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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 (m) investigated in the late
1950°s to early 1960s by the Gas Council for underground storage of town gas.
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Figure 2. Anticipated UK gas demand and declining production rates (after DTI,
2006a).
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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).
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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
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mining process for a salt cavern, f) abandoned coal mine storage (based upon Leyden Mine,
Canada; after Raven Ridge Resources, 1998).
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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).
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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 4-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. o; is the principal stress

direction (after Munson et al., 1999).
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Figure 7. Concept of underground LPG storage caverns with water curtains

preventing the release and migration of stored product (gas), after Yamamoto &
Pruess (2004).
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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).
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gypsum veins

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).
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Figure 11. Development of wet rockhead.
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Figure 12. Prospective onshore sedimentary basins and significant oil and gas
fields. Licence areas also show areas of Coalbed methane prospectivity (source:

BGS 2006b).
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Figure 13. Westphalian channel width/thickness data (after Aitken et al., 1999).
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Figure 14. Westphalian depositional environments, with typical sand channel
forms and dimensions (based upon Fielding, 1984; Guion et al., 1995; Aitken et

al., 1999).
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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.

Self separated
juxtaposition seal

Self juxtaposed
membrane seal?

Self juxtaposed

Reservoir A
membrane seal?

Shale smear?
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Figure 16. Schematic illustration of faulted sand-shale sequence and terminology
of fault offsets and sealing configurations referred to in the text (after Fzarseth,
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.
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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).
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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 My, with known depths in mainland UK and the
Irish Sea. Refer section 6.2 of main report for description of earthquake

magnitudes (Myg).
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Figure 19. Numbers of UK earthquakes classed by magnitude and depth.
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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,
¢) EMS intensity hazard map for the UK.
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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).
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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 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), ¢) map of the Playa del Rey
and Venice Beach oilfields with known well locations, f) schematic section of

Playa del Rey Qilfield showing gas leakage paths.
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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,
¢) 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 Qilfield 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).
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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).
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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).
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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, ¢ ) view of the general site
showing the burned area and d) the crater and exposed pipeline.
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Figure 27. The 2005 Buncefield above ground storage incident (after Powell
2006a&Db). 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.
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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 OSpringer Verlag).

a b c
After Star Energy BGSONERC. All rights reserved

Figure 29 Humbly Grove gas storage facility (courtesy Star Energy). a) site
clearance (Feb 2004) and b and c¢) completed facility (Feb 2005).
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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 Lauchstidt structure and storage site
area, ¢) and d) photographs of venting sites, from which a mixture of ethylene
and water erupted, e) location map for UGS sites in Germany and referred to in
text. Photographs reproduced by permission of E. Schweizerbart Science

Publishers: http://www.schweizerbart.de/).
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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).
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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.
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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.
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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.
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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.
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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).
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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).
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Figure 38. Stratigraphy, cross-section and leakage paths from the Leroy Gas
Storage Facility, Wyoming (after Araktingi et al., 1984).
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Figure 39. Stratigraphy and structural detail of the Coalville and Chalk Creek
gas (aquifer) storage facilities, Utah, USA (after Morgan, 2004).
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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.
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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).
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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).
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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)
Qilfields 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), ¢) 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).

26



<> Oilfields

San Gabriel
Mountains

\_ o
\0
N \
\' s Aliso Canyon
15 °
8 i 2 San Fernando ]
0 1.6km ©. 2
[ =
S ‘; San Fernando
== = Valley
b Wayside Canyon
Oilfield
SAUGUS FORMATION SAUGUS FM o0
(QUATERNARY)
CASTAIC
Honor Rancho il FORMATION
Gas Storage Field 8 L1 9
(old SE Area Pool)/ /& =
o
=
< E
)
&O/V z MINT CANYON |9 8
- % S FORMATION 2
Wayside 29 <, E]
Sand 13 4’0& 2, El
O/ \a
TOWSLEY FM b % |5
(U. MIOCENE- NG
L. PLIOCENE)
VASQUEZ
&TICK
FORMATION
MODELO FM
CRETACEOQOUS|
& OLDER
7
TOPANGA FM :\
(MIDDLE MIOCENE) Z
SEEPE FORMATION =
(?OLIGOCENE-MIOCENE)
EOCENE
CRETACEOQOUS & OLDER
0 1km
L

After Davis & Namson BGSONERC. All rights reserved

Figure 45. Castaic and Honor Rancho gas storage facilities. a) Location map, b)
cross section of the Honor Rancho Qilfield (after Davis & Namson, 2004).
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Figure 46. Sketch diagrams showing problems with and the repair of gas storage
wells in California (after Vector Magnetics: http://www.vectormagnetics.com/
Case_HistoryO&G.html). a) and b) damage following an earthquake, c)
inadvertent sidetracking of a well, d) inadvertent sidetrack due to corroded
casing.
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SALTFLEETBY SCENARIO

BGSONERC. All rights reserved

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

WELTON OILFIELD SCENARIO E

=

Based upon Rothweel &Quin BGSONERC. All rights reserved

Figure 48. Sketch section illustrating the geological conditions likely to represent
the ‘Welton scenario’ (based upon Rothwell & Quinn, 1987).
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Figure 49. Sketch section illustrating the geological conditions likely to represent
the ‘Gainsborough-Beckingham scenario’ (based upon Brunstrom, 1963; Fraser
& Gawthorpe, 1990, 2003).
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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).
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WEALD BASIN SCENARIO
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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).
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. . ; Approx.
Age Lithostratigraphy Main rock Streng_thlﬁv. thickness
type Porosity(%) |(m)
»
3
8 Chalky Moderately weak/ 183-213
8 Chalk limestone 10
@
o
S
& Upper Greensand Sand ~30
o
2 Gault Clay Claystone W%%lfsrgck ~76
Lower Greensand Ferruginous sst Weak rock 75.92
»
S
o
@
S Sandstones
b Wealden and Moderately weak 192-232
o claystones
£
)
3
o
=
Siltstones,
Purbeck claystones, Weak rock 139-156
limestones
Portland Sst & siltst 52-62
L2
0 . . Lsts,claystones
g Kimmeridge Clay siltstones \é\;eak rock/ 172-188
S
3
@
Q f Ssts, marls
g' Corallian claystones & silts 66-73
Oxford Cla Organic rich clays Weak rock/
v & silts 30 101-109
Kellaways Beds Fine sands & clays Very weak rock/30 10-11
Cornbrash Weak
o : eak to strong/ 60-70
35 Forest Marble & Gt Oolite Lst | -'mestones & ssts 9.6-16
s° Fuller’s Earth Claystone, siltst Very weak 17
Inferior Oolite Lst, clayst, siltst Weak 30
Upper Lias Claystone Weak 55
L0 Middle Lias Siltst, fine sst Weak/35 50
o 0
26
H : Organic rich
-5
3 Lower Lias claystones Weak ~100
Rhaetic Rhaetic Penarth Group Lst, sst Moderately strong ~10
Carb. Carboniferous Limestone Limestone >10

BGSONERC. All rights reserved

Figure 52. Generalised stratigraphy for the Humbly Grove and northern Weald
area. Abbreviations: Lst —limestone; Sst — sandstone; Siltst - siltstone.
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NW ENGLAND PERMO-TRIASSIC SCENARIO
Elswick

DINANTIAN

LOWER PALAEOZOIC
LOWER PALAEOZOIC

BGSONERC. All rights reserved

Figure 53. Sketch section illustrating the geological conditions likely to represent
the ‘NW England (Elswick) scenario’ (based upon Aitkenhead et al., 1992).
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Figure 54. Sketch section illustrating the geological conditions likely to represent
the ‘Cheshire Basin scenario’ — relating to the Byley, Hole House, King Street
and Stublach sites.
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Figure 55. Sketch section illustrating the geological conditions likely to represent
the ‘Byley and Hole House scenarios’.
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2 SCENARIOS FOR PREESALL FAULT ZONE: -
(D SSG @ subcrop to drift in Footwall Block (northern reaches)
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Minimum pressure 25 bar
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BGSONERC. All rights reserved

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).
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PORTLAND SCENARIO
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After Egdon Resources Ltd and Chadwick & Evans BGSONERC. All rights reserved

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 upon depth converted seismic reflection data
(Chadwick & Evans, 2005), b) sketch of the level of proposed gas storage caverns
and layout (after Egdon, 2006a).
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ATWICK SCENARIO

<— SSG at crop ¢.30 km |
45-50 km
to west

Depth top caverns c. 1670 - 1900 m Minimum pressure c. 120 bar
Nos of caverns 9 Maximum pressure c. 270 bar
Spacing not known Maximum cavern diameter not known
Total volume c. 420 Mcm Cavern heights c. 60 - <100m

BGSONERC. All rights reserved

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

Table 1 (following page). 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.

! Note Table 2: DTI (2006a&b) figures, * Note Table 2: DTI (2006a&b) figure
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Type and Number of UGS facilities (2005) Working Deliverability
Volume
. al
Area G‘gﬁ dso” Aquifers Cti’tlel:ns Other Total ( 11035’:1 ) (]1‘40‘;”; 3;:)
Europe 64 23 27 117 75 1,448
Former Soviet Union 36 13 1 50 110 983
U.S.A. 320 44 30 394 113.5 2,369
Canada 44 8 52 17 279
South America 2 2 0.2 2
Asia 7 7 2.6 14
Australia 5 5 1.0 10
Total 478 80 66 3
(Ysage) (76) (13) an 1) 627 319.3 5,105
Number of incidents in
storage facilities 16 17 27 5
Number of incidents in
s o None
storage facilities as 4’ age 3% 21% 41% operatio-
of number of facilities nal. 2005
operational in 2005 ’
Number of incidents in
storage facilities involving 3 9
casualties/
evacuations
Number of incidents in
storage facilities involving None
casualties as %age of 0.63% 2.5% 13.6% operatio-
number of facilities nal, 2005
operational in 2005
UGS Figures for America 1997/2005
Number of Working Volume (Bcm) - Number of facilities Working Volume (Bcm) -
facilities - 1997 1997 - 2005 2005
Gas & Oil Fields 346 94.3 320 97.3
Aquifers 41 9.97 44 11.3
Salt Caverns 27 33 30 4.9
Total 414 107.6 394 113.5
Consumption and storage volumes
Total
gas Total
fno';f;: Number Working %age gas ‘ (‘f:l ssu- Number Working %age gas
P of volume storage/ . of volume storage/
(Bcm) - rere . mption rere .
1997 facilities - (Bcm) - consumption (Bem) - facilities - (Bcm) - consumption -
(BP, 1997 1997 -1997 2005 2005 2005 2005
2006)
North America 769.3 414 107.6 14 775 446 130.5 16.8
Western Europe 341.3 75 53 15.5 427.4 117 c.75 c.17.6
Russian Federation 3504 46 c. 80.5 c.23 405 50 c. 110 c.27.2
Total Europe and 936.1 138 Not - 1121 174 c 187.5 167
Russia-Eurasia available
World Totals 2249.7 580 262.4 11.7 2749.6 627 319.3 c. 11.6

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 & this volume; EIA, 2006).

* Mcm = million cubic metres (as used by DTI), equalling 10° m’
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Table 3. Calculated diffusive fluxes for the McClave Field (Nelson & Simmons,
1995)

Cap rock porosity

5% 10%
Methane loss
() 521 2383
Methane loss
(meflyr) 18.4 84.1
Replacement 221 0.485
time (m.y.)

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

Calculated losses for fields with hypothetical gas production
1737 m thick caprock 39.6 m thick caprock
283.2 Mcm 2.83 Bcm 283.2 Mcm 2.83 Bcm
(10 bcf) (100 bcf) (10 bef) (100 bcf)
Methane loss 2,832 21,294 124,310 934,455
(m’/yr) (0.0028 Mcm) | (0.0213 Mcm) | (0.124 Mcm) (0.935 Mcm)
Methane loss
(mefhyr) 0.100 0.752 4.39 33.0
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Table 5. Summary of the main hydrocarbon province characteristics and
significant discoveries onshore UK.

Province Typical Typical Source(s) Trap type Examples
hydro-carbon Reservoirs
occurrence
Wessex- Oil and gas Bridport Sands, Lower Lias (clays | Tilted fault Oil: Wytch Farm,
Channel Great Oolite Jurassic) blocks & Kimmeridge,
Basin (Jurassic), Palaeogene Humbly Grove,
(including Sherwood inversion Stockbridge,
the Weald Sandstone Group anticlines Wareham
Basin) (Triassic) Gas: Albury
East Oil and gas Silesian sandstones | Silesian Variscan Oil: Eakring,
Midlands & fractured (Carboniferous) anticlines and Welton,
Dinantian mudstones and stratigraphic Rempstone,
limestones coals traps Scampton,
(Carboniferous) Gainsborough Gas:
Hatfield Moors and
Hatfield West,
Trumfleet,
Saltfleetby
Yorkshire/N | Gas Permian Silesian Mesozoic folds Malton, Marishes,
E England limestones (Carboniferous) Lockton, Eskdale
(e.g.Upper mudstones and coal
Magnesian
Limestones)
NW Oil and gas Sherwood Silesian Variscan Oil: Formby
England Sandstone Group (Carboniferous) anticlines, Gas: Elswick
(Triassic) mudstones and stratigraphic —
coals superficial
deposits trapping
oil
Midland Oil and gas Silesian sandstones | Silesian Variscan (end Oil: Dalkeith,
Valley (Carboniferous) (Carboniferous) Carboniferous- Gas: Cousland
Scotland mudstones and Permian)
coals anticlines

Table 6. Tolerance of microbes to extreme environments

(West & McKinley,

2001).

Condition Example of organism Limit of growth
High temperature ‘Black smoker’ bacteria Reported to 113°C.
Low temperature Sporotrichum carnis -20°C
High pH Nitrifying bacteria 12
Low pH Thiobacillus ferrooxidans 0
High salinity Halobacterium halobium 50% salt by weight
Low salinity Salmonella oranienburg 70ppb dissolved salts
High pressure Desulfovibrio desulfuricans | 180MPa
Radiation Deinococcus radiodurans Single dose 5000 Gy
Chemical toxins e.g. PbCl, | Aspergillus niger 67 mg ml”
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Storage Type

_Depleted Aquifer Salt Cavern Abandoned mine Total
oil/gasfields
well/casing problems/failure 5 4 11 20
‘?f above ground infrastructure -
= " 3 1 7 11
3 valve/pipes/wellhead/compressor
“i failed pressure test — facility never
S~ I 1 1
S commissioned
- . . . .
= design/construction failure — facility never 3 3
§ commissioned
g inadvertent intrusion 1 1 2
§ during repair/testing/maintenance 2 2 1 5
.E Overpressure aquifer/overfilling cavern 1 2 3
N
§ migration from injection footprint 5 5
§ cap rock — not gas tight 9 2 11
§ cap rock - faulted 2 4 6
N salt creep 3 3
§ cavern communication 1 1
’S mine shaft 1 1
§ wet rockhead/sinkholes 1 1 2
) seismic activity 1 1
3 -
] too shallow, facility abandoned 1 1
S loss of wellhead pressure 1 1
E not determined 1 2 3
-
.§ Unspecified product 2 2
S
§ Natural gas/town gas 16 17 8 2 (coalmines) 43
§ Propane/LPG 8 1 (coalmine?), 1 ‘unlined cavern’ 10
@
8 Ethane 1 1
2
_ Ethylene 3 3
=
S Butane 1 1
Crude oil 1 1 (saltmine) 2
California 11 1 12
Y
kS Illinois 1 8 1 (coalmine?) 10
-~
; Texas 10 10
Q Louisiana 1 5 1 (saltmine) 7
= ansas
§ Kansas 2 2
§ Mississippi 3 3
: Rest of America (including Canada) 1 3 3 1 (coalmine?), 1 ‘unlined cavern’ 9
'2 France 1 2 3
‘é Germany 1 3 2 6
:.3 Belgium 1 (coalmine) 1
= Denmark 1 1
UK 1 1
Fire/explosion associated with the incidents 4 1 10 15
Total number of incidents 16 17 27 S5 65
“incidents involvil ie: 9 e of
Numl)er of incidents involving casualties/evacuees (%oage of 3 (=19%) 2 (=12%) 9 (=33%) None operational, 2005
incidents)
Total number of incidents as a %age of facility numbers in 2005 0 10 o .
(facility mumbers — Table 1) ~3% (478) ~21% (80) 41% (66) None operational, 2005
Dead - America 8 9
- Rest of World 1
B Injured - Amen?a 3 48 .62
a - Rest of World 2 9
= Evacuated - America c.52 6110 . 6700
o - Rest of World 31 500 )
<
g Total dead 0 1 8 0 9
T Total injured 5 9 48 0 c. 62
Total evacuated (excluding village of 83 ~500 . 6110 0 . >6700

Knoblauch, Germany — numbers not found)

Table 7. Summary of main processes leading to leakage
underground hydrocarbon storage facilities.
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Table 10 (next page). 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.
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Table 12. Details of operating European UGS sites in MARCOGAZ survey of European UGS
incidents to 2000 (from Joffre & LePrince, 2002).

Number of Number of Average
Countries Numbe_r of UGS active storage cumulate_d number of years
sites years of site of cumulative
wells . .
operation well operation
Austria 4 25 178 2225
Belgium 2 10 40 200
Denmark 2 25 20 250
France 13 355 294 52185
Germany 10 114 213 12247
Italy 9 307 215 33002
Spain 2 9 10 45
Totals 42 845 970 100155

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

Substances involved

Criteria Number of events
Natural Gas 7
Oil 3
Solids 1
Total: 11
Immediate source of accident

Criteria Number of events
Storage (wells) 5
Surface process (compressor, treatment, piping) 6
Suspected Cause

Criteria Number of events
Human 3
Plant/equipment 8
Immediate Effects

Criteria Number of events

. 2 1 light

Injuries (1 severe +2 gight% :
Material + release of gas 6
Not available 3
Emergency Measures Taken

Criteria Number of events
Well closed 1
Emergency plans activated 2
Checking process 1
None 1
Not available 6
Immediate Lessons Learnt

Criteria Number of events
Redundant blowout preventor installed 2
New design of installation 5
None 3 (unique accidents)
Not available 1
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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.

Numbers | Numbers Numbers
Type of Incident/industry reported reported reported
dead injured evacuated
U USA — Tables 7-11 8 48 6,110
= c. 583
Rest of world — Tables 7-11 1 14 (excluding
Ketzin)
Above ground storage tanks (world -
1951-2003; Persson & Lonnermark, 2004; 778 426 >7.000
Clark et al., 2001) — Table 20
Oil sector — (1986-2005; Hirschberg et al.,
1998: Table 17) 15,695 20,276 274,746
Gas sector (1986-2005; Hirschberg et al.,
1998: Table 17) 2,233 5,210 105,011
: .
= LPG sector (1986-2005; Hirschberg et al.,
]
6 1998: Table 17) 3,701 21,120 961,776
= Railroad (USA) — Table 19 (NTSB
e reports; 9 5,441 10,452
Z http://www.ntsb.gov/Publictn/R Acc.htm)
1 Petrochemical plants — world (Table 18;
5 HSE, 1975; KAMEDO, 2000; Doyle, 2002;
5 Marsh, 2003; Gruhn, 2003 & Macalister, 3,674 303,342 7,200
2005)
OPS (USA) 1986-2006(part) - Not
Transmission & distribution network & 449 1,978 available
hazardous liquid pipelines (Table 15)
HSE (UK) 1986-2005 domestlc? gas 779 4273 Not
supply/use — Table 16 (figures in brackets (576) (3.346) available
= number from CO poisoning) ’

2 UFS has been ongoing in the Canada and the USA since 1915 and 1916 respectively and in Europe since the 1950s
(see section 2.2.4.2 of the main report). For storage utilising depleting oil/gasfields, incidents involving casualties have
only been found reported since 1997, although migrating gas has been known in some Californian gas storage facilities
since the 1940s. Although leakage has been known in some aquifer storage facilities since the early 1950s, the few
casualties are reported, with 1 fatality in the 1960s and 9 injured in 2004. For salt cavern storage facilities problems and
leakages have been reported since the early-mid 1950s, although casualties associated with this storage type have been
found reported from 1974.
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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).

Hazardous Gas Gas
Year L.iqui'd Distribution Transmission
Pipeline Operators Operators
Operators
Zg;’ifljzn s Fatalities Injuries ZI\::;.;{ nits Fatalities Injuries ]I\::)L:isi nis Fatalities Injuries
1986 210 4 32 142 29 104 83 6 20
1987 237 3 20 163 11 115 70 0 15
1988 193 2 19 201 23 114 89 2 11
1989 163 3 38 177 20 91 103 22 28
1990 180 3 7 109 6 52 89 0 17
1991 216 0 162 14 77 71 0 12
1992 212 5 38 103 7 65 74 3 15
1993 229 0 10 121 16 84 95 1 17
1994 245 1 7 141 21 91 81 0 22
1995 188 3 11 97 16 43 64 2 10
1996 194 5 13 110 47 109 77 1 5
1997 171 0 102 9 67 73 1 5
1998 153 2 137 18 64 99 1 11
1999 167 4 20 118 16 80 54 2 8
2000 146 1 4 154 22 59 80 15 18
2001 130 0 10 124 5 46 87 2 5
2002 147 1 0 102 10 44 82 1 5
2003 131 0 5 141 11 58 97 1 8
2004 144 5 16 175 18 41 123 0 3
2005 137 2 170 14 38 182 0 7
2006 86 0 102 11 19 107 1 3
(part)
Totals 3,679 44 272 2,851 344 1461 1,880 61 245
Total no. 8,410
incidents
Total no. 449
fatalities
Total no. 1,978
injuries
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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.

1986/ 1987/ 1988/ 1989/ 1990/ 1991/ 1992/ 1993/ 1994/ 1995/
1987 1988 1989 1990 1991 1992 1993 1994 1995 1996
Total number
?f‘“cl't‘.ie“t.s 131 148 126 130 121 139 138 179 146 146
f:‘t’;;‘iﬁ'e‘;a”“ 60/71) | (7U77) | @581) | (68/62) | (43/78) | (50/89) | (35/103) | (47/132) | (35/111) | (42/104)
injuries)
Explosion/fire
(number of 12/58 27| 642 15/67 11/48 8/63 3139 9/52 435 6/51
fatalities/
injuries)
CO poisoning
(number of 35/85 48/76 41/94 34/88 30131 | 33/184 | 41/176 | 29/252 | 30/198 | 29/141
fatalities/
injuries)
Totals
(fatalities/ 477143 | 60148 | 477136 | 49155 | 41179 | 41247 | 44215 | 38304 | 34233 | 35/192
injuries)
(Based upon HSE figures — HSE, 2005, 2006)

1996/ 1997/ 1998/ 1999/ 2000/ 2001/ 2002/ 2003/ 2004/ ;ggg/ Sub
1997 1998 1999 2000 2001 2002 2003 2004 2005 (part totals
Total number
?f‘“cl't‘.ie“t.s 143 164 151 174 174 154 114 127 147 151 2903
f:‘t’;;‘iﬁ'e‘;a”“ (40/103) | (45/119) | (37/114) | (56/118) | (38/136) | (44/110) | (33/81) | (34/93) | (37/110) | (31/120) | 891/2012
injuries)
Explosion/fire
(number of 9135 8/43 11/30 10/61 8136 5147 5038 5/43 242 4025 153/927
fatalities/
injuries)
CO poisoning
(number of 31/156 | 27/189 | 33/194 | 23/228 | 25265 | 22/169 | 20/138 11/171 18/203 16208 | 576/3346
fatalities/
injuries)
Totals
(fatalities/ 40191 | 35232 | 44224 | 33289 | 33301 | 272216 | 257176 | 162214 | 200255 | 200233 | 7294273
injuries)
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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).

Casualty
Figures -
Category sector
Oil Gas LPG Totals
Not known Fatalities 813 22 88 923
Injured 1,224 445 147 1,816
Evacuees 22,000 15,710 303,900 341,610
Exploration/extraction Fatalities 1,502 158 5 1,665
Injured 4,453 61 4,514
Evacuees 1,000 1,000
Transport to refinery Fatalities 5,839 5,839
Injured 883 883
Evacuees 20,240 20,240
Long distance transport Fatalities 987 828 1,815
Injured 1,857 1,578 3,435
Evacuees 82,525 3,501 86,026
Refinery/processing Fatalities 399 8 164 571
Injured 1,966 345 393 2,704
Evacuees 23,430 161,000 184,430
IRegional distribution Fatalities 7,142 226 1,988 9,356
Injured 11,750 936 11,523 24,209
Evacuees 208,076 300 477,365 685,741
Local distribution Fatalities 600 330 930
Injured 1,349 7,199 8,548
Evacuees 4,476 1,900 6,376
Heating/industrial Fatalities 232 298 530
Injured 217 280 497
Evacuees 2,000 14,110 16,110
Totals Fatalities 15,695 2,233 3,701 21,629
Injured 20,276 5,210 21,120 46,606
Evacuees 274,746 105,011 961,776] 1,341,533
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Table 18 . Significant petrochemical plant accidents involving death or injury.

Petro-
chemical
industry
incidents
Information Description of
Location source Operator Type Date event/fatalities Reported cause
injuries
Coliseum, KAMEDO Not Gas 1963 Explosion, 66 dead, | Functional fault at refrigeration
Indianapolis (2000) available 436 injured plant, gas release and explosion
R |
N HSE (1975), Nypro Cyclo- 28 dead, 104 pret £ &P
. . June . which formed a cloud that
Lincolnshire, Marsh (2003) (UK) hexane injured, 3000
1974 exploded (unconfined vapour
England evacuated .
cloud explosion)
Major leak from holding tank with
stored MIC overheated and
released toxic heavier-than-air
Union Chemical plant - 34 Dec Major leak, 3500 MIC gas, which rolled along the
Bhopal, India . Methyl dead, over 300000 ground through the surrounding
carbide . 1984 . .
isocyanate injured streets. The gas may ultimately
have injured between 150,000 to
600,000 people, at least 15,000 of
whom later died
Pasedena. 23 Explosion and fire, erlz::: Oistlsggzigaﬂngf
’ Phillips | Chemical Oct 23 dead, 130 process g g reg
Texas L maintenance operation. Vapour
1989 injured L
cloud ignited.
Arco
Deer Park, Chemical 1990 17 dead Not available
Texas Co
27" Fire and explosion, Fire at chemical plant spreads to
Belpre, Ohio Doyle (2002) Shell Chemical storage | May 4 dead, 1700 nearby storage tanks, with loss of
1994 evacuated millions of gallons of chemicals
Explosion in ammonium nitrate
process area, destroying the main
13" Explosion, 4 dead, seven-storey process building and
Port Neal, Marsh (2003), Terra Chemical plant Dec 18 injured, 2500 creating a crater about 10 m
Towa Gruhn (2003) Industries p outside plant across. In addition, the explosion
1994 . o
evacuated broke windows of buildings over
25 km away in Sioux City and was
felt 48 km away.
Hond Explosion and fire,
Deer Park, Doyle (2002), . blast felt 25 miles Flammable gas leak led to fire and
Shell Chemical plant June . .
Texas Marsh (2003) away. 30 receive explosion
1997 g
medical help.
Wuppertal Not g Explosion, 50 Human error — wrong chemical
pp ’ Marsh (2003) . Chemical plant June injured including 20 | added to tank during production of
Germany available . . L
1999 local residents insecticide
27" . . .
Pasedena, Marsh (2003) ?Phillips Chemical/plastics | Mar Explosion ;.mfi fire, Chemlf:al reaction cauged .
Texas 2000 1 dead, 69 injured explosion and fire during cleaning
. 16" . .
Birkenhead, Marsh (2003) Not Polyacrylates May Fire dest.rqyed Major release and fire destroys the
UK available 2001 plant, 2 injured polyacrylates plant
st H
Toulouse, Marshv(2003), o 21 Explos1op » 30 dead, France’s worst industrial accident,
France Macalister Total Fertilizer plant Sept 2500 seriously but cause never established
(2005) 2001 injured.
Geismar 12" Explosion and flash
L Doyle (2002) Shell Chemical plant Feb fire, 1 dead, 1 Not available
Louisiana ..
2002 injured
3674 dead/303342
Totals injured/7200
evacuated
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Table 20. Above ground storage tank incidents between 1951-2003 resulting in
fatalities and/or casualties (based upon Persson & Lonnermark, 2004 but
including Clark et al., 2001).

Location Date Facility Ignition source Casualty Figures
Santurca, Bilbao, Spain 1967 Crude oil storage tanks Rail tanker exploded 1 dead, 8 injured
Amsterdam, Netherlands 20/11/1969 Petrol storage tank Not available 1 injured
Czechowica, Poland 26/6/1971 4 crude oil storage tanks involved Lightning 33 dead (most firefighters)
Spain 1972 Gasoline storage tank Smoking 1 dead
Ras Tamura, Saudi Arabia 22/8/1979 Aramco refinery storage tank Not available Fire burned for one day. 2 dead, 6 injured
exploded and was followed by fire
Heide, Germany 20/9/1979 Refinery tank Not available 1 injured
Amsterdam, Netherlands 29/9/1979 Y full storage tank in port area Not available 1 dead, 2 injured
Cork, Ireland 1/3/1981 2 fuel storage tanks Operator sampling 1 dead
Tacoa, Caracas, Venezuala 19/12/1982 2 heating oil storage tanks Not available 150 dead
Bogata, Columbia 23/12/1982 3 gasoline/kerosene storage tanks Not available 1 dead 15 injured
Corinto, Nicaragua 30/7/1983 8 oil storage tanks Maintenance 3 dead.
Philadelphia, USA 5/10/1983 Naptha storage tank Explosion 4 injured
Cologne, Germany May 1985 Several storage tanks Not available Area evacuated.
Naples, Italy 1985 Aviation fuel storage tank Overfilling 5 dead, 170 injured
Pretoria, S Africa 21/5/1985 Petrol tank Not available 3 firemen dead, 7 injured
Chicago, USA 23/12/1986 Gasoline storage tank Explosion 1 dead
Lyon, France 1987 14 tanks diesel storage tanks Not available 2 dead
Chicago, USA 14/9/1987 Fuel storage tanks Explosion 2 dead, 3 injured
Port Arthur, Texas, USA 1988 4 gasoline storage tanks Not available 8 dead, 8 injured
Sines, Portugal 27/8/1988 3 tanks Maintenance 2 dead, 3 injured
Qingdao, China 12/8/1989 Oil depot, 6 tanks Lightning 16 dead, 70 injured
Sandwich, Mass, USA 5/8/1989 2 fuel oil tanks Maintenance 2 injured
Oklahoma, USA 1980 3 tanks Worker Worker using lighter ignited fuel, 3 tanks badly
damaged. 3 dead.
Port of Tampa, Florida, USA May 1990 Gasoline tank Explosion 1 dead
Houston, Texas, USA 8/7/1990 2 tanks Explosion 17 dead, 5 injured
E;‘Z Orleans, Louisiana, 1992 Crude oil storage tanks Not available 2 dead
Texas, USA 1992 Not available Human 1 dead, 4 injured
Wyoming, USA 8/8/1992 More than 100 tanks Not available 4 injured
Nanjing, China 21/10/1993 Gasoline storage tank Overfilling 2 dead
Delaware City, USA 17/7/1994 2 oil tanks Lightning 6 firefighters injured
Ueda, Nagano, Japan 11/10/1994 1;6”01 storage tank explodes, igniting Not available 1 dead
other tanks
ZDOrg?;(a, Egypt (Clark et al., 2/11/1994 Aviation fuel storage tanks Lightening :16’9 2r(z)e(s)lld)ents of village killed (Ash, 2006; Clark et
Addington, Oklahoma, USA 11/6/1995 Crude oil storage Lightning 2 dead
San Juanico, Mexico 11/11/1996 2 gasoline storage tanks Faulty valve 4 dead
Hyderabad, India Sept 1997 ;i gs’ kerosene & petroleum storage | oy 34 dead, 100 injured
Israel Nov 1997 Diesel storage tank at refinery Explosion Diesel storage tank blew up at refinery. 1 dead
Calgary, Canada 9/8/1999 Oil, diesel fuel, jet fuel, propane Fire 2 dead
storage tanks
Kansas, USA 4/9/2001 Oil tank Human 1 dead
Duson, LA, USA 30/11/2001 Crude oil storage tank EXPIOSWH’ cause not 1 boy badly burned
determined
Dexter, KS, USA 7/6/2002 2 oil storage tanks Explosion 1 injured
Turkey 28/7/2002 9 LPG tanks Not available 5000 evacuated
Dunbar, S Africa 17/10/2002 Fuel storage tanks at bitumen factory Not available 1 dead, 6 injured
Gdansk, Poland 3/5/2003 Gasoline tank ?mobile telephone 3 dead
Buncefield, Hertfordshire, 11/12/05 Fuel storage depot Overfilling 43 injured

UK

Totals

778 dead, 426 injured, >7000 evacuated
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