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natural structural integrity than other islands, thus allowing for 
greater mine stability (although it too has anomalous zones, 
a salt overhang, and other structural complexities), and (iii) 
the salt is surrounded by more clayey (impervious) sediments 
than the other Five Islands, perhaps allowing for lower rates 
RI�FURVVÁRZ�DQG�JUHDWHU�K\GURORJLF�VWDELOLW\�

Compared to the other salt domes of the Five Islands, Cote 
%ODQFKH� ,VODQG� KDV� EHQHÀWHG� IURP� D� VDIH�� VWDEOH� VDOW� PLQH�
operation throughout the mine life (Autin, 2002). Reasons for 
this success to date are possibly; (i) mining operations have 
not been conducted as long at Cote Blanche Island as other 
nearby domes, (ii) the Cote Blanche salt dome may have better 
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of accident
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of casu-
alties

,QÀXHQFH�VFRSH

Petal City 1974, Missis-
sippi, USA

Liquid 
butane

Fire & explo-
sion

Human error 
leading to 
RYHU¿OOLQJ

Homes destroyed within 
7 km

24 
injured

,QÀXHQFH�UDQJH�ZDV���
km, 3000 evacuated

West 
Hackberry

1978, Louisiana, 
USA

Petroleum Fire & blowout Packer failure 
during repair of 
casing

72,000 bbls (about 11,446 
m3) crude oil leaked, US $ 
14-20 million loss in total

1 fatal-
ity, 1 
injured

,QÀXHQFHG�DUHD�ZDV�
90,000 m2, environment 
polluted

Mont 
Belvieu

1980, Texas, 
USA

Liquid 
propane

Fire & explo-
sion

Casing failure-
corrosion

23 million m3 of propane 
loss

At least 
1 fatality

75 families (300 people)
evacuated for 180 days

Conway 1980-2002, 
Kansas, USA

Liquid 
propane

Gas leaking 
into the ground-
water

Hydrated cap 
rock

Gas found in wells and 
local groundwater possibly 
caused by wet rockhead

None Area near the storage 
cavern, 30 homes 
bought, 110 people 
relocated

Mont 
Belvieu

October, 1984, 
Texas, USA

Liquid 
propane

Fire & explo-
sion

Casing failure Several million US $ loss None

Mont 
Belvieu

November, 
1985, Texas, 
USA

Liquid 
propane

Fire & explo-
sion

Transmission 
pipeline cut off

110 m3 of propane con-
sumed and a large amount 
of propane leaked

2 fatali-
ties

More than 17,000 evacu-
ated

Viriat 1986, France Ethylene Gas cloud Ground facilities 
broken

All gas leaked None

Teutschen-
thal

1988, Halle, 
Germany

Ethylene Surface dome 
and crack

Casing broken 60-80% of ethylene leaked None An area of approximately 
8 km2 evacuated

Clute 1988-1989, 
Texas, USA

Ethylene Gas escaping Drilling opera-
tion resulting in 
tightness failure

About 20,000 m3 of ethyl-
ene loss

None 10 families evacuated

Brenham 1992, Texas, 
USA

/LTXH¿HG�
petroleum 
gas(LPG)

Fire & explo-
sion

2YHU¿OOLQJ�DQG�
valve failure

332,000 barrels (about 
52,500 m3) US$5.4 million 
& US$1.38 million punitive 
damages awarded

3 fatali-
ties, 23 
injured

About 3 km radius of 
plant, 26 homes de-
stroyed

Mineola 1995, Texas, 
USA

Propane Fire under-
ground and on 
the surface

Pillar cracks Cavern cycling connected 
adjacent cavities, pressure 
buildup and casing leak

None The two caverns and 
region within 15 m on the 
surface

Yaggy 2001, Kansas, 
USA

Natural 
gas

Fire & explo-
sion

Casing bend 
and damage

About 5,600,000 m3 natu-
ral gas loss. Gas surfaced 
in old brine pipeheads. 
US$800 million law suit

2 fatali-
ties

Part of the town 
LQÀXHQFHG�VRPH�����
people evacuated

Fort-Sas-
katchewan

2001, Saskatch-
ewan, Canada

Ethylene Fire lasting 8 
days

Failure of pipe-
line connecting 
two caverns

14,500 m3 ethylene loss in None Area near the plant

Magnolia 2003, Louisiana, 
USA, near 
Napoleonville

Natural 
gas

Gas escaping Casing crack More than 1,000,000 m3 
natural gas leaked

None About 30 people evacu-
ated from Grand Bayou

Odessa 2004, Kansas, 
USA

Liquid 
propane

Gas escaping Ground facilities 
broken

More than 100 t (about 
90,000 kg) liquid propane 
leaked

None

Clute 2004, Texas, 
USA

Ethylene Fire & explo-
sion

Drilling opera-
tion resulting in 
tightness failure

None 10 families evacuated

Moss Bluff 2004, Texas, 
USA

Natural 
gas

Fire & explo-
sion (300m 
KLJK�ÀDPH��

Brine pipe corro-
sion, well casing 
separation

At least 36 million US $ 
loss in gas inventory

None ,QÀXHQFH�UDQJH�ZDV�����
m, 1000 people within 5 
km evacuated
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.YV\UK^H[LY�IYLHRV\[�[PLK�[V�(UWLUN�;YVUH��*OPUH
At a depth of more than 2,000 m, the Anpeng trona salt mine, 
China, exploits the deepest and second largest trona deposit yet 
discovered in the world. The mine is located in hilly country and 
is solution mining Eocene sediments in the fault-bound Biyang 
depression, via a linked series of injector and extractor wells 
(Chapter 12). Since October 2008, groundwater bursting or 
breakout has occurred, even under rainless weather conditions in 
and around Cao Village, Anpeng, Tongbai County. These saline 
breakouts have cause severe salinization of the land, which 
currently has an area of over 300,000 m2. Water from some 
drinking wells has also become contaminated and nonpotable.

A systematic study of the geological conditions, operation of 
the mines, the hydrogeochemistry of groundwater bursts shows 
leaked solution waters are the source of the groundwater bursts 
(Shi et al., 2013). Over the 40 years of mine operations, natural 
and induced fractures, cracks, faults, and leaking brine wells 
have formed connections with one another. Previously un 
recognised water leakages of saline mine waters have welled 
XS�DQG�UHFKDUJHG�VKDOORZ�DTXLIHUV��EHIRUH�ÀQDOO\�UHDFKLQJ�WKH�
ground surface as groundwater bursts, where pressurised escap-
ing waters can form fountains up to a metre tall.

Case Histories: Storage cavern problems
7KH�ZRUOG·V�GHPDQG�IRU�IXHO�PHDQV�LW�PXVW�EH�KHOG�LQ�VXIÀFLHQW�
quantities near centres of distribution so as to insure security 
of supply. Deciding where and how mankind stores substantial 
volumes of hydrocarbons (or in the future the much more volatile 
hydrogen) in or near populated areas will always be a problem. 
There have been a few accidents in below ground storage facili-
ties and some are described in this section. However, when the 

environmental and safety records of above and below ground 
fuel storage facilities are compared, the below ground facili-
ties are an order of magnitude safer and less environmentally 
hazardous. Problems with storage caverns in salt hosts are 
related either to the utilisation of non-purpose built caverns or 
to human error and poor management practices (Figure 13.7).

>LLRZ�0ZSHUK��3V\PZPHUH
The Weeks Island Strategic Petroleum Reserve (SPR) facility 
on Weeks Island, Louisiana, is some 30 km SE of Jefferson 
Island. Like other salt-cored islands, the landscape shows a 
variety of surface features indicative of ongoing salt dissolu-
tion such as dolines and linear valleys atop shear zones (Figure 
13.48a). It utilized abandoned room and pillar caverns of the 
Morton Salt Company mine and so was unusual compared to 
other purpose-built storage caverns of the Strategic Petroleum 
Reserve (SPR). It was purchased in the 1970s, a time that was 
early in the annals of the SPR and at the height of the 1970s 
oil crisis. Occupying a former salt mine it was the shallowest 
of all the SPR facilities across the USA (150-220 metres below 
the land surface). It was not a custom built facility, nor was it 
constructed by solution mining technologies. 

)ROORZLQJ�RLO�ÀOO�LQ������������WKH�IDFLOLW\�VWRUHG�VRPH������
million BBL of crude oil in abandoned mine chambers. Then 
in November 1995, the Department of Energy (DOE) initiated 
RLO�GUDZGRZQ�SURFHGXUHV��DORQJ�ZLWK�EULQH�UHÀOO�DQG�RLO�VNLP-
ming, plus numerous plugging and sealing activities. In 1999, 
at the end of this recovery operation, about 98% of the crude 
oil had been recovered and transferred to other SPR facilities 
in Louisiana and Texas; approximately 1.47 MMBL still lies 
in the now plugged and abandoned cavern system. 

?b`nk^�*,'-1'�LmkZm^`b\�I^mkhe^nf�K^l^ko^�_Z\bebmr%�P^^dl�BleZg]%�EhnblbZgZ'�:"�Eh\Zmbhg�h_�LIK�_Z\bebmr�Zg]�ma^�ik^l^g\^�h_�
gZmnkZe�pZm^k&Ûee^]�\heeZil^�]hebg^l'�;"�Mhi�h_�lZem�\hgmhnkl�lahpbg`�ahp�lbgdahe^l�]^o^ehi^]�bg�]^ik^llbhgl�Zmhi�ma^�nii^k�
iZkm�h_�ma^�lZem'�Ma^�lbgdahe^l�h\\nk�bg�k^`bhgl�g^Zk�ma^�^]`^�h_�ma^�\Zo^kg%�pbma�ma^�ihm^gmbZe�_hk�_hng]^kbg`�h_�ma^�\Zo^kg�khh_�
bgmh�ma^�\aZf[^kl�h_�ma^�_hkf^k�Fhkmhg�LZem�fbg^'
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The cause of this drainage and abandonment was an active 
VLQNKROH�VRPH����PHWUHV�DFURVV�DQG����PHWUHV�GHHS��ÀUVW�QRWHG�
near the edge of the SPR facility in May 1992 and perhaps 
reaching the surface about a year earlier. However, the grow-
ing depression was located on the south-central portion of the 
island, directly over a subsurface trough, which is obvious in 
the top-of-salt contour based on mine records (Figure 13.48b; 
Neal and Myers, 1995). Earlier shallow exploratory drilling 
around the Department of Energy service and production 
VKDIWV�LQ������KDG�LGHQWLÀHG�WKH�SUHVHQFH�RI�LUUHJXODULWLHV�DQG�
EULQH�ÀOOHG�YRLGV�DORQJ�WKH�WRS�RI�VDOW�LQ�WKLV�UHJLRQ��$�VHFRQG��
much smaller sinkhole was noticed in early February 1995, but 
it did not constitute a serious threat as it lay outside the area 
of cavern storage.

Neal (1994) pointed out that Kupfer’s 1976 map of that part of 
WKH�PLQH�ORFDWHG�EHQHDWK�WKH�ÀUVW�VLQNKROH�VKRZHG�EODFN�VDOW��
Regionally, black salt in Gulf Coast salt mines is often associ-
ated with anomalous leach-zones, indicating zones where salt 
was subject to unpredictable movement and sometimes to col-
lapse. The volume of this sinkhole (estimated as 650 m3 when 
ÀUVW�QRWHG���LWV�RFFXUUHQFH�RYHU�D�WURXJK�LQ�WKH�WRS�RI�VDOW��DQG�
LWV�SRVLWLRQ�GLUHFWO\�DERYH�WKH�RLO�ÀOOHG�PLQH�FDYHUQV��PHDQW�LW�

was of concern to the SPR authorities, especially in terms of 
the stability of the roof of the storage cavern. This feature did 
not form overnight, it lies atop a shear zone that formed during 
the diapiric rise of the salt and capped by a rockhead valley 
FRQWDLQLQJ�3OHLVWRFHQH�VHGLPHQW�ÀOO��6DOW�H[WUDFWLRQ�SUREDEO\�
created tension across the shear zone, thereby favouring fracture 
enlargement, as early perhaps as 1970 (Figure 13.49; Waltham et 
al., 2005). Eventually, an incursion of undersaturated groundwa-
ter traversed the fracture zone across some 107 m, from a level 
equivalent to the rockhead down to the mine where it emerged. 
Over time, ongoing dissolution enlarged a void at the top of 
the salt, creating the collapse environment for the sinkhole that 
was noted at the land surface in 1991. Investigations undertaken 
in 1994 and 1995 into the cause of active at-surface sinkholes 
YHULÀHG�WKDW�ZDWHU�IURP�WKH�DTXLIHU�DERYH�WKH�:HHNV�,VODQG�VDOW�
dome was seeping into the underground oil storage chamber at 
WKH�ÀUVW�VLQNKROH�VLWH��)LJXUHV���������������1HDO�DQG�0\HUV��
1995; Neal et al., 1995, 1997). Drainage and decommissioning 
of the Weeks Island facility followed. 

Beginning in 1994, and continuing until abandonment of the 
facility, saturated brine was injected directly into the throat of 
ÀUVW�VLQNKROH��ZKLFK�OD\�VRPH����PHWUHV�EHQHDWK�WKH�VXUIDFH��
This essentially arrested further dissolution and bought time for 
DOE to prepare for the safe and orderly transfer of crude oil to 
another storage facility. To provide added insurance during the 
oil transfer stage, a “freeze curtain” was constructed in 1995. It 
consisted of a 54 well installation around the principal sinkhole, 
which froze the overburden and uppermost salt to a depth of 
67 metres (Figure 13.49; Martinez et al., 1998). Until the mine 
ZDV�FRPSOHWHO\�ÀOOHG�ZLWK�EULQH�DQG�LWV�K\GURFDUERQV�UHPRYHG��
WKLV�IUHH]H�ZDOO�SUHYHQWHG�JURXQGZDWHU�ÁRZ�LQWR�WKH�PLQH�YLD�
the region of black salt around the sinkhole. Dealing with this 
sinkhole was costly. Mitigation and the removal and transfer of 
oil, including dismantling of infrastructure (pipelines, pumps 
etc.), cost a total of nearly US$100 million; the freeze curtain 
itself cost nearly $10 million. 

In hindsight, based on an earlier leak into the mine, while it 
was an operational mine, and the noted presence of black salt 
in a shear zone in the mined salt, one might fault the initial 
DOE decision to select this mine for oil storage. In 1978 
groundwater had already leaked into a part of the mine adjacent 
to the sinkhole and this was forewarning of events to come 
�0DUWLQH]�HW�DO����������,QMHFWLRQ�RI�FHPHQW�JURXW�LQWR�WKH�ÁRZ�
path controlled the leak at that time, but it could just as easily 
have become uncontrollable and formed a sinkhole then. But 
in 1978 the technology needed to understand the salt physics, 
salt solution and mine conditions and so predict future events 
had not been developed. The world, and the United States, 
was in the middle of an oil crisis and as a former US President 
once observed, “It’s hard to drain the swamp when you’re up 
to your arse in alligators!”

.HZ�LZJHWL��L_WSVZPVUZ�HUK�ÄYLZ�MYVT�JH]LYU�SLHRZ
$OPRVW�DOO� WKH�H[SORVLRQV�DQG�ÀUHV�GHVFULEHG�LQ�WKLV�VHFWLRQ�
are caused either by human error, poor forward planning, a 
lack of due diligence by the storage company or operator or a 
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down the oil pressure in the cavern. As the oil was under high 
pressure (sealed in by viscous mud in oil feeder casing) as the 
workover began it was liable to expand violently if any mishap 
upset the status quo. Injecting the viscous mud at the top of the 
well was a good precaution against any failure of the topside 
YDOYH�RQ�WKH�RLO�ÀOOHG�DQQXODU�VSDFH��EXW�LW�KDG�DEVROXWHO\�QR�
effect on the dangerous situation at the bottom of the cavity 
and if the packer failed, which it did, there was no way of 
preventing a blowout.

A comprehensive but simple precaution would have been to 
release the pressure on the oil in the cavity by drawing down 
the top surface of the brine in the access well to about one-
quarter of its total original height. The volume of oil needed to 
be withdrawn was, of course, exactly equal to the volume that 
was expelled in the blowout. This relatively small volume of 
oil could easily have been stored temporarily in another cav-
ity on the site. So doing would have rendered the workover 
situation entirely safe.

The Brenham explosion

A disastrous explosion occurred on April 7, 1992, following 
WKH�RXWÁRZ�RI�/3*�RQWR�WKH�VXUIDFH�IURP�D�ZHOO�DWRS�D�VWRUDJH�
cavern in the Brenham Salt Dome. The blast occurred some 
110 km northwest of Houston. It killed a 6-year old boy and 
two adults, injured 21 persons, damaged more than 40 homes 
and snapped trees like matchsticks, while denuding acres of 
rolling farmland. In all it caused an estimated US$ 9 million in 
damage to property within a 5 km radius. Seismographs at three 
Texas universities within 120 km of the scene recorded surface 
tremors ranging from 3.5 to 4.0 on the Richter scale. Windows 
were rattled in homes more than 200 km away. 

The Brenham storage facility consisted of a 380,000-bbl 
(60,000-m3�� FDYHUQ� ÀOOHG�ZLWK�/3*� �D�PL[WXUH� RI� SURSDQH��
ethane, n-butane and other gases). The cavern was linked to 
ground level by a 13-3/8-in diameter, 2,702-ft long cemented 
casing (Figure 13.51). A central brine pipe (2,871-ft long) 
allowed injection and withdrawal of brine. LPG was injected 
into, or withdrawn from, three distinct pipelines. Brine was 
provided by two above-ground brine ponds. The wellhead was 

combination of these factors (Table 13.7; Yang et al., 2013). 
In all cases the salt caverns themselves did not fail. In spite of 
these accidents, cavern storage is still one of the safest ways 
to store what are very large volumes of highly explosive ma-
terials. Consequences are far graver, and death rates orders of 
PDJQLWXGH�KLJKHU��ZKHQ�H[SORVLRQV�DQG�ÀUHV�KDYH�RFFXUUHG�LQ�
above ground fuel storage tanks and facilities (Evans, 2009).

;OL�>LZ[�/HJRILYY`�L_WSVZPVU

On September 21, 1978 a blowout and explosion occurred 
at the West Hackberry salt dome storage facility in southern 
Louisiana (USA). It killed one worker, released 10,000 m3 of 
oil to the surface and cost US $14-20 million (1980 dollars) in 
cleanup and remediation. The incident occurred during work-
over operations on one of the access wells to the No. 6 cavity. 

Understanding the causes of the explosion requires a few 
background comments on casing strings in the well and the 
ZRUNRYHU�VSHFLÀFDWLRQV��)LJXUH���������7KH�ZHOO�FRPSOHWLRQ�ZDV�
made up of an outer 12.75-in (32.4 cm) casing string cemented 
to a depth of 2632 ft (816m). Cemented inside was another 
9.62-in (24.4 cm) diameter casing string some 2603 ft (807 m) 
long. This was probably added after the “initial” completion 
to improve oil tightness when the cavity was converted to oil 
storage. An innermost 5.5-in (14 cm) diameter pipe string was 
used to withdraw brine whenever oil was pumped in to the 
cavity (see Figure 13.50). 

On the day of the explosion the workover consisted of with-
drawing the 5.5-in innermost tubing string, repairing a leak on 
the 12.75-in casing, and reinforcing the wellhead equipment. 
To accomplish this, the annular space between the innermost 
SLSH�VWULQJ�DQG�WKH������LQ�FDVLQJ�KDG�EHHQ�ÀOOHG�ZLWK�KLJK�
viscosity mud. This was designed to bring wellhead pressure 
LQ�WKH�RLO�VWULQJ�WR�]HUR��2QFH�WKH�DQQXODU�VSDFH�ZDV�ÀOOHG��D�
packer was set at the bottom of the 5.5-in brine pipe to seal it 
off from the cavity. Work then commenced on pulling the in-
nermost 5.5-in pipe; however, after 14 pipe lengths had been 
stacked, the packer slipped as increasing differential pressure 
started to push it up to the surface. As the packer rose, the pres-
sure (brine to oil differential) on it increased. Soon the packer 
shot up and out on to the surface, 
forming an oil geyser (blowout) 
that continued until the pressure 
differential had dissipated. By that 
time an estimated 72,000 barrels 
(10,000 m3) had shot up into the 
DLU��FDXJKW�ÀUH�DQG�NLOOHG�RQH�RI�
the drilling crew. 

A poor understanding of the 
SUHVVXUH�GLVWULEXWLRQ�LQ�WKH�ÁXLG�
columns when the workover was 
designed is the main reason for 
the incident. As planned, the 
workover was extremely delicate, 
it was attempted without drawing 

?b`nk^�*,'.)'�L\a^fZmb\�h_�ma^�ik^llnk^�]b__^k^gmbZel�maZm�\Znl^]�ma^�P^lm�AZ\d[^kkr�[ehp�
hnm�Zg]�^qiehlbhg�!l^^�Zelh�?b`nk^�*,'**"'
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equipped with a shutdown valve. The Brenham station was 
operated remotely by a dispatcher in Tulsa, Oklahoma (Bérest 
and Brouard, 2003).

At 5:43 am on April 7, 1992, additional LPG was injected in 
the cavern. The brine/LPG interface unexpectedly reached the 
1-in diameter weep hole located in the lower part of the central 
tubing, some 1 ft above the tubing base. The weep hole was 
VXSSRVHG�WR�SURYLGH�ZDUQLQJ�LQ�FDVH�RI�LPPLQHQW�RYHUÀOOLQJ��
/3*�ÁRZHG� LQWR� WKH� FHQWUDO� EULQH� WXELQJ�� OHDGLQJ� WR� ORZHU�
GHQVLW\�LQ�WKH�ÁXLG�LQ�WKH�FHQWUDO�FROXPQ��SDUWLDO�YDSRUL]DWLRQ�
and expansion of the lighter gases, a pressure drop in the cavern 
DQG��XOWLPDWHO\��D�ODUJH�ÁRZ�RI�JDV�WKURXJK�WKH�ZHHS�KROH�DQG�
the tubing base alike.

%ULQH��IROORZHG�E\�OLTXHÀHG�JDV��GD\OLJKWHG�DW�WKH�EULQH�SRQG�
surface. Back-calculation proved that 3,000 to 10,000 bbl (500 
to 1,600 m3��RI�OLTXHÀHG�JDVHV�ZHUH�H[SHOOHG�YLD�WKH�SRQGV��
The release of gas into the atmosphere activated gas detectors 
at ground level. (Such activation was apparently a relatively 
frequent event at this station, and alarms were often unrelated 
to an actual gas leak). The dispatcher in Tulsa was not able 
to interpret correctly the somewhat confusing information 
delivered by the telemetric system - a unique signal was sent, 
whatever had activated a number of detectors. The shutdown 

valve (or cavern safety valve) was assumed 
to have immediately reacted to the high pres-
sure level (100 psi) in the brine tubing at the 
wellhead, but the system failed.

A subsequent National Transport Safety Board 
�176%�� LQYHVWLJDWLRQ� FRQÀUPHG� WKH� ORFDO�
RSHUDWRU�KDG�RYHUÀOOHG�WKH�VWRUDJH�FDYHUQ�WR�
where LPG had escaped into an adjoining brine 
storage pit through the brine injection system 
via an open valve. Product had then evaporated 
and, being heavier than air, formed a low-lying 
cloud 30 feet high and several hundred yards 
long. At 7:08 am the “mushroom-shaped” 
vapour cloud was ignited by an automobile 
driving into the foggy cloud near the storage 
facility. 

According to the NTSB report, Mapco (the 
operator of the facility) was not aware of the 
volume of product in storage at the site. Some 
338,995 barrels were actually stored instead of 
the 288,000 bbl estimated by Mapco. NTSB 
concluded that the management procedures 
KDG� ODFNHG� RYHUVLJKW� DGHTXDWH� WR� FRQÀUP�
employee measurements. Nor did the company 
have the ability to balance cavern receipts 
against withdrawals. In addition, employee 
measurement procedures did not adequately 
WDNH�LQWR�DFFRXQW�VSHFLÀF�JUDYLW\�YDULDWLRQV�
of the NGLs in storage. 

Aside from the computation errors, NTSB said 
other contributing factors included: 

a) Inadequate positioning of the brine pipe weep hole - in a 
post accident redesign it was moved to 6 feet above the base 
of the brine pipe, 

b) A lack of several fail-safe features on the cavern’s shutdown 
system - this system had included a brine pressure-sensing line 
designed so that when a large pressure build-up was sensed 
in the brine line it switched a spring that, when triggered, 
sent an electrical signal in a chain containing a fusible link 
whose fusion should have closed the brine safety valve and 
so prevented product leakage back up the brine pipe. It is 
extremely likely than one or two manual valves were closed 
on this sensing line at the time of the explosion, isolating it 
from the main body of the brine pipe, so making the emer-
gency shutdown system ineffective. Ironically, the shutdown 
valve was activated when heat from the explosion burned the 
fuse and triggered valve closure (it shut the barn door after 
the horse had bolted). 

c) Inadequate emergency response training and procedures, 
along with poor communication among Mapco employees 
responding to the alarms and to the obvious surface emergency.

Early media coverage sensationally reported that “A Salt Dome 
Has Blown Up”. However the cavern storing the leaked liquids 
later passed a mechanical integrity test and is still in use today. 
It was operational supervision and safety procedures that failed 
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dismally, not the cavern. After this accident, the Railroad Com-
mission of Texas issued new regulations (effective in 1994) 
mandating that LPG storage caverns be protected by at least 
WZR�RYHUÀOO�GHWHFWLRQ�DQG�DXWRPDWLF�VKXW�LQ�PHWKRGV��

Barber’s Hill explosion and collapse

On October 3, 1980 a gas-fed explosion occurred in a residence 
in Mont Belvieu, a Texan town that sits atop the Barbers Hill 
diapir, some 60 km west of Houston. Barbers Hill dome is the 
largest subsurface LPG storage facility in the U.S. with over 
126 active solution-mined caverns storing between 75 and 300 
million barrels of light hydrocarbon products. The explosion 
was ignited by a woman who sustained burns when turning on 
her dishwasher. A spark from the dishwasher had ignited gas 
that had accumulated in the foundation of the house.

Two weeks earlier, on September 17, 1980, a drop in pressure 
KDG�EHHQ�UHFRUGHG�LQ�RQH�RI�WKH�QHDUE\�FDYLWLHV�VWRULQJ�OLTXHÀHG�
petroleum gas (70% ethane, 30% propane). The cavern was 
HPSWLHG�RI�SURGXFW�DQG�ÀOOHG�ZLWK�EULQH��6XEVHTXHQW�LQYHVWL-
gation showed a leak had occurred through a corroded casing 
joint in the access well in the vicinity of the porous anhydrite 
caprock (Figure 13.52). The well in question had originally been 
drilled in 1958. Leaking gas seeped through the surrounding 
soil to accumulate in the foundations of the residence where the 
explosion occurred. In the days that followed, gas daylighted 
haphazardly in residential areas around the site of the original 
H[SORVLRQ��+ROHV�ZHUH�GULOOHG�LQWR�WKH�ZDWHUWDEOH�WR�ÀQG�DQG�
vent pockets of gas. Residual gas saturations in the soils forced 
the evacuation of 73 families for nearly seven months and a 
drastic fall in property values. 

Because of its low density, propane tends to rise to the surface, 
either through the cement along the outside of the casing or 
by dispersing in the overlying ground surrounding a breach 
(Bérest et al., 2003). This happens, for example, if escaping 
JDV�LQWHUVHFWV�D�VXIÀFLHQWO\�SHUYLRXV�ZDWHU�EHDULQJ�OD\HU�MXVW�
below the surface. The gas can accumulate in building founda-
tions, emerge at streams and similar low-lying ground or come 
up through faults and joints, daylighting at the surface several 
hundred meters from the well head. To minimise this potential 
problem, the architecture of the access well is of utmost impor-
tance. In the Mount Belvieu situation, if the two last cemented 
casings been anchored in the salt formation and not into the 
anhydrite cap, the propane leak would have been channeled 
in the cemented annular space between the two casings, with 
considerably lesser consequences (Thoms and Kiddoo, 1998).

A few years later, on July 30,1993, there was another event 
that further lowered Mont Belvieu property values. In a few 
hours a sinkhole crater formed between two brine wells in the 
EGP Fuel Storage facility (Cartwright et al., 2000). The crater 
stabilized with a diameter of 12 metres and a depth of 6 metres. 
A well that was near the problem site had to be abandoned 
after the sinkhole formed. It was not a hydrocarbon storage 
well so the environmental implications of a collapse-induced 
DEDQGRQPHQW�ZHUH�QRW�DV�VLJQLÀFDQW�LW�ZRXOG�KDYH�EHHQ�IRU�D�

failed hydrocarbon cycling well. The cause of the sinkhole is 
contentious but it is thought that brine cycling in the two wells 
may have contributed to the collapse. Detailed subsidence 
work in the cone of subsidence about the sinkhole suggest that 
it was probably there prior to the collapse and, if it had been 
monitored, the data could have been used as an indicator of the 
likelihood of collapse (Cartwright et al., 2000). 

Brine injection that drives brine compensated withdrawal of 
the stored hydrocarbons periodically requires large volumes 
of brine in short time frames. But in Mont Belvieu there was 
QRW� VXIÀFLHQW� DERYH�JURXQG� LQIUDVWUXFWXUH� WR� VWRUH� WKH� ODUJH�
volumes of brine needed for product cycling. To give access 
to large volumes of brines quickly, brines were pumped down 
dedicated brine storage wells with bases in shallow caprock 
caverns. Wells adjacent to 1993 Mont Belvieu sinkhole were 
two such wells that had stoped toward the landsurface, perhaps 
facilitated by ongoing brine cycling.

4PULVSH�WYVWHUL�ÄYL

In 1995 there was DQ�XQGHUJURXQG�ÀUH�WKDW�EXUQHG�IRU�VHYHUDO�
days at a salt dome storage cavern operated by Suburban Propane 
near Mineola in East Texas, some 145 km east of Dallas. The 
cavern in which the blow-out occurred extended from 1200 
ft to 2500 ft (350-750 m) subsurface. The blowout occurred 
when a salt wall separating two storage caverns had become 
so thin from the enlargement associated with brine compensa-
tion (product cycling) that it cracked (Gebhardt et al., 2001). 
7KLV�DOORZHG�VWRUHG�SURSDQH�SURGXFW�WR�ÁRZ�IURP�RQH�FDYHUQ�
to an adjacent cavern that was empty of product and undergo-
ing testing. Pressurised nitrogen was being injected into the 
DGMDFHQW�EULQH�ÀOOHG�FDYHUQ�DV�SDUW�RI�D�VWDQGDUG�PHFKDQLFDO�
integrity test. The testing may have contributed to the penul-
timate pressure buildup that allowed propane product to leak 
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VLQFH�WKH�SRG�RI�FDYHUQV�KDG�EHHQ�UHÀOOHG�ZLWK�QDWXUDO�JDV�RQ�
January 14, and perhaps much longer, perhaps since the initial 
ZHOO�ZRUNRYHU�LQ�WKH�����V��$W�WKH�WLPH�RI�WKH�UHÀOOLQJ��WHFKQL-
cians did not think much of a minor pressure drop, as it was a 
URXWLQH�VLWXDWLRQ�DVVRFLDWHG�ZLWK�ÀOOLQJ�WKH�FDYHUQ��:KHQ�WKH�
caverns are pressurized, the natural gas is compressed, raising 
its temperature. Once in the caverns, the pressurised gas begins 
to cool and condense, resulting in a slight pressure decrease. It 
was common practice to then “top off” the cooled caverns with 
DGGLWLRQDO�JDV�WR�ÀOO�WKH�FDYHUQV�WR�WKH�ÀQDO�VWRUDJH�SUHVVXUH�

7KH�<DJJ\�ÀHOG�RI�VDOW�FDYHUQV�ZDV�RULJLQDOO\�GHYHORSHG�LQ�
the early 1980s to hold propane. Wells were drilled to depths 
of about 650-900 feet (200-300 m), into the lower parts of the 
Hutchinson Salt Member and cased with steel. The roof of each 
cavern was about 40 feet (12m) below the top of the salt layer. 
7KH�FRPSDQ\�KDG�GLIÀFXOW\�PDNLQJ�D�ÀQDQFLDO�VXFFHVV�RI�WKH�
operation and eventually ceased operations. All of the storage 
ZHOOV�ZHUH�ÀOOHG�ZLWK�EULQH�DQG�WKHQ�SOXJJHG�E\�SDUWLDOO\�ÀOO-
ing them with concrete. KGas acquired the facility in the early 
����V�DQG�FRQYHUWHG�LW�WR�QDWXUDO�JDV�VWRUDJH��E\�GHÀQLWLRQ�WKLV�
is a pressurized storage system). Plugged wells were drilled out 
to return the feeder wells and caverns to use. At the surface 
the wells in the Yaggy facility are 300 feet (90m) apart. At the 
time of the crisis, Yaggy had about 70 wells, of which 62 were 
feeders to active natural gas storage caverns. More than 20 
new wells had been drilled and were being used to create new 
FDYHUQV�IRU�H[SDQVLRQ�RI�WKH�ÀHOG�VWRUDJH�FDSDFLW\��

$W�IXOO�FDSDFLW\��WKH�ÀHOG�FRXOG�KROG�����ELOOLRQ�FXELF�IHHW��%FI��
of gas at pressures of about 600 pounds per square inch and 
at the time of the accident it was supplying up to 150 MMcf 
(million cubic feet) of gas per day. Yaggy is the only natural gas 
VWRUDJH�ÀHOG�LQ�VDOW�FDYHUQV�LQ�WKH�VWDWH�RI�.DQVDV��2WKHU�VDOW�
caverns in Kansas are used for brine-cycled storage of liquid 
hydrocarbons, such as propane, at much lower pressures than 
the natural gas at Yaggy. 

into shallow depths via a casing leak (Bérest and Brouard, 
2003). The leaking well had originally been drilled as an oil 
producer in the late 1950s, four decades before the accident. 
/LTXLÀHG�JDV�HVFDSHG�WKURXJK�WKH�VRLO�LQ�D�KDOR�WKDW�H[WHQGHG�
as far as 100 feet from the well. The escaping gas ignited and 
EXUQHG�UHOHDVLQJ�KHDY\�EODFN�VPRNH��([WLQFWLRQ�RI�WKH�ÀUH�ZDV�
QRW�D�YLDEOH�RSWLRQ��DV�GDQJHURXV�UH�LJQLWLRQ�DQG�ÁDVK�EDFN�ZDV�
likely. The innovative kill techniques applied to this well are 
described in Gebhardt et al. (2001).

There are potential problems with longterm intercavern integrity 
as all salt caverns will enlarge during product cycling, so the 
Texas Railroad Commission now legislates what is an accept-
able degree of enlargement before a storage cavern must be 
plugged and abandoned.

Hutchinson explosion

2Q�-DQXDU\�����������D�JDV�H[SORVLRQ�DQG�ÀUH�GHVWUR\HG�WZR�
businesses in downtown Hutchinson in central Kansas (Allison, 
2001). The next day in the Big Chief mobile home park 3 miles 
away another explosion occurred and 2 residents died of injuries 
received. The explosions were tied to geysers spewing gas and 
water, and their appearance caused the excavation of hundreds 
of Hutchinson residents. Pathways to the landsurface at both 
explosion sites and to the various active geysers across town 
were directly tied to undocumented and abandoned wells that 
were once used to solution mine the Hutchinson Salt. 

The January 17-18, 2001 eruptions of gas and brine, driving 
30-ft (10m) geysers in the town, resulted from the loss of 143 
MMcf of gas from the Yaggy natural gas storage facility located 
7 miles down the road from the town community of 40,000 
people (Figure 13.53). Oneok Inc., owned and operated the 
<DJJ\�ÀHOG�WKURXJK�D�VXEVLGLDU\�FRPSDQ\�FDOOHG�.*DV��8SRQ�
UHYLHZ�RI� SUHVVXUH� UHFRUGV��.*DV� RIÀFLDOV� UHDOL]HG� WKDW� WKH�
S-1 cavern had probably been leaking at a low level, at least 
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should not be converted to store natural gas, and cavern wells 
that have been plugged cannot be reopened and used again), 
maximum pressure limit of 0.76 psi/ft (1.73 10–2 MPa/m) and 
new testing requirements, such as a leak test should be per-
formed every 5 years.

CO� outburst, Menzengraben Potash Mine, E. Germany

An intense outburst of carbon dioxide took place on 7 July 
1953 in the vicinity of the Menzengraben potash mine of the 
former East Germany (Hedlund, 2012). This disaster occurred 
in a salt mining region known to be gassy, and prone to CO2 
rock-burst problems (Table 13.8). The gas escaped from the #2 
Shaft House immediately after a scheduled underground blast at 
11:35 pm on the evening of July 7,1953. As a result of the gas 
escape some 12 people died above ground from CO2-induced 
asphyxiation, many died in their sleep. No-one died underground 
as, due to the gassy nature of the extracted salt, it was standard 
practice to bring all staff above ground prior to a blast. For 25 
minutes after the scheduled blast, a large amount of CO2 blew 
with great force out of the mine shaft. Outside, it was a still 
night with no wind, allowing concentrated CO2 to accumulate 
in a nearby valley, leading to multiple asphyxiation casualties. 

Based on a review of concentration-response relationships, the 
location of victims, and other information, Hedlund (2012) con-
cluded that concentrations of 10-30% carbon dioxide occurred 
up to 450 metres from the point of release at the shaft house, 
for at least 45 minutes, with some 1100-3900 tonnes of CO2 
blown out of the mine, at “blow-out” intensities estimated to 
be 4 tonnes per second. The majority of the gas escaped via a 
near-vertical high-velocity jet, with only little loss of momentum 
due to impingement. The nature of the escape and the ability 
of the gas to pond is relevant to planned CO2 sequestration 
facilities, worldwide. The largest natural CO2 induced disaster 
occurred in 1986 in the vicinity of Lake Nyos (Cameroon), 
when a CO2 plume was released from lake bottom sediments. 
The gas plume had a likely volume of 1.5 million tonnes and 
spread up to 25km from the release point, hugging the lower 
parts of the landscape and killing an estimated 1700 people, 

Date Mine Salt burst 
(tonnes)

C02 released 
(m3)

27 November, 1908 Dietlas 2700 18,000

15 April, 1938. Marx-Engels 7000 Not stated

31 November, 1938 Ernst Thalmann 15,000 200,000

���-DQXDU\������ Menzengraben 5000 75,000

��-XQH������ Menzengraben 18,000 450,000

10 May, 1950 Marx-Engels 20,000 Not stated

13 October, 1951 Menzengraben 13,000 200,000

��-XO\������ Menzengraben 65,000 700,000

15 October, 1957 Menzengraben 22,000 400,000

21 August, 1981 Not stated 6000 1,000,000

25 May, 1984 Not stated 110,000 2,300,000

MZ[e^�*,'1'�K^ihkm^]�lZem�[nklm�Zg]�<H+�k^e^Zl^�ohenf^l�k^lnem-
bg`�_khf�<H+�hnm[nklml�bg�ma^�P^kkZ�=blmkb\m�!Z_m^k�A^]eng]%�+)*+"

Records show that when KGas drilled the concrete out from 
the well casing in S-1 well to return the well to operation, they 
encountered a steel casing coupler that was dropped into the 
concrete in the well during the plugging operations (Allison, 
�������'XULQJ� WKH�ZRUNRYHU� WKLV�REMHFW�PD\�KDYH�GHÁHFWHG�
the drill bit against the side of the well casing damaging and 
weakening it. A post accident down-hole video in S-1 shows 
a large curved slice in the casing at that depth. The city’s 
geological consultant described it as looking “like a kitchen 
knife cutting into a can.” Prior to the Yaggy facility approval 
by state authorities the S-1 had a satisfactory casing pressure 
test, as required by the Kansas Department of Health and En-
vironment. The test was though to demonstrate the integrity of 
the casing at that time. However, the well at the depth of the 
leak was never tested to the maximum pressure that would be 
experienced in service.

The route followed to the surface by the escaping gas is not 
completely documented. Initial seismic surveys in early February 
�����DW�ÀUVW�LQGLFDWHG�D�SRVVLEOH�VXEVXUIDFH�VDQG�FKDQQHO�WKURXJK�
ZKLFK�WKH�HVFDSLQJ�JDV�ÁRZHG�XS�IURP�WKH�VWRUDJH�IDFLOLW\��%XW�
that was not borne out by a study of regional well logs or the 
22% success rate in drilling for suspected gas pockets (Watney 
et al., 2003) or subsequent seismic interpretation (Nissen et 
al., 2004). The most likely candidate carrier is thought to be a 
fractured intrasalt gypsiferous dolomite layers that pinched out 
northwest against the tight shales, and so facilitated drainage to 
the crest of the anticlinal culmination that underlies the town 
of Hutchinson (Figure 13.53).

There are more than 600 NGL-LPG salt storage caverns in 
bedded Hutchinson salt in the state of Kansas, the most of any 
state in the USA. Kansas also has plans for more natural gas 
storage caverns, although Gulf Coast salt dome caverns are 
10-20 times larger. The mix of bedded salt and permeable rock 
formations (perhaps even intrasalt) around Hutchinson region, 
the presence of natural dissolution irregularities and the fact 
that Hutchinson has been an area of solution mining since the 
ODWH�����V�LV�D�UHDO�SUREOHP�IRU�VWRUDJH�RI�KLJK�SUHVVXUH�ÁXLGV��
Once the S-1 well was breached, numerous unplugged brine 
wells that were long ago drilled within the Hutchinson Salt 
and abandoned, without appropriate documentation, routed 
the escaping gas to the surface. Such wells are directly tied to 
WKH�GRZQWRZQ�ÀUH�WKDW�ÀUVW�KHUDOGHG�WKH�SUREOHP��DQG�WR�WKH�
two deaths that occurred in the explosion in the mobile home 
park a few days later. Work since the explosion has pointed out 
numerous problems to be addressed in a region of bedded salt 
that appears in many ways not to be a suitable site for future 
natural gas storage projects. Even so, the salt storage cavern 
itself did not leak, the access piping was the problem due to 
well workover damage. 

After the accident, poor regulation and the small inspection 
staff numbers in the state of Kansas (compared to neighbor-
ing states) were incriminated by several experts (Bérest et al., 
2003). New sets of regulations were discussed and legislated, 
including mandatory double casing in wells, corrosion control, 
well conversion restrictions (salt caverns designed to store LPG 
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along with large numbers of livestock. 

Recognising and preventing poten-
tial cavern problems
Three factors can contribute to the breaching and collapse of 
solution-mined cavities, namely creep, uncontrolled leaching, 

and the presence of anomalous zones in what had been assumed 
to be homogenous salt (Table 13.9). Anomalous zones may be 
unexpected regions of highly soluble salts (potash salts), of 
fractured intrasalt beds, or zones of much older natural leaching 
(e.g. black salt), which may contain pressurized brine or gas 
�PHWKDQH�RU�QLWURJHQ���,Q�EULQHÀHOGV�DQG�VRPH�VDOW�PLQHV�WKH�
anomalous zones tend to occur near intersections with poorly 
documented older well bores. The same set of factors generates 
many of the operational problems in conventional salt mines 
(Chapter 11 and 12).

Salt Creep
7KH�SULQFLSDO�IDFWRUV�LQÁXHQFLQJ�WKH�UDWH�RI�VDOW�FUHHS�DUH��D��
cavern depth and overburden characteristics; pressure and tem-
perature gradients, b) internal cavity pressure, c) cavern shape, 
d) salt properties (e.g., variations in halite crystal size, moisture 
content). Left alone, and not subject to fresh water incursion, 
salt (especially carnallite�DQG�ELVFKRÀWH�VDOW��ZLOO�FUHHS�LQWR�
an unbreached storage cavern until differential pressures are 
equalised. Salt cavities in homogenous halite hosts are generally 
stable at depths between a few hundred metres and about 2000 
metres depth (Figures 13.1; 13.54). Below that depth there is 
an elastic-plastic transition zone for salt behaviour somewhere 
below 1000 to 2000 metres. Cavities below this can be relatively 
unstable and show large volume decreases through rock creep; 
with the transition depth depending on the composition of the 
salt, the geothermal gradient and the overburden pressure. 
Effects of salt cavity creep, due to inadequate internal pres-
VXULQJ��ZHUH�ÀUVW�QRWHG�LQ�WKH�����V�E\�WKH�RSHUDWRUV�RI�VRPH�
large purpose-built storage caverns. The Eminence cavern in 
Mississippi, built at 1700-2000m, lost 40% of its volume in 
just two years post-construction, while Tersanne in France 
lost 30% to salt creep (Figure 13.55). Such losses in storage 
capacity were potentially expensive, but when adjustments were 
made to cavern depths and minimum gas storage pressures, the 
volume loss stopped. Today both facilities are still operational 
and have recovered much of their initial volume loss (Thoms 
and Gehle, 2000a). Salt creep occurs at slower rates above the 

?b`nk^�*,'.-'�:_m^k�ma^�\Zo^kg�aZl�_hkf^]�Zg]�bl�Ûee^]%�lZem�
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Accident description Accident cause Economic loss ,QÀXHQFH�VFRSH

Kiel 1967, Germany Natural gas 
& hydrogen

Volume lost 12.3% after 
45 days

Excessive creep of salt, 
operating at too low 
pressure

Cavern failure (re-
duced capacity)

The cavern

Eminence 1970-1972, Mis-
sissippi, USA

Natural gas Volume lost more than 
40%

Excessive creep of salt, 
operating at too low 
pressure

Cavern failure (re-
duced capacity)

The cavern

Stratton 
Ridge

1990s, Texas, 
USA

Natural gas Cavern abandoned, 
ground subsidence, 
settlement rate 40 mm/a

Excessive creep of salt 
and in wet condition

Cavern failure Ground above the 
caverns

Bayou 
Choctaw

1954, Louisiana, 
USA

&DS�URFN�FROODSVHG��§����
m diameter lake formed 
on the surface

Human error Cavern failure Ground above the 
caverns

Clovelly Louisiana, USA Oil storage Cavern in salt overhang 
dissolved into cap rock

Thin cap rock, inad-
equate salt buffer

Cavern abandonment The cavern

Napoleonville
Bayou Corne

2012-ongoing, 
Louisiana, USA

Brine 
cycling

Cap rock with large voids, 
unexpected shale layers 
in salt edge leading to 
collapse

Cap rock failure, inad-
equate salt buffer

Cavern abandonment, 
loss of brine storage

The cavern and 
ground above

MZ[e^�*,'2'�Ikh[e^fl�bg�ik^llnkbs^]�lmhkZ`^�\Zo^kgl�!l^^�m^qm"'


