of gas leakage from a well only a few years after the facility opened, 
and of cracking and leakage in the majority of other wells. Gas had also been discovered 
bubbling up in a number of wells. 

Due to the encroaching residential and commercial development in the surrounding areas PSCo 
announced in early 2000 that they intended to close the facility, the plan being to flood the gas 
storage facility, creating a major underground reservoir capable of supplying the city of Arvada. 
Decommissioning of the facility commenced during 2001 and in November 2003 Xcel Energy 
started flooding the underground caverns with the process planned for completion by 2005. 
Again no reports of progress were found at the time of this study. 

Crossville Storage Cavern (abandoned mine), Crossville, Illinois, USA 

The Crossville Storage Cavern in Crossville, Illinois, represents what was described as ‘a 
shallow cavern’ constructed to a depth of around approximately 60 m and which experienced 
some leakage over most of its 30-year life (Pirkle, 1986, Pirkle and Price, 1986, Jones and 
Burtell, 1994). In fact it appears to be an old shallow mine, with a series of drifts (tunnels) that 
operated as a storage facility for a period of 20 years prior to 1981 when investigations into gas 
release were initiated (Pirkle & Jones, 2004). 
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Leakage from the shaft was suspected, but leakage from one or more of the cavern drifts was 
possible. Between 1981 and 1982, in order to determine, monitor and locate the gas leakage 
point, an array of up to 450 shallow wells 3 to 4 m deep was constructed as part of a soil gas 
monitoring project. The cavern was refilled with propane to its original pressure and following 
recharge propane was observed within the observation test holes within 15 days. An area of 
contamination 185 m in diameter was detected, which was not symmetrical about the shaft. 
However, the propane background made it difficult to be certain the product reappearing at the 
surface came directly out of the reservoir during the sampling time period. In 1982 nitrogen and 
a helium tracer were also injected, with a helium spot detected around the shaft during the first 
day. Within 15 days helium had also reached ground surface and the peripheral areas of the 
earlier hydrocarbon spot. Helium leakage was also found at the end of one of the drifts (Pirkle & 
Jones, 2004). 

Following the helium injection test, it was concluded that cavern leakage was quite rapid and 
largely associated with the cavern shaft. Within the overburden migration was pressure driven 
having occurred along faults, fractures and joints (Pirkle, 1986; Pirkle & Price, 1986; Pirkle & 
Jones, 2004). It was also found that the propane in the near surface sediments migrated into the 
atmosphere as a function of diurnal changes in barometric pressure (Pirkle, 1986; Pirkle & Jones, 
2004). 

Anderlues, Belgium 

The Anderlues coalmine is located in the Hainaut coalfield of southern Belgium (Piessons and 
Dusar, 2003). It was operational between 1857 and 1969, after which it was closed down, 
although the drainage facility was maintained. Gas storage operations began in 1980, with gas 
stored at low pressures (0.35 MPa) between 600 and 1100 m depth. However, operations ceased 
in 2000 due to connectivity with shallower mine levels through which gas escaped to overlying 
strata, highly costly maintenance work on shafts and the high adsorption levels of the gas onto 
the coal seams (Piessons and Dusar, 2003). 

Ravensworth, Virginia, USA 

Brief details exist of a product release incident on 24 August 1973 at what was described as an 
‘unlined underground cavity’ at the Ravensworth Propane Storage Facility (Berest, 1989; N 
Riley, HSE pers com 2007). The facility is presently operated by Washington Gas Light 
Company and believed to be in Virginia, USA. 

The propane was stored in an unlined underground cavity, around 130m below ground level with 
a capacity of approximately 50,000 m3. Cavern storage operations continued whilst water was 
injected in the vicinity of the well in an attempt to stem and alleviate the emissions. 

At the present time, there are three different underground gas storage facilities in operation in 
Virginia. Two of the facilities store natural gas; the Early Grove Gas Storage Field utilizes a 
depleted gas field, whilst the Saltville Storage Field uses salt caverns. The third, Washington Gas 
Light Co.’s underground storage facility, stores liquefied petroleum gas in a rock cavern, 
indicating it to be different to salt cavern and from the White Paper citation, is likely to be an 
abandoned coal mine (EPA, 1998; http://www.epa.gov/cmop/pdf/own001.pdf). 

 

Depleted oil or gasfields and converted oil or gasfield gas storage incidents 
This section deals with two types of leakage associated with depleting/depleted oil and gasfields: 

• Mature or depleted fields with old infrastructure 

• Depleting/depleted fields converted to gas storage facilities 

The distinction is drawn because old fields not associated with gas storage can represent hazards, 
providing pathways to the surface for remaining gas. In the second instance, the fields can be old 
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or examples where production has ceased relatively recently and in which gas storage is 
currently ongoing or proposed. 

 

Los Angeles Oilfields, California (USA), including Playa del Rey 

Oilfields of the Los Angeles area 

The Los Angeles region has been an area of intense hydrocarbon exploration and production 
since the latter part of the 19th Century (Chilingar & Endres, 2005). Over 70 oilfields have been 
discovered, most of them in the early part of the 20th Century, with hundreds of oil wells having 
been drilled from derricks that once blanketed the landscape. The majority of these oilfields are 
now abandoned, but the area has been left with a legacy of old wells, the locations of which are 
often poorly known, but that now lie beneath densely populated urban areas (Figs 22&23). 

The Los Angeles basin is a deep, sediment filled structural depression with recent alluvial 
deposits overlying older Cenozoic (Tertiary) age sedimentary rocks, with major through-going 
fault zones (Fig. 44). It was formed during rifting that commenced in early Miocene times, 
forming a series of basins and basement highs, the latter comprising the Catalina Schists and 
granites (Fig. 24). These basement rocks were a source of the Puente and “Repetto” Formations, 
which form a thick sequence of coarse clastic sediments unconformably overlying the basement 
rocks and deposited by late Miocene and early Pliocene fan systems. The sedimentary rocks have 
been uplifted, tilted, and folded by compressive movements between the North American and 
Pacific plates to produce structures that have trapped and accumulated oil and gas, resulting in 
numerous oil and gas fields within the basin (Fig. 44). 

Oilfields in the Los Angeles area provide numerous instances of potentially explosive methane 
gas seeping to the surface and raising the possibility of a major incident. This problem has been 
most vividly illustrated at, for example, Fairfax and La Brea Tar Pits (the Old Salt Lake 
Oilfield), Belmont (the Los Angeles City Oilfield) and Ballona Wetlands (aka Playa Vista) lying 
above the Playa del Rey Oilfield (Hamilton & Meeham, 1992; Renwick & Sandidge, 2000; 
Chilingar & Endres, 2005).  

The majority of gas leaks and explosions have been linked to the failure to accurately locate 
corroded old wells that now leak and with faults that provide the escaping gas with pathways to 
the surface. Problems were worsened by injection of wastewater at Fairfax and with gas for 
enhanced oil recovery in the South Salt Lake Oilfield near Fairfax (Hamilton & Meeham, 1992; 
Renwick & Sandidge, 2000; Chilingar & Endres, 2005). 

Salt Lake Oilfield leading to the Fairfax and Belmont gas leaks 

The danger of gas seeping to the surface from the Los Angeles oilfields was demonstrated at 
Fairfax, LA, in March 1985, and again in 1989 (Fig. 22a). The area overlies part of the Salt Lake 
Oilfield, which was once developed by more than 400 wells. The field was largely abandoned 
but redeveloped by slant drilling during 1962, with the continuous production of oil, salt water 
and gas thereafter. Water has been re-injected into the field since 1980. In March 1985, methane 
that had accumulated in the basement of the Ross Department Store ignited and caused an 
explosion that injured 23 people. Fires also broke out along surface cracks and fissures that 
developed nearby. The escaping gas originated from the oilfield lying immediately beneath the 
area and had migrated up along at least two wells and the Third Street Fault that reached surface 
beneath the department store. One of the wells was an old abandoned vertical well, but the 
second was a relatively modern inclined well that was found to have suffered corrosion below 
366 m depth (Chilingar & Endres, 2005). The gas had leaked to the surface via a shallow 
‘collector zone’ at around 15 m and continued to emerge through the pavement and surrounding 
areas and burned for many days after the explosion. High levels of gas were also found at a 
nearby school. 
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A very similar gas leak incident occurred on February 7th 1989 across the street from the 1985 
explosion (Chilingar & Endres, 2005). The causes were found to be old corroded wells, blocked 
ventilation wells and ongoing oil and gas production. Quick actions and safety measures 
prevented a repeat of the 1985 fire and explosion. It is believed that the 1985 and 1989 Fairfax 
gas leaks were the result of waste disposal or secondary recovery operations initiated by pressure 
injection of oilfield wastewater back into the fields (Hamilton & Meehan, 1992). This has led to 
increased pressures, driving the gas out and up old wells with poorly completed or corroding and 
deteriorating steel casings and cements. It is suggested that increased pressures also periodically 
cause migration along the Third Street Fault, further exacerbating the situation (Hamilton & 
Meehan, 1992). 

A further leak and potential major hazard was detected in 1999 at the intersection of Wilshire 
and Curson streets just south of the La Brea Tar Pits, (which are about 1.6 km from the Fairfax 
incidents). Again, it was found that high-density commercial buildings had been developed in an 
area with old abandoned wells, requiring the installation of specialised ventilation equipment to 
prevent the build up and explosion of gas (Chilingar & Endres, 2005). 

Further gas migration problems were identified during the $200-million Belmont High School 
development, in Northwest downtown Los Angeles (Fig. 23b). Conceived in 1985 and dogged 
by trouble and delay, building finally commenced in 1997, but was halted by the discovery of 
high levels of methane in the soil across the site. The gas originated from the underlying Los 
Angeles Oilfield and controversy raged over whether the school could be safely completed or 
not. Geological investigations revealed the presence of a fault below the school site that might 
provide a pathway to the surface and district officials questioned the completion of the project as 
planned. Archival photos of the area circa 1890 show hills blanketed by oil derricks, the majority 
of sites of which are not documented and are now covered by homes, business premises and the 
site of the school (Fig. 23). A decision to cease further building and abandon work on the school 
was taken in January 2000, although pressure remains to recommence work. 

In 2001 operations commenced to inject gas under elevated pressures into the producing 
reservoir of the South Salt Lake Oilfield (Fig. 44) in order to enhance oil recovery. However, in 
January 2003, serious gas leakage problems were discovered near the Fairfax area in the vicinity 
of Allendale and Olympic Boulevard. The gas had been leaking to the surface along abandoned 
and poorly completed wells drilled before official records were kept. Consequently, the existence 
and abandonment status of many of these wells was unknown and high-density housing (largely 
apartment buildings) had been developed over them (Chilingar & Endres, 2005). 

Gas leaks at the Montebello and Playa del Rey oilfields 

The Fairfax and Belmont gas leaks are of particular interest when incidents at the Montebello 
and Playa del Rey (PDR) oilfields gas storage facilities are considered. Again, Montebello and 
PDR represent oilfields with a long history of oil and gas exploration and production, which has 
included the drilling decades ago of hundreds of unregulated (or monitored) operational or 
abandoned oil/gas wells (Fig. 22b&e). Many of these wells were drilled before today’s rigorous 
drilling and completion standards were implemented or applied (Chilingar & Endres, 2005). 

In the case of Montebello, gas had been injected at a depth of around 2286 m and was 
subsequently found to be leaking to the surface along old wells, again, many of which were 
drilled in the 1930s (Chilingar & Endres, 2005). Investigations have revealed that the old well 
casings and cements are unable to cope with the increased pressures, allowing high-pressure gas 
to enter the old wells and migrate to shallower depths but not to the surface (Benson & Hepple, 
2005). The problems encountered meant that the facility was eventually closed in 2003 
(Chilingar & Endres, 2005; EIA, 2006). 

The PDR Oilfield, is developed in the western Los Angeles Basin, about 17.6 km (11 miles) 
west-southwest of downtown Los Angeles, circa five miles south of the Santa Monica Mountains 
and five miles north of Palos Verde Peninsula hills to the south (Fig. 44). The discovery well for 
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the PDR Oilfield was drilled in 1929 by the Ohio Oil Company and by the end of 1930, 141 
wells had been drilled in the area (Barnds, 1968). Fifty more were drilled between 1934 and 
1935, with the result areas became densely covered with oil derricks (Fig. 22b) and the precise 
total of operational or abandoned oil/gas wells across the field being unknown, but somewhere 
between 200 and 300 (Fig. 22e). The PDR Oilfield quickly depleted and in 1942, as part of the 
wartime effort, it was converted for use as a gas storage facility, full-scale operations having 
commenced in June 1943 (Barnds, 1968). PDR continued to be used as a storage facility and 
since 1945 has been operated by Southern California Gas (SoCalGas). The storage field is 
presently operated through 54 directionally drilled wells, of which 25 are injection/withdrawal 
wells used to inject and extract gas, 8 are liquid (primarily water) removal wells, three are lateral 
migration wells to control gas movement, and 18 are observation wells used to monitor pressure 
and liquid saturation. 

The PDR oilfield lies on the western shelf of the Los Angeles Basin (Figs 24&44), between the 
Newport and Inglewood Fault Zone to the east and the Palos Verdes Fault offshore to the west 
(Wright, 1991). Many active faults are known within 80 km (50 miles) of PDR, including the 
Charnock Fault to the east of the oilfield (Biddle, 1991). The PDR Oilfield comprises two 
accumulations separated by a NW-SE trending ridge of basement (Mesozoic - Jurassic?) rocks 
referred to as the Santa Monica or Catalina Schist: a northwestern ‘Ocean Front’ or ‘Venice 
Beach’ accumulation and a southeastern accumulation, known as PDR that extends north of the 
Ballona Creek (Eggleston, 1948; Landes et al., 1960; Barnds, 1968). The Venice section of the 
field produces from the sandstones of the “Reppetto Formation” (Pliocene), and a basal schist 
conglomerate (Topanga Formation) of Miocene age (Fig. 24), plus or minus fractured basement 
(Landes et al., 1960). Production in the PDR area is mainly from the basal zone only at around 
1830 m below ground (SoCal, 2004), but oil has been encountered at higher levels in Lower 
Pliocene deposits (Barnds, 1968). 

Within the oilfield, small scale faulting of the basal schist conglomerate and Puente Formation is 
known (Wright, 1991). More recently, a north-south linear trend (518 m long and 61 m wide) of 
high methane concentrations has led to the suggestion that a downwest fault (the Lincoln 
Boulevard Fault) exists in the potential storage area (Exploration Technologies, 2000). The fault 
has been linked to the substantial leaks of methane from the gas reservoir, which would be 
intersected at around 1830 m and would provide a permeable vertical migration pathway to the 
near surface, where it is trapped in the shallow gravel beds. However, the existence of the fault 
has been questioned (Davis & Namson, 2000). 

The PDR area has been the focus of attention since the 1990s as land in the Venice, Ballona 
Creek and PDR areas, overlying the PDR oilfield is being considered for major urban 
development (e.g. Chilingar & Endres, 2005). The depleted oilfield is one of five gas storage 
facilities within a 64 km (40 mile) radius operated in the Los Angeles region. There are 
numerous documented instances of gas leaking to the surface at PDR, with leaks and surface 
seepage documented in 11 wells in the general PDR and MDR area (SoCal, 2004). Gas is also 
seen bubbling up in waters of the Marina and Ballona Creek/Channel and following heavy rains, 
in standing water (Chilingar & Endres, 2005). Some wells lie in shallow lakes and gas is seen 
bubbling up alongside old well casings (Fig. 22d). Analyses of the gases from the Ballona Creek 
and other leaks indicate that it is seeping up from deep underground.  

The change of land use has inevitably led to problems, with the Playa Del Rey area the centre of 
a major ongoing battle to prevent the development of a large housing project over the oilfield. 
When excavations began for the actual construction of the housing development, it was 
discovered that wells, abandoned as recently as 1993 to make way for the housing development, 
were found to be leaking (Chilingar & Endres, 2005). In each case, homes were constructed over 
the old wells after minimal efforts were taken in an attempt to reseal the wells. There have also 
been efforts to install a membrane in an attempt to stop the migration of gas into buildings. 
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Investigations revealed that gas has leaked from the reservoir, both into the adjoining Venice 
accumulation and also upwards since the earliest days of operation (Reigle, 1953; Chillingar & 
Endres, 2005). In the latter case, the gas migrates to an intermediate sandstone horizon (Pico 
Sand) between 610 m and 915 m below surface (Fig. 22f). From here it finds its way into the “50 
foot gravel zone” (Los Angeles riverbed deposits) via fractures and old abandoned and capped 
wells that have cracked or corroded casings and cements and thence to the surface. Within the 
gravel zone, flow rates may be as high as 20-30 litres per minute (Chillingar & Endres, 2005). 
Estimates for the rate of gas loss due to uncontrolled migration and/or seepage into the 
atmosphere from the Playa del Rey oilfield are put at approximately 2.8 Mcm per year (Tek, 
2001; http://www.saveballona.org/expert.html). 

Opponents to the Playa Vista development have also cited corporate reports from the 1950s, 
indicating that millions of cubic feet of gas had disappeared. Furthermore, the driving of piles for 
some of the larger buildings up to 15 m down through the poorly consolidated river terrace and 
wetland marsh sediments into solid rock could provide more pathways for the migration of gas. 
Opposition groups have, therefore, allude to the Fairfax and Belmont incidents, highlighting the 
problems of gas seepages and perceived danger of explosion, with old wells and possible 
unknown faults in the area, as reason for the abandonment of any further development. 
Consequently, the problems associated with the PDR gas storage facility are not so much with 
previous high profile leaks and explosive incidents at the site, but with potential disasters. The 
Playa Vista development and associated problems clearly highlight the difficulties encountered 
with urban encroachment into areas historically reserved for oil and gas field operations, not just 
within the Los Angeles Basin, but anywhere with historical oil production (Chilingar & Endres, 
2005). 

Playa del Rey gas storage incident 

There is one documented incident of a rapid escape of stored natural gas at the SoCal storage 
complex in PDR. This occurred at about 6:10 am on the morning of 2nd April 2003, when a 
mechanical valve failure led to a 25-minute venting of gas mixed with some accumulated oil, 
that left cars, streets and homes coated with a brown residue (Peterson & Marquez, 2003; 
http://www.saveballona.org/gasoilmist.html). Local residents described a loud rushing noise and 
a geyser rising up to 30 m into the air. SoCalGas described the incident as the first of its kind in 
the 60-year operating history and resulted from the triggering of a safety mechanism that vented 
gas following the breakdown of a compressor. 

East Whittier Gas Storage Facility, California 

The East Whittier oilfield, lying to the ESE of the Montebello Oilfield in eastern California (Fig. 
44) was discovered in 1917 and converted to a gas storage facility in 1952. The facility was 
operated by SoCalGas, with additional wells drilled and operated for the purpose of gas storage 
and withdrawal. Although no surface leaks were reported for the East Whittier facility, it was 
found during the 1970s that the storage gas had migrated out of the original storage area within 
the SoCalGas lease area, into an adjoining lease and was being produced and sold by another 
company (Benson & Hepple, 2005). The injection of gas ceased in about 1986, with gas 
injection facilities dismantled and removed from the site in 1992. SoCalGas continued 
withdrawal of gas until final closure and abandonment of the site accompanied closure of their 
Montebello storage facility in 2003 (Benson & Hepple, 2005; EIA, 2006). 

El Segundo, California 

The El Segundo Oilfield, located southwest of Los Angeles, represents a faulted anticlinal trap, 
with two distinct accumulations separated by a northwest trending zone of faulting (Eggleston, 
1948; Landes et al, 1960; Khilyuk et al., 2000). The first well was drilled to the east of the 
faulted fracture zone in 1935 and produced oil from the Miocene Basal Schist Conglomerate 
(refer Fig. 24) at a depth of around 915 m (Khilyuk et al., 2000). Production from the western 
part of the field began in 1937 from fractured Basement Schist at around 2210 m (Landes et al., 
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1960). Sixty-six wells were drilled in the development of the El Segundo field with a wide 
variation in production from adjacent wells (Eggleston, 1948; Landes et al, 1960). 

In the early 1970s, gas was stored in the depleted oilfield, however, gas detected in a nearby 
housing development that was under construction indicated that the gas had migrated out of the 
reservoir. Construction was halted and a passive venting scheme was installed in an attempt to 
prevent the dangerous build-up of gases and a decision taken to close the storage facility 
(Khilyuk et al., 2000). 

Castaic Hills and Honor Rancho oilfields, California 

The Castaic Hills and Honor Rancho oilfields are two of a cluster of oilfields located to the east 
of Ventura in Los Angeles County, California. Both are depleted oilfields that were converted to 
gas storage fields and are operated currently by SoCalGas (Figs 22c&45). It is noteworthy that 
several hundred exploratory and development wells have been drilled in the Honor Rancho field, 
adjacent oil fields and the surrounding area (Davis & Namson, 2004). 

The Castaic Hills and Honor Rancho gas storage fields are located in the eastern portion of the 
Ventura basin; a highly deformed Tertiary age marine basin within the Transverse Ranges of 
southern California (Davis & Namson, 2004). The major through going San Gabriel fault is 
present circa 1 km to the northeast of the storage field, separating the mostly marine eastern 
Ventura Basin on the west from the mostly nonmarine Soledad Basin to the east. The deepest 
part of the eastern Ventura basin occurs just west of the storage field. Nonmarine Saugus 
Formation (Quaternary age) crop out at surface. To the SW, lie the Castaic Junction and Newhall 
Potrero oil fields, traps for which are late Pliocene and Quaternary anticlines along the southwest 
margin of the eastern Ventura basin. 

The Honor Rancho Storage Field, located in Valencia, near the intersection of Interstate 
Highway 5 and State Highway 126 in the northwest part of Los Angeles County (Fig. 45a), was 
known as the Southeast Area of the Honor Rancho Oil Field (Davis & Namson, 2000). The field 
was discovered by ChevronTexaco in May 1956, when oil and gas was encountered in a series of 
sandstones (including the Wayside 13 sand) at depth of approximately 2.5-3 km below ground 
level (Fig. 45b). The Wayside 13 sand is the basal unit of a sequence of deepwater shale and 
turbidite sands forming the shale dominated upper Miocene to lower Pliocene Towsley 
Formation (Davis & Namson, 2004). The up-dip seal is provided by a down-to-the-north 
syndepositional normal fault (active during Towsley deposition), with the Towsley Formation 
faulted against the Wayside 13 sand. However, the nature and exact location of the east and west 
lateral seals are less well known. Initial reservoir pressures were 4411 psig. Between 1956 and 
1975, ChevronTexaco drilled 23 further wells on the field. Structurally, the field lies in the 
footwall block of the east-west trending Honor Rancho thrust of late Pliocene and Quaternary 
age and is underlain by a further concealed reverse fault (F-1), from which the Honor Rancho 
structure arises (Davis & Namson, 2004). The Honor Rancho thrust fault and F-1 reverse fault 
intersect the San Gabriel fault just to the east of the storage field and probably continue 
westward as blind faults beneath the north side of the Ventura basin to connect with the San 
Cayetano fault system. 

In 1975, SoCalGas acquired the Southeast Area of the Honor Rancho Oil Field from 
ChevronTexaco and converted the field for gas storage in the Wayside 13 sand. It was renamed 
the Honor Rancho Storage Field with 38 wells presently completed to the storage zone: 23 
combination injection-withdrawal wells, 8 withdrawal-only wells and 7 oil wells equipped with 
gas lift (the WEZU-13A is completed outside the storage zone, and WEZU-C4 is currently 
plugged-back and idle; Davis & Namson, 2004). All of the wells acquired from ChevronTexaco 
were reworked and 17 combination injection-withdrawal wells were drilled by SoCalGas. Each 
well is equipped with a wellhead safety shutdown system and lateral pipework that can be used 
to kill the well remotely. 
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The Castaic Hills Oilfield lies just to the west of the Honor Rancho Oilfield, having similar 
structural position and reservoir characteristics. After depletion, it was used for gas injection. 
However, production of gas from the Honor Rancho and Tapia fields with similar chemistry to 
that of the injected gas at Castaic, indicated that gas was migrating out of the storage reservoir 
and eastwards into producing reservoirs of the Honor Rancho and Tapia fields at shallower 
depths (refer Fig. 45). Dying oak trees along the surface trace of faults indicated that gas was 
then migrating to surface via faults (Khilyuk et al., 2000). There are no reports found of any 
adverse impact on humans thus far. 

McDonald Island, Stockton, San Joaquin County, California 

The McDonald Island gas storage facility is a depleted gasfield operated by Pacific Gas and 
Electric (PG&E) some 360 miles north of the Los Angeles storage sites described above (Fig. 
22c). The facility is the largest of PG&E’s underground gas storage fields, providing 
approximately 25% of available gas supply during cold winter weather in the PG&E service area 
(Menconi & Sanders, 2006). Onsite there are above ground gas processing, compression and 
metering facilities used during the injection and withdrawal of gas from the gas storage facility. 

Discovered in 1936 by the Standard Oil Company, the McDonald Island Gasfield produced gas 
from an early Eocene (Cainozoic) sand, the top of which was at 1670 m below ground level 
(Lee, 1968). The field is a relatively simple NNW-trending faulted anticline and initial wellhead 
pressures were 2,086 psig. Five further wells were drilled and the field produced from 1937 to 
February 1958, by which time the pressure had declined to 450 psig. Thereafter, five further 
wells were drilled and the field was converted to gas storage purposes, with the field rights 
transferred to PG&E on December 11th 1958 (Lee, 1968). The field is currently operational with 
a storage capacity of around 3.34 Bcm (Habel, 2005). 

Reports are limited, but there have been two cases of explosions and fire at the facility. The first 
incident occurred in 1974 with the resultant fire consuming an estimated 0.42 Mcm of natural 
gas over a 19-day period (San Joaquin County, 1992).  

The second explosion occurred on 1st October 1993 and was heard up to twenty miles away. The 
incident resulted from an explosion in a moisture extractor, where natural gas is processed prior 
to injection and after withdrawal from storage. Debris from the incident was thrown up to one-
mile and caused damage to property, cars and boats over that distance (Delta Protection 
Commission, 1997). The incident resulted in a 40% production loss and caused site damage of 
US$2 million and third party damage of US$50,000. The ensuing fires were extinguished by the 
facility's automated fire-extinguishing system. 

Search for oil at UGS facility, southern Illinois (USA) 

Sketchy court reports exist of an explosion and fire that occurred on February 7th, 1997, at an oil 
well drilling site located over an underground gas storage field in southern Illinois. According to 
the plaintiffs in a court case, Petco Petroleum Company (Petco) began drilling Orville Mills Well 
No. 6 well site (owned by the defendant Bergman Petroleum) in the search for oil. The claim was 
that no inspection was carried out at the well site before drilling began to ensure site safety. Later 
inspections revealed that the well was unsafe, but the drilling was not stopped. Natural gas 
migrated through the sandstone in the area, and on February 7, 1997, gas erupted from the well, 
resulting in an explosion and fire. The three employee plaintiffs were all injured in the explosion 
and they argued that the explosion occurred because the defendants: 

• failed to follow applicable safety regulations 

• failed to have a working blowout preventer at the site to seal the well 

• failed to correct unsafe drilling practices at the site 

• directed Petco employees to continue drilling in spite of a known and imminently 
dangerous situation. 
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The case was dismissed as the plaintiffs did not allege facts sufficient to raise a duty on the part 
of defendants to keep the job site safe and show sufficient violation of that duty. 

Epps Gasfield, Louisiana, USA 

The Epps Gas Storage Facility, operated by Trunkline Gas Company, is a converted gas field 
located in what were originally defined as two different fields; Epps and South Epps in the East 
and West Carroll Parishes of northeastern Louisiana (Coleman, 1992). The Epps Gas Field was 
discovered in 1928 and between 1928 and 1973, produced gas from the Monroe Gas Rock at a 
depth of approximately 700 m. The Monroe Gas Rock (MGR) in northeastern Louisiana 
represents the last stage of Mesozoic carbonate platform development in the north-central Gulf 
province (Washington, 2006). Another gas field, also producing from the Monroe Gas Rock, was 
discovered southwest of the original field in 1954. This field, known as South Epps, produced 
until 1972 Depletion of both fields led to gas production ceasing in 1973, when Trunkline Gas 
Company converted both fields to gas storage facilities. Injection of storage gas commenced in 
1979 and between 1984 and 1987, 11 production wells were drilled in the west that by 1989 had 
produced over 56.6 Mcm of gas.  

However, geochemical fingerprinting of the gases in the field(s) demonstrated that chemical and 
isotopic composition of the gas in some of the western wells had, over time, changed from that 
of native gas to that of storage gas. This meant that a majority of the gas produced in the western 
area was not native gas, but storage gas, which had migrated into the western area (Coleman, 
1992). Following further studies in 1990, the boundaries of the storage area were redefined to 
include these producing wells and thus protect the integrity of the storage project. The facility 
remains operational (EIA, 2006). 

Rough Gasfield, southern North Sea, UK Sector 

On the 16th February 2006, an explosion followed by the outbreak of fire occurred on the Bravo 
3B platform of the Rough gas storage facility in the southern North Sea (Centrica, 2006). The 
storage facility is about 31km (20 miles) off Withernsea on the East Yorkshire coast and was 
originally developed in October 1975, as the Rough Gasfield, to produce natural gas from the 
Permian Rotleigend sandstone reservoir at around 2750 m below the seabed. 

The explosion occurred at approximately 10.30 in the morning, which led to the evacuation of 31 
of the workers, including two who suffered burns and smoke inhalation and were treated in 
hospital. Twenty-five essential staff remained on the platform, whilst the fire was put out. 
Production on both the Bravo and Alpha platforms was halted whilst the Bravo platform was 
depressurised and made operationally safe. The shutdown caused wholesale prices to rise by 
40%, however, these quickly fell back again as more details emerged. The incident is under 
investigation by the HSE and HSL, with final details of the cause of the explosion and fire yet to 
be released. However, the HSE released a safety alert in May 2006 (HSE, 2006) advising the 
incident leading to the explosion involved the catastrophic failure of a shell and tube heat 
exchanger (cooler unit) seemingly in close operation with one of the four glycol dehydration 
units (refer Centrica, 2006). 

Fort Morgan, Morgan County, Colorado, USA 

Colorado Interstate Gas Company (CIG), part of El Paso Corporation and operators of the Fort 
Morgan Storage Field in Morgan County, Colorado, announced that a well leak had occurred at 
its storage facility on Sunday 22nd October 2006. It led to a partial shutdown of operations, 
pending further investigations. The plant was shut down for a week after the leak, but was back 
online by the 9th November (State of Colorado, 2006; http://tonto.eia.doe.gov/oog/info/ngw/ 
ngupdate.asp).  

The field, one of five in the Rocky Mountain division, covers an area of around 3,220 acres 
(1303 ha) and was originally discovered in 1954. In 1966, following 10-12 years of production, 
it was converted for storage purposes, with 34 wells used to store almost 424.8 Mcm of natural 
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gas. The gas storage field plays an important role supplying homes, schools, businesses, 
hospitals and power plants with natural gas in both Fort Morgan and along the Front Range. 

Reports that water and gas were bubbling to the surface were received by both CIG and El Paso 
at about 12:30 pm on October 22nd 2006. Surrounding roads were immediately closed, with 
investigations into the leak beginning early on October 23rd, with a systematic testing of wells to 
determine where the gas was leaking. Methane was leaking into an aquifer and it was feared that 
it could enter houses with well water and find an ignition source. Thirteen families in houses 
using water wells within a 1600 m radius of the leak were evacuated and put into local motel 
accommodation. By the following Thursday, residents of all but the two houses closest to the 
well were allowed back into their homes, with the two remaining families still in motels on 9th 
November. 

Initial investigations revealed that the source of the leak was at a depth of about 1600 m in well 
No. 26, located in the middle of the field. The leaking gas migrated up the well and vented to the 
surface, via an intermediate level, in two general areas to the southwest and southeast of the 
plant. Following the leak, well pressures were monitored twice a day, results of which indicated 
no other well leaks. Currently no information is available as to how the leak was plugged. 

Breitbrunn/Eggstatt, Bavaria, Germany 

The Breitbrunn/Eggstatt Gasfield in Bavaria, Germany, was discovered in 1975 and produced 
from four sandstone reservoirs via four vertical wells. Production ceased in 1993 following 
which, the uppermost reservoir was converted to gas storage with the drilling of 6 horizontal 
wells that together, doubled the storage capacity to 1.085 Bcm [38.3 Bcf] (Bary et al., 2002; 
Rohler et al., 2004). Two deeper reservoirs were ultimately converted for gas storage to increase 
storage capacity as gas demand grew during the winter months. 

During 2003, an anomalous pressure was noted in the Breitbrun 21 gas storage well that 
indicated a leak in the borehole completion (Überer et al., 2004).  In order to investigate and 
locate the potential leakage point, fibre optic temperature measurements were performed in June 
and October 2003. These measurements showed a significant temperature anomaly at a depth of 
586 m, which was caused by a leak in the borehole string. According to the tubing list a pipe 
joint is located at this depth (Überer et al., 2004). The leak was repaired using a sealing sleeve, 
demonstrating a process that offers potential for companies operating gas and gas storage wells 
elsewhere. 

 

Bammel Oilfield, Texas (USA) and Hatfield Moors Gasfield, South Yorkshire (UK) 

Although not strictly gas storage incidents, the Bammel Oilfield (Texas) and Hatfield Moors 
Gasfield (South Yorkshire) provide examples of major well blowouts at operating fields that 
have subsequently been converted to successful gas storage facilities. 

Between 1942 and 1945 a spectacular blowout occurred from a casing leak in an oil and gas well 
at the Bammel Field, Harris County, Texas. In the mid 1960s after depletion of the oil and gas 
reserves, the Bammel Field, which lies to the NW of Houston, was converted to an underground 
natural gas storage field. It presently represents one of the largest underground reservoir storage 
fields in North America, being strategically located on the HPL system in Houston in close 
proximity to the Katy Hub. As a result of the leak, the surrounding fresh water aquifers were 
badly polluted by oil and gas from the well. The incident served as a scapegoat for most of the 
reported cases of petroleum contamination in water wells in northern Harris County (LeBlanc & 
Jones, 2004). 

The Hatfield Moors Gasfield was discovered accidentally in December 1981 when drilling the 
Hatfield Moors No.1 exploration well. The hole had reached a depth of 424 m (1587 feet) in the 
Westphalian B Oaks Rock sandstone formation, when during operations to change a drill bit, 
there was a major gas escape that ignited. There were no casualties, but the ensuing blaze 



  183

destroyed the drilling rig, and the fire was not brought completely under control until 38 days 
after the initial explosion, by which time around 28.3 Mcm of gas had been consumed in the fire 
(Ward et al., 2003). Gas had not previously been known in the Oaks Rock in the many coal and 
several oil boreholes that had already penetrated this shallow formation in this area. Hatfield 
Moors was successfully developed and produced gas for a number of years before being 
converted to a gas storage facility in 2000 (Ward et al., 2003). 

Gas storage well damaged during earthquake and drilling activities 
A specialist drilling firm, Vector Magnetics (http://www.vectormagnetics.com/casehistories.pdf), 
record instances of damage to gas storage wells in Southern California that required correction 
by sidetracked wells. Unfortunately, the precise locations of the incidents have not been 
ascertained, but they are noteworthy as having been associated with UGS. 

The first instance involves a directionally drilled gas storage well in which collapse of casing and 
tubing across a sand/shale boundary below circa 2135 m had been caused by an earthquake (Fig. 
46a&b). Safe abandonment of the well following retrieval of the pipe string and cementation was 
achieved by sidetracking out of the well and re-entering below the collapsed section of well.  

The second instance of damage to a gas storage well occurred during work to repair a casing 
shoe leak when a gas utility inadvertently sidetracked out of the 5½ inch casing of a gas 
injection/withdrawal well (Fig. 46c). The damage to the well servicing a gas storage reservoir at 
around 3100 m, occurred at a depth of 2255 m. A number of attempts to re-enter the casing 
proved unsuccessful. The problem was rectified by a sidetracked well out of the original casing 
at around 730 m, drilled to intersect the 5½ inch casing at 3021 m. The operation then required 
milling of the well casing and cementing a nine metre section for abandonment, above the level 
of re-entry, with the newly deviated well completed as the replacement well (Fig. 46c). 

The third instance of damage and repair to a gas storage well, again involved a gas utility 
inadvertently sidetracking through the corroded casing of the storage well that was servicing a 
reservoir at around 2470 m. In this case, the initial damage occurred at circa 1250 m during 
routine work-over and casing patch operations (Fig. 46d). Subsequent attempts to re-enter the 
casing only deepened the sidetrack and resulted in the loss of a drill collar fish tool. The old well 
casing was by-passed by directional drilling of a new well that re-entered at around 1335 m, 
following which the old well could be safely plugged and abandoned. 
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Appendix 6 Risk Assessment - considerations 

WELL PROBLEMS 
In general, well problems will primarily involve the following: 

o breaks/faults in the casing, joints or defective or poor quality cementing of 
casings, leading to 

 leakage through new or ageing injection well completions 

 leakage up abandoned wells 

o presence of unknown wells arising from inadequate site characterization 

o during re-entry to, or repair and maintenance work on wells 

o Inconsistent or inadequate monitoring of injection wells, groundwater in 
overlying formations and leakage from abandoned wells. 

o Leakage due to inadequate cap rock characterization 

o The facility operating at pressures higher than the rock units have previously 
experienced. In the UK, depleted oil and gasfields, would not normally be 
operated at pressures above the original reservoir pressure (BS 1998a). Elsewhere 
one of the main risks and causes of leakage is due to operation of underground 
aquifer and salt cavern gas storage facilities at pressures greater than the rock has 
previously experienced (overpressures or ‘delta’ pressures). This is related to 
maximising the working gas volume and to attaining higher delivery rates as well 
as achieving a greater return on investment. 

o Inaccurate inventories of stored or injected product 

Risk Assessment – failure mechanisms relating to geology 

With reference to geological matters, the following would probably be of immediate relevance in 
the UK context (many such failure mechanisms, outlined for salt caverns but not specific to salt, 
would also be relevant to the assessment of pore storage options): 

SALT CAVERNS 

Three principle factors contribute to the breaching and collapse of solution mined salt caverns 
(cavities): 

• salt creep 

• uncontrolled leaching 

• presence of anomalous zones in what had been assumed to be homogenous salt – 
including non-halite interbeds 

 

Salt cavern release scenarios, include: 

o use of old brine cavities for gas storage (NE England, Cheshire) 

 not designed for storage 
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 uncontrolled leaching/brining 

• often a lack of roof salt and/or unstable roof – potentia for collapse 

• cavern enlargement – breakthroughs, caverns coalesce 

• cavern and well seal – see below 

 no monitoring of abandoned caverns for subsidence or cavern shape 

o inadvertent intrusion - new wells, not necessarily associated with the storage 
scheme 

 could lead to unexpected, sudden release of product 

 introduced fluids 

• drilling fluids  

o not suitable for salt 

o less saline water – brining possible 

• groundwaters – if well has not been properly cased etc. 

o inadvertent intrusion – unknown or poorly sited/located old existing wells, not 
associated with the storage scheme, intersected by developing cavern 

o inadvertent over enlargement of the cavern by brining (uncontrolled brining) 

 during construction – can be monitored  

 during operation – if brine compensation mode is used for cycling product 
(undersaturated brine pumped in can dissolve salt, enlarging the cavern – 
American usage/incidents) 

o development of solution channels between 

 wells 

• brining wells (during cavern construction) 

• injection wells – most likely when operating in brine compensated 
mode 

 caverns 

• pre-existing – due to uncontrolled leaching 

o at time of original brining 

o during storage operations when using brine compensated 
mode 

• developing caverns 

o unidentified geological boundary (?fault/fracture) 

o more soluble (e.g. potash) horizons 

• during gas storage – when operated in brine compensated mode 

o inadvertent over-pressurisation of the storage facility 

 not knowing volume of injected gas 

• initially 

• during injection 
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 equipment failure 

• valves 

• pipework 

• meters 

• compressors 

• safety monitoring systems 

 leads to fracturing of rock 

• salt 

• more competent interbeds 

 escape of product 

o inadvertent de-pressurisation below minimum operating pressures 

 during operations 

 during maintenance 

 equipment failure (representative major accident scenarios need to be 
addressed in the COMAH Safety Report) 

• wells 

o casing – corrosion/fractures/holes 

o cements 

• valves 

• flanges 

• pipework 

o corrosion 

o inadvertent damage 

• meters 

 escape of product 

 damage to  

• cavern walls – microfracturing and spalling of walls 

• cavern roof 

• well seal at top of cavern 

o failure of the cavern seal or existing/new well completions 

 failure of the cavern seal 

• caused during brining operations – well shoe and casing 

• after cavern commissioned 

o increased pressure from salt creep (and temperature) 

o lowering of cavern pressure 

 damage to  
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• cavern walls – microfracturing and spalling 
of walls 

• cavern roof 

o well seal at top of cavern 

o too low an operating pressure 

 damage to  

• cavern walls – microfracturing and spalling 
of walls 

• cavern roof 

o too great a depth (>2000m?) 

 unstable caverns 

 increased creep 

 increased volume loss/decrease 

 failure of the well completion(s) 

• between cement and formation/borehole sidewall (rock) 

• between cement & casing 

o outer cement fill 

o well plug 

• through casing 

o fracture/damage 

o corrosion 

• through fractures in outer cement 

• through cement plug 

o deterioration 

o fractures 

o diffusion 

• due to damage during maintenance and repair - redrilling 

o Development of ledges/benches within the cavern during brining and cavern 
construction process  

 Caused by presence of thicker non-halite beds in the bedded salt sequence 

• results from poor initial characterization of the salt sequence 
and/or brining process 

 leads to ‘compartmentalisation’ of the cavern 

• cavern performance not as predicted/anticipated  

 could lead to collapse of shelves/benches formed by thicker non salt 
interbeds, leading to damage to 

• cavern floor  

• cavern walls 
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• well string, causing 

o damage to injection/withdrawal wells 

o failure of the cavern seal 

• unforeseen change in the dynamics and operation of the cavern 

o Development of ‘anomalous zones’ in salt (Warren 2006) 

 Unexpected zones/regions of highly soluble salts (e.g. potash salts) 

 Zones of much older natural leaching (eg ‘black salt’) could contain 

• pressurised brine or  

• gas (methane or nitrogen) 

 present the same problems in operational salt mines 

o diffusion 

 interbeds 

 cement 

• well plug 

• borehole – cement boundary 

• borehole wall – cement boundary 

o release of material/gas through  

 cracks,  

 leaky interbeds,  

 nonhomogeneous zones of higher impermeability  

 along fault planes 

• known 

• unknown 

o dissolution of the roof/walls of the cavern due to groundwater ingress 

 wet rockhead conditions 

 through other means – ingress ie at deeper levels 

• along leaky interbeds 

o distant new/old wells intersecting nonhomogeneous zones 
of higher permeability at shallower levels 

o fractures 

• new/old wells intersecting the salt body elsewhere 

o leakge pathway 

o causing solution channels and pathways (e.g. Myers et al., 
1972) 

o geochemical  

 groundwater ingress  

• water into gypsum/anhydrite bearing rock 
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• water into salt beds 

 geochemical alteration  

• gypsum-anhydrite  

o input or removal of water to the system 

o Volume change effects – cracks etc to associated interbeds? 

 interaction of pressured (dry) gas with  

• cavern wall beds 

o salt 

o other evaporites 

o non salt interbeds – drying effects (cracks) 

o caverns connect with other large voids 

 other brine caverns (known or unknown) too close and when 

•  operating pressures to high 

• Operating in brine compensated mode, leading to further solution 
of the cavern walls and hence intervening salt wall failure 

 pre-existing salt mine areas - known or unknown/long forgotten, i.e. old 
workings, the full extent of which are not known or were never accurately 
recorded 

 old collapsed brine caverns (e.g. Preesall) 

 pockets of gas in the salt body during 

• operation in brine compensated mode – injected brine causes 
further unnoticed dissolution of the salt beds 

• during cavern formation – unexpected, potential damage to 

o cavern walls/roof 

o hanging pipestring 

o partial cavern roof/wall falls – various causes 

 poorly constructed 

• too little roof salt thickness left 

• too wide a cavern – unsupported roof 

• operating pressure too low 

o microfractures and spalling of cavern walls 

o simple collapse 

o fault development 

o reactivation of a fault in the cap rock 

 hydraulically induced 

 injection cycling – expansion/contraction 

 geochemical alteration (gypsum-anhydrite) 
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 gas drying out rock – less likely due to the roof salt, unless it is 
breached/too thin 

o precipitation of cementing materials/bacterialogical activity 

 inside well 

 changes to operation characteristics of injection/withdrawal wells – leads 
to change operating conditions without appropriate precautions/research 
into effects 

Pore storage (depleted oil/gasfield) release scenarios. Will include many of the anticipated  
scenarios detailed for cavern storage but would also include others, such as: 

o Macroseepage mechanisms 

 failure of the old exploration, development and producing well 
completion(s) 

• between cement and formation/borehole sidewall (rock) 

• between cement & casing 

o outer cement fill 

o well plug 

• through casing 

o fracture/damage 

o corrosion 

• through fractures in outer cement 

• through cement plug 

o fractures 

o diffusion 

• due to damage during maintenance and repair – redrilling of wells 

o release of material/gas through leaky interbeds, or nonhomogeneous zones of 
higher impermeability such as along fault planes 

o inadvertent over pressurisation of the storage facility 

o failure of the caprock 

 membrane seals 

 hydraulic seals 

 geochemical alteration  

• gypsum-anhydrite  

o input or removal of water to the system 

o Volume change effects – cracks etc to associated interbeds? 

• gas does not generally react chemically with the reservoir or cap 
rock 

• H2S – reaction with cement in well completions, both 

o Abandoned wells 
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o Working wells 

 injected gas drying out shale caprock 

o reactivation of a fault in the cap rock 

 hydraulically induced 

 injection cycling – expansion/contraction of the storage unit 

 geochemical alteration – volume changes (gypsum-anhydrite??) 

 gas drying out rock 

o diffusion 

 caprock 

 cement  

• well plug 

• borehole – cement boundary 

• borehole wall – cement boundary 

o naturally over pressured layers (rare onshore) 

o damage to reservoir formation 

 mechanical - rock structure 

 precipitation of cementing materials/bacterialogical activity 

• closes pore spaces and reduces permeabilities 

• reservoir performance changes around injection/withdrawal wells 
– leads to change in the operating conditions without appropriate 
precautions/research into effects 

o overfilling (inadvertent)  

 migration away from injection footprint 

• stays in same structure 

• leaks out 

o into adjacent structure (spill point) 

o or out of the structure via 

 faults 

 wells 

 through caprock if overfilling causes overpressuring 

 diffusion – lateral perhaps due to overpressuring 
driving migration 

• not having fully characterized the storage structure 

o faulting 

o spill point not accurately defined 

• not knowing the volume of gas injected 

o failure of the caprock 

 membrane seals 
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 hydraulic seals 

 geochemical alteration (e.g. gypsum-anhydrite transition, rock alteration 
due to interaction with injected gases) 

 gas drying out rock – fracturing/cracking 

o reactivation of a fault in the cap rock 

 hydraulically induced 

 injection cycling – expansion/contraction 

 geochemical alteration (gypsum-anhydrite??) 

 gas drying out rock 

• knowledge, consideration and modeling of the drive mechanism during production and 
effects on gas injection pressures and reservoir rock – potential for fracturing 

o gasfields 

 depletion drive 

 water drive – may result in higher injection pressures 

 combination – may result in higher injection pressures 

o oilfields 

 depletion drive 

 water drive – may result in higher injection pressures 

 combination – may result in higher injection pressures 

 residual oil in pore spaces – may result in higher injection pressures than 
for residual gas in pores for gasfields 

Pore storage (aquifer) release scenarios 
Aquifers have not previously having held commercial volumes of hydrocarbons and are 
therefore ‘untested’. When compared to converting oil/gasfiels to gas storage, aquifer storage 
includes a number of unknowns that would require adequate research if such facilities are to be 
considered in the future. They are not likely to be high on the UK ‘agenda’ due to increased costs 
that include determining these uncertainties over the formation and structure. Potential additional 
risks would incude: 

o overpressuring of the aquifer and seal – gas injection requires higher pressures 
than original in reservoir and 

 to have to displace water from pores 

 area has not previously held hydrocarbons 

 seal has not had to deal with such pressures 

o inadvertent over pressurisation of the storage facility 

 damage to seal 

 damage to reservoir 

o overfilling (inadvertent)  

 migration away from injection footprint 

• stays in same structure 
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• leaks out 

o into adjacent structure (spill point) 

o or out of the structure via 

 faults 

 wells 

 through caprock if overfilling causes overpressuring 

 diffusion – lateral due to structure not having been 
accurately defined 

• not having fully characterized the structure 

o faulting 

o spill point not accurately defined 

• not knowing the volume of gas injected 

o failure of the caprock 

 membrane seals 

 hydraulic seals 

 geochemical alteration (e.g. gypsum-anhydrite transition, rock alteration 
due to interaction with injected gases) 

 gas drying out rock – leading to fracturing/cracking and potential 
pathways 

o reactivation of a fault in the cap rock 

 hydraulically induced 

 injection cycling – expansion/contraction 

 geochemical alteration (gypsum-anhydrite??) 

 gas drying out rock 

o naturally over pressured layers (rare or absent onshore) 
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Appendix 7 Risk Assessment - parameters for 
consideration in risk analysis/assessment of UK scenarios 
The following represent the general parameters considered during the assessment of potential 
leakage routes and the construction of modles for the calculation of gas release and flux rates 
undertaken by Quintessa (Watson et al., 2007). 

 

Depleted oil & gasfields 

East Midlands 
General geological sequence in areas of main potential: 

4 Scenarios: 
General dip – gently to east 

1. Overlain by Chalk (Saltfleetby scenario – Fig. 47) 
• Upper Cretaceous Chalk – 0-550 m (> 550 m at Saltfleetby) 
• Lower Cretaceous lsts, clays and ssts – c. 35-45 m  
• Upper Jurassic 

i. Ancholme Clay Group – Kimmeridge Clay, Oxford Clay & Kellaways 
Beds + West Walton Beds (shelly siltstone) – mainly calcareous and silty 
mudstones – 75-245 m thick 

ii. Redbourne Group – Cornbrash (thin = c. 5 m thick) 
• Middle Jurassic – 48-58 m thick 

i. Redbourne Group – including Great Oolite and Inferior Oolite 
1. mainly limestones and sandstones, including Great Oolite and 

Inferior Oolite – nearest crop c. 34 km up-dip to west 
2. Lincs Limestone – nearest crop c. 41-41.5 km up-dip to west 

a. Top c. 25 m oolite 
• Lower Jurassic – Lias Group – 130-215m thick 

i. Mainly mudstones, some ironstones 
• Penarth Group – c. 12-15 m thick 

i. Mudstones, and interbedded shales and limestones 
• Mercia Mudstone Group – c. 250-300 m thick 

i. Mainly mudstones 
ii. Sitltones and fine-grained sandstones in part 

iii. Evaporitic in parts 
• Sherwood Sandstone Group – 300-450 m thick 

i. Reddish brown sandstones 
• Permian – 215-590 m series of interbedded limestone, mudstone and evaporites 

i. Staintondale & Eskdale groups – 36-98 m 
1. 4-11 m evaporites including anhydrite 

ii. Teesside Group – 43-91 m 
1. Boulby Halite (host salt for caverns on Teesside, NE England) – 0-

25 m 
2. Billingham Anhydrite – 3-6 m  
3. Brotherton Formation (‘Upper Magnesian Limestone’) 40-60 m 
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iii. Aislaby Group – 55-160 m  
1. Fordon Evaporites (host salt for caverns at Atwick/Hornsea, NE 

England) – 10-90 m 
2. Kirkham Abbey Formation 60-70 m 

iv. Don Group – 80-220, but may reach up to 270 m in east 
1. Hayton Anhydrite 65-150 m, thinning southwestwards 
2. Cadeby Formation 8-15 m 
3. Marl Slate 2-3 m 

v. Basal Permian sands – 10-40 m 
• Carboniferous - > 740 m 

i. Coal Measures – 495-740 m 
1. Upper Coal Measures – 0-175 m thick 
2. Middle Coal Measures – 275-330 m thick 
3. Lower Coal Measures – 220-236 m 

ii. Millstone Grit (Namurian) – up to 247 m proved (c. 25 m at Saltfleetby) 
iii. Dinantian – limestones >10 m 

• Faulting 
i. Some at reservoir level and Westphalian and pre Upper Magnesian 

Limestone (Permian) 
1. up to 100m displacement 
2. 20-60 m average displacement 

ii. Minor in overburden (below seismic resolution) and not penetrating to 
reservoir level 

iii. None to surface (none mapped and/or below seismic/mapping resolution) 
• Main gas storage reservoir – late Westphalian B ‘Oaks Rock Sandstone’ at c. 425 

m below Ordance Datum (OD) in crest of anticlinal trap 
i. Area of gasfield = 2857 acres 

ii. 7.6-27.4 m thick  
iii. Porosity – 9.5-12.5% 
iv. Permeability – 1-10 mD 
v. Original reservoir pressure – c. 3566 psig (24.6 MPa or 246 bar) 

• Borehole density – 18 exploration/development wells to the reservoir horizon, 
including horizontal wells 

i. 11 km square – circa 642 
1. 67 greater than 50 m 
2. 24 greater than 100 m 
3. 574 less than 50 m 
4. 618 less than 100 m 

ii. 3 km buffer – circa 482 boreholes in 81 km2 
1. 44 greater than 50 m 
2. 23 greater than 100 m 
3. 400 less than 50 m 
4. 458 less than 100 m 

iii. 1 km buffer – 206 boreholes in 42 km2 
1. 23 greater than 50 m 
2. 19 greater than 100 m 
3. 183 less than 50 m 
4. 187 less than 100 m 

• Series of basal Westphalian channel sands 
i. Deposited in a major fluvio-deltaic system across much of northern 

England, giving general ascending sequence 
1. Pro-delta submarine fans – isolated sandstone bodies within 

mudstone dominated sequences 
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2. Delta front deposits – feeder channels to the submarine fans 
3. Lower delta plain channels -  
4. Upper delta plain  

• Fields within 3 km – 1 (Keddington Oilfield) 
• Nearest major town/city – Louth c. 6.5 kms to WSW, Grimsby c. 18 kms to NNW 

 

2. Chalk absent at crop (Welton scenario – Fig. 48) – Jurassic or Triassic 
• General dip - gently dip to east 
• Jurassic (at crop) 

i. Upper Jurassic  
1. Ancholme Clay Group – 

a. Oxford Clay – thin or absent 
b. Kellaways Formation – c. 16 m thick 

2. Redbourne Group - Cornbrash (limestone – thin c. 5 m thick) 
ii. Middle Jurassic 

1. Redbourne Group - including Great Oolite and Inferior Oolite 
a. Blisworth Clay – c. 7 m thick 
b. Blisworth Limestone – 8-9 m thick 
c. Rutland Formation (Upper Estuarine Series) – 6 m thick  
d. Lincs Limestone Formation – c. 50 m – nearest crop c. 6.8 

km to west 
e. Top 25 m oolite 

iii. Lower Jurassic – Lias Group – 195-200 m thick 
1. Middle Lias Marlstone Rock – c. 3 m thick (110-113 m) 
2. Hydraulic Limestone at base c. 6 m thick (290-296 m) 

• Triassic – nearest crop to field 17.5-18 km to west 
i. Penarth Group – c. 13 m thick 

ii. Mercia Mudstone Group – c. 280 m thick (319-599 m) - 17.5-18 km to 
west 

iii. Sherwood Sandstone Group – c. 260 m (599-860 m) thick 
• Permian –  

i. Upper Marls – 57 m thick 
ii. Brotherton Formation (‘Upper Magnesian Limestone’) – c. 27 m thick 

iii. Middle Marl – c. 43 m thick 
iv. Cadeby Formation (‘Lower Magnesian Limestone’) – c. 16 m thick 
v. Lower Marl – c. 46 m thick 

vi. Basal Sand – c. 25 m thick  
• Carboniferous – c. 540 m (1074-1616 m approx.) 

i. Upper Coal Measures – c. 170 m thick 
ii. Middle Coal Measures  - c. 165 m thick 

iii. Lower Coal Measures – c. 209 m thick 
iv. Late Namurian/early Westphalian – 22-90 m (1616-1638 m in B3) 
v. Dinantian – c. 12 m  

• Reservoir – series of switching, low sinuosity fluvio-deltaic channels and 
associated overbank environments – perhaps 3 different units at Welton (Rothwell 
& Quinn, 1987). However, Star Energy have reinterpreted the sandstones and 
their depositional environment (submitted in their application to Lincolnshire 
County Council to convert Welton to gas storage facility) 

i. IV = 5-21 m (porosity 9-21%; permeability 5-100 mD) 
ii. III = 10-23 m (porosity 9-22%; permeability 10-500 mD) 

iii. I = 7-57 m (porosity 9-21%; permeability 1-30 mD) 
iv. Original reservoir pressure – 2230 psig (15.4 MPa or 154 bar) 
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• Oil gravity/density - 36° API 
• Faulting 

i. Some of reservoir and Westphalian and pre Upper Magnesian Limestone 
(Permian) 

ii. Some of overburden, but not penetrating to reservoir level 
iii. None to surface (mapped and/or below seismic/mapping resolution) 

• Borehole density – ≥54 exploration/development wells, majority being from 3 
well sites/platforms  

i. 11 km square – circa 642 
1. 81 greater than 50 m 
2. 60 greater than 100 m 
3. 555 less than 50 m 
4. 575 less than 100 m 

ii. 3 km buffer – circa 468 in 3 km buffer = c. 63 km2 
1. 76 greater than 50 m 
2. 59 greater than 100 m 
3. 406 less than 50 m 
4. 423 less than 100 m 

iii. 1 km buffer – 210 boreholes in 30 km2 
1. 67 greater than 50 m 
2. 54 greater than 100 m 
3. 157 less than 50 m 
4. 170 less than 100 m 

• Fields within 3 km – 3 
• Nearest major town/city – Lincoln c. 5.5-6 kms to west 
• Water injection has supported production since 1986/7 

 

3. Chalk absent at crop (Gainsborough-Beckingham scenario – Fig. 49) 

• Drift – c. < 10 m thick 
• Jurassic – thin in most easterly areas (< 20 m thick) or (mostly) absent at crop 
• Triassic – c. 480 m (eroded thickness in west)-550 m thick in east 

i. Mercia Mudstone Group – at crop over majority of the field – c. 170-270 
m thick 

ii. Sherwood Sandstone Group – nearest crop = 4 km to west – c. 280 m 
thick 

• Permian – c. 225-250 m thick 
i. Upper Marls –c. 43 m thick 

ii. Brotherton Formation (‘Upper Magnesian Limestone’) – c. 24 m thick 
iii. Middle Marl – c. 39 m thick 
iv. Cadeby Formation (‘Lower Magnesian Limestone’) – c. 76 m thick 
v. Lower Marl – c. 50 m thick 

vi. Basal Sand – c. 10-15 m thick 
• Westphalian – c. 640-675 m thick 

i. Series of coals, mudstones and sandstones 
• Namurian – c. > 70 m thick 
• Faulting 

i. Some of reservoir and Westphalian and pre Permian 
ii. None to surface at oilfield (mapped and/or below seismic/mapping 

resolution) 
iii. Nearest mapped at crop on east edge of Sherwood Sandstone Group – 1.7-

4.5 km away 
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• Reservoirs –  
i. Main = series of basal Westphalian channel sands – c. < 40-45 m thick 

ii. Other  
1. (younger) minor channel sands in Coal Measures sequence 
2. late Namurian sandstones 

• Porosity – c. 15 % (Egmanton data) 
• Permeability – 1-10 (av. 3) mD (Egmanton data) 
• Original reservoir pressure – c. 1400 psi (9.7 MPa or 97 bar) 
• Oil gravity/density – 35.64° API 
• Borehole density –  

i. 11 km square – circa 560 – though unrepresentative totals – depth not 
assigned in database – 156 boreholes 

1. 154 greater than 50 m 
2. 152 greater than 100 m 
3. 400 less than 50 m 
4. 405 less than 100 m 

ii. 3 km buffer – circa 553 in 3 km buffer = c. 140 km2 – though 
unrepresentative totals – depth not assigned in borehole database – c. 155 
boreholes 

1. 151 greater than 50 m 
2. 149 greater than 100 m 
3. 398 less than 50 m 
4. 400 less than 100 m 

iii. 1 km buffer – 362 boreholes in 50 km2 - slightly unrepresentative totals – 
depth not assigned in database –c. 96 boreholes 

1. 150 greater than 50 m 
2. 148 greater than 100 m 
3. 212 less than 50 m 
4. 214 less than 100 m 

• Fields within 3 km – Gainsborough-Beckingham Oilfield - series of closely 
associated structures, although connectivity between one or more is not known 

• Nearest major town/city – Gainsborough – developed above the oilfield 
 

Hatfield Moors scenario – note, at Hatfield Moors storage facility, reservoir is at 425 m below 
OD: 

• Drift – c. < 10 m thick 
• Triassic - > 245 m thick 
•  Sherwood Sandstone Group - > 245 m thick 
• Permian – c. 170-175 m thick 

o Upper Marls –c. 37 m thick 
o Brotherton Formation (‘Upper Magnesian Limestone’) – c. 20 m thick 
o Middle Marl – c. 45 m thick 
o Cadeby Formation (‘Lower Magnesian Limestone’) – c. 50 m thick 
o Lower Marl – c. 1.5-5 m thick 
o Basal Sand – may be absent 

• Westphalian – c. 705 m thick 
 Series of coals, mudstones and sandstones 
 Main reservoir – Oaks Rock Sst – c. 425 m below OD 

• Channel sands in braided stream environment, being 
typically between 3 m and <10 m deep 

• Fluvial system around 5-10 km wide flowing to SW 
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• Namurian – c. > 710 m thick 
• Faulting 

 Some at reservoir and Westphalian and pre Permian levels 
 Mapped at surface at oilfield (NW-SE) and in subsurface from 

seismic reflection data (mainly NE-SW) 
• Hatfield Fault (NE-SW) - downthrow circa 25-60 m 

• Trap – tilted anticlinal fault block 
• Main gas storage reservoir – late Westphalian B ‘Oaks Rock Sandstone’ at c. 425 

m below OD in crest of anticlinal trap 
o 7.6-27.4 m thick  
o Porosity – 17.2-25.6% 
o Permeability – 21-1100 mD 
o Original reservoir pressure – c. 650 psi (4.5 MPa or 45 bar), c.600 psi in 

Hatfield West (Ward et al., 2003) 
• General Westphalian channel dimension data for the East Midalnds oil province - 

refer Figs 13&14 and Appendix 3 
• Borehole density - ≥6 exploration and development wells to reservoir horizon 

i. 11 km square – circa 756  
1. 37 greater than 50 m 
2. 26 greater than 100 m 
3. 719 less than 50 m 
4. 730 less than 100 m 

ii. 3 km buffer – circa 600 in 3 km buffer = c. 99 km2  
1. 34 greater than 50 m 
2. 24 greater than 100 m 
3. 566 less than 50 m 
4. 576 less than 100 m 

iii. 1 km buffer – 144 boreholes in 30 km2  
1. 12 greater than 50 m 
2. 7 greater than 100 m 
3. 132 less than 50 m 
4. 137 less than 100 m 

• Fields within 3 km – 1 (Hatfield West), accumulations separated by NE-SW 
Hatfield Fault 

• Nearest major town/city – Doncaster – c. 5 kms to W 
 

Westphalian sandbodies – dimensions and depositional setting in the southern North Sea, 
eastern and northern England 
A major depositional basin, the Pennine Basin, existed in Britain during Silesian times 
(Namurian and Westphalian), formed as a result of major crustal rifting processes in mainly 
Dinantian and early Namurian times. The Pennine Basin, within which a number of smaller sub 
basins were formed, lay to the north of the Wales–Brabant Massif and extended northwards 
towards the Southern Uplands of Scotland (Guion & Fielding, 1988; Collinson, 1988; Martinsen 
et al., 1995) and was gradually filled by enormous volumes of siliciclastic sediment (sandstones, 
conglomerates, siltstones, mudstones) and coals, which now form the Westphalian Coal 
Measures. The dominant source of this sediment, supplying by far the greatest volumes to the 
area throughout the Carboniferous, lay to the north. The SNS basin represented the eastern 
extension of this major depocentre to which several sources supplied sediment with a 
diminishing number of channels penetrating the basin centre with time. The sediment patterns 
indicate that sediment was introduced to the onshore UK coalfield areas from a northerly source 
lying to the north of the concealed and residually buoyant Market Weighton Block, and through 
quite a narrow major channel feeder route located in the region of the present day Humber 
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(Collinson et al., 1993). Some sediment was locally derived and supplied to the basin from the 
London Brabant Massif to the south in a narrow strip along the southern margin of the basin.  

Many studies have been published on Westphalian channel dimensions, but these tend to be 
specific papers dealing with specific channels. Fewer papers (e.g. Guion & Fielding, 1988; 
Collinson et al., 1993; Rippon, 1996) deal with the broader picture. In general, Westphalian 
sediments onshore in the UK were deposited across virtually the entire basin in a broad flat delta 
plain environment (see e.g. Fielding, 1984). Initial sedimentation in early Westphalian A times 
took place in a shallow water delta/lower delta plain setting (Fig. 14), where delta lobes built out 
across the basin into a body of water 10-50 m deep. The deltas were fed by major low sinuosity 
distributary channel belts across the lower delta plain area and delta fronts were wave-
influenced, locally, having been reworked to form elongate shoreline deposits after abandonment 
of the delta lobes. Major distributary channels were the main pathway of sediment dispersal 
across the delta plain and these fed a hierachy of low energy, low gradient minor distributary 
channels and crevasse (splay) systems, depositing sediment in shallow lakes. Major distributary 
channels deposited elongate sand bodies, whilst interdistributary bays and lakes were infilled by 
crevasse splays/deltas and overbank deposits (Guion & Fielding, 1988). During Westphalian A 
times, the lower delta plain /shallow water delta environment gradually changed such that by mid 
Westphalian A times, the majority of sedimentation across the basin was in an upper delta plain 
environment that continued to Upper Westphalian B times (Guion & Fielding, 1988). In late 
Westphalian B times there was probably a brief return to lower delta plain environments. This 
change from lower to upper delta plain environment is reflected in the upward transition from 
broad, coarse-grained, low sinuosity channel belts to more sinuous, narrow, finer-grained major 
distributary channels. 

As alluded to, the majority of the Westphalian A and B rocks were deposited in an upper delta 
plain environment, generally isolated from marine processes. Major distributary channels of 
variable sinuosity forming sandy channel belts mostly up to 5 km wide, were the main pathway 
for sediment dispersal (Fielding, 1984, 1986; Guion & Fielding, 1988). There was regular 
switching of major distributaries, often within narrow belts. Channel dimensions are described in 
more detail in section 5.2.3.2. 

Within the Westphalian sequences, the vast majority of sandstone channels are of fluvial origin 
(deposited in a large river system). A study of Carboniferous sequences in wells both onshore 
and offshore in the SNS reveals (Fig. 13) that the thickest channel sandstone bodies (35-40 m) 
are over 10 km wide, whilst most of the thinner sandstone bodies (<10 m) are likely to have 
widths of 100 m or less (Collinson et al., 1993; Guion et al., 1995; Aitken et al., 1999). It is 
perhaps significant that almost all of the sandbodies over 20 m in thickness were thought to have 
been deposited as multi storey units. As indicated above, the Westphalian A succession is 
sandstone rich, whilst the Westphalian B is a relatively sand-poor interval. Sandstone channel 
thicknesses increase again in Westphalian C/D times. Very often channel sandstone architecture 
indicates broader channels in early Wesphalian A times, becoming with time narrower and 
stacked either vertically or diagonally, during late Wesphalian A and B times. The presence of 
such thicker and elongate sand bodies parallel to faults indicates some sort of structural control 
on the location of the channels that were funnelled into structural lows across the delta plain 
(Fielding, 1984). 

Within many stratigraphic intervals, channel sandbodies show gradual reductions in thickness 
across three domains. This represents a passage not only outwards from the sedimentation 
(channel belt) axis, but also from north to south as lesser volumes of sediment were transported 
to more distal areas at the delta front. In such areas the gradient was lower and the channel 
systems split into distributary networks of smaller channels of decreasing size. Clearly, 
sedimentation/channel axes were controlled by underlying structures. Where an increase in the 
proportion of individual channels sandbodies in the sequence occurs, this can lead to an increase 
in the probability of stacking, the creation of multi storey sandbodies and thus greater 
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thicknesses of sandstone (Bridge & Leeder, 1979; Collinson et al., 1993). Within the 
depositional systems, systematic downstream changes of channel dimensions are the result of the 
existence of distributary channel networks across the delta. 

A relationship exists between channel width and thickness (Fig 13), with the maximum width 
being around 30 km and maximum thickness being 40-50 m (but up to 100 m where sandbodies 
are amalgamated). Additionally, the data illustrate that 90% of channel sandbodies are less than 
25 km wide and less than 40 m thick and that generally, reservoir intervals greater than 30 m will 
extend for more than 10 km perpendicular to the palaeoflow direction (Aitken et al., 1999). 
There is also a 35% probability of penetrating a relatively poor reservoir zone within the main 
channel belt, due to fine grained horizons interpreted to be partial abandonment channel reaches. 
By their nature and origin, these are difficult to correlate and may form potential baffles of up to 
several hundred metres in extent within the channel sandstone reservoirs. 

Channel sandstones comprising the late Westphalian B Oaks Rock reservoir in the Hatfield 
Moors gas storage facility have been cored extensively and channel parameters deduced (Ward 
et al., 2003). Typically, the Oaks Rock reservoir thickness is between 14 m and 26 m thick, with 
individual channel sands indicate that internal channels were < 10 m deep and more generally 
around 3 m deep. From outcrop work on Upper Carboniferous (Namurian and Westphalian) 
sequences (Aitken et al., 1999; Hampson et al., 1999), these dimensions would suggest an 
overall channel thickness of around 30 m and a width of 5-10 km (Ward et al., 2003). 

Westphalian channel settings and sizes are summarised in Fielding (1984), Guion et al. (1995) 
and Aitken et al. (1999) and are (Fig. 14): 

• proximal/lacustrine delta – 1-10 km wide with lobate to sheet-like deposits generally < 8 
m thick. 

• Major channels – 10’s kilometres long, 1-20 km wide and typically 8-20 m thick 

• Minor channels – up to 10 kilometre long, 10-1 km wide and typically 1-8 m thick 

• Overbank deposits – elongate belts parallel to channels. Dimensions depend upon 
channel sizes, typically 1-8 m thick and 10’s m wide 

• Crevasse splay – minor delta developments along main channel resulting from overbank 
flow. Circa 1 km wide and 0-1 m thick, thinning away from channel centre 

 

NE England 

1. General geological sequence in areas of main potential Caythorpe scenario (Fig. 50): 

• Upper Cretaceous Chalk – c. 225-230 m thick 
• Lower Cretaceous  - c. 21 m 
• Jurassic 

o Kimmeridge Clay – c. 310-415 m thick 
o Corallian – c. 50-65 m thick 
o Kellaways & Estuarine series – 275-285 m thick 
o Lias Group – 120-205 m 

• Triassic – 485-700 m thick 
o Penarth group – c. 6-7 m thick 
o Mercia Mudstone Group – c. 30-280 m thick 
o Sherwood Sandstone Group – c. 145-324 m thick 

• Permian – total 500-525 m thick 
 Staintondale & Eskdale groups (Upper marls, anhydrites & halites) – c. 

35-95 m thick 
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 Brotherton Formation (‘Upper Magnesian Limestone’) – c. 40-75 m 
thick 

 Middle Marls, anhydrites & halites – c. 92-440 m thick 
 Cadeby Formation (‘Lower Magnesian Limestone’) – c. 10-15 m thick 
 Lower Marl – c. 3-5 m thick 
 Basal Sand (Upper Rotliegend) – c. 18-35 m thick  

o Carboniferous (Westphallian ‘A’) – > 153 m  
• Faulting –  

o Close to E-W trending Vale of Pickering-Flamborough Head Fault Zone (Kirby 
& Swallow, 1987) 

 Likely at reservoir level 
 Some apparent in the Chalk and to surface 

o Present in one borehole faulting Sherwood Sandstone Group against late 
Zechstein at c. 1672 m depth 

o Appear to stop at base Chalk on seismic reflection data – but may be present as 
sub seismic resolution faults in the field 

• Borehole density – minimum of 2 exploration/development wells (C-1 & C-2) to the 
reservoir horizon. C-2 deviated strongly (42º) to west of C-1 

 11 km square – circa 168 
• 33 greater than 50 m 
• 3 greater than 100 m 
• 132 less than 50 m 
• 162 less than 100 m 

 3 km buffer – circa 68 boreholes in 56 km2 
• 15 greater than 50 m 
• 3 greater than 100 m 
• 52 less than 50 m 
• 64 less than 100 m 

 1 km buffer – 13 boreholes in 42 km2 
• 2 greater than 50 m 
• 2 greater than 100 m 
• 11 less than 50 m 
• 11 less than 100 m 

• Reservoir(s) 
o Kirkham Abbey Formation – (dolomitic) oolitic lsts - shelf deposits – from c. 

1748 m - 2090 m depth  
 Porosity – average porosity of 15% (IEA, 1999), mainly network of fine 

fractures and vuggy dolomitic porosity 
 Permeability - bulk rock low – may be fissure dominated 
 Average water saturation of 40% 
 Original reservoir pressure - 2,835 psia (19.6 MPa or 196 bar) 
 Gas had an H2S content of around 5 parts per million (ppm) 
 Tested for 30 hours in well C-2 at up to 8 Million Standard Cubic Feet 

per Day (MMscfd) from a 13 m 
o Early Permian Rotliegend (Leman Sandstone equivalent) sands? – c. 1829 m - 

2135 m depth 
 Environment of deposition – regionally extensive basin margin deposits 

and representing dune sands 
 2 sections to reservoir interval –  

• upper – best properties c. 100 mD. On extended test from a 3 m 
interval near the top of the reservoir tested at rates up to 10 
MMscfd 
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• lower – less favourable properties c. 20 mD. Tested at 1.0 
MMscfd for 4 hours from a 3 m interval 

 Porosity – av 18 % (10-24 for Southern North Sea fields) 
 Permeability – 20-100 mD (1-1000, av 30 mD for Southern North Sea 

fields) 
 Average water saturation of 31% 
 Original reservoir pressure – 2,969 psia (20.5 MPa or 205 bar) 
 Gas production form Rotliegend reservoir(s) only (IEA, 1999) 
 Rotliegend gas has no reported H2S content 
 mapped closure is approximately 213 acres for the Rotliegend 

• Fields within 3 km - none 
 

2. General geological sequence in areas of main potential Kirby Misperton-Marishes scenario 
(Fig. 50): 

o Upper Cretaceous Chalk – absent, but present at crop c. 4-11.5 km to SE 
o Lower Cretaceous  - absent, but present at crop c. 4-11.5 km to SE 
o Jurassic – total thickness c. 630-935 m 

 Kimmeridge Clay – at crop c. 85-300 m thick 
 Corallian – c. 15-50 m thick 
 Oxford Clay – c. 50-55 m thick 
 Kellaways & Estuarine Series – c. 120-190 m thick 
 Lias Group – c. 60-380 m 

o Triassic – c. 325-465 m thick 
 Penarth Group – c. 10 m thick 
 Mercia Mudstone Group – c. 160-190 m thick 
 Sherwood Sandstone Group – c. 150-265 m thick 

o Permian – total c. 375-430 m thick 
• Upper marls, anhydrites & halites  – c. 60-70 m thick 
• Upper Magnesian Limestone – c. 15-27 m thick 
• Middle Marls, anhydrites & halites – c. 290-330 m thick 
• Lower Magnesian Limestone – c. 25-35 m thick 
• Lower Marl – c. 3-5 m thick 
• Basal Sand – c. 3-5 m thick 

o Carboniferous (Namurian) – > 125 m  
o Faulting –  

 Close to E-W trending Vale of Pickering-Flamborough Head Fault Zone 
(Kirby & Swallow, 1987) – faults mapped at crop c. 2.5-6 km to south 

• Likely at reservoir level 
• Present at crop faulting Kimmeridge Clay against limestones of 

the Corallian Group – c. 10-50 m throw. 
 Mapped at surface 

o Borehole density – 2 to 3 exploration/development wells to reservoir horizon 
 11 km square – c. 178 

• 33 greater than 50 m 
• 3 greater than 100 m 
• 132 less than 50 m 
• 162 less than 100 m 

 3 km buffer – circa 100 boreholes in 63 km2 
• 10 greater than 50 m 
• 9 greater than 100 m 
• 89 less than 50 m 
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• 90 less than 100 m 
 1 km buffer – 20 boreholes in 42 km2 

• 5 greater than 50 m 
• 4 greater than 100 m 
• 15 less than 50 m 
• 16 less than 100 m  

o Reservoir(s) 
 Kirkham Abbey Fm - (dolomitic) oolitic lsts shelf deposits 

• Porosity - low (< 5%), mainly network of fine fractures and 
vuggy dolomitic porosity 

• Permeability - bulk rock low - fissure dominated? 
• Original reservoir pressure – not available 
• Depth c. 1556 m below OD 

 Early Permian Rotliegend (Leman equiv.) sands secondary reservoir? 
• Environment of deposition – basin margin deposits = dune sands  
• Porosity – 10-24 (av 15) % (based upon Southern N Sea fields) 
• Permeability – 1-1000 (av 30) mD based upon Southern N Sea 

fields) 
• Depth c. 1591 m below OD 
• Original reservoir pressure – not known 

 Namurian clastic delta (Fraser & Gawthorpe, 2003) – Follifoot Grits, 
but little information available 

• Depth c. 1593 m below OD 
o Fields within 3 km – 1 
o Nearest major town/city – Bridlington c. 5 kms to E 

 

Southern Britain  

Humbly Grove scenario scenario – northern Weald Basin – Figs 51&52 
General geological sequence in areas of main potential: 

• One of a cluster of 4 closures and associated fields 
• Main reservoir - Great Oolite Limestone (Bathonian; Middle Jurassic) - 2 distinct upper 

and lower units separated by permeability barrier 
• Original reservoir pressure – 1480 psi (10.2 MPa or 102 bar) 
• Porosity – av. 18%, range 6-28% 
• Permeability - 20-2000 mD (zone 1) and 0.5-2 mD (zone 2) 
• Oil gravity/density - 39° API 
• Faulting – E-W trending horst block, fault bounded to north and south 
• Faults affect 

o Reservoir and caprock sequences 
o Appear to stop at base Chalk but may be present as sub seismic resolution faults 

in the field 
• Borehole density - ≥13 deviated wells drilled between Mar 1985 & May 1986 from 3 

sites, 3 others (2 horizontal from existing wells) between 1994-1996. Further wells 
drilled for conversion to gas storage between 2003-05 

 11 km distance – circa 2200 
• 230 greater than 50 m 
• 95 greater than 100 m 
• 2058 less than 50 m 
• 2190 less than 100 m 
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 3 km buffer – circa 264 boreholes in 170 km2 
• 67 greater than 50 m 
• 32 greater than 100 m 
• 197 less than 50 m 
• 230 less than 100 m 

 1 km buffer – 65 boreholes in 65 km2 
• 33 greater than 50 m 
• 20 greater than 100 m 
• 32 less than 50 m 
• 44 less than 100 m 

• Fields within 3 km – 2 = satellite structure (Herriard and Hesters Copse) 
• Nearest major town/city – Basingstoke (4 km to NW), Aldershot (10 km) and Guildford 

(20 km) to E 
 

Storrington scenario – southern Weald Basin – Fig. 51 

• Cretaceous –  
o U Cretaceous Chalk – thin or absent at crop 
o Lower Cretaceous – c. 486 m thick 

 Lower Greensand – c. 35 m thick 
 Weald Clay – c. 195-200 m thick 
 Wealden Group – c. 250-440 m thick 

• Incl. Weald Clay – c. 195-200 m thick 
o Jurassic – c. 1500 m 

 Purbeck – c. 175 m 
 Portland – c. 44 m 
 Kimmeridge Clay – c. 394 m 
 Corallian – c. 143 m 
 Oxford Clay – c. 153 m 
 Kellaways Beds – c. 14 m 
 Great Oolite Group – c. 86 m 
 Fullers Earth – c. 59 m  
 Inferior Oolite – c. 228 m 
 Lias – c. 215 m 

o Triassic - > 105 m 
 Penarth Group – c. 14 m 
 Mercia Mudstone Group - > 91 m 

• Trap – northerly tilted fault block – down-south fault defines southern margin of field – 
c. 45-50 m throw 

• Faults affect reservoir and (Jurassic) caprock sequences 
• Reservoir – Great Oolite Group (Middle Jurassic) 
• Original reservoir pressure – 1758 psi (12.1 MPa or 121 bar) 
• Porosity – av. 13%, range 6-26% 
• Permeability – av. 5, range 0.1-2000 mD 
• Oil gravity/density – 39.04° API 
• Borehole density – ≥6 exploration and development wells 

 11 km distance – circa 527 
• 103 greater than 50 m 
• 31 greater than 100 m 
• 426 less than 50 m 
• 499 less than 100 m 

 3 km buffer – circa 339 boreholes in 88 km2 
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• 65 greater than 50 m 
• 18 greater than 100 m 
• 276 less than 50 m 
• 325 less than 100 m 

 1 km buffer – 48 boreholes in 24 km2 
• 10 greater than 50 m 
• 6 greater than 100 m 
• 42 less than 50 m 
• 46 less than 100 m 

• Fields within 3 km – none 
• Nearest major town/city – Chichester c. 17 km to SW, Horsham c. 14.5 km to NE 

 

 

NW England  

Elswick gasfield scenario – Fig. 53 
General geological sequence in areas of main potential: 

• Triassic 
o Mercia Mudstone Group – c. 320 m 
o Sherwood Sandstone Group 

 Above silicified zone – c. 315-320 m 
 Below silicified zone – c. 205-210 m 

• Permian 
o Manchester Marls – 190-195 m 
o Collyhurst Sandstone (reservoir; IEA, 1999) – c. 550-560 m (at c. 1015 m BOD) 

 Porosity – c. 5.6% 
 Permeability - < 1 mD 
 Water saturation – c. 60% 
 Reservoir stimulation undertaken in 1993 - retested for 80 hours at 0.2 

MMscfd from a 29 m interval. 
• Carboniferous - > 20 m 
• Faulting/Structure  

o Faulted anticline in graben bounded by two N-S faults 
o Faults mapped at surface affecting Mercia Mudstone Group - however, area 

heavily drift covered and actual surface locations may be subject to revision 
o Area of closure circa 997 acres (IEA, 1999) 
o intragrabenal faulting in crestal area (1-3 km2) – penetrate reservoir and to surface 

• Borehole density – at least 1 exploration and development well to reservoir horizon 
 11 km buffer                                                                                                                     

– circa 280 boreholes 
• 18 greater than 50 m 
• 13 greater than 100 m 
• 262 less than 50 m 
• 267 less than 100 m 

 3 km buffer – circa 84 boreholes in 72 km2 
• 9 greater than 50 m 
• 7 greater than 100 m 
• 75 less than 50 m 
• 77 less than 100 m 

 1 km buffer – 65 boreholes in 20 km2 
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• 2 greater than 50 m 
• 2 greater than 100 m 
• 13 less than 50 m 
• 13 less than 100 m 

• Reservoir – Permian Collyhurst Sandstone – often conglomeritic and pebbly, generally 
tight (IEA, 1999), top mapped at around 1015 m BOD (IEA, 1999) 

• Original reservoir pressure – 1685 psia 
• Fields within 3 km – none 
• Nearest major town/city – Blackpool c. 6 km to W, Kirkham c. 2.5 km to S, Preston c. 10 

km to SE 
 

 

Salt cavern scenarios 

Cheshire Basin (Fig. 54) 
General geological sequence in areas of main potential: 

• Drift – variable and often thick (c. <5-92 m, averaging 20-45 m thick), with rockhead in 
places below sea level and known to be between 30 and 60 m below sea level in some 
areas. Includes: 

o Alluvial – river and estuarine alluvium 
o peat 
o glacial 

 boulder clay 
 sand, gravel and laminated clays 

• Jurassic  
o Calcareous Liassic mudstones – up to 130 m thick 
o  only present in southern Cheshire Basin around Wem, Jurassic not present in 

North around Byley 
• Mercia Mudstone Group 

o Brooks Mill Mudstone Formation – variable thickness preserved and not present 
in the north around Byley developments 

o Wilkesley Halite Member – variable thickness (up to c. 100m) and variably 
affected by wet rockhead conditions – sometimes represented by collapse breccia 

o Wych Byley Mudstone members – up to 580 m thick. 
 Tight silty claystone 
 Some halite as recrystallised ‘clusters’ 
 King Street Fault intersected in the mudstones by boreholes drilled in 

1980s. Fault plane found to (Buetal, 2002): 
• cause no loss of drilling mud circulation 
• no indication of the fault in behaviour of the drilling equipment 
• be indistinguishable from adjacent (country) rock 

o Northwich Halite Member – up to 290 m thick 
 Intermittent marl (mudstone) and salt-bearing marl interbeds 
 Up to 10.8 m thick (‘30 Foot’ Marl) 
 Typically contain a certain amount of swelling clays 

o Bollin Mudstone Member – 260-460 m thick 
 Tight silty claystone 
 Some halite as recrystallised ‘clusters’ 

o Tarporley Siltstone Formation – approximately 20-250 m thick 
• Sherwood Sandstone Group 
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o Helsby Sandstone Formation – approximately 20-200 m thick 
o Wilmslow Sandstone Formation – c. 200-425 m thick 

• Wet Rockhead (refer Fig. 11) – variable but extends from around 60 m to 122-155 m, 
extreme local incidents of perhaps 180 m are reported (Howell, 1984; Cooper, 2002) 

o ‘Brine runs’ and subsidence features –  
 Linear and branching 

• 0.5-1.5 km long 
• 7.5-10 m deep 
• 65-75 m wide 

 Circular/crater 
• Faulting 

o Down-west Wem-Red Rock basin bounding fault to east (c. 14.5-17 km) 
o Down-east King Street Fault to west (c. 0.5-2 km) 
o Little other faulting known in proposed area 

• Borehole density (based upon Byley – but likely to be unrepresentative – depth not 
assigned in database – 103 confidential ICI boreholes at Holford Brinefield; depth likely 
to be >100 m) 

 11 km distance – 1438 boreholes (unrepresentative – depth not assigned in 
database – 103 confidential ICI boreholes at Holford Brinefield; depth 
likely to be >100 m) 

• 74 greater than 50 m (unrepresentative – depth not assigned in 
database – 103 confidential ICI boreholes at Holford Brinefield; 
depth likely to be >100 m) 

• 29 greater than 100 m (unrepresentative – depth not assigned in 
database – 103 confidential ICI boreholes at Holford Brinefield; 
depth likely to be >100 m) 

• 1364 less than 50 m - unrepresentative due to confidential 
boreholes 

• 1408 less than 100 m - unrepresentative due to confidential 
boreholes 

 5 km buffer – circa 794 boreholes in 81 km2 
• 22 greater than 50 m (unrepresentative – depth not assigned in 

database – 102 confidential ICI boreholes at Holford Brinefield; 
depth likely to be >100 m) 

• 12 greater than 100 m (unrepresentative – depth not assigned in 
database – 102 confidential ICI boreholes at Holford Brinefield; 
depth likely to be >100 m) 

• 772 less than 50 m  
• 781 less than 100 m  

 3 km buffer – circa 247 boreholes in 36 km2 
• 3 greater than 50 m (unrepresentative – depth not assigned in 

database – 102 confidential ICI boreholes at Holford Brinefield; 
depth likely to be >100 m) 

• 3 greater than 100 m (unrepresentative – depth not assigned in 
database – 102 confidential ICI boreholes at Holford Brinefield; 
depth likely to be >100 m) 

• 3 less than 50 m - unrepresentative due to confidential boreholes 
• 3 less than 100 m - unrepresentative due to confidential boreholes 

 1 km buffer – 2 boreholes in 1 km2 
• 0 greater than 50 m 
• 0 greater than 100 m 
• 2 less than 50 m 
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• 2 less than 100 m 
• Oil/gasfields within 3 km – none 
• Other salt cavern facilities within 3 km – 1 operational, 2 planned 
• Nearest major town/city – Northwich (NW), Winsford (SW) & Middlewich (S) c. 0.5-7 

km from general area of proposed sites 
 

Byley (Beutal, 2002) – Figs 54&55: 

• c. 2.5 km south of Holford Brinefield caverns 
• Eight caverns in Northwich Halite 
• Depths of between 630-730 m below ground level  
• Up to 180 m of salt above top of caverns 
• Maximum cavern height 100 m  
• Maximum cavern diameter 90 m  
• Operating pressures of between 35 and 105 bar (3.5/10.5 MPa or 508/1523 psi) 
• Spacing between wellheads – 280 m 
• 300 m or more of Triassic Bollin Mudstone below the Northwich Halite 
• Contains compacted intermittent marls, including 30 Foot Marl in lower third of salt 

sequence (Figs 54&55) 
•  Marl beds in salt  

o Not soluble  
o become soft, crumble and fall down to base of cavern during solution mining 

• no indications of wet rockhead conditions within 1.5 kms 
• King Street Fault – no evidence for water circulation or connection between differing 

structural levels  
 
Holford 

• Same geological conditions as per Byley, but taking into account the different depths to 
Northwich Halite 

• Cavern depths c. 370-440 m below ground level 
 
Stublach: 

• 2 kms from Byley site 
• Same geological conditions as per Byley, but taking into account the different depths to 

Northwich Halite 
• Caverns in Northwich Halite 
• Bell shaped 
• About 100 m in height 
• Top of caverns c. 500-550 m below ground 
• 28 caverns in a 475 hectare (4.75 km2) site 

 
Nearest major town/city to Byley, Holford and Stublach facilities - Northwich (NW), Winsford 
(SW) & Middlewich (S) c. 0.5-7 km from general area of proposed sites 
 

Hole House (Fig. 55) – Warmingham Brinefield 

• Same geological conditions as per Byley, but taking into account the different depths to 
Northwich Halite 

• Cavern depths c. 300-400 m below ground level 
• Faulting – down-east King Street Fault to east c. 1 km 
• Borehole density – Warmingham saltfield close by – c. 0.5 km to east 
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 11 km distance – c. 655 
• 56 greater than 50 m (unrepresentative – depth not assigned in 

database – confidential ICI boreholes at Warmingham Brinefield; 
depth likely to be >100 m) 

• 42 greater than 100 m (unrepresentative – depth not assigned in 
database –confidential ICI boreholes at Warmingham Brinefield; 
depth likely to be >100 m) 

• 598 less than 50 m - unrepresentative due to confidential boreholes 
• 613 less than 100 m - unrepresentative due to confidential 

boreholes 
 3 km buffer – circa 100 boreholes in 36 km2 

• 6 greater than 50 m (unrepresentative – depth not assigned in 
database –confidential ICI boreholes at Warmingham Brinefield; 
depth likely to be >100 m) 

• 5 greater than 100 m (unrepresentative – depth not assigned in 
database –confidential ICI boreholes at Warmingham Brinefield; 
depth likely to be >100 m) 

• 93 less than 50 m - unrepresentative due to confidential boreholes 
• 95 less than 100 m - unrepresentative due to confidential boreholes 

 1 km buffer – 19 boreholes in 1 km2 – all confidential and thus depths not 
known 

 

NW England  

Preesall – Fig. 56 
General geological sequence in areas of main potential: 

• Mercia Mudstone Group (greater than 800 m thick) 
o glacial drift deposits – variable thicknesses between  
o Possible halite solution breccia (=Wilkesley Halite – variable thickness max of a 

few metres thick, if present)  
o Breckles Mudstone and Coat Walls Mudstone members (=Wych Byley Mudstone 

Fm) – 200-360 m thick in total. 
 Tight silty mudstones and claystones 
 Some halite as recrystallised ‘clusters’ 
 Infilled fractures – halite and gypsum (refer Fig. 10a) 

o Preesall Halite Member – 200 to approximately 500 m thick 
 Thinner to east over worked part of brinefield, being 100-130 m thick in 

east against Preesall Fault Zone 
 Intermittent marl (mudstone) and salt-bearing marl interbeds – in region of 

development. These are generally only thin mudstone and anhydrite 
interbeds are present, but 

• three more prominent zones of salt and non-salt interbeds 5 m, 
6.19 m and 6.54 m thick were encountered 

• with the maximum individual non-salt bed thicknesses in these 
zones between 1.04 m and 1.76 m 

 Marl interbeds thicken slightly to east against the Preesall Fault, circa 1-
1.5 km away 

• Thin partings up to 2.1 m thick, accounting for only 7 m thickness 
(12-13%) in a total thickness of 180 + m on western edge of 
brinefield. 
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• ‘anecdotal’ evidence of individual bed being circa 17.5 m thick in 
old (poorly documented) mineshaft records 

o Thornton Mudstone Member – average 113 m thick 
o Singleton and Hambleton Mudstone formations (=Bollin Mudstone & Tarporley 

Siltstone Fm) – up to 311 m and 37 m thick respectively 
 Contains two halite beds  

• Mythop Halite – c. 0-50 m 
• Rossall Halite – c. 0-11 m 

 Tight silty claystone/mudstone 
 Some halite as recrystallised ‘clusters’ 

• Sherwood Sandstone Group – thought to be greater than 500 m thick 
• Faulting – 2 main graben bounding faults, some intragraben faulting, more to the south 

(Fig. 56a) than to the north (Fig. 56b) 
• Borehole density – borehole data not fully representative –– confidential ICI boreholes at 

Preesall Brinefield & depth not assigned in database (depth likely to be >100 m): 
 11 km distance – c. 710 boreholes 

• 150 greater than 50 m 
• 142 greater than 100 m 
• 559 less than 50 m 
• 567 less than 100 m 

 3 km buffer – circa 395 boreholes in 36 km2 
• 142 greater than 50 m 
• 136 greater than 100 m 
• 253 less than 50 m 
• 259 less than 100 m 

 1 km buffer – 155 boreholes in 16 km2 
• 124 greater than 50 m 
• 123 greater than 100 m 
• 31 less than 50 m 
• 32 less than 100 m 

• Oil/gasfields within 3 km – none 
• Other salt cavern storage facilities within 3 km – none 
• Other brine cavities – within 1 km 
• Brine cavern collapse structures – between 0.5 and 2 km to the east 
 

Typical cavern information: 

• Proposal for up to 20 (24 originally) caverns in Preesall Halite (equivalent of Northwich 
Halite in the Cheshire Basin) 

• Depths to top of caverns of between 220-425 m below ground level 
• Probable maximum cavern height 55-290 m  
• Up to 50 m of salt above top of caverns 
• Salt thickness below cavern: 20% of max radius of cavern  
• Likely maximum cavern diameter: 100 m 
• Minimum salt pillar between caverns: 150 m (3 times cavern radius) 
• Distance of cavern from significant fault: 150 m (3x cavern radius) 
• Operating pressures of between  

o Minimum – 25 bar (2.5 MPa or 363 psi) i.e. above 30% of the vertical component 
of overburden pressure 

o Maximum - 75 bar (7.5 MPa or 1088 psi) i.e. below 83% of the vertical 
component of overburden pressure 
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• Subsidence estimates 
o Average rate of 0.2-0.3 mm per year, max being 0.5 mm (Ratigan) 
o Average rate of 0.4-0.8 mm per year, max being 1.4 mm (Kittitep) 

• c. 460 m or more of Triassic Thornton Mudstone Member (113 m), Singleton (181-311 
m) and Hambleton Mudstone (37 m) formations below the Preesall Halite 

• Contains intermittent interbedded marls that to east may become thicker 
• Marl beds in salt not soluble  
• Wet rockhead conditions exist circa 1 km to east of site 
• Two main basin bounding faults juxtaposing 

o impermeable strata over most of their lengths – may have salt associated with 
fault planes? 

o To the east, the Preesall Fault Zone juxtaposes Sherwood Sandstone Group 
against Mercia Mudstone Group, some 2 kms from potential storage site. 

o downthrow on Preesall Fault Zone is estimated to be greater than 500 m 
o Intervening ground has 

 Old wells 
 Brine caverns - numerous 
 Wet rockhead conditions (in east) – subsidence hollows 

o To west, Burn Naze Fault within 500 m. Throw is circa 400 m in south 
• Possible cavern spacing – 230 m between well head and well head 
• Oil/gasfields within 3 km – none 
• Nearest major town/city – Fleetwood (2 km to W) & Blackpool (c. 7 km to SW), Preesall 

c. 2 km to E 
 

Wessex Basin, southern England 

Portland scenario - Fig. 57: 

• Jurassic strata c. 820 m thick 
o Upper Jurassic – thin/absent 
o Middle Jurassic – 260 m plus 

 Forest Marble – 35-40 m thick near top 
 Frome Clay and Fullers Earth – c. 210 m thick 
 Inferior Oolite – 5-10 m thick at base 

o Lower Jurassic (Liassic) – c. 555-560 m thick 
 Bridport Sands (potential reservoir horizon) at top – 90-95 m thick 
 Thornecombe Sands and Junction Bed – c. 55 m thick (367-441 m) 
 Remainder mainly shales and clays 

• Penarth Group – 50-55 m thick (818-869 m) 
o Limestone at top – c. 25 m thick 

• Mercia Mudstone Group – total thickness of c. 1275 m 
o Upper mudstone unit c. 430 m  
o Saliferous beds  

 Top c. 2000 m 
 Main halite (“S7”) 

• Top – c. 2360 m below ground level 
• c. 135-140 m thick 

 Mudstone interbeds increase towards base of saliferous beds 
• Sherwood Sandstone – c. 300 m  
• General gentle southerly dip to the succession from the Weymouth Anticline, axis being 

1-2 km north of proposed Portland site 
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• Faulting – present in ‘basement rocks’ beneath the salt beds and Mesozoic ‘cover rocks’. 
Have probably evolved separately and only the main controlling Abbottsbury-Ridgeway 
Fault system shows any connection following faulting and tectonic thinning of the salt 
beds (salt weld – refer Stewart et al., 1996, Harvey & Stewart, 1998; Chadwick & Evans, 
2005) 

• Series of relatively small faults mapped at surface in core of the Weymouth Anticline, 
major Abbotsbury-Ridgeway Fault mapped between 5 and 11 km to the north of the 
proposed storage area 

• Borehole density 
 11 km distance – c. 1200 boreholes 

• 83 greater than 50 m  
• 28 greater than 100 m  
• 1115 less than 50 m  
• 1171 less than 100 m  

 3 km buffer – circa 583 boreholes in c. 81 km2 
• 22 greater than 50 m 
• 0 greater than 100 m 
• 561 less than 50 m 
• 583 less than 100 m 

 1 km buffer – 537 boreholes in c. 64 km2 
• 20 greater than 50 m 
• 0 greater than 100 m 
• 517 less than 50 m 
• 537 less than 100 m 

• Cavern/operational details 
o Top of target cavern salt interval c. 2100-2365 m 
o Top of caverns – c. 2400 m 
o Cavern salt interval c. 135 m 
o Salt roof – c. 35 m 
o Cavern height – 100 m, comprising 

 80 m ‘useable’ height 
 20 m sump 

o Cavern bases – c. 2500 m  
o Cavern widths – 90 m 
o Number of caverns – 14-18 
o Cavern spacing not known 
o Area of salt identified – c. 20 km2 
o Operating pressures of between 130 and 350 bar (13/35 MPa or 1886/5076 psi) 
o Proposal is to operate in brine compensated mode (Egdon, 2007a) 
o Storage volume of each cavern – c. 70.8 Mcm (2.5 bcf) 
o One brine injection/withdrawal well 
o One gas injection/withdrawal well 
o Oil/gasfields within 3 km – none 
o Other Salt cavern storage facilities within 3 km – none 

• Oil/gasfields within 3 km – none 
• Nearest major town/city – Weymouth < 2 km to N & NW  
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NE England 

Hornsea and Aldbrough scenarios (Fig. 58) 
Permian salts 

• Operating pressures between 120 and 270 bar (Buetal, 2002) 
• Depth to top salt for caverns E England 

o Atwick/Hornsea – 1730-1830 m 
o Aldbrough - 1800-1900 m 
o Saltholme - circa 340-420 m 
o Wilton – circa 650-680 m  

 

General geological succession at Atwick/Hornsea: 

• Drift – c. 20-30 m 
• Chalk – c. 500 m 
• Lower Liassic clays & thin limestones – 40-45 m 
• Rhaetic (hard shales) – 20-25 m 
• Mercia Mudstone Group – 285-295 m 

o Micaceous sandstone at base – 12 m 
• Sherwood Sandstone Group – 545-550 m 

o Lower Bunter shale at base – c.75 m 
• Zechstein (total thickness of 530 m) 

o Anhydrites, salts and mudstones – c.100 m 
o Brotherton Formation (Upper Magnesian Limestone) – 70-75 m 
o Fordon Evaporites (storage interval) – 1665-1900 m (range). Lithologically 

variable with westerly thinning and loss of halite not reaching rockhead (Gaunt et 
al., 1992; Gaunt, 1994; Berridge & Pattison, 1994) 

 More easterly succession – thick basinward facies, deposited on basinal 
slope of underlying EZ2 carbonates (Kirkham Abbey Formation). 
Contains mainly halite with anhydrite dominating the thin upper and lower 
parts 

 Westerly, thinner transgressive facies from the Kingston upon Hull region 
westwards, halite disappearing by the Goole, Doncaster Isle of Axholme 
area 

• lowermost 8 m in the Risby borehole being massive anhydrite, 
containing layers of anhydritic dolomite and thin red silty 
mudstone 

• rest of sequence 41 m thick, comprising halite with layers up to 3 
m thick of anhydrite, dolomitic mudstone and some thin 
bituminous dolomitic limestone 

• Grimsby-Patrington area, Fordon evaporites are 20-80 m thick, 
dominantly halite with some associated interbedded anhydrite. 
Thinning to 10-25 m thick in southwest of region, and passing 
laterally into thin red mudstones and siltstones with minor 
anhydrite. But few details available. 

• To north into the North Allerton district, the Fordon Evaporites 
again thin and show lithological change laterally towards the 
Permian crop line, with loss of the halite units (Smith, 1994; Frost, 
1998) 

o Lower Magnesian Limestone – 85-90 m 
• Rotliegend (sandstone) – 25-30 m 
• Carboniferous (firm-hard coarse sst) - >8.5 m 
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• Faulting – none mapped at surface 
• Boreholes 

 11 km distance – c. 295 boreholes 
• 35 greater than 50 m  
• 9 greater than 100 m  
• 258 less than 50 m  
• 286 less than 100 m 

 3 km buffer – circa 93 boreholes in 35 km2 
• 17 greater than 50 m 
• 4 greater than 100 m 
• 76 less than 50 m 
• 89 less than 100 m 

 1 km buffer – circa 48 boreholes in 16 km2 
• 8 greater than 50 m 
• 4 greater than 100 m 
• 40 less than 50 m 
• 44 less than 100 m 

• Top of target cavern salt interval c. 1720-1820 m 
• Cavern salt interval c. 135 m 
• Maximum cavity diameter/height – c. 90 m and 90 m 
• Salt above cavity/below cavity – 40 m (including 10 m anhydrite)/40 m 
• Number of caverns – 14-18 
• Spacing between wellheads - > 400 m 
• Operating pressures of between 120 and 270 bar (12/27 MPa or 1741/3916 psi) 
• Oil/gasfields within 3 km – none 
• Nearest major town/city – Hornsea c. 2.5 km to S, Hull c. 17 km to SW (updip) 

 

General geological succession at Aldbrough same as Atwick 

• Boreholes slightly different: 
 11 km distance – c. 633 boreholes 

• 34 greater than 50 m  
• 6 greater than 100 m  
• 603 less than 50 m  
• 631 less than 100 m 

 3 km buffer – circa 30 boreholes in 21 km2 
• 0 greater than 50 m 
• 0 greater than 100 m 
• 30 less than 50 m 
• 30 less than 100 m 

 1 km buffer – circa 1-5 boreholes in 9 km2 
• 0 greater than 50 m 
• 0 greater than 100 m 
• 1-5 less than 50 m 
• 0 less than 100 m 

• Nearest major town/city – Hornsea c. 8 km to N, Hull c. 11.5 km to SW (updip) 
 

Wilton and Saltholme scenarios 
General geological succession Wilton (Kirkleatham Bh): 

• Lower Jurassic at crop – c. 125-150 m 
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• Triassic – c. 475 m thick 
o Penarth Group – c. 15-20 m thick 
o Mercia Mudstone Group – c. 250-255 m thick 
o Sherwood Sandstone Group – c. 205-210 m thick 

• Permian – c. 355 m thick 
o Upper marls, anhydrites - c. 67 m thick 
o Main (Boulby) halite (host salt for caverns on Teesside, NE England)  – c. 50 m 

thick 
o Permian Magnesian Limestone – c. 230 m thick 

• Carboniferous – > 177 m 
• Faulting – some faults mapped at surface within 3-4 km of Wilton facilities 
• Operating pressures: not known 
• Boreholes 

o 11 km distance – circa 6500 within 11 km of general area likely 
• 209 greater than 50 m  
• 119 greater than 100 m  
• 6303 less than 50 m  
• 6393 less than 100 m 

o 3 km buffer – circa 1530 boreholes in 3 km of general area likely 
• 33 greater than 50 m 
• 15 greater than 100 m 
• 1497 less than 50 m 
• 1515 less than 100 m 

o 1 km buffer – circa 3294 boreholes in 1 km of the general area likely 
• 121 greater than 50 m 
• 83 greater than 100 m 
• 3173 less than 50 m 
• 3211 less than 100 m 

• Nearest major town/city – Teesside  (Middlesbrough) developed above and around the 
Saltholme site, and c. 2 km to W of Wilton site 

 

General geological succession Saltholme (Kirkleatham Bh) - refer Wilton area 

• Sherwood Sandstone Group and thin Mercia Mudstone Group at crop 
• Faulting –  

o some faults mapped at surface within 4.5-8.5 km N of likely Saltholme area 
o some faults mapped at surface within 4.5 km W of likely Saltholme area 
o some faults mapped at surface within 7-8.5 km S of likely Saltholme area 

• Boreholes 
o 11 km distance – circa 7650 within 11 km of general area likely 

• 231 greater than 50 m  
• 132 greater than 100 m  
• 7417 less than 50 m  
• 7516 less than 100 m 

o 3 km buffer – circa 4287 boreholes in 3 km of general area likely 
• 146 greater than 50 m 
• 99 greater than 100 m 
• 4141 less than 50 m 
• 4188 less than 100 m 

o 1 km buffer – circa 2142 boreholes in 1 km of the general area likely 
• 109 greater than 50 m 
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• 75 greater than 100 m 
• 2033 less than 50 m 
• 2067 less than 100 m 
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Appendix 8 Brief description of the presence of H2S in 
oilfields, the process of drilling an exploration 
well/injection well and unlined rock caverns 
This Appendix provides a brief summary of the presence and dangers of H2S, the process of 
drilling a standard hydrocarbon exploration and production (or injection) well and the casing 
programs often undertaken. For more detailed information visit 
http://www.oilandgas.org.uk/issues/storyofoil/exploration-02.htm and http://www.glossary.oil 
field.slb.com/. There is also more detail relating to unlined rock caverns and storage of 
hydrocarbons. 

Presence of H2S in oilfields 

Oil and natural gas are the products of the thermal conversion of decayed organic matter (called 
kerogen) trapped in sedimentary rocks. Methane (CH4) is the main component of natural gas, 
comprising 70 to 90%, while other gaseous hydrocarbons, butane, propane, and ethane, account 
for up to 20%. Naturally occurring contaminants present in natural gas and which have to be 
removed at natural gas processing facilities, include water vapour, sand, oxygen, carbon dioxide, 
nitrogen, hydrogen sulphide (H2S) and rare gases such as helium and neon. High-sulphur 
kerogens release H2S during decomposition, which stays trapped within the oil and gas deposits 
and is frequently encountered in oilfields, often to high levels, as in west Texas (Schlumberger, 
2007). 

During oil exploration and production, H2S may enter drilling muds from subsurface formations 
and is also generated by sulphate-reducing bacteria in stored muds. Other sources of natural H2S 
emissions are volcanoes and geothermal sources such as hot springs. Natural gas, or any other 
gas mixture which contains significant amounts of H2S, is generally termed ‘sour’ if there are 
more than 5.7 milligrams of H2S per cubic meter of natural gas. This is equivalent to 
approximately 4 ppm by volume (http://www.naturalgas.org/naturalgas/processing_ng.asp). 
Although the terms ‘acid gas’ and ‘sour gas’ are often used interchangeably, a sour gas is any 
gas that contains H2S in significant amounts, whereas an acid gas is any gas that contains 
significant amounts of acidic gases such as CO2 or SO2. CO2 by itself, therefore, is an acid gas 
but it is not a sour gas. 

The H2S is removed (‘scrubbed’) from the sour gas by a process commonly referred to as 
‘sweetening’ at what are termed desulphurization plants. Removal of H2S is normally done by 
absorption in an amine solution, while other methods include carbonate processes, solid bed 
absorbents (including solid desiccants like iron sponges) and physical absorption. The ‘amine 
process’ (also called the Girdler process) is used in 95% of US gas sweetening operations 
(http://www.naturalgas.org/naturalgas/processing_ng.asp). In this process, sour gas is passed 
through a tower containing the amine solution, which has an affinity for sulphur and which 
absorbs it. Two main amine solutions are used: monoethanolamine (MEA) and diethanolamine 
(DEA). The emerging gas is virtually free of sulphur compounds and the H2S can be removed 
from the amine solution, allowing it to be reused to treat more sour gas. 

The presence of H2S in an oilfield and, if exposed to the gas during oil and gas production, its 
possible impacts on human health, is a potential concern for potential UGS operators. H2S is a 
toxic, colourless gas that is odourless at high concentrations but has a smell of rotten eggs in low 
concentrations. Because H2S is heavier than air, it tends to accumulate in low-lying areas. It is an 
extremely poisonous gas and a few seconds of exposure in concentrations of anywhere between 
750 and 10,000 ppm can prove lethal to people and animals. However, the effect of H2S depends 
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on duration, frequency and intensity of exposure and the susceptibility of the individual 
(Schlumberger, 2007: http://www.glossary.oilfield.slb.com/Display.cfm?Term=hydrogen%20 
sulfide). Research conducted at the University of Southern California Medical Facility has 
established nervous system damage can occur even at concentrations in air as low as 1 ppm 
(Chilingar & Endres, 2005). 

H2S is hazardous to rig workers and is also corrosive, causing sulphide stress-corrosion cracking 
of metals, which may require costly special production equipment such as stainless steel tubing. 
A recent study concluded that H2S “will eventually destroy the integrity of both the steel and 
cement relied upon to prevent gas migration, including abandonments performed to the current 
standards of the DOGGR [Division of Oil, Gas and Geothermal Resources].  The corrosive 
conditions of hydrogen sulphide are well known, and have defied engineering solutions.” 
(Chilingar & Endres, 2005). Whilst this may be an extreme conclusion, it highlights the 
importance of proper procedures and monitoring of the presence and effects of H2S on plant and 
infrastructure. H2S is a recognised problem, with established procedures to mitigate it. 

Effects of H2S 

H2S variously acts as an irritant or an asphyxiant, depending of the concentration of the gas and 
the length of exposure. The primary route by which humans are affected is inhalation, although it 
also affects the eyes. Essentially, H2S blocks cellular respiration, resulting in cellular anoxia, a 
state in which the cells do not receive oxygen and die. The human body detoxifies H2S by 
oxidizing it into sulphate or thiosulphate by haemoglobin-bound oxygen in the blood or by liver 
enzymes (Knight & Presnell, 2005; Skrtic, 2006). Lethal toxicity occurs when H2S is present in 
concentrations high enough to overwhelm the body’s detoxification capacity. 

Some scientific references have reported exposure to concentrations of H2S as low as one part 
per million can affect the central nervous system, resulting in neuropsychological effects (e.g. 
Chilingar & Endres, 2005), however, there is not scientific consensus on this point (UNEP6: 
http://www.uneptie.org/pc/apell/disasters/china_well/china.htm#impacts). At levels up to 100 to 
150 ppm, H2S is a tissue irritant, causing Keratoconjunctivitis (combined inflammation of the 
cornea and conjunctiva), respiratory irritation with lachrymation (tears) and coughing. Skin 
irritation is also a common symptom. Instantaneous loss of consciousness, rapid apnea (slowed 
or temporarily arrested breathing) and death may result from acute exposure to levels above 
1,000 ppm (Knight & Presnell, 2005; Skrtic, 2006). 

The non-lethal effects can be summarized as: 

• neurological –symptoms including dizziness, vertigo, agitation, confusion, headache, 
tremors, nausea, vomiting, convulsions, dilated pupils, and unconsciousness, 

• pulmonary – symptoms including cough, chest tightness, dyspnea (shortness of breath), 
cyanosis (turning blue from lack of oxygen), haemoptysis (spitting or coughing up 
blood), pulmonary oedema (fluid in the lungs), and apnea with secondary cardiac effects 
(Snyder et al., 1995). 

Incident at Gasfield, Chongquing, China 

An incident in China illustrates the potentially deadly effects of H2S release during production 
from a gasfield. The disaster took place at the Chuandongbei gas field in Gao Qiao town in the 
north eastern part of Chongqing province. The incident involved a gas well blowout, which 
occurred at 10:00 pm on Tuesday, 23 December 2003 and resulted in the release of natural gas 
and H2S. According to press reports, the accident occurred as a drilling team was working on the 
400 meter deep well and sent toxic fumes (sour gas - a high concentration of natural gas and 
H2S) shooting 30 metres out of a failed well (UNEP: http://www.uneptie.org/pc/apell/disasters/ 

                                                 
6 UNEP: United Nations Environment Programme 
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china_well/china.htm#impacts). 

The China Daily newspaper described the tragedy as “the worst of its kind in China’s history”. 
“The poisonous gas hovering in the air made an area of 25 square kilometres a death zone, as 
many villagers were intoxicated by the fumes in their sleep”. Worst hit was the village of 
Xiaoyang next to the gas well, where 90% of the residents were killed, “many having died in 
their sleep or were too old to escape” (WSWS, 2003). 

The incident was reported in Lloyd's Casualty Week for 23rd Jan 2003 as follows: “officers 
investigating a gas leak which killed 243 people in western China have arrested three oil 
company workers on suspicion of dismantling safety features and mishandling drilling 
equipment......one of China's worst industrial accidents.....the investigation has forced the 
resignation of a vice president of state owned China National Petroleum Corporation. .......The 
accident sent a deadly cloud of poisonous hydrogen sulphide over nearby villages in a poor 
mountainous area. Villagers died in their sleep or were struck down while trying to flee. More 
than 9,000 people were treated for injuries and 60,000 were forced to evacuate the area. 
Hospitals reported...... 396 were still being treated for injuries, several of them in critical 
condition.” 

Many factors appear to have led to the release, most related to human error and poor operational 
and maintenance procedures, including operation under health and safety regulations that were 
far less stringent than those established in the UK. The differences in approach to the issues of 
health and safety in industrial activities is further is illustrated by China’s extremely poor record 
of coalmine disasters, but the incident nevertheless highlights the importance of awareness of the 
problem and correct planning. 

The question arises as to how the consequences of an incident could be reduced. A gas well 
blowout represents an uncontrolled flow of gas, oil, or other well fluids from a wellbore 
(borehole) into the atmosphere. A blowout usually results from a combination of factors, such as 
human error and equipment failure. If, for any reason, blowout prevention procedures built into 
all modern wells drilled during oil and gas exploration and production fail, UNEP suggest the 
best action to reduce the impact is to immediately ignite the well. The ignition converts the H2S 
to sulphur dioxide, which disperses more effectively as the heat carries it upwards, resulting in 
lower concentrations at ground level. However, even if all prevention procedures are taken, there 
is no ‘zero risk’ in industrial operations and emergency planning for accidents should be in 
place, UNEP having suggested the following actions to reduce the impacts of potential accidents 
and blowouts: 

• Keep people away from the source of the “accident”. Normally the population should be 
at a “safe” distance such that if an accident takes place, the distance itself will mean that 
the public do not receive a lethal dose. In this specific accident the population was as 
close as 50 metres to the site, which increased the number of people affected 

• Respond to people in a quick and efficient way - how the first response to the accident is 
handled will determine the potential consequences 

• Be prepared for the accident, which does not appear to have been the case in the case of 
the Chuandongbei incident 

 

Drilling of exploration wells, casing and tubing 

A drilling platform provides storage for the drilling equipment, the base from which the drilling 
is done and generates onsite power for the drilling operations. A drilling derrick rises above the 
drill floor, housing hoisting equipment that raises or lowers a drillstring. The latter comprises 30-
foot (c. 10 m) lengths of drill pipe screwed together. At the bottom of the drillstring, drill collars 
(heavy pipe-sections) maybe screwed on to provide added weight to a drill bit, which can vary in 
size and type. The drill bit is rotated either by turning the whole drillstring ("rotary drilling") or 
by using a downhole turbine that rotates as drilling fluid is pumped through it. As the well is 
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drilled to the length of the drillstring, a new section of drill pipe is screwed onto the top of the 
drillstring and drilling recommences. 

The action of the drill bit grinds up the rock into small chips of rock (“cuttings”). Drilling fluid 
(also called “mud”), which is mainly water-based, is pumped continuously down the drillstring 
while drilling. This acts as a lubricant and washes up the rock cuttings, which are brought to the 
surface by the circulating drilling fluid outside the drill pipe. The rock cuttings are used to 
determine the nature and the age of the rock types being drilled, and in exploration, the presence 
of hydrocarbons. Most importantly, however, the drilling fluids balance the pressure of fluids in 
the rock formations below to prevent blowouts caused by hitting pockets or layers of higher 
pressure. If the borehole is to go through halite (salt) beds then a drilling fluid that will not cause 
dissolution of the salt is used and is commonly a brine solution. 

If laboratory tests are needed on potential reservoir or caprock, a solid core of rock can be drilled 
using a special hollow drilling bit of the same lengths as that of the normal drill pipe. Each 
length of core retrieved requires the entire drillstring to be pulled out of the well and then 
reinserted. Coring, therefore, represents an expensive operation, generally only undertaken when 
neccesary. 

Important information on the type of rock drilled and the fluids it contains can be obtained either 
while actually drilling, or after drilling and before running casing. Electronic measuring devices 
(geophysical logging tools) are lowered into the well - either while drilling (as part of the 
drillstring) or after drilling on “wireline”, permitting various types of measurement that give 
indications of rock type and porosity and the presence of oil or gas. Other devices measure 
wellbore (borehole) diameter, dip of strata and the direction of the hole. Cores of rock from the 
borehole (side)walls can also be taken from deep underground. 

After the hole is drilled to a given depth, a steel pipe (casing) slightly smaller than the hole is 
placed down the hole and is secured with cement. The casing provides structural integrity to the 
newly drilled wellbore in addition to isolating potentially dangerous high pressure or chemically 
differing zones from each other and from the surface. In salt beds, casing can be inserted from 
above to below the top of the salt. This protects the upper salt beds as drilling continues into the 
underlying formations with fluids that might otherwise dissolve the salt. 

Once the zones are safely isolated and the formation protected by the casing, the well can be 
drilled deeper with a smaller bit and also then cased with a smaller size casing. It is not 
uncommon for modern wells to have between two and five sets of progressively smaller hole 
sizes, each cemented with casing. 

Well completions - casing and casing string 

All wells, including those drilled for producing water or hydrocarbons, at least when first drilled 
have openhole sections, but may be completed in a number of ways. Rarely, where no freshwater 
zones exist or the borehole remains in a stable condition after drilling (i.e. suffers no collapse or 
breakouts), the geology allows openhole completion. More usually, something has to be placed 
down the borehole, either during or immediately after drilling, to isolate zones and stabilise the 
borehole, preventing collapse. This may range from as little as a packer on production tubing 
above an openhole completion, to casing with or without a system of mechanical filtering 
elements outside a perforated pipe section. There are also what are known as "intelligent" 
completions, comprising a fully automated measurement and control system that optimises 
reservoir management without requiring human intervention. 

Casing in its simplest form is large-diameter steel pipe, generally in sections around 13 m (40 ft) 
length with a threaded connection at each end. It is available in a range of material grades and 
sizes, internal diameters of which typically range from 4" to 30". It is lowered into an open hole 
borehole (wellbore) and cemented in place in order to stabilize the wellbore. The operation 
during which the casing is put into the wellbore is commonly called "running pipe." The casing 
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forms a major structural component of the wellbore and as indicated, is run to serve several 
important functions: 

• To prevent the formation wall from caving into the wellbore 
• To protect fresh-water formations 
• To isolate a zone of lost returns (drilling cuttings and fluids) 
• To isolate formations with significantly different pressure gradients 
• To prevent the flow or crossflow of formation fluids  
• To provide a means of maintaining control of formation fluids and pressure as the well is 

drilled 
• To provide a means of securing surface pressure control equipment and downhole 

production equipment, such as the drilling blowout preventer (BOP) or production packer 

Casing is assembled as a series of casing joints to form a casing string of the required length and 
specification for the wellbore in which it is installed. Most casing joints are manufactured with 
male threads on each end and are joined together by short-length casing couplings with female 
threads, known as collars. Casing joints may also be fabricated with male threads on one end and 
female threads on the other.  

Casing is usually manufactured from plain carbon steel that is heat-treated to varying strengths 
but may be specially fabricated of stainless steel, aluminium, titanium, fibreglass and other 
materials. As well as being designed to withstand a variety of forces such as collapse, burst, and 
tensile failure, it also is designed to withstand the deleterious effects of fluids such as chemically 
aggressive brines. Casing may also be protected by injection of corrosion inhibitors down the 
well. 

The annular space between all casing strings is usually left fluid filled although many are 
cemented back to the surface, or back to a sufficient level to ensure a fluid seal between the 
casing and the borehole and pressure integrity throughout the system. 

The bottom of the casing string comprises a short assembly, known as the casing shoe, which is 
typically manufactured from a heavy steel collar and profiled cement interior, screwed to the 
bottom of the casing string. The rounded profile helps guide the casing string past any ledges or 
obstructions that would prevent the string from being correctly located in the wellbore. 

Most oilfield casing is of approximately the same chemistry (typically steel), and differs only in 
strength, which is determined by the heat treatment applied. A system for the identification and 
categorization of the strength of casing materials exists, which is important to consider when, for 
example, the presence of H2S is anticipated. In general, the higher the yield strength, the more 
susceptible the casing is to sulphide stress cracking. Therefore, the well designer may not be able 
to use casing with strength as high as might be preferred (refer Schlumberger: 
http://www.glossary.oilfield.slb.com/Display.cfm?Term=casing%20grade). 

Coiled tubing 

Coiled tubing is a continuous, jointless, high-pressure-rated hollow steel cylinder. Production 
tubing traditionally was made up of jointed sections of pipe, similar to the string of pipe used for 
drilling, but coiled tubing is now more generally used in this application. It is transported to the 
wellsite on a reel holding up to 7,000 metres. Special equipment is used to insert the tubing 
through the wellhead into the wellbore. This method is considerably quicker and more efficient 
than joining sections of pipe. 

 

Further detail on unlined rock caverns 

Section 2.2.8.4.2 discussed the concepts of unlined rock caverns and the deployment of water 
curtains to provide product containment. The basics were discussed and this section provides 
further detail on the storage technology, particularly the depths of the caverns and the pressures 
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required and developed. Examples are also described where fault zones and leakage pathways 
exist and have been sealed to provide tightness. 

The maximum pressure in the cavern that does not lead to leakage is referred to as the critical 
gas pressure and is the pressure that defines the capacity of any particular storage facility. The 
critical gas pressure and gas storage capacity is dependent upon groundwater pressure and cavern 
depth. To maintain high water pressure in the surrounding rocks, the storage cavern is located 
either at a sufficient depth and relies upon containment either by the hydraulic gradient and 
pressure or by the additional installation of a ‘water curtain’ (Fig. 7; e.g. Liang & Lindblom, 
1995; Yamamoto & Pruess, 2004).  

To illustrate how the depth of the cavern plays an important role in increasing the groundwater 
pressure surrounding storage caverns and thus increasing critical gas pressure and gas storage 
capacity, Liang & Lindblom (1994) calculated pressures for a four cavern configuration under a 
10 MPa (1450 psi) water curtain pressure scenario. As the depths of the cavern increases from 
200 m to 800 m below groundwater level, then the critical gas pressure increases from 6.45 MPa 
(936 psi) to 9.97 MPa (1446 psi) and from 8.18 MPa (1186 psi) to 9.99 MPa (1449 psi), for roof 
curtain and roof and wall curtain scenarios, respectively. 

In LRC’s, the presence of highly heterogeneous ‘conductive’ media such as fractured rock and 
fault zones, could form local flow paths, permitting the escape of stored product (gas), with an 
unsaturated fault zone connected to the storage cavern having the potential to quickly lead to a 
gas blowout. However, their presence does not preclude safe storage and to eliminate such zones, 
treatments such as pre/post grouting or additional water-curtain boreholes would be essential. 
Even partially saturated zones may retard or prevent gas leakage hence the critical need to ensure 
that water saturation of the rock surrounding the cavern is maintained. Investigations and 
simulations suggest that even if the water curtain were suddenly impaired by an accident, the gas 
plume does not quickly migrate to the ground surface, but would take several months 
(Yamamoto & Pruess, 2004). 

Containment of product may, however, rely on the country rock being impermeable, although 
this is generally not the case. An example of a facility using this principle is one constructed in 
crystalline rock (granodiorite) of the Bohemain Massif at Háje, 113 km (70 miles) SW of Prague 
in the Czech Republic. In 1998, the facility became one of the first commercial natural gas 
cavern storage facilities constructed in crystalline rock (RWE, 2005). Five injection wells control 
the gas storage operations and the facility is formed by a series of unlined tunnels excavated at a 
depth of around 960 m with cross sectional areas of between 12 and 15 m2 and a total length of 
45 km, providing a gas capacity of 620,000 m3. The tunnels were left unlined except for areas of 
high water infiltration through cracks in the rock massif, which were sealed by grouting. 
Permanent bracing was constructed only in places where there was a risk of tunnel collapse. 
Grouting was performed in the area of boreholes and concrete plugs in order to increase the rock 
impermeability. The system uses a water curtain to prevent gas migration out of the cavern into 
the the cracks and fissures in the host rock, with water collected in a basal sump area. 

Following construction, natural gas was first pumped into the underground storage in January, 
1998 to perform gas equipment and pressure seal tests, following which, the facility was 
commissioned on July 14, 1998. A local seismic network with seven stations was installed to 
monitor both local and regional seismic effects in the underground gas storage area. Over 300 
seismic events were recorded during construction and activity continues (Málek et al., 2000; 
Málek & Brokesova, 2003). Epicentres are very shallow (0.3-1.9 km), are parallel to a major 
fault in the area and may be related to old mining activity and rising groundwater levels that aid 
release of seismic energy. The safety of the gas storage facility has not been affected, but plans 
to increase storage pressures may increase the risk of further seismic events. A grid of gas 
detectors has also been installed, monitoring ground methane levels. 

On a similar note, research has been undertaken into the potential for development of a 
Refrigerated-Mined Rock Cavern Technology (RMRCT) for storage of natural gas in granitic 
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rock in the northeast U.S (CAES Development Co., 2004). The concept involves mining voids 
deep in unfractured crystalline rock and storing natural gas by chilling and compressing it to 
reduce the storage space required. Considerable technical risk is associated with a facility of this 
type, some of which relates to unknowns associated with large-scale cyclic internal 
pressurisation of a mined cavern in hard rock. 
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Glossary 
Alluvium: sediment deposited by the action of rivers 

Anastomosing: of streams, branching and rejoining irregularly to produce a net like pattern. Often used when 
describing fault zones and their internal structure of smaller faults 

Anhydrite: mineral, CaSO4, forms rock 

Antithetic: a lesser fault with opposite dip and downthrow to a related major fault 

API: The American Petroleum Institute gravity, or API gravity, is a measure of how heavy or light a petroleum 
liquid is compared to water. API gravity is thus a measure of the relative density of a petroleum liquid and the 
density of water, but it is used to compare the relative densities of petroleum liquids. Although mathematically API 
gravity has no units, it is nevertheless referred to as being in “degrees”. API gravity is graduated in degrees on a 
hydrometer and was designed so that most values would fall between 10 and 70 API gravity degrees. 

Apical: belonging to an apex; situated at the tip; hence ~ly 

Archaea: the archaea or archaebacteria are a major group of single-celled microorganisms. Like bacteria, archaea 
lack nuclei. Archaea were originally found in extreme environments but have since been found in all habitats. 

Archaean: refers to a period of Proterozoic (PreCambrian) time (> 545 Ma before present) 

Aquiclude: an impermeable bed within an aquifer 

Aquifer: a water-bearing layer/rock (geological formation) containing sufficient saturated material to be considered 
economical in the supply of water. 

Arenaceous rocks: a group of detrital sedimentary rocks, typically sandstones 

Argillaceous rocks: a group of detrital sedimentary rocks, commonly clays, shales, mudstones, siltstones and marls 

Bituminous: impregnated with bitumen, a naturally occurring hydrocarbon mineral ranging in consistency from a 
thick liquid to a solid (asphalt). Subitiminous is of lower bitumen content 

Borehole: a hole drilled down into the rock from which samples or cores can be taken, or measurements of the rocks 
can be made 

Boudinage: (French boudin, ‘sausage’) refers to a structure arising from tensional forces, usually involving 
stretching of a competent bed parallel to the bedding plane 

Breccia: a coarse to very coarse grained sedimentary rock, or referring to rock fragments, caused by either faulting 
or collapse of intact beds (above say dissolving salt beds within the circulating groundwater zone) 

Brinefield: an area of (concealed/underground) salt mined by solution processes 

Cataclasis: the process of mechanical fracture or break-up of rocks, usually associated with faulting 

Clastics (clastic rocks): rocks built up of fragments of pre-existing rocks which have been produced by the process 
of weathering and erosion and in general transported to a point of deposition. Typically arenaceous rocks, 
conglomerates, breccias etc. 

Competent: referring to a rock layer which, during folding, flexes without appreciable flow or internal shear and 
ultimately likely to fracture 

Condensate: A low-density, high-API gravity liquid hydrocarbon phase that generally occurs in association with 
natural gas. Its presence as a liquid phase depends on temperature and pressure conditions in the reservoir. 

Conformable: describes a continuous series of geological strata, without any break in sediment deposition. 

Cretaceous: the geological period immediately after the Jurassic 

Crust: the uppermost part of the lithosphere. In the UK context we refer only to ‘continental’ crust, which comprises 
relatively low density rocks of acid-intermediate composition, typically 30 km thick, overlying denser mantle rocks 
of ultramafic (ultrabasic) composition. The base of the crust (the crust/mantle boundary) is termed the Mohorovicic 
discontinuity (Moho) 
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Dessication: referring to drying out, usually referring to dessication cracks that develop in mudstones or evaporitic 
sequences. These rocks were originally deposited under water and the cracks are produced by the evaporation of the 
water and rapid drying up of the surface of the deposit 

Downthrow: the downward movement of a fault block (or beds) along a fault surface 

Drift: unconsolidated superficial deposit 

Erosion: the weathering and removal of rock at surface 

Evaporite: a sediment resulting from the evaporation of enclosed or partly enclosed saline water. Most evaporites 
are derived from bodies of sea water. Typically evaporitic sequences show are rhythmically bedded and full 
sequences may contain mixtures of potash and magnesium salts, rock salt (halite), gypsum or anhydrite and calcite 
and dolomite.  

Fault: a planar discontinuity representing a fracture or shear-surface between blocks of rock (containing beds or 
layers) within the earth, across which rocks show relative displacement. Refer cartoon sketch below for other main 
fault terminology included in the glossary. Faults can exist on a range of scales with lengths from a few centimetres 
to tens of hundreds of kilometres. From a seismotectonic viewpoint, we are interested in larger faults, many 
kilometres in length and penetrating to mid or lower crustal depths (several kilometres), which may have fault 
surface areas of many hundreds of km2. Faults are categorised according to the nature of displacement across them. 
Thus normal faults are characterised by displacement of the hangingwall-block, down the fault surface and are 
commonly produced during crustal extension. Strike-slip (transcurrent) faults are characterised by components of 
horizontal displacement of the hangingwall-block, along the fault surface. Reverse faults are characterised by 
displacement of the hangingwall-block, up the fault surface and are commonly produced during crustal compression. 

 
Fault zone: tabular region containing many parallel or anastomosing faults. 

Fm: stratigraphic nomenclature, abbreviation for formation. A geologic formation is a formally named rock stratum 
or geological unit. Formations are lithostratigraphic units which are defined by primary lithology. 

Gas hydrates: gas hydrates, also called clathrates, are crystalline solids which look like ice, and which occur when 
water molecules form a cage-like structure around smaller 'guest molecules'. Water crystallizes in the cubic system 
in clathrates, rather than in the hexagonal structure of normal ice. The most common guest molecules are methane, 
ethane, propane, isobutane, normal butane, nitrogen, carbon dioxide and hydrogen sulfide, of which methane occurs 
most abundantly in natural hydrates. 

Graben: structural term for a downthrown block between normal faults. 

Halite: salt mineral, NaCl, rock forming 

Halokinetic: referring to the process whereby salt beds are disturbed and structures formed by the movement of salt 
under gravitational forces (halokinesis), including salt swells, pillows, diapirs, domes, stocks and walls 
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Hangingwall/ Footwall block: forming the downthrown (hangingwall) and upthrown (footwall) sides of faults 

“Haselgebirge” (facies): halite crystals set in mudstone, forming a rock intermediate between halite and mudstone. 

Horst Block: an upfaulted area between two parallel, but opposite downthrowing faults 

Hydrostatic pressure: the ‘normal’ or hydrostatic pressure to be expected in pore water at any depth is the pressure 
in a column of water extending from this depth to the surface. Thus the hydrostatic pore pressure will be about 0.4 
times the lithostatic or rock pressure if a mean density for the rock column is 2.5 g/cc. Pore pressures greater than 
hydrostatic can be generated in a variety of ways, including compaction of sediments by rapid burial or tectonic 
processes and dehydration of mineral assemblages during metamorphism. 

Intensity: measurement of strength of shaking produced by an earthquake at a certain location. Intensity is 
determined from effects on people, human structures and the natural environment 

Intracrystalline slip: related to ductile deformation of rocks and is the movement of crystal lattice defects 
(dislocations) through a crystal to produce shape changes in the crystal and ultimately solid rock. Requires high 
temperatures and geological time frames. Dislocations may glide along or climb through a crystal lattice.  

Jurassic: the geological period immediately after the Triassic 

Lithosphere: the outermost shell of the Earth comprising the crust and the uppermost mantle. Made up of internally 
rigid, but mobile blocks known as ‘plates’ (as in ‘plate tectonics’). Typically 125 km thick beneath the UK, the base 
of the lithosphere is a thermomechanical boundary, corresponding to the onset of partial melting and a 
corresponding rapid decrease in viscosity. 

Lithostatic (rock) pressure: the hydrostatic pressure generated at a depth below the ground surface due solely to the 
weight of overlying rocks of mean density in that interval. 

LNG: abbreviation for Liquefied Natural Gas; is natural gas that has been processed to remove impurities or 
valuable components that could cause difficulty downstream and then condensed into a liquid at almost atmospheric 
pressure by cooling to approximately -163 degrees Celsius. LNG is transported by specially designed cryogenic 
ships and cryogenic road tankers; and stored in specially designed tanks. 
Lower crust: lowermost part of the crust typically between ≈18 km and ≈30 km depth. Mechanically rather weak 
and probably characterised by ductile (aseismic) deformation in the current stress regime 

LPG: abbreviation for Liquid Petroleum Gas; a mixture of hydrocarbon gases, which is a gas at atmospheric 
pressure and normal ambient temperatures, but can be liquefied when moderate pressure is applied, or when the 
temperature is sufficiently reduced 

Lst: common abbreviation for limestone, a sedimentary rock 

Ma: abbreviation for millions of years ago 

Magnitude: energy scale used for earthquakes, measuring the energy released at the source of the earthquake. 
Determined from measurements on seismographs. A number of measurement scales are available, including the 
Richter Scale 

Marl: claystone, slightly calcareous and/or silty 

Mercia Mudstone Group: common abbreviation for Mercia Mudstone Group, part of the Triassic succession 

Mudstone: claystone 

Mylonite (zones): narrow planar zones of high strain in which deformation is intense relative to the adjacent (parent) 
rock and a fine-grained fault rock has been produced either by cataclasis, recrystallisation or both. Original usage 
was for rocks in which deformation was solely of a cataclastic nature, with no accompanying recrystallisation. Now 
more widely recognised that the grain size reduction in the fault rock has been by dynamic recrystallisation 
proceseses, with the rocks sometimes referred to as blastomylonites 

Natural gas: a mixture of hydrocarbon and small quantities of non-hydrocarbons, primarily methane, that exists 
either in the gaseous phase or is in solution in crude oil in natural underground reservoirs, and which is gaseous at 
atmospheric conditions of pressure and temperature 

NGL: abbreviation for Natural Gas Liquids, hydrocarbons that exist in a reservoir as constituents of natural gas but 
which are recovered as liquids in separators, field facilities or gas-processing plants 

Outcrop: the area where a particular geological strata occurs at the surface. 

Packer: A device that can be run into a wellbore with a smaller initial outside diameter that then expands externally 
to seal the wellbore. Packers employ flexible, elastomeric elements that expand. The two most common forms are 
the production or test packer and the inflatable packer. The expansion of the former may be accomplished by 
squeezing the elastomeric elements (roughly doughnut shaped) between two plates, forcing the sides to bulge 
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outward. In the latter, expansion is accomplished by pumping a fluid into a bladder (in much the same fashion as a 
balloon), but having more robust construction. Production or test packers may be set in cased holes and inflatable 
packers are used in open or cased holes. They may be run on wireline, pipe or coiled tubing. Some packers are 
designed to be removable, while others are permanent. Permanent packers are constructed of materials that are easy 
to drill or mill out. 

Permeability: the intrinsic capacity of a geological material to transmit fluids. Linked to porosity. 

Permian: the geological period immediately before the Triassic 

Phyllosilicate: referring to a group of layer-lattice minerals, most commonly micas making up shales (micaceous) 

Porosity: the percentage of the total volume of rock or soil that consists of pore space. Linked to permeability. 

Post-sedimentary: having taken place after the sedimentation of a bed 

Post-Triassic: having taken place after the Triassic period 

Prospectivity: the term used to describe a geographical region, a country, a geological basin, a particular area or 
structure within a basin as attractive for hydrocarbon exploration by reason of its [technical] attributes (having the 
likely petroleum requirements of source, reservoir, cap rock and favourable trapping structures). It may also 
ultimately include legal and fiscal aspects that would contribute towards determining if an area were prospective. 

psi, psia & psig: units of pressure describing the pressure resulting from one pound force applied to an area of one 
square inch (= lbf/sq in). psi is the abbreviation for pounds per square inch (or more accurately, pound-force per 
square inch), describing a pressure measured with respect to atmospheric pressure (the gauge reading is adjusted to 
zero at the surrounding atmospheric pressure). psia is the abbreviation for pounds(force) per square inch absolute, 
describing an absolute pressure per square inch that starts from a perfect vacuum (space) – it is gauge pressure plus 
barometric or atmospheric pressure (thus psia is affected by weather conditions). A good frame of reference is at sea 
level there is 14.7 psia. psig is the abbreviation for pounds(force) per square inch gauge, describing a unit of 
pressure relative to atmospheric pressure at sea level. Thus if a pressure gauge is calibrated to read zero in space, 
then at sea level on Earth it would read 14.7 psi. Thus a reading of 30 psig on a tyre gauge, represents an absolute 
pressure of 44.7 psi. psi is often used incorrectly instead of psig. 

Quaternary: youngest age of earth’s history, including the period of the ice age to now 

Rheology: the study of the deformation and flow of matter under an applied stress 

Rockhead: top of a geological formation at base of drift deposits 

Seismic reflection data: data imaging the subsurface, acquired by recording sound waves reflected from rock layers 
in the subsurface. Measured and generally displayed in time 

Sedimentary cover: young, relatively soft, relatively undeformed layered rocks, resting upon the crystalline upper 
crust. Often preserved within sedimentary basins, which can be several kilometres thick 

Sedimentation: the act of depositing sediment to form beds and eventually rock 

Shear-zone: a general term for a (roughly planar) surface or zone within the earth characterised by lateral (shear) 
displacements on either side. Similar to a fault, but generally showing ductile deformation of material along the 
shear-surface, whereas faults show brittle forms of deformation along the fault surface. Many faults are believed to 
pass downwards into shear-zones; deep in the crust the two terms become synonymous. 

Siliciclastic: Silica-based sediments that are derived from weathered (broken down) pre-existing rocks, transported 
elsewhere and redeposited to form another rock (clastics). Examples of common siliciclastic sedimentary rocks 
include quartzitic conglomerate, sandstone, siltstone and shale. Other non-silica based rocks (including carbonates) 
can also be broken down and reworked to form other types of clastic sedimentary rocks. 

Sole or soling out: the flattening or decrease in angle of a fault towards horizontal with depth. Often in the context 
of faults flattening out into salts, shale or evaporite deposits as the deformaton is taken up in a ductile manner. 

Solid rock: the rocks below the drift (Quaternary) deposits 

Sherwood Sandstone Group: common abbreviation for Sherwood Sandstone Group, part of the Triassic succession 

Sst: common abbreviation for sandstone, a sedimentary (clastic) rock 

Strain/strain rate: Strain is the ratio of a change of length to an initial length and thus has no dimension. A strain is 
generally expressed as a percentage change or as a fractional change. Thus if a line initially 10 cm long is shortened 
to 8 cm long, the change in length is 2 cm and the strain (shortening) is 0.2 (no units) or 20 percent (no units). The 
dimensions of strain rate are [T-1] and thus strain rate might be expressed as 10-5sec-1. If the example of shortening 
by 20% takes place in one year (3.1536 x 107 sec), then the strain rate is 0.2/(3.1536 x 107) = 6.3 x 10-9sec-1 (Hobbs 
et al., 1976). 
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Subcrop: a subsurface outcrop, such as where a geological strata intersects a subsurface plane. 

Surfactant: a substance, e.g. a detergent, which has the effect of altering the interfacial tension of water and other 
liquids or solids 

Syncline: rocks bent in a down fold, the opposite of an anticline 

Synsedimentary: an action that took place during sedimentation, e.g. faulting of an area during sedimentation 

Tectonic: subsurface movements caused by forces in the earth’s interior 

Tectonic thinning: having been thinned by a tectonic structure, generally a fault 

Terrane: a term used to characterise a crustal or lithospheric block which has experienced a distinct geological (i.e. 
stratigraphic, faunal, structural, metamorphic, igneous etc) history with respect to adjacent terranes, with which it is 
in present tectonic contact. The tectonic contacts are fault-zones or shear-zones which may have very large 
displacements. The term was originally used in the American literature to characterise very far-travelled, exotic or 
'suspect' terranes within the circum-Pacific cordilleras 
Thrust-fault: low-angle fault (commonly dipping between 20° - 35°), characterised by reverse displacements in the 
geological past. Can penetrate to lower crustal depths when they constitute fundamental lines of crustal weakness. 

Transcurrent fault: steeply-dipping to vertical fault-structure characterised by strike-slip displacements in the 
geological past 

Triassic: a geological period, including the time of sedimentation of the Mercia Mudstone Group, containing major 
salt beds such as the Preesall and Northwich halites of NW England and the CheshireBasin respectively 

Upper crust: the strong ‘brittle’ part of the crust typically at depths less than ≈18 km. As defined here, does not 
include the sedimentary cover 

Vadose: the vadose zone, also termed the unsaturated zone, is the portion of Earth between the land surface and 
the zone of saturation, or top of the water table ("vadose" is Latin for "shallow") 

Vuggy: relating to pore space that is within rock and that is significantly larger than grains, crystals or pore spaces 
beteen grains. Generally produced by dissolution amd is thus most often referred to in carbonate rocks (limestone 
chalk etc) 

Wet/dry rockhead: wet rockhead is an area where the halite beds rise towards the surface and are progressively 
dissolved by groundwater. Thus there is a belt where only part of the halite sequence is preserved and across which 
the halite is overlain by collapse breccias of the overlying mudstones. Dry rockhead is the area of halite beneath the 
surface, which is not affected by groundwaters where a complete sequence is preserved 
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