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ABSTRACT: Unintentional releases of natural gas to the surface or subsurface environment are recognized as a challenge to the safe and 
reliable operation of underground fuel storage facilities, including for natural gas. Previous studies have documented some of the occur-
rences at such facilities and assessed leakage or failure mechanisms along with their degree of severity, in part to inform risk-based assess-
ments of subsurface geologic storage of fuels and wastes (such as carbon dioxide). This paper summarizes the past occurrences and several 
hundred others of varying severity (from nuisance/non-hazardous to catastrophic), that have occurred or earlier ones that have come to light 
since a previous study of Evans [1] was undertaken. Worldwide, these have occurred at facilities developed in salt cavern (~320), porous 
rocks (aquifer and depleted hydrocarbon field – ~40 and ~600 respectively), mined hard-rock cavern (~50) and storage facilities of as-yet 
to be determined type (~7). The present work includes categorizing the fuel type (natural gas, LPG, NGL’s, crude oil), type, nature and se-
verity of any leakage for both above ground and subsurface incidents, all of which provide key parameters to risk probability assessments.

Worldwide, a total of 1023 occurrences at underground fuel storage facilities are documented, of which 706 involve natu-
ral gas facilities. Of these, 63% can be attributed to subsurface causes (38% to well integrity, 25% to geological or subsurface in-
tegrity causes) and 36% to surface causes including pipeline and wellhead issues. It is important to note that not all involve prod-
uct loss: only 588 occurrences are linked with migration or leakage of product, of which only 428 occurred to, or at, the surface. 
Together, the 1023 occurrences provide evidence of problems that do occur and which could contribute to a more serious occur-
rence and thus their recognition informs risk assessments. In the US, a total of 817 occurrences are documented, of which 538 
are linked to migration/leakage of product, with 397 occurrences to, or at, the surface. Some 599 occurrences involved natural 
gas facilities. Of these, 59% can be attributed to subsurface causes (33% to well integrity, 26% to geological or subsurface integ-
rity causes) and 38% to surface causes. In the US, the highest numbers of occurrences are found in California, Pennsylvania, and 
Texas, with product losses and related issues occurring in depleted oil and gas fields and in solution-mined salt cavern facilities.

1.   INTRODUCTION

Natural gas (methane) has rapidly become a critically im-
portant component of US and other countries’ economies, 
providing an important energy source for industrial, com-
mercial, and electrical generation sectors as well as for res-
idential heating (e.g. [2,3]). Natural gas has traditionally 
served the seasonal winter-heating market, but is increas-
ingly being called upon to help meet shorter-term peak de-
mand in the summer-cooling market as use for electrical 

generation increases and to provide a steady and reliable 
backup for renewable power, such as wind and solar, which 
are characterized by intermittent or variable supply [4]. 
Because the storage capacity in the above-ground pipeline 
network is insufficient to meet these demands, natural gas 
is stored in large underground facilities. Many fuels are 
stored in underground fuel storage (UFS) facilities and un-
der-ground natural gas storage (UGS) form the majority of 
these storages, both in the US and throughout the world. 

Based upon US Energy Information Administration (EIA) 
data (as of October, 2016: https://www.eia.gov/ dnav/ng/
ng_stor_cap_dcu_NUS_a.htm), more than 400 UGS facili-
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ties exist in the US, with an additional smaller number in 
Europe and elsewhere (Table 1). In the US, the majority 
(329, or 79%) of the 415 UGS facilities utilized depleted 
oil and gas fields; 47 (11%) occupied depleted ground-wa-
ter aquifers, and 39 (9%) were in solution-mined mined 
salt caverns. Porous-rock (i.e., reservoir) storage thus rep-
resented 91% of UGS fields, with solution-mined salt cav-
erns comprising the remainder. An additional number of 
UFS facilities are in converted hard-rock mines. Such stor-
ages, in addition to mined hard rock caverns and convert-
ed mines, provide an additional number of UFS facilities.

The identification and assessment of risks to product 
loss at UFS and UGS facilities lies at the heart of risk 
management programs that are currently being used 
and expanded throughout the storage industry. The Ali-
so Canyon blowout in southern California during winter 
2015–2016 has focused national attention in the US on 
the safety and reliability of UGS facilities and has mo-
tivated new federal and state regulations that require 
risk management plans. Because risk is commonly con-
sidered to involve some combination of occurrence and 
likelihood of product leakage, having an accurate da-
tabase of natural gas leakage occurrences constitutes 
a fundamental element of risk assessment (e.g. [5]). 

The work reported in this paper aims to help inform the 
debates relating to safety and risks associated with UFS 
and UGS facilities. We have compiled a database compris-
ing details of 1023 occurrences at UFS sites worldwide. 
These occurrences are documented in over 20 categories 
to aid ready analysis of differing categories or variables 
such as location, fuel type, cause, and severity. We pres-
ent a summary of these data in this paper. In the future, 
more detailed statistical assessments are planned, from 
which it is anticipated that greater understanding of the 
main causal mechanisms and areas of risk will emerge.

2.   BACKGROUND STUDIES

Over the years, individual incidents at underground fuel 
storage (UFS) sites have made local news or media re-

ports (e.g. the 1973 Elk City, Oklahoma, LPG storage 
incident; [6]), some have appeared in safety authority 
reports (e.g. the NTSB 1992 Brenham salt cavern inci-
dent report), US State geological reports (Illinois aqui-
fer storage sites; [7]) and others in the scientific literature 
(e.g. gas migration at the Beynes and St Illiers aquifer 
storages, France; [8,9]). Prior to the current work, a num-
ber of studies into the occurrence and frequency of the 
release of hydrocarbons from underground storage had 
been undertaken. Bérest [8,10] analyzed 10 ‘accidents’ 
related to a variety of causes at mainly salt cavern stor-
ages, but also aquifer and mined rock facilities. In 1998, 
an ad hoc working group was established by Marcogaz3  
to exchange information and establish a database on, and 
define failure rates at, European underground gas storage 
operations. Its purpose was to “help to prove to the public 
and to national authorities the high safety level of UGS, 
to dissipate fears of people bordering UGS sites and to 
contribute to reducing the requirements of authorities by 
implementing the SEVESO II Directive4 in each national 
Law system.” The ‘Marcogaz’ study [11], identified in-
cidents based upon criteria defining major accidents in 
Annex VI of the 1999 COMAH Directive5, however, no 
sites were specifically identified. The study concluded:

• 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 being calculated at 6x10–3 accident/year/site;

3 Technical Association of the European Natural Gas Industry 
(http://www.marcogaz.org/)

4  European Council Directive 96/82/EC of December 9, 1996 on the 
control of major accident hazards involving dangerous substances and 
is a European Union law aimed at improving the safety of sites contain-
ing large quantities of dangerous substances. Also known as the Seve-
so II Directive, after the Seveso disaster, it replaced the Seveso Direc-
tive and was itself modified by the Seveso III directive (2012/18/EU).

5  The Control of Major Accident Hazards Regulations 1999 (COMAH) 
implemented the Seveso II Directive and came into force in Great Britain 
(GB) on April 1, 1999. Most recent revisions were made in 2015, which 
implement the majority of the Seveso III Directive (2012/18/EU) in GB.

Table 1. Numbers of UGS facilities worldwide and USA only (based upon IGU, 2006 and EIA (2016: https://www.eia.gov/dnav/ng/
ng_stor_cap_dcu_NUS_a.htm).

Storage type Worldwide
(number, %age)

USA
(number, %age)

Depleted field 454/75 329/79
Aquifer 87/14 47/11

Salt cavern 64/11 39/9
Abandoned mine 1/<1 –

Totals 607 381*
* USA totals exclude estimate for abandoned mines; data as of 2015
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• 5 accidents occurred due to faulty wells over a 
cumulative period of 100,155 years, the proba-
bility for major accidents on wells of UGS sites 
being calculated at 5x10–5 accident/year/well; and

• 1 accident occurred that resulted in severe in-
jury due to well problems over a cumulated 
period of 100,155 years, the probability of ma-
jor accidents resulting in severe injury on wells 
being calculated at 1x10–5 accident/year/well.

The Marcogaz European UGS study represents an im-
portant, but limited source of information. Except for 
two accidents causing injuries, all other cases of acci-
dents were classified “major accident” because of the 
release of gas or material damage inside the UGS fa-
cility. The report claims there had been no deaths in-
side or outside a UGS facility, yet does not contain 
reference to the Ketzin incident for which one fatali-
ty is reported (N.J. Riley, 2007, pers. comm.; [1,12]).

In the mid-2000s, CO2 storage investigations drew on 
experiences at underground gas storage facilities to as-
sess safety and containment of potential storage sites. 
Key works at the time identifying storage incidents at 
both porous rock and salt cavern storage sites included 
[13,14,15]. In 2008 the UK Health and Safety Executive 
(HSE) commissioned a report on underground fuel stor-
age incidents to inform land use planning, which docu-
mented 67 incidents or problems at UFS facilities, linked 
to differing causes [16]. This was followed by the study 
of Evans [1], which built on the HSE report and com-
pared failure rates with other areas of the energy supply 
chain and was at the time, perhaps the most extensive 
survey of storage incidents, their causal mechanisms and 
mitigation strategies. Since then CCS studies and risk 
analyses have utilized these baseline studies from gas 
and other hydrocarbon storage facilities (e.g. [17,18]).

The values compiled by EIA and discussed above do 
not include the estimated 70 additional UGS facilities 
developed in mined hard-rock caverns and abandoned 
coal mines. A worldwide survey of underground mines 
re-purposed for oil and gas storage [97] lists eight aban-
doned mines that have been used for hydrocarbon stor-
age [20] globally, including six mines in the US, that 
were used for hydrocarbon storage as of 1995 (their ta-
ble 4). Of those eight mines, only three (one in the US 
and two in Belgium) were used to store natural gas from 
as early as 1961 [21,22]. These numbers may be low, as 
at least five more LNG gas storage facilities located in 
mined rock caverns were reported separately from Ohio 
alone, with gas leakage reported from one of these in 
2013 [23]. A report to the US Department of Energy in 
1998 [24] cited from an unpublished earlier study that 

as of 1991, a total of 1122 underground storage caverns 
were in operation in the US for LPG storage; of these, 70 
were in hard-rock caverns and 1052 were in salt caverns.

Although wells constitute a fundamental risk element for 
integrity and product loss, the geological and geomechan-
ical integrity of the reservoir in UGS facilities is also of pri-
mary concern [25]. Gas or liquids can escape confinement 
to their intended subsurface zone by means of multiple 
mechanisms including accessing faults and fracture sets 
[25,26], failure of confining zone sequences, and structur-
al spill points. Failures of reservoir integrity and leakage 
of gas are well documented for all main types of gas stor-
age facility (depleted oil and gas fields, aquifers, and salt), 
along with storage in abandoned mines [1,27,28,29]. Risk 
registers can be assessed and mitigated following practic-
es developed in the oil and gas industry [30], geothermal 
[31,32], and carbon dioxide sequestration [33,34,35,18] 
industries, and these must be informed by accurate data 
on leakage mechanisms and rates. As discussed in the 
literature (e.g. [1]), leakage occurrences from UGS and 
UFS facilities have occurred through a number of causes. 
Many can be related to a loss of well integrity, whereas 
others can be attributed to a loss of subsurface integrity 
(such as caprock failure or salt movement) or operations 
(for example, procedures not followed). Many occurrenc-
es are related to multiple causes and not all leakage occur-
rences can be attributed solely to a loss of well integrity. 
In many cases, the facilities were operated according to 
established guidelines, while at others operators failed to 
follow procedures. In all cases the risk of leakage occur-
rences could potentially be reduced by improved guide-
lines for wells, geologic characterization, and operations.

In a study of porous-rock storage integrity, 22 leak-
age occurrences from a total of ~485 porosity-storage 
facilities worldwide could be attributed to natural gas 
leakage through the caprock/top-seal sequence, corre-
sponding to about 10% of all reported leakage occur-
rences investigated in that study [17]. Of these, half 
were due solely to failure of the caprock/top-seal se-
quence itself, a quarter were due solely to undetected 
or incorrectly characterized faults or fractures in the se-
quence, and the remaining quarter were due to a combi-
nation of caprock failure and seal-bypass mechanisms.

In the wake of the massive Aliso Canyon, California blow-
out, new US federal regulations have been put into place for 
all US intrastate and interstate UGS facilities. The Interim 
Final Rule (IFR) released by the Pipeline and Hazardous 
Materials Safety Administration (PHMSA) in December 
2016 [36] applied an initial set of common minimum stan-
dards (based on the American Petroleum Institute’s [API] 
Recommended Practices RP 1170 and 1171) that all op-



erators are expected to comply with. The goal of the new 
Federal regulations is to increase reliability of the com-
bined pipeline and storage system. Leakage occurrences 
noted in the IFR include Hutchinson/Yaggy (2001), Moss 
Bluff (2004), and Aliso Canyon (2015–2016). The State 
of California has separately revised its regulations for its 
intrastate storage facilities in response to this occurrence. 

As part of a US natural-gas industry initiative, the Amer-
ican Gas Association published a position paper [37] to 
accompany the pair of API RP 1170 and 1171 that were 
incorporated into the IFR. This “white paper” relates that 
unplanned releases of natural gas from underground stor-
age wells, while rare, have indeed occurred. Porous-rock 
storage was considered but not natural gas storage in solu-
tion-mined salt caverns or mined caverns. On the basis 
of a literature search and an informal survey of operators 
that included nearly 14,000 wells contained in 226 fields, 
representing a sampling of over 80 percent of US natu-
ral gas storage wells, a total of 61 well-related leakage 
incidents were tabulated from 1950 through 2010, cor-
responding to an average of 10.2 per decade or nearly 1 
per year. Of these, 15 (25%) involved injuries, 4 (7%) in-
volved fatalities, and 21 (34%) inconvenienced the public 
through road closures, water supply replacements, build-
ing damage and evacuation of homes to some degree. 
Of the 51 occurrences that included an estimated length 
of time taken to resolve the incident, 23 were resolved 
within 1–2 days, 17 were resolved within a month, and 11 
took longer than a month to resolve. Of all occurrences, 
about 33% were related to well interventions (e.g. test-
ing, maintenance, or related work), 36% were downhole 
leaks, 11% were related to design or manufacturing de-
fects, 8% were attributed to wellhead or gathering line 
issues, and 2% were of undisclosed origin. The industry 
white paper interprets a subset of these data (i.e. occur-
rences that occurred since 1990, corresponding to 27 or 
44% of all occurrences listed, but also including the Aliso 
Canyon occurrence in 2015–2016, which took more than 
3 months to resolve) as indicating that the likelihood of 
leakage occurrences in the future should be considered 
from a process safety perspective as “very unlikely,” 
“extremely unlikely,” or “remote.” The data subset just 
referred to, with 28 leakage occurrences over a 15-year 
period, would average 11.2 occurrences per decade or 1.9 
occurrences per year, corresponding to a somewhat higher 
incidence rate than was obtained by using the longer-term 
values. The industry interpretation of well-related leak-
age occurrences may be contrasted with the critical nature 
of such occurrences concluded, for example, by indus-
try regulators such as PHMSA as noted in its IFR [36].

Clearly, all reports show that leakage occurrences and ulti-
mately accidents do occur at underground natural gas stor-

age facilities of all types and differing terminologies have 
been used to describe various occurrences. How-ever most 
commonly used is ‘accidents’, which carries undesirable 
connotations. As noted by Bérest [8], subsidence associat-
ed with salt cavern deformations (salt creep and closure) 
can, for example, be spectacular but such movements do 
not always affect the stability of the overlying ground or 
endanger lives. Bérest suggests therefore, that although 
such movements were not fully expected by the designers 
and they often had not inconsiderable impacts on the eco-
nomics of the facilities, the word “accident” is something 
of a misnomer insofar as there may be no danger to persons 
or property from any particular occurrence or situation. 
For the purposes of this paper and to avoid any connota-
tion or implication, the non-generic word ‘occurrence’ is 
used here when referring to underground storage events 
identified in the literature and discussed in this paper.

3.   CURRENT WORK

Compiling accurate numbers for natural gas and hy-
drocarbon leakage is a challenging undertaking. Al-
though some occurrences are well documented, others 
are known only anecdotally, as through media reports; 
many others may not be well documented if they were 
not publicized by operating companies, or constitute 
part of litigation documents. Nevertheless, the work re-
ported here provides (to the authors’ knowledge), the 
most current and comprehensive compilation of occur-
rences at storage facilities and their main root causes. 
As such, we believe that it provides the best foundation 
from which decisions and regulations regarding prod-
uct loss rates from underground fuel, and in particular 
natural gas facilities, can be made. These data can also 
be used to inform the reliability of other subsurface se-
questration efforts such as carbon dioxide (e.g. [17,18]).

Data relating to occurrences at UFS sites summarized 
and presented in this paper represent data in the public 
domain, compiled following exhaustive searches both 
online and in the scientific and safety literatures. Since 
the study by Evans [1], further occurrences have hap-
pened and most importantly, more information has be-
come available online, though scanned reports and con-
temporary newspaper articles being made available. This 
work documents a total of 1023 occurrences at UFS 
and UGS facilities of very varying nature, cause and 
severity. Important to note is that a significant number 
do not involve leakage of product and an even smaller 
number involve leakage to, or at, surface (see below). 

The database is constructed in such a way that if an oc-
currence involved more than one well or cavern, then it 
is recorded as an entry comprising the number of wells 



or caverns involved for that one site and problem. To il-
lustrate this point, during a routine inspection of a stor-
age well in March 2015, the operator of the Rough gas 
storage field in the UK (Centrica) identified a potential 
issue with well integrity. Importantly in this instance, no 
serious leakage of the wells was determined and no acci-
dent occurred. However, the situation resulted in an im-
mediate reduction in operating pressure at the field and 
led to a reduction in working gas volume from 3.7 bcm 
(130.7 bcf) to 3.1 bcm (109.5 bcf) [38,39]. Rough is a de-
pleted offshore gas field converted to natural gas storage 
operations in 1985 and has thus been operating for over 
40 years. It was feared by the operator that the problem, 
linked to aging infrastructure, affected all Rough wells 
on the two platforms. The situation prompted a testing 
program of all wells, during which a ‘containment en-
velope failure’ in one well occurred at a lower pressure 
than expected. This prompted a full 42-day shutdown 
of the facility in June 2016, which was extended in July 
2016, initially until March/April 2017, although since 
then some wells have been allowed limited withdrawal 
capacity over winter 2016. The testing revealed that 28 
wells were operating at pressures higher (3500 psi) than 
originally certified (3000 psi). This case, therefore, is re-
corded as an identical entry for 28 wells, with the main 
cause being well integrity, but including a subsidiary cate-
gory of operational issues (the gradual increase in storage 
pressures to those above which the wells were certified).

The current study provides the data with which to assess 
likely leakage mechanisms, main risks to storage integri-
ty and the potential consequences of any storage failures. 
Occurrences of varying severity are found from storage 
types involving porous rocks (depleted hydrocarbon fields 
and aquifers), salt caverns, abandoned mines and mined 
rock caverns (non-salt). A sixth category comprises oc-
currences where the storage type is unconfirmed. A num-
ber of important incidents not previously mentioned in 
the scientific literature have been identified, demonstrat-
ing subsurface failure mechanisms and impacts on sur-
face infrastructure. Importantly in some cases, mitigation 
measures are also available. The stored fuel type compris-
es natural gas, town gas (a legacy industry term for flam-
mable gaseous fuel made from coal), ethylene, ethane, 
oil and HVL’s (highly volatile liquids: including natural 
gas liquids and LPG) and empty (i.e. when not filled with 
product, but either at atmospheric pressure or filled with 
brine). A number of minor problems associated with one 
of the two operational salt cavern compressed air energy 
storage (CAES or CAS) facilities (Huntorf facility; [40]) 
are included, as they demonstrate problems which are also 
encountered at natural gas storages. Again where fuel type 
is unknown, these are recorded in a category unconfirmed.

Although many occurrences are linked to more than 
one cause, the main causal mechanism behind each oc-
currence is noted and assigned to one of six categories: 

1. Subsurface/well integrity
2. Subsurface/caprock-reservoir integrity
3. Above-ground infrastructure – mechanical failure
4. Above-ground infrastructure – both

5. o Operational – e.g. at the Belle River stor-
age facility where productivity decreased over 
time in several (at least 4) wells across field 
with operational problems rendering sever-
al 35 mmscfd wells inoperable; inspection of 
well sites revealed safety valve control lines 
had lost hydraulic pressure, resulting in 150 
mmscfd lost deliverability from field [41], or 

o  Human error (e.g. a serious gas leak at the Rough 
storage field in 1998, starting point of which was 
failure of a flange during maintenance work that 
was blamed on managerial mistakes [42]), and 

6. ‘Unconfirmed’ cause.

The operational/human error categories are in fact 
often difficult to differentiate as many operation-
al occurrences result from some sort of human error.
The category ‘subsurface/caprock-reservoir integrity’ 
includes migration of stored product in the subsurface 
and covers a range of scenarios that can result in loss 
of storage integrity and product in the subsurface, but 
which does but not necessarily involve loss of caprock 
integrity. It may or may not lead to leakage to surface. In 
the case of depleted fields or aquifers, this can involve:

• Migration laterally into (or out of) areas of 
the trapping structure not previously con-
sidered, or into adjoining fields due to later-
al reservoir connections. This could be through

 

o Poor understanding of the reservoir 
as in e.g. the Sabinsville, Pennsylvania, USA, 
Shirley storage field, West Virginia, USA and 
Žukov, Czech Republic depleted storage fields 
[43,44,45] respectively and in some aquifer 
storages, including the Gourney-sur-Aronde 
gas storage in France, where injected gas pref-
erentially migrated to the southeastern and 
northwest limbs of the anticlinal trap [9,46].

o Operational issues such as the operation 
of storage reservoirs at pressures that cause pre-
viously unanticipated gas migration into distant 
regions of the structure, but which in the case of 
e.g. the Lansing Storage Field did not involve 
leakage to surface. Migration arose due to peri-
ods of prolonged high pressure when less gas was 



withdrawn than anticipated. This led to gas being 
driven into regions of the reservoir with lower 
permeability and/or porosities [47]. In such cas-
es, recovery of the storage gas is difficult and may 
involve complete loss, or operating at lower pres-
sures to permit remigration back into the main 
area of the reservoir. In the case of the Downs 
storage field, Pennsylvania, leakage at surface 
was deemed to have arisen due to storage pres-
sures being too high. Original discovery pressure 
of field was 1760 psi in discovery well LW #14, 
but from start of injection in well LW #19 on May 
16, 1975 to June 13, 1975, 270 mcf gas injected at 
shut-in pressure of 3004 psi, which caused leakage 
from the field (A. Theodos, pers. comm. 2015).

• Migration out of storage area or into deeper and/or 
shallower reservoirs either via faults (e.g. the Du-
najovice storage field, Czech Republic; [46]), poor 
caprock seals (e.g. the Pleasant Creek storage field, 
California, USA, Cunningham storage field, Kan-
sas, USA and Hrušky storage field, Czech Republic; 
[45,48,49,50]), or wells, within the same storage field 
(e.g. the Tioga storage field, Pennsylvania, USA; 
[51,52]), or involving adjacent fields due to lateral 
continuity of the reservoir (e.g. the Žukov storage 
field; [45]). An end-member of this category is the ex-
ample from Leidy Field (Pennsylvania, USA) in 1969 
(A. Theodos, 2008 pers. comm.; [1]). Gas initially 
migrated from storage via five storage wells at 850 
m3 (30,000 ft3) per day and later from 13 other wells. 
This led to a high-pressure build-up of gas in sand-
stones at shallower levels that caused fracturing of the 
rock over several square miles and led to the severing 
of casing in 30 other wells. Extensive surface blow-
outs in gas and water wells occurred, with gas con-
tinuing to escape for up to six weeks. Wells vented up 
to 56,634 m3 (2 mcf) per day and an estimated 113.3 
mcm (4 bcf) of gas was ultimately lost until pressures 
were reduced and down-hole plugs were set in wells. 

In the case of salt caverns and abandoned mines/mined rock 
caverns, ‘subsurface/caprock’ also includes loss of cavern/
void integrity, where the void is compromised either through:

• Migration of stored product and/or water from cav-
erns in non-salt rocks, as e.g. at the Demopolis pro-
pane storage facility [10], the Marcus Hook refinery, 
Pennsylvania USA (when faulty moni-toring led to 
too much propane being pumped into a cavern which 
leaked into basements nearby; [53]), the Todhunt-
er Propane Terminal, Middleton, Ohio, USA [23] 
and the Kajaani oil storage facility in Finland [54].

• Spalling from the walls or roof areas

o most commonly found in salt caverns of 
the US Strategic Petroleum Reserve (SPR) salt 
cavern storages (e.g. [55,56,57]; see below), but 
has occurred in other salt cavern storage facili-
ties, e.g. at the Loop storage facility, west Tex-
as, where a 60 m roof collapse occurred [58],
 

o but also includes rock fall prob-
lems reported in mined HVL cavern storag-
es in non-salt rock caverns in e.g. the Jinzhou 
oil storage in China [59] and the Elgas LPG 
storage cavern facility in Australia [60,61];

• Major inflows of groundwater due to inter-
secting regions of poor rock quality, which re-
quired major bolting and/or grouting, e.g. at 
the Padur Strategic oil storage, India [62].

• Collapse of the cavern either during 
o construction, where poor site char-
acterization is often linked to the problem, as 
is uncontrolled leaching. At Bayou Choctaw 
(Louisiana) a cavern failed due to uncontrolled 
leaching that led to collapse of overburden into 
the developing cavern. Problems were experi-
enced at Clovelly and Napoleonville (Louisi-
ana), due to insufficient site characterization, 
with caverns being constructed too close to the 
edge of a salt dome and encountering ‘host rock’ 
in the cavern walls. In 2003, storage author-
ity was rescinded for four caverns at the Mont 
Belvieu Cavern LLC facility due to their outer 
walls being too close to the salt dome edge [63].

o during operation and which may be 
linked to uncontrolled leaching, as in the case of 
the failure in 1995 at Mineola, East Texas (USA), 
which resulted from communication between 
two caverns and led to a major release of pro-
pane [64,65]. The storage facility was operated 
in brine compensation mode and failure occurred 
partly as a result of (undetected) dis-solution of 
the intervening salt cavern wall during the injec-
tion of undersaturated brine accompanying each 
cavern’s emptying-filling cycle. The accident re-
sulted from human error on a number of counts: 

• firstly, enlargement of the caverns and 
a narrowing of the intervening salt wall 
by the injected brine that went unno-
ticed, which led to errors in storage vol-
umes and metering of the LPG volume;

• secondly, one cavern was held at much low-
er pressure than the adjoining one, which  
contributed to pressure induced failure of 
the thinned intervening cavern wall; and

• thirdly, failure to re-open a safety valve 



monitoring wellhead pressure and poor 
design of the gas detection system.

From the descriptions available, the individual occurrenc-
es are also graded in terms of severity using a rating of 
one to eight: one being insignificant/nuisance, eight be-
ing catastrophic (Table 2). We have adopted the 1–8 scale 
as we believe it undoes some of the range compression 
noted in scales limited to 1–5 that are commonly used in 
risk-management approaches such as risk matrices [5,66].

Category 1 occurrences (insignificant/nuisance) involve 
no leakage or ultimately any real hazard. They include, 
for example, reported problems with corrosion of three 
1-inch siphon pipes that inject biocide to counter bacte-
ria-causing corrosion and which had entered a pipeline at 
the Huntingburg storage field [67], and a brush fire that 
broke out at Aliso Canyon in October 2016, but for which 
ultimately structures were not threatened by the fire and 
no injuries were reported [68]. They are included first-
ly to illustrate a problem, some of which could develop 
and potentially cause or contribute to more serious oper-
ational problems at facilities in the future, and secondly 
to ensure that all problems encountered are represented 
for reasons of impartiality and to avoid skewing of the 

data. Category 2 occurrences (minor/disruptive) include 
the majority of the 229 very minor non-hazardous leaks 
and problems reported associated with depleted field stor-
age sites in California between October 26, 2015 and Feb-
ruary 5, 2016 (Table 3). These came to light only as a 
result of inspections ordered on January 26, 2016 by the 
California Public Utilities Commission’s (CPUC) Safe-
ty and Enforcement Division (SED) following the Aliso 
Canyon incident in October 2015. The CPUC directed 
all California natural gas storage operators to immediate-
ly inspect all natural gas storage facilities for leaks and 
report the information to the State (the SED employed 
its own classification rating/grading off leaks – Table 
3). Of the 229 leaks reported, 95% percent (218) were 
non-hazardous and required only minor responses such 
as tightening or lubricating valves. Eight were “Grade 
1”, meaning that they potentially posed a safety hazard. 
Those eight leaks have been addressed: six leaks were 
repaired and two leaks no longer existed because relat-
ed wellhead components no longer held gas (although 
components must be repaired before gas is reintroduced).

Incidents noted as primary motivation for the US fed-
eral and California regulatory changes in 2016 such as 
Brenham (1993), Hutchinson/Yaggy (2001), Moss Bluff 

Table 2. Severity rating of underground fuel storage occurrences applied in this study.

Severity Category Description

1 Insignificant/nuisance operational issues that were easily rectified or repaired, not involving leakage of product 
fire/explosion/blowout, injury, evacuees, fatalities or leading to financial losses

2 Minor/ disruptive
issues including minor/small leakages/surface release, cavern instabilities that were rectified 
or repaired, vapour flash, but no real financial loss, fire/explosion/blowout, injury, evacuees 
or fatalities 

3 Moderate (1)
issues including substantial losses through subsurface leakages, but not involving surface 
release, leading to financial losses, but no fire/explosion/blowout, injury, evacuees or 
fatalities

4 Moderate (2)

issues including substantial operating problems (including shut-down, closure of caverns 
&/or loss of roof salt) or substantial losses through subsurface leakages, involving surface 
release, gas in observation or water wells, or pipeline leakages,  leading to financial losses, 
± fire/explosion/blowout, but no injury, evacuees or fatalities 

5 Significant
issues including significant leakages/losses and surface release, fire/explosion/blowout 
leading to financial losses, minor numbers of injured/injuries (1–5), but no evacuees, 
fatalities or serious property damage

6 Serious
issues mainly involving significant surface release, fire/explosion/blowout, greater number 
of injured/serious injury (5–10), evacuees (<50) and/or serious property damage/financial 
losses but no fatalities

7 Major
issues mainly involving large-scale surface release through well or surface pipelines, ± fire/
explosion/blowout, high numbers of evacuees (50–500), large number of injured/serious 
injury (10–15) and/or significant property damage/financial losses, but no fatalities

8 Catastrophic
issues mainly involving devastating surface release at facility through well or surface 
pipelines, fire/explosion/blowout, cratering, fatalities, high number of injured (>15) and/or 
evacuees (>500) and major property damage/financial losses



(2004) and Aliso Canyon (2015) fall into Category 8: 
catastrophic, involving major product loss, damage, high 
numbers of evacuees, injuries but including fatalities (any 
fatality results in a level 8 rating). In between categories 1 
and 8, the ratings are based on escalating problems report-
ed and increasingly related to migration of product, its 
release to surface and the impact any leak had on above 
ground infrastructure and people. A number of occurrenc-
es involving subsurface migration into areas of depleted 
gas fields and which did not result in surface release but 
required applications to expand existing field boundaries 
are classed as Category 3: moderate (1). Such occurrenc-

es include the storage fields Alden [70,71], Colony-Wel-
da [72], East Cheyenne/West Peetz, Weaver and Victo-
ry [73,74], Epps [75] (Coleman, 1992), West Unionville 
[76] and Huntsman-West Engelland [77] storage fields. 
On occasion the migration of gas in the subsurface has led 
to production of storage gas in adjacent fields: so-called 
‘corner shooters’ of Jahns [78]. This type of migration of 
gas has also led to overpressuring of wells and surface 
compressors and/or pipelines in adjacent producing fields, 
causing shut-ins, at e.g. the Colony-Welda Field [79]. 
These occurrences merit a severity rating of 4: Moderate 
(2), as they involve migration from the storage horizon 

Table 3. California Public Utilities Commission’s (CPUC) SED January 2016 Leak Survey Directive – Summary Results, March 
2016 (based upon CPUC [69]).

Facility Operator Leaks 
Found 

Leaks 
Repaired 

SED 
Classification 

Location 
of Leak Remedial Actions 

Aliso Canyon SoCalGas 66 66 Minor non-
hazardous

Above 
ground

Tightening, adjustment, lubrication 
or replacement of parts or piping.

La Goleta SoCalGas 17 17 Minor non-
hazardous

Above 
ground

Tightening, adjustment, lubrication 
or replacement of parts or piping.

Honor Rancho SoCalGas
1 1 Non minor 

non-hazardous
Above 
ground

Tightening, adjustment, lubrication 
or replacement of parts or piping.

13 13 Minor non-
hazardous

Above 
ground

Tightening, adjustment, lubrication 
or replacement of parts or piping.

Playa Del Rey SoCalGas 3 3 Minor non-
hazardous

Above 
ground

Tightening, adjustment, lubrication 
or replacement of parts or piping.

Montebello SoCalGas 6 6 Minor non-
hazardous

Above 
ground

Tightening, adjustment, lubrication 
or replacement of parts or piping.

Wild Goose 
Storage

Wild Goose 
Storage Inc. 27 21

3 (High 
priority)  

8 (Medium 
priority) 
16 (Low 
priority)

All above 
ground

21 leaks repaired and corrective 
actions begun to address remaining 
six leaks but final repair had not 
been completed by March 2016.

Lodi Lodi Gas 
Storage LLC 0 0 Not applicable Not 

applicable Not applicable

Central Valley 
Gas Storage

Central Valley 
Gas Storage 

LLC
2 2 Grade 3 Above 

ground Repaired on 2/4/16 and 2/5/16

Gill Ranch 
Storage

Gill Ranch 
Storage LLC 10 1 1 (Grade 2)  

9 (Grade 3) 
Above 
ground

Grade 2 leak was repaired 2/9/16. 
Grade 3 leaks were scheduled to be 
repaired within 60 days.

Los Medanos PG&E 23 23

8 (Grade 1)  
18 (Grade 2)  
58 (Grade 3)

Above 
ground

Seven leaks were awaiting 
remedial action. PG&E completed 
remediation of 17 leaks of the 24 
leaks as of 3/6/2016. The remaining 
2 Grade 1 leaks had blown down 
and were not leaking at time of 
report, but required assistance from 
third party vendor to complete the 
repair.

Pleasant Creek PG&E 29 29 Above 
ground

McDonald 
Island PG&E 32 25

23 (Above 
ground)

1 (Below 
ground)

Totals  229



to both deeper and shallower reservoir levels, and from 
there to infrastructure and/or surface, but did not lead to 
serious product escape, blowouts, fires or casualties (e.g. 
Illinois aquifer storage leakages [7,80]; leakage at the 
Waseca-Waterville aquifer storage, Minnesota, USA in 
the 1970s [75] and in 2001, communication between a 
fuel storage cavern and a brine cavern at Spindletop [63]). 

The previously cited Leidy depleted oilfield incident is 
from this family of occurrences, and despite major prod-
uct loss is included as Category 4 only because it did not, 
on current limited evidence and given the date (1969), 
involve evacuees, injuries or fatalities. Categories 5–7 in-
volve differing levels of loss, damage, number of evacu-
ees, injuries or fatalities associated with any particular oc-
currence. They include (refer also Evans [1]): Category 5 
(Cairo Gas Storage facility, Iowa, USA – 1981, two blasts 
on feeder pipelines carrying gas to injection wellheads 
[81] and 1989 well blowout at Karlshamn LPG mined 
rock storage facility, Sweden [82]), Category 6 (2003 salt 
cavern well leaks, Magnolia gas storage facility, Louisi-
ana, USA, [83] and 2014 salt cavern well leak, Prud’hom-
me natural gas storage facility, Canada [84]), Category 7 
(2010 salt cavern failure/loss of integrity and leakage to 
surface  near wells, Eminence storage field, Mississippi, 
USA [85], 1980 salt cavern well, Mont Belvieu storage fa-
cility, Texas, USA [86] and 1953 aquifer storage leak [cap-
rock], Herscher storage field, Illinois [7]). Major Category 
8 incidents are already referred to elsewhere in this paper. 

For the purposes of this paper, the following sections 
summarize the occurrences by country (USA [undi-
vided] and non-USA), and USA occurrences, by US 
State, with a further breakdown for natural gas only.

4.   OCCURRENCES: WORLDWIDE AND ALL 
FUEL TYPES

The number of occurrences worldwide total 1023 
of which the majority are from the USA (817/80%; 
Fig. 1a). These occurrences have been found to oc-
cur from as early as the 1940s (Playa del Rey in Cali-
fornia; [87,88]), to very recently: Aliso Canyon in 
2015 and at the UK Rough gas storage facility in 2016. 

Non-USA occurrences number 158 in Europe, with 
44 from other countries (Fig. 1b). Albeit skewed 
somewhat by the checks required following the Ali-
so Canyon incident, occurrences are most prevalent 
in depleted oil and gas fields, be it in the USA or over-
all (603 or 59% of all documented occurrences; Fig. 
2a-c), being almost twice that of the next most com-
mon storage type (salt caverns: 322 or 31%; Fig. 2a). 

Comparing these all fuel figures to the number of UGS 
facility types worldwide, it can be seen that 59% of oc-
currences at depleted fields compares with such facilities 
comprising approximately 75% of UGS facilities world-
wide (Table 1, Fig. 2a). For aquifers the comparison is 
4% and 14%, and for salt caverns 31% and 11%. It thus 
appears that for UFS, salt caverns have an occurrence 
rate above their percentage share of UGS facility num-
bers, both worldwide and in the USA (Figs. 2b and c). 

Looking at occurrences by fuel type (Fig. 3), worldwide 
natural gas is the most common stored fuel involved 
(706 or 69% of the occurrences; Fig. 3a), with HVL’s 
(181/18%) and oil (107/11%) storages making up the 
majority of the remaining cases. Gas is also most com-
mon by USA or non-USA countries (Figs 3b and c). 

Figure 4 illustrates the breakdown of occurrences in 
terms of the severity for the USA (undivided) and non-
USA facilities. The most common level of severity is 
Category 2 (minor/disruptive; 436/43% of occurrences) 
which, as noted above and as illustrated by US num-
bers in Figure 4b (383/47% of occurrences), reflects 
largely the 229 minor and non-hazardous leaks found 
during checks ordered by the CPUC post-the 2015 Ali-
so Canyon incident. Without those examples, Catego-
ry 4 occurrences would represent the most common 

Fig. 1. UFS occurrences by country. a) USA and non-USA 
undivided (n = 1023), b) breakdown for non-USA occur-
rences, by country (n = 206, including 4 unconfirmed).



group and be in-line with the non-USA (Figs. 4b and c). 
Major and catastrophic occurrences account for 
38 (~4%) of the 1023 occurrences at UFS facili-
ties. Occurrences rated as severity category 1 oc-
currences (insignificant/nuisance and not involv-
ing leakage) total 118 (~11%) of the occurrences.

Occurrence by storage type and severity (Fig. 5) reveals 
salt caverns to have the highest number of Category 7 and 
8 occurrences (9 and 14 respectively; Fig. 5c). The greatest 
number of Category 2 occurrences (326), occur in deplet-
ed fields (Fig. 5a) and again, this is strongly influenced by 
the 229 minor and non-hazardous leaks found during post-
2015 Aliso Canyon checks. Depleted fields also provide the 

greatest number of Category 3 severity occurrences (326). 

The number and breakdown of fuel stored versus sever-
ity of occurrence are illustrated in Figure 6 for the three 
main fuel types. This figure clearly reveals that occur-
rences involving natural gas far outweigh other stored 
fuel types (706 of 1023 occurrences documented; Fig. 
6a). Despite this, in terms of severity, HVL’s (includ-
ing ethylene and ethane) have been associated with 20 

Fig. 2. Breakdown of worldwide occurrences by storage type 
(totals 1023). a) occurrence by storage type worldwide – 
USA and non-USA undivided, b) occurrence by storage type 
USA (undivided), c) occurrence by storage type, non-USA.

Fig. 3. Breakdown of occurrences by fuel type (totals 1023, includes 
compressed air [CAES]). a) occurrence by fuel type worldwide – 
USA and non-USA undivided, b) occurrence by fuel type USA (un-
divided), c) occurrence by fuel/energy type, non-USA (undivided).



occurrences of category 7 (10) or 8 (10) levels (Fig. 
6c). Whereas natural gas has been associated with only 
15 major occurrences of category 7 (8) and 8 (7) lev-
el, with only three category 8 occurrences (no category 
7) during oil storage (Fig. 6b). The latter has the most 
number of category 1 occurrences, largely reflecting the 
problems encountered with hanging strings in the US 
Strategic Petroleum Reserve (SPR) salt cavern storages 
and with which no leakage occurred (e.g. [55,56,57]).

Figure 7 illustrates the breakdown of evacuees, injuries 
and fatalities by storage type. Whilst the greatest num-
ber of fatalities at any one single release incident was 
in 1969 at the Ranson depleted gasfield storage site, 
Pennsylvania, USA (four dead, seven injured; [89]; A. 
Theodos, pers. comm. 2008, 2015), salt cavern stor-
age is associated with the greatest number of casual-
ties (16/57% of total fatalities, 76/61% of total injured). 
However, two of these fatalities were not related to 
storage operations or product leakage: one occurred 
during construction (Aldbrough, UK, 2005; [90]) and 
a second in September 2011 when elevated pipes were 
struck during grass cutting operations at the cavern 5 
site of the Bryan Mound SPR, Texas [91]. They are in-
cluded for completeness and to illustrate process fail-
ures that could potentially have led to more serious 
incidents, particularly in the case of Bryan Mound. 

Salt caverns are also associated with the greatest number 
of Category 7 (9) and 8 (14) severity occurrences (Fig. 
5), albeit two of Category 8, were not directly storage/
leakage or operations related. Whilst numbers are small, 
this indicates that salt cavern storage carries increased 
risk, perhaps reflecting more the single point failure 
mode and higher stored product release rates that can 
form locally high concentrations of released product in 
the form of gas clouds, e.g. the 1993 Brenham incident.
Since 2009, four Category 7 or 8 severity incidents at 
mined (non-salt) rock caverns have come to light: at the 
Todhunter terminal, Ohio, USA (2005, HVL and related to 
above ground operational issues, with one fatality; [92]); 
the Marcus Hook Refinery, Pennsylvania, USA (1978, 
HVL and related to subsurface storage integrity linked 
with operational issues – overfilling; [53]); the Mid Amer-
ican Pipeline Company, Iowa, USA (1975, HVL and relat-
ed to above ground infrastructure when a chiller unit used 
to cool the HVL before storage failed, releasing HVL’s 
that ignited, killing two employees and injuring three oth-
ers; [93,94]); the Padur oil storage, India (2013, oil and 
subsurface integrity [rock falls, with one fatality] during 
construction and not during storage operations; [62]).   

The breakdown of occurrences by cause illustrates the 
most common causal mechanism in UFS results from loss 
of subsurface well integrity (385 or 38% of occurrences; 
Fig. 8). The numbers involving subsurface integrity is also 
a significant category (259, 25%) and together, the sub-
surface is linked to 644 (63%) of the occurrences. Above 
ground surface infrastructure, operational and human er-
ror are detailed as the main cause in 370 (36%) of the 
occurrences, suggesting that the subsurface environment 
and associated infrastructure represents an important area 
of consideration during any risk assessment or analysis. 

Fig. 4. Diagrams illustrating breakdown of occurrences, world-
wide, by severity (categories 1 [insignificant/nuisance] to 8 [cat-
astrophic]). Number and percentage of each category, shown as 
[category of severity, number, percentage]. a) figures, worldwide 
– and USA (undivided), including four occurrences of unconfirmed 
country, b) figures for the USA, undivided (n = 817),  c) figures 
for non-USA (undivided, n = 202; excluding unconfirmed [n = 4]).



One newly discovered Category 8 incident involving 
HVL’s reveals how one subsurface release of product 
can lead to another mechanism, escalating an incident. 
Leaks from caverns via wells at the Petal underground 
HVL (‘alkyfeed’) storage facility, Mississippi, USA, 
caused an explosion, massive fire and created a large 
crater (J.R. Craddock, pers. comm. 2017). The incident 
led to fracturing of a shallow pipeline above the crater, 
which caused the release of more HVL (propane) from 
the pipeline that was feeding a Delta Underground Stor-
age Company cavern, which was being filled at the time. 
The pipeline release contributed to a major Category 7 or 

8 accident in its own right. To add to the severity of the 
incident, hydrocarbons contained within several LP trail-
er transports and a gasoline tanker, which was dragged 
into the crater, also fueled the fire. The incident led to 
14 injured (burns) and ~200 evacuated. Incredibly, no 
fatalities were reported. The whole incident clearly il-
lustrates the close ties and potential dangers of storage 
facilities and their intimately related infrastructure. Such 
accidents might serve as examples of how above-ground 
infrastructure could be designed and constructed differ-
ently to avoid similar major incidents in the future.  

Fig. 5. Breakdown of storage type, worldwide by severity (cat-
egories 1 [insignificant/ nuisance] to 8 [catastrophic]). Number 
for each category shown in order: severity category, number, per-
centage.  a) depleted field, b) aquifer, c) salt cavern, d) aban-
doned mine/mined rock cavern, e) unconfirmed storage type.



Table 5 illustrates the numbers of worldwide occurrences 
linked with migration or leakage of product in the subsurface 
(588), and those occurrences linked with product leakage 
to, or at, the surface (428). Of these leakages, 93 were ac-
companied by a fire, with 81 involving a fire and explosion. 

5.   OCCURRENCES: USA

The previous section introduced worldwide data for the 
various storage, fuel type, degree of severity and failure 
types, including for the USA as a whole. In this section 
we present a summary of occurrences by US State, fo-
cusing mainly on those associated with natural gas stor-
age. As detailed above, the total number of occurrences 
in the USA, for all fuel types found to date is 817 (Ta-
bles 4 and 5), with the highest occurrences being from the 

Fig. 6. Breakdown of stored product by severity (categories 1 [insignif-
icant/nuisance] to 8 [catastrophic]). Number for each category shown 
in order: severity category, number, percentage. Note: not shown Town 
Gas (n = 2), CAS (n = 4), empty cavern (n = 7) or unconfirmed (n = 4).

Fig. 7. Breakdown of the numbers, worldwide, for evacuees, inju-
ries and fatalities arising from occurrences at the differing storage 
types. Refer also Tables 5 and 8 for figures relating to USA only. 
Note: fatalities include three deaths not related to storage activities 
(two during construction at the Aldbrough (UK) and Padur storages 
and one at the Bryan Mound SPR, but are included for completeness). 



states of California, Texas and Pennsylvania (349/43%, 
126/15% and 76/9% respectively; Table 4, Fig. 9a). 

The breakdown by fuel types reveals occurrences at US 
storages are dominated by three main fuel types (Table 

4, Fig. 9b): natural gas, which is linked with the high-
est number of occurrences (599/73%), HVL’s (including 
ethylene: 119/15%) and oil (94/12%). In terms of the 
storage types involved (all fuels), depleted fields com-
prise the most occurrences (528/65%), with salt cavern 
storage linked to 225 (27%) of occurrences (Table 5, Fig. 
9c). Aquifers and abandoned mines/mined rock storages 
account for 29 (5%) and 30 (4%) of cases respectively.

In terms of the causes behind the occurrences at US stor-
age sites, the most frequent are related to above ground 
infrastructure (306/37%; Fig. 9d, Table 5), with a further 
22 having some above ground link, through operational 
or human error. However, with a combined total of 481 
(70% of occurrences), subsurface issues relating to the 
integrity of the well (273/33%) and subsurface storage 
environments (208/26%) are clearly important contrib-
utors to occurrences and problems encountered at fuel 
storage sites (Fig. 9d, Table 5).In terms of severity, the 
overall breakdown for the US in each storage type is il-
lustrated for all fuel types in Table 6 (see also Fig. 9c 
and f). Of note is that salt cavern storage has the high-
est number of occurrences rated in terms of severity lev-
el 8 (catastrophic; 13), with depleted fields only having 
been associated with two such types of occurrence: at 
the depleted field sites of the Ranson storage field, Penn-
sylvania, USA (1969, four dead, seven injured; [89]) 
and Aliso Canyon (2015; prolonged and major prod-
uct loss with high numbers of evacuees (11, e.g. [2]).

The severity of occurrences at UFS sites in relation to 
storage type and the main causal mechanism is sum-
marized in Table 7. In terms of causal mechanisms, the 
most frequent is subsurface well integrity, which has 
been linked with nine of the category 8 occurrences in 
UFS across all storage types (being in depleted field 
and salt cavern storage incidents). The two other Cat-
egory 8 occurrences are linked with a mined rock stor-
age (1975 at Mid American Pipeline Company terminal, 
Iowa; [94]) and unconfirmed storage type (in 1947 at 
Marion, Osceola County, Michigan; [95] – see below).

Table 5 illustrates the numbers of US occurrences at Ta-
ble 5 illustrates the numbers of US occurrences at UFS 
sites linked with migration or leakage of product in the 
subsurface (538) and those occurrences linked with prod-
uct leakage to, or at, the surface (397). Of these leakag-
es, 80 were accompanied by a fire, with 71 involving a 
fire and explosion. When natural gas alone is considered, 
599 occurrences have been found across the various 
storage types (Fig. 9e, Tables 8 and 9). The breakdown 
for such occurrences, by US State, shows the vast ma-
jority of the these have arisen in California (342/57%), 
with Pennsylvania emerging with the next highest figures 

Fig. 8. Diagrams illustrating occurrences, worldwide, for UFS 
facilities by the main causal mechanism. a) values, worldwide 
- USA and non-USA undivided (n = 1023), including four oc-
currences of unconfirmed country, b) figures for the USA, undi-
vided (n = 817),  c) figures for the non-USA (undivided; n = 206). 



(75/13% of occurrences; Fig. 9e). It is not surprising to 
find that, in terms of storage type, the most occurrenc-
es involving natural gas are linked with depleted fields 
(520/87%; Table 9, Fig. 9f), with the two main contrib-
utors, California and Pennsylvania (Fig. 9e), having sig-
nificant numbers of depleted field storage sites: indeed, 
California has only this type of storage. Of the other stor-
age types, salt cavern storage is linked to only 45 (8%) 
of natural gas occurrences (Fig. 9f). For aquifer sites the 
number of occurrences total only 29 (5%) in the USA 
(Fig. 9f), although these are all (5%) in (5%) in the USA 
(Fig. 9f), although these are all associated with natural 
gas: the majority being from Illinois (15; Tables 8 and 9, 
Fig. 9e).The breakdown of occurrences involving natural 
gas storage arising from the principal subsurface causal 

mechanisms of well integrity and subsurface storage/cap-
rock integrity is shown by state for each storage type in 
Figure 10. California has the greatest number of occur-
rences related to well integrity in depleted fields (93/57%; 
Fig. 10a), whereas Kansas and New York have the great-
est number related to issues concerning subsurface in-
tegrity (16/25% and 10/16% respectively; Fig. 10b). 

The State of Texas tops the lists in both subsurface cat-
egories for natural gas storage (Figs. 10c and d). Il-
linois, with limited alternative storage types, heads 
the list for occurrences involving subsurface integ-
rity during gas storage operations (Figs. 10e and f).
In terms of severity, Table 9 illustrates the breakdown 
for US occurrences by storage type involving only nat-

Table 4. Breakdown of occurrences for all fuel types by US State.

US State NG Ethylene Oil HVL Empty Not 
available Totals

Not available 17 0 0 0 0 1 18
Alabama 0 0 0 2 0 0 2
Arizona 0 0 0 1 0 0 1

California 342 0 0 7 0 0 349
Colorado 7 0 0 0 0 0 7
Georgia 0 0 0 1 0 0 1
Illinois 15 0 0 2 0 0 17
Indiana 7 0 0 1 0 0 8

Iowa 6 0 0 4 0 0 10
Kansas 18 0 0 33 0 0 51

Kentucky 3 0 0 0 0 0 3
Louisiana 15 1 20 5 2 0 43
Michigan 18 3 0 1 0 1 23
Minnesota 1 0 0 0 0 0 1
Mississippi 10 0 0 6 0 0 16
Missouri 1 0 0 2 0 0 3
Nebraska 2 0 0 0 0 0 2

New Mexico 2 0 0 0 0 0 2
New York 13 0 0 6 0 0 19

Ohio 6 0 0 16 0 0 22
Oklahoma 2 0 0 1 0 0 3

Pennsylvania 75 0 0 1 0 0 76
Texas 28 4 74 19 0 1 126
Utah 2 0 0 2 0 0 4

Virginia 0 0 0 1 0 0 1
West Virginia 7 0 0 0 0 0 7

Wyoming 2 0 0 0 0 0 2
Totals 599 8 94 111 2 3 817



St
or

ag
e 

ty
pe

 
(U

SA
 o

nl
y,

 a
ll 

fu
el

 ty
pe

s)

C
au

se
s a

nd
 n

um
be

rs
 b

y 
st

or
ag

e
N

um
be

r 
by

 st
or

ag
e 

ty
pe

N
um

be
r 

by
 st

or
ag

e 
ty

pe

Su
bs

ur
fa

ce
 

- w
el

l 
in

te
gr

ity

Su
bs

ur
fa

ce
 

- s
to

ra
ge

 
in

te
gr

ity

O
pe

ra
tio

na
l/

hu
m

an
 e

rr
or

A
bo

ve
 g

ro
un

d 
in

fr
as

tr
uc

tu
re

A
bo

ve
 g

ro
un

d 
in

fr
as

tr
uc

tu
re

/
op

er
at

io
na

l
U

nk
no

w
n

 O
cc

ur
re

nc
es

 
le

ad
in

g 
to

 le
ak

ag
e/

m
ig

ra
tio

n 
in

 
su

bs
ur

fa
ce

O
cc

ur
re

nc
es

 
le

ad
in

g 
to

 le
ak

ag
e/

m
ig

ra
tio

n 
at

 
su

rf
ac

e

Le
ad

in
g 

to
 fi

re

Le
ad

in
g 

to
 

ex
pl

os
io

n
E

va
cu

ee
s

In
ju

ri
es

F
at

al
iti

es

Porous rock

D
ep

le
te

d 
fie

ld
 (t

ot
al

 
= 

52
8)

16
6

69
6

28
2

4
1

39
2

28
2

27
37

11
37

2
23

6

A
qu

ife
r 

(to
ta

l =
 2

9)
5

15
1

6
0

2
29

19
11

10
0

2
0

Mined voids

Sa
lt 

ca
ve

rn
 

- s
ol

ut
io

n-
m

in
ed

 
(to

ta
l =

 
22

5)

10
1

10
1

8
9

2
4

86
67

31
18

84
30

73
15

A
ba

nd
on

ed
 

m
in

e/
m

in
ed

 
ro

ck
 c

av
er

n 
(to

ta
l =

 3
0)

1
23

1
5

0
0

27
25

8
5

52
0

7
3

U
nc

on
fir

m
ed

 
(to

ta
l =

 5
)

0
0

0
4

0
1

4
4

3
1

0
6

1

To
ta

ls
27

3
20

8
16

30
6

6
8

53
8

39
7

80
71

20
32

2
11

1
25

48
1

32
8

8
W

or
ld

w
id

e 
(U

SA
 

&
 n

on
-U

SA
, 

un
di

vi
de

d,
 n

 =
 

10
23

)

38
5

25
9

46
31

6
8

9
58

8
42

8
93

81
21

16
4

12
5

28

Ta
bl

e 
5.

 S
um

m
ar

y 
of

 th
e 

m
ai

n 
ca

us
es

 li
nk

ed
 w

ith
 o

cc
ur

re
nc

es
 a

t U
S 

fu
el

 st
or

ag
e 

si
te

s, 
nu

m
be

rs
 li

nk
ed

 w
ith

 m
ig

ra
tio

n 
an

d 
ul

tim
at

el
y 

le
ak

ag
e 

at
 su

rf
ac

e,
 e

va
cu

ee
s a

nd
/o

r c
as

ua
lti

es
.



ural gas. In addition to the Ranson and Aliso Canyon 
incidents, there have been two category 8 occurrences 
at salt cavern storages: the infamous Hutchinson/Yag-
gy incident (2001) and the Moss Bluff incident in 2004. 
There are also reports of an occurrence at an unconfirmed 

storage type at Marion, Osceola County, Michigan, USA 
on November 30, 1947, when an explosion occurred 
at a compressor station for a natural gas storage facili-
ty. One worker was killed, six others were injured and 
gas services were interrupted in the area [95]). Believ-

Fig. 9. Breakdown of occurrences for the USA by US States. a) occurrence by State, b) occurrence by fuel type, c) occurrence of all fuels by storage 
type, d) occurrence of all fuels by cause, e) occurrence by State for natural gas only, f) occurrence by storage type for natural gas only.



ing this to have been an underground storage site, then 
given its age (pre-dating salt cavern storages), it is like-
ly to have been a depleted hydrocarbon field facility.

The severity of occurrences at UGS sites in relation to stor-
age type and the main causal mechanism is summarized 
in Table 10.  As discussed above, the high incidences of 
occurrences in both California and Pennsylvania is under-
standable when it is considered that the main storage type 

in both states is the depleted field and where the number 
of old, deteriorating oil and gas wells is extremely high. 
Many of the occurrences in California have taken place 
in what are now heavily populated areas, where housing 
has encroached and in places, built near and over old oil 
and gas fields and long-abandoned wells, the locations for 
many of which are unknown. In addition to the Aliso Can-
yon incident (2015), gas has migrated from the reservoir 
to the surface at a number of other storage fields, which 

Fig. 10. Breakdown of occurrences at US natural gas storage sites, based on US State, storage type and cause (well or subsurface integrity).  a and b) 
depleted field, c and d) salt cavern, e and f) aquifer storage. Note that abandoned mines and unconfirmed storage type total only 4 and 5 occurrences 
respectively.



has resulted in the abandonment of some, including the El 
Segundo field in the 1970s, due to new housing and safe-
ty reasons [96]). However, as discussed earlier, the num-
bers are somewhat skewed by the requirements imposed 
on operators following the 2015 Aliso Canyon incident. 

In the case of Texas, a large number of well problems 
are recorded from the various salt cavern hosted US 
SPR caverns, most notably the Bryan Mound storage 
site. Problems have also occurred at the Big Hill, West 
Hackberry and Bayou Choctaw (e.g. [55,56,57]). The 
salt caverns are constructed in domal salt structures that 
have experienced large salt block falls from the cavern 
wall and roof regions that have impacted and damaged 
the hanging casing strings on numerous occasions. Bryan 
Mound has the greatest propensity with at least 54 oc-
currences and 43 string failures, West Hackberry ranked 
second with 11 occurrences and nine hanging string fail-
ures, Bayou Choctaw has experienced five occurrences 
with two string failures, and Big Hill has had only one 
significant failure. The damage to the strings indicates 
that the blocks of salt may have attained appreciable 
velocities after spalling from the cavern walls. The vast 
majority of these cases are classified as level 1 in terms 
of severity, but illustrate problems that do occur to both 
the installed infrastructure (well components) and in the 
subsurface storage environment (cavern walls and roof) 
and could lead or contribute to more serious incidents.

Table 10 illustrates the numbers of US occurrences at UGS 
sites linked with migration or leakage of product in the 
subsurface (432) and those occurrences linked with prod-
uct leakage to, or at, surface (305). Of these product leak-
age to, or at, surface (305). Of these leakages, 42 leakage 
to, or at, surface (305). Of these leakages, 42 were accom-
panied by a fire, with 47 involving a fire and explosion.

6.   CONCLUSIONS AND IMPLICATIONS

As with other areas of the energy supply chain, incidents 
and accidents occur at UFS facilities, including UGS sites. 
The protracted Aliso Canyon incident of 2015 in California 
brought underground gas storage and its safety to national 
and worldwide attention. Building on earlier compilations 
of occurrences at UFS sites, and in the light of the Aliso 
Canyon incident, we have presented the results of an ex-
haustive search for occurrences at such storage facilities. 
Since the previous research in 2009, more data have been 
made available through online sources such that a data-
base of occurrences now totals 1023 documented cases. 
These are of very varying nature, type and severity, with 
occurrences found in all the man storage types. The most 
severe to catastrophic incidents, involving major prod-
uct loss or damage to above-ground infrastructure, large 
numbers of evacuees, injuries and fatalities are rare, with 
only 16 of the severest category 8 found. A number of 
these did not involve storage operations directly, but were 
either during construction of the facility (Aldbrough, UK 
and Padur, India 2014]), or occurred during operation 
of the site, with no link to leakage or release of stored 
product (e.g. at Bryan Mound, 2011). However, Ald-
brough and Padur reveal problems with storage horizon 
integrity or above-ground process failures which could 
have led to more serious incidents during storage oper-
ations and so have been included here for completeness 
in terms of identifying categories during risk assessment.  

Since the 2009 review published by Evans (2009), only 
one major incident rated as category 7 or 8 severity level 
has been found for depleted field storage: in 2015 at Ali-
so Canyon, California, USA, and linked to well integrity. 
For salt cavern storage, four occurrences of this severity 
have been found (2010–2013 Eminence [Mississippi – 
subsurface (cavern) integrity]; 2011 Bryan Mound SPR, 
Texas [above ground, one fatality, but not involving leak-
age from storage; 2011 Mont Belvieu West, Texas [above 

Table 6. Summary of severity of US occurrences by storage type for all fuel types.



ground pipeline failure with one fatality]). One other pre-
viously unreported catastrophic incident has been found 
during the present study: in 1986 at the Petal salt cav-
ern facility, Mississippi, USA: an interesting incident 
that started out related to subsurface well integrity later 
escalated into a major incident after above ground infra-

Storage type Main causal mechanism
Severity

1 2 3 4 5 6 7 8
Po

ro
us

 r
oc

k 
st

or
ag

e

D
ep

le
te

d 
fie

ld

Well Integrity 0 55 3 98 2 3 4 1 166
Operations/Human error 1 2 0 3 0 0 0 0 6
Caprock/Subsurface Integrity 0 6 50 11 1 0 0 1 69
Above ground infrastructure 3 261 0 9 8 1 0 0 282
Above ground infrastructure/
operational 0 0 0 4 0 0 0 0 4

Unconfirmed 0 0 0 0 1 0 0 0 1
Sub totals 4 324 53 125 12 4 4 2 528

A
qu

ife
r

Well Integrity 0 1 0 4 0 0 0 0 5
Operations/Human error 0 0 0 1 0 0 0 0 1
Caprock/Subsurface Integrity 0 0 3 11 0 0 1 0 15
Above ground infrastructure 0 0 0 3 3 0 0 0 6
Above ground infrastructure/
operational 0 0 0 0 0 0 0 0 0

Unconfirmed 0 0 0 2 0 0 0 0 2
Sub totals 0 1 3 21 3 0 1 0 29

M
in

ed
 v

oi
ds

Sa
lt 

ca
ve

rn
 - 

so
lu

tio
n-

m
in

ed

Well Integrity 20 27 0 35 1 5 5 8 101
Operations/Human error 0 1 0 5 2 0 0 0 8
Caprock/Subsurface Integrity 63 7 0 30 0 0 1 0 101
Above ground infrastructure 0 3 0 0 0 0 3 3 9
Above ground infrastructure/
operational 0 0 0 0 0 0 0 2 2

Unconfirmed 0 3 0 1 0 0 0 0 4
Sub totals 83 41 0 71 3 5 9 13 225

A
ba

nd
on

ed
 m

in
e/

M
in

ed
 

ro
ck

 c
av

er
n

Well Integrity 0 1 0 0 0 0 0 0 1
Operations/Human error 0 0 0 0 0 0 1 0 1
Caprock/Subsurface Integrity 1 14 4 3 0 0 1 0 23
Above ground infrastructure 0 0 0 1 2 1 0 1 5
Above ground infrastructure/
operational 0 0 0 0 0 0 0 0 0

Unconfirmed 0 0 0 0 0 0 0 0 0
Sub totals 1 15 4 4 2 1 2 1 30

U
nc

on
fir

m
ed

Well Integrity 0 0 0 0 0 0 0 0 0
Operations/Human error 0 0 0 0 0 0 0 0 0
Caprock/Subsurface Integrity 0 0 0 0 0 0 0 0 0
Above ground infrastructure 0 1 0 2 0 0 0 1 4
Above ground infrastructure/
operational 0 0 0 0 0 0 0 0 0

Unconfirmed 0 1 0 0 0 0 0 0 1
Sub totals 0 2 0 2 0 0 0 1 5

Totals 88 383 60 223 20 10 16 17 817

Table 7. Breakdown of US occurrences by storage type, main causal mechanism and severity for all fuels.

structure was affected following surface crater formation. 
This incident illustrates very clearly how one cause can 
lead to other causes that may not have been foreseen or 
anticipated when plant was designed and constructed.
Since 2009, four level 7 or 8 severity incidents at mined 
rock caverns have come to light at the Todhunter terminal, 



Ohio, USA (2005, HVL and related to operational issues); 
Marcus Hook Refinery, Pennsylvania, USA (1978, HVL 
and related to subsurface issues); Mid American Pipeline 
Company, Iowa, USA (1975, HVL and related to above 
ground infrastructure); Padur oil storage, India (2013, 
oil and subsurface integrity [rock falls, with one fatality] 
during construction and not during storage operations).

The occurrences found to date are many and varied, with 
differing levels of severity and cause. Many occurrences 
can be attributed to one main cause, but with other causes 
having made some contribution; e.g. many sub-surface in-
cidents are also linked to human error and/or operational 
issues such as overpressuring of reservoirs or caverns, poor 
site characterization and definition of the storage horizon, 
such as either salt dome boundaries or depleted field limits.
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