Hie
1i|~

‘ T i o
& ) " : p ;;,'v""" : ) e K
i ~
I . g
. - .
SF2900Q(8-81) f

0CT 23 199

SANDIA REPORT
SAND96-2263 » UC-126 REC@VED

Unlimited Release

Printed October 1996 ) 0C728 195
OST

Summary of Events and Geotechnical Factors Leading
to Decommissioning of the Strategic Petroleum
Reserve (SPR) Facility at Weeks Island, Louisiana

Stephen J. Bauer, Brian L. Ehgartner, James K. Linn, Stephen E. Lott,
Thomas E. Hinkebein, Martin A. Molecke, Darrell E. Munson, James T. Neal,
Allan R. Sattler, Sanford Ballard, Michael J. Bertoldi, Robert E. Gump,
Kenneth E. Mills, D. William Lamb, Stewart Thompson, Robert E. Myers

Prepared by

Sandia National Laboratories

Albuquerque, New Mexico 87185 and Livermore Caltorma 94550
for the United States Department of Energy

under Contract DE-AC04-34AL85000

1

Approved for public releasé; disfribution 1s unimitec.

| A
[
o N YRR
K 1 " ‘ ‘1,“' T
IOVRE h ' !
K L vy, Y
4 1 {(.“ [ i ‘
. do i b
1 : c
N I Cy - .
I J ot il
)l I g . E
i L '
do e
L 1 ! g
1
v
[ITITR i
“{l i ,"(;"“' |
i
| K
oy
‘ [ ul ‘mf{u
i o i
d " N
. C
Bl ‘ 1
AEESLN
kK U u ' AR R
L N ' ot ' e 't
I H' H”] T . A S
- - 4 o IR {IAT
P Y ,f
.
1 <
g
s |, it < .
= v * v
g - R |
.m Imu Ca mw |4 ’ it .
. .
u il
su&]{, {» - (ki
l dw j g Fillt

l m ’ )lu’»f




Issued by Sandia National Laboratories, operated for the United States
Department of Energy by Sandia Corporation.

NOTICE: This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States Govern-
ment nor any agency thereof, nor any of their employees, nor any of their
contractors, subcontractors, or their employees, makes any warranty,
express or implied, or assumes any legal liability or responsibility for the
accuracy, completeness, or usefulness of any information, apparatus, prod-
uct, or process disclosed, or represents that its use would not infringe pri-
vately owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or otherwise,
does not necessarily constitute or imply its endorsement, recommendation,
or favoring by the United States Government, any agency thereof or any of
their contractors or subconfractors. The views and opinions expressed
herein do not necessarily state or reflect those of the United States Govern-
ment, any agency thereof or any of their contractors.

Printed in the United States of America. This report has been reproduced
directly from the best available copy.

Available to DOE and DOE contractors from
Office of Scientific and Technical Information
PO Box 62
Ozk Ridge, TN 37831

Prices available from (615) 576-8401, FTS 626-8401

Available to the public from
National Technical Information Service
US Department of Commerce
5285 Port Royal Rd
Springfield, VA 22161

NTIS price codes
Printed copy: A03
Microfiche copy: A01




DISCLAIMER

Portions of this document may be illegible

in electronic image products. Images are
produced from the best available original
document.




SAND96-2263 Distribution
Unlimited Release Category UC-126
Printed October 1996

Summary of Events and Geotechnical Factors Leading to
Decommissioning of the Strategic Petroleum Reserve (SPR)
Facility at Weeks Island, Louisiana

James T. Neal, Editor

Stephen J. Bauer, Brian L. Ehgartner, James K. Linn, Stephen E. Lott, Thomas E. Hinkebein,
Martin A. Molecke, Darrell E. Munson, James T. Neal, Allan R. Sattler
Underground Storage Technology Department

Sanford Ballard
Advanced Geophysical Technology Department

Sandia National Laboratories
Albuquerque, New Mexico 87185

Michael J. Bertoldi, Robert E. Gump, Kenneth E. Mills
DynMcDermott Petroleum Operations Company
New Orleans, Louisiana 70123

D. William Lamb, Stewart Thompson

Acres International, Corporation
Amherst, New York 14228

Robert E. Myers
U. S. Department of Energy
New Orleans, Louisiana 70123

- — -



ABSTRACT

A sinkhole discovered over the edge of the Strategic Petroleum Reserve storage facility at
Weeks Island salt dome, Louisiana, led to decommissioning the site during 1995-1998, following
extensive diagnostics in 1994. The sinkhole resulted from mine-induced fractures in the salt
which took many years to develop, eventually causing fresh water to leak into the storage cham-
~ ber and dissolve the overlying salt, thus causing overburden collapse into the void. Prior to initiat-
ing the oil removal, a freeze wall was constructed at depth around the sinkhole in 1995 to prevent
water inflow; a freeze plug will remain in place until the mine is backfilled with brine in 1997-8,
and stability is reached. Residual oil will be removed; environmental monitoring has been initiated
and will continue until the facility is completely plugged and abandoned, and environmental surety
is achieved.
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SUMMARY

" In December 1994 the Department of Energy (DOE) announced it would decommission the Stra-
tegic Petroleum Reserve (SPR) oil storage facility at Weeks Island, Louisiana, because of geotechnical
conditions (principally a sinkhole) that posed a significant risk of future oil loss and potential environ-
mental damage. The initial geotechnical characterization of the facility did not explicitly acknowledge the
threat of a surface sinkhole, even though in-mine leaks had occurred around the Service Shaft and the
Markel Wet Drift. Risk assessments conducted in 1984 and later recognized mechanical limitations in the
existing bulkheads to withstand full hvdrostatic pressures in the event of mine flooding that could result
from potential leaks. As a result of these assessments, bulkhead upgrades were constructed during 1991-
1993 in the Service Shaft and two raisebores, and in the Johnston and Sandrik drifts in 1992, which now
isolate the Markel Mine and the Morton shafts from the SPR manways. An alternate drawdown system
was also instituted, along with an air drver system in the manways to facilitate early detection of incipient
leaks. An improved surface subsidence monitoring network was also installed in 1989. The first sinkhole
was observed in May 1992 and a second in February 1995.

The limits of the original mining at Weeks Island were controlled by a combination of geological
factors, including a variety of anomalous features: gas outbursts, shear zones, sand, oil seeps, black salt,
and brine seeps, all of which had been mapped and investigated. Mining on the southern edge terminated
along a planar zone characterized by gas outbursts, black salt, and brine seeps. The two level mine pro-
duced 2 stress state conducive to bending and stretching of the overlying salt and sand as a result of salt
creep toward the mine openings Thz bending and stretching likely caused fractures in the salt to extend
from the mine to the top of salt 1n the vicinity of the first and second sinkholes, discovered in 1992 and
1995, respectively. Once a fracture path was established, groundwater flow of undersaturated brine
through the fractures eventually produced dissolution voids on the top of salt. Sediment collapse into these
voids produced the sinkholes. Inflow of undersaturated brine can be expected to gradually increase as con-
tinuing dissolution occurs, posing some nsk to the environmentally safe storage of oil, and creating the re-
quirement to withdraw the oil and decommussion the facility.

Stabilization of the first. and most significant, sinkhole has been effected by injecting saturated
brine into the throat below the top of salt Construction of a freezewall around the sinkhole provides added
hydrologic control during drawdown and relocation of the oil. The second, and less significant, sinkhole
showed minor, episodic slumping in August 1996 but warranted no additional study or mitigation efforts at
that time.

Drawdown of the oil was expected to be completed by November 1996, at which time residual oil
remaining in the mine will be recovered by skimming in conjunction with brine filling. Environmental
monitoring has been conducted throughout the decommissioning process and will continue for at least five

years following site abandonment, currently scheduled for mid-1999.




INTRODUCTION AND PURPOSE

In December 1994 the Department of
Energy (DOE) announced that it would de-
commission the Weeks Island oil storage
facility because of apparent geotechnical
problems that posed a significant risk of fu-
ture oil loss and potential environmental
damage. The precipitating event was a sink-
hole discovered in May 1992 over the
southern edge of the underground facilty, but
the factors responsible for this occurrence
began years before, as is now better under-
stood. Investigations undertaken in 1994
and 1995 into the cause of surface sinkholes
have verified that water from the surface
aquifer is seeping into the Strategic Petro-
leum Reserve’s (SPR) underground oil stor-
age chamber at the Weeks Island site. As a
result, the Department is transferring the oil
to other SPR storage facilities in Louisiana
and Texas, and will decommission the Site
by mid-1999.

This report summarizes the geotech-
nical and engineering information that influ-
enced the decision to close the Weeks Island
facility, including listing and summarizing
docunients relevant to the decision process..
The implications of this facility closure ex-
tend well beyond Weeks Istand—other con-
ventional mines in salt may face similar
eventualities. However, the Weeks Island
exigency is not relevant to the four remain-
ing SPR sites (containing leached caverns),
and this may not be understood by most
people, regardless of technical orientation.
The availability of this information summary
may be a helpful resource during the 1995-
1999 decommissioning process.

BACKGROUND

The Strategic Petroleum Reserve was
authorized by Congress with the enactment
of Public Law 94-163, the Energy Policy and
Conservation Act (EPCA) on December 22,
1975, which established United States policy
to store up to one billion barrels of crude oil
to reduce the impact of a severe energy sup-
ply interruption and to carry out the obliga-
tions of the United States under the Interna-
tional Energy Program. Additional amend-
ments to EPCA (DOE, 1995a) have modi-
fied the authorizing legislation, but the initial
intent has not changed.

Prior to the enacting legislation, a
DOE predecessor, the Federal Energy Ad-
ministration (FEA) had worked on the stor-
age concept and contracted two studies ear-
lier in 1975—one to look at storage in exist-
ing leached caverns, and the other in existing
mined cavities. Existing mines had the ap-
peal of coming “on line” faster and also mul-
tiple withdrawals could be made without en-
larging the cavities such as in a leached-
cavern storage system. Acres American in
conjunction with Butler Associates of Tulsa
undertook the latter effort; their Phase 1 re-
port, issued in October 1975, identified 11
potential mines that might be used for storing
crude oil. A Phase 1 Addendum report was
issued in August of 1976 to address several
political and supply distribution concerns. It

" also recommended that further consideration

be given only to five mines, two in limestone
(Ironton, Ohio, and Central Rock, Ken-
tucky), and three in salt (Kleer, Texas, Cote
Blanche, Louisiana, and Weeks Island, Lou-

isiana (FEA, 1977).
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Phase 2 of the study included FEA’s
assessment of the Phase 1 report and the de-
cision to proceed with Phase 3 (preliminary
design, cost estimates, and construction
schedules for each site). The principle em-
ployed in mine conversion followed the
Scandinavian system—the only underground
oil storage facilities in the world at the time.
The Swedish storage concept employed
bulkheads in the shafts, through which sub-
mersible pumps were suspended from the
surface with pump casings passing through
the bulkheads. This system completely
averts the need for permanent access under-
ground; however, fiundamental variations
were required at Weeks Island to enable
mining to continue during the conver-
sion—higher-elevation access manways be-
tween the shafts were constructed, from
which new drifts were driven leading to the
Markel Mine, an interim mine developed by
Morton Salt Company (Fig. 1).

SELECTION AND CONVERSION
OF THE WEEKS ISLAND MINE

All of the candidate sites except
Weeks Island had logistical or operational
problems, or were limited by volume. The
Weeks Island mine was an operational, two-
level room and pillar mine in domal salt.
Although geotechnical uncertainties existed
at that time, such as the inability to access
the upper mine level (for safety), Weeks Is-
land had many desirable attributes, especially
volume, location, and availability. Morton
Salt, the mine operator at Weeks Island, es-
timated the volume originally at 89 million
barrels, which was a significant advantage
over the other candidates. The decision to

use the Weeks Island mine became an obvi-
ous, expedient choice and further studies of
mine suitability were instituted.

The Weeks Island salt dome is lo-
cated 14 miles south of New Iberia, Louisi-
ana, and is the central dome in the Five Is-
lands chain, along with Belle Isle and Cote
Blanche to the south, and Avery and Jeffer-
son Islands to the north. All five have been
mined because of their near-surface salt, and
their logistical advantage near the Gulf of
Mexico and the Intracoastal Waterway.
Belle Isle and Jefferson Island are now
closed to mining because of deliberate and
inadvertent flooding, respectively. = The
Weeks Island mine was originally opened in
1902 and salt was extracted commercially
from the upper level until 1952 and from the
lower level between 1952 and 1977, at which
time Morton Salt began developing its in-
terim, or Markel mine, and new mines adja-
cent and to the northwest while the older
workings were converted for SPR oil stor-
age. The FEA acquired the former two-level
underground salt mine, consisting of 382.92
acres, and 6.63 acres of surface land, by
condemnation from Morton Salt Company in
September, 1977 (DOE, 1995a). Between
that time and 1982, the mine was modified in
preparation to receive and store crude oil,
and Morton’s new mine was started. This
involved continued use of the existing shafts,
while advancing drifis to the interim Markel
mine, and sinking of two new shafts for the -
new mine. During an 18 month transition
interval through 1981, salt was extracted by
Morton from the interim Markel mine.

Because Morton intended to maintain
an operating mine at the site, the plans for
conversion of the existing mine went
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forward, in conjunction with plans to de-
velop an interim mine. Thus, the commercial
mining of salt continued simultaneously with
development of a new mine. Several inno-
vative solutions were introduced that al-
lowed the continuation of commercial min-
ing. This included continued use of the Pro-
duction Shaft for hoisting salt, and creation
of a manifold room in the 9-foot diameter
Service Shaft. This shaft was not large
enough to handle all the withdrawal pump
casings. The resulting manifold room was
40 feet in diameter over a height of 80 feet,
so that individual pump casings could be
withdrawn in 40 foot sections and stacked in
the manifold room.

While the mine conversion was in
progress and the high-level drifts (above the
mine) were excavated to connect the Service
and Production Shafis, access drifts to the
Markel Mine were started. During this
process, a zone of wet salt was encountered.
Minor water inflows occurred and this exca-
vation was stopped in late 1977. In mid-
December 1977 the leakage in the Wet Drift
had increased to 50 gallons per hour (gph);
in-mine and surface grouting undertaken in
January 1978 substantially reduced the in-
flux. Water analyses and dye injection from
the surface showed the leaks were meteoric
and test borings by Morton indicated that a
substantial zone of wet salt existed around
the Wet Drift. Martinez (1978, 1979) and
other geologists believed that the drift was
excavated too close to the top of the salt
surface, in combination with possible blast
damage, rather than being an inherent geo-
logical defect that would preclude the safe
storage of crude oil. Geomechanical analysis
tools were not yet developed to enable pre-

diction of the damaged zones in salt in that

region due to mine subsidence. Minor leaks

of connate (formation) water had been noted
in the two levels at various times during the

75 years of active mining, but in-mine

grouting had controlled inflow (Acres,

1987). Thus, these leaks were not believed

to be of sufficient magnitude to disqualify

this site for storage.

The decision was then made to iso-
late the Markel Wet Drift and a 35-foot thick
bulkhead was constructed. However, in late
1978 the leak rate in the isolated “wet drift”
had increased to nearly 200 gph and exten-
sive grouting was undertaken through April
1979. Routine inspection and maintenance
grouting has been performed periodically
since then with resultant leak rates of small
fractions of a gallon per hour. In April 1996
the rate was slightly more than 200 ml (0.05
gal)/hr, with only minor variation from week
to week, but increasing at a slow rate.

New accessways for development of
the Markel Mine were excavated without
encountering any major seepage. These ac-
cess drifis are called the Johnston and San-
drik drifis. As Morton continued develop-
ment of the interim Markel mine, conversion
of the old mine workings for SPR use began,
consisting of:

e Scaling and stabilizing rooms and pillars
and construction of an oil sump.

e Developing an internal drain system,.in-
cluding drilling drain holes between mine
levels.

e Constructing a manifold room in the
Service Shaft and installing piping and
pumps.

e Drilling and constructing two oil fill
holes.




¢ Constructing bulkheads in the two shafts,
the Markel Incline, the two raisebores,
and a vent hole.

e Development of high level manway
drifts, oil distribution and control sys-
tems, and surface facilities.

The Markel mine was operated for

18 months while the two new Morton Mine

shafts were sunk. Development of the new

Morton Mine began with removal of salt

from the -1200 foot level. The new mine has

operated continuously since then, advancing
to the -1000 foot level in the late 1980s.

Plans for mining at the -800 ft level were still

being considered in early 1996, along with

preparatory steps for deeper mine lev-
els—starting initially at -1400 feet.

GEOTECHNICAL CHARAC-
TERIZATION

In 1977 Gulf Interstate Engineering
Company contracted Acres American Incor-
porated to investigate and describe geotech-
nical conditions at the Weeks Island salt
mine and confirm its suitability for crude oil
storage over a period lasting for 40-50 years.
This involved determining operational limi-
tations, estimating work required for the
conversion, determining safe “web” separa-
tion from any new mining activity, and es-
tablishing necessary monitoring activity for
the oil storage and any new mining. The
1977 work included geological mapping,
core drilling, in situ and laboratory testing of
mine samples, and analyses. The following
certifying conclusions regarding the two
levels were presented (Acres, 1977):

e Both levels of the salt mine, including
existing shafts, were certified as stable

(mechanically and hydrologically) and
capable of oil containment.

e The salt mass was impermeable, for all
intents and purposes.

e A characteristic salt feature during earlier
mining was the periodic occurrence of
gas blowouts. Although blowouts were
not fully understood in 1977, they were
judged to have no adverse effects on
mine stability or oil containment
(provided proper buffers were instituted).

® Weeks Island salt is inert to crude oil and
has no adverse reactivity.

® A mininimum web thickness of 300 ft
should be employed between adjacent
mining operations (this was subsequently
increased to 650 feet in vertical section
by MSHA).

Additional site characterization was
undertaken by Acres (1979) to update the
previous study and to further verify long-
term containment potential. Specific atten-
tion was given to salt properties and poten-
tial effects in the vicinity of bulkheads and
the Service Shaft. Potential for damage to
equipment in the manifold room as a result
of flooding was recognized. A

A 1980 study conducted by Sandia
National Laboratories (Ortiz, 1980) con-
cluded that previous characterization efforts
were adequate, but that problem areas ex-
isted regarding the Markel Wet Drift, and the
Service Shaft. Suggestions were made to
provide specific, continuing attention to
these areas of water leakage, and monitoring
efforts were recommended.



PREPARATION FOR OIL FILL
AND STORAGE OPERATIONS

Mine conversion and preparations for
oil storage were conducted in 1978 and 1979
and consisted of removing or securing loose
material that could become entrained in the
oil delivery system, scaling unstable mine
walls, and grading the floor toward the pump
sump for drainage purposes.

In late 1978 DOE awarded a contract
to Ralph M. Parsons of Pasadena, CA, to
carry out a safety and hazards analysis of the
site. A Government Accounting Office re-
port to Congress had been critical of certain
aspects of the certification (Comptroller
General, 1978), but Gulf Interstate (1978)
found no reason for revising their certifica-
tion. DOE requested that additional me-
chanical testing of salt from a higher level in
the dome be carried out; Parsons subcon-
tracted to Acres to conduct the work. The
salt was obtained from the Upper Ventilation
Bypass Drift near the top of the manifold
room, but limited time was available to
complete all of the work because of pressing
schedule requirements.

One final test prior to oil movement
into the mine involved hydro-testing the oil
line between St. James and Weeks Island. It
was reported that Atchafalaya basin water
was used and approximately 400,000 barrels
remained in the line when the oil movement
to the site was started. This fresh water was
introduced through the fill holes, causing
some dissolution of salt around the sump,
but the amount of salt affected is imprecise.

Oil fill proceeded on October 1,
1980, and was completed in April of 1982.
No unusual occurrences or incidents were

reported during the first five years of opera-
tion that would have called into question the
decision to store oil at this location.

GEOTECHNICAL RISKS: 1984-85
EVALUATIONS; 1987 THREAT
STUDY

In 1984-85, Sandia National Labora-
tories in conjunction with Acres American,
evaluated the risks for continued safe oil
storage and oil withdrawal at the Weeks Is-
land SPR facility (Beasley et al., 1985). Ob-
jectives of this evaluation were to identify
potential geotechnical risk scenarios includ-
ing water leaks into the Markel Wet Drift
and other areas in the facility, and to recom-
mend remedial methods for eliminating or
minimizing the impacts of their occurrence.
It was determined that detailed inspections,
monitoring, and analyses to provide an early
warning of changes in the mine were essen-
tial, based on the strong potential for in-mine
leaks to develop over the life of the SPR fa-
cility. An emergency grouting program and
repair capability were also considered essen-
tial and were implemented, as were provi-
sions to protect the oil withdrawal capability
from geotechnical risks. The likelihood of
direct water entry into the mine was not
considered sufficiently high in comparison to
other perceived water-leak scenarios to war-
rant identification. However, the inspection

" and monitoring programs initiated as a result

of this evaluation were instrumental in sub-
sequent remedial actions and later sinkhole
detection efforts, which led to the present
drawdown and facility decommissioning.

In 1987, an accumulation of brine in
the fill hole sump was noted and concern




arose because the source of the brine was
unknown. The question of an external leak
into the mine was examined; brine samples
were analyzed geochemically (Knauth,
1987), with the guarded conclusion that the
isotopic trend of the mine waters showed it
possibly becoming increasingly meteoric.
However, the evidence was inconclusive at
the time. Several consultants were retained
to address the various issues, including
Thoms (1988), who reached the conclusion
that a significant, measurable leak did not
exist because of the lack of definitive evi-
dence. However, the reality of concern for a
possible leak was clear, and the need for
continuing surveillance of brine influx was
apparent. The brine inflow at the fill hole
sump for the period between 1987 and the
present was monitored by strapping tech-
niques (Bauer et al., 1994). The inflow rate
had decreased to about 40 gph by 1989, and
then further decreased another 10-20 gph
through 1992 (the first sinkhole was initially
seen in May of 1992). In mid-1993, when
fill hole inflow data was again collected, the
rate increased to more than 50 gph by early
1994. During this period to present, the in-
flow has been monitored continuously. The
rate increased linearly to approximately 75
gph by mid-1994, to about 160 gph by mid-
1995, to slightly more than 300 gph in April
1996.

Additional analytical work was also
proposed, and the need for upgrades to the
oil storage system were proposed (Jacobs
Engineering, 1988), and subsequently im-
plemented.

BULKHEAD UPGRADES: 1989-
1993

The accumulation of brine described
earlier made the risk scenario of oil storage
leakage and concomitant chamber pressuri-
zation to be a possible eventuality. As a re-
sult, inspections were made in 1988 of the
concrete bulkheads that seal the shafts. This
showed that cracks were visible on the upper
surfaces and potentially compromised the
design structural integrity over the long term.
Structural analyses by Blanford et al. (1990)
and others used conservatively assumed
loading under flooding scenarios and con-
cluded that the strength might be inadequate
for the raisebore bulkheads that were not
“keyed” in from above, and for the Service
Shaft bulkhead, which contained a large
number of penetrations. Consequently the
Service Shaft and two raisebore bulkheads
were upgraded by adding about 50 ft of ad-
ditional high strength epoxy-cement grout
below the existing bulkheads (Fig. 1).

The Johnston and Sandrik access
drifts (Fig. 1) were considered vulnerable to
flooding from the Markel mine, or of more
concern, would be a pathway and reservoir
area for flooding from the SPR mine. The
approximate 8 MMB volume of the Markel
Mine was of major concern because of the
volume of salt that could potentially be
leached in the area around the DOE shafts
during flooding. New bulkheads were con-
structed across these drifts in 1992-93 to
provide a barrier to water migration. Doors
were included in the design to allow contin-
ued access to the Markel Mine for inspection
or maintenance. These doors are kept closed
under normal operations.



Another recommendation from the
1984-85 risk assessment was to further de-
fine the geologic environment at Weeks Is-
land, especially in the vicinity of the shafts
and the Markel Wet Drift (Acres, 1986,
1987). The 1987 mapping and reporting is
the definitive geologic characterization avail-
able in 1996, although minor, informal revi-
sions have been made to it.

The likelihood is high of seeing sur-
face indications of major meteoric water in-
cursion and associated salt dissolutioning of
subsurface salt, but lesser amounts could go
undetected for extended time. For added
safety a water intrusion detection system was
developed and installed in 1993 (Todd and
Uhl, 1993). The sensors were positioned in
the drifts leading into the Markel Mine and
monitored on the DOE side of the isolation
bulkheads. In the event that the Markel
Mine were to flood, this system would pro-
vide early warning information, as direct ac-
cess for regular inspections is no longer al-
lowed for reasons of safety.

SINKHOLE IDENTIFICATION

A surface sinkhole having approxi-
mate dimensions of 36" feet across and 30
feet deep was first observed in May 1992. It
was estimated to be at least a year old, based
on initial surface appearance and the subse-
quent reverse extrapolation of growth rates.
The sinkhole location was physically re-
moved from critical surface and underground
manways and caused little alarm initially,
even though its appearance was striking, be-
ing adjacent to the major access road to and
from the island.

In early 1995, nearly three years after
the initial sinkhole discovery, a second and
much smaller sinkhole was identified—on an
adjacent side of the mine, but in a similar
geologic setting. Both sinkhole locations
were determined to be directly over the pe-
riphery of the SPR oil storage chamber, the
boundary of the former room-and-pillar salt
mine. The second sinkhole caused additional
apprehension as the association of leaks and
sinkholes over mines is now well established
and this occurrence suggested that ground-
water influx was again causing salt dissolu-
tion at shallow depth, and associated col-
lapse of soil at the surface. Consequently,
much attention has been and continues to be
given to characterizing these sinkholes, and
to their mitigation (Bauer et al., 1994).

OCCURRENCE AND

- CHARACTERISTICS OF

THE SINKHOLES

The sediment cover at Weeks Island
consists of deltaic alluvium of the ancestral
Mississippi River and is about 185 feet thick
over the top of salt, which is about 100 feet
below sea level at Sinkhole #1. The water
table conforms generally with sea level over
the dome but fluctuates somewhat with to-
pography and frequent torrential rains.
Perched groundwater likely exists in the vi-
cinity of the several ponds and lakes on the
island. '

The first sinkhole at Weeks Island
occurred over the southern perimeter of the
upper level of the SPR mine (Fig. 2). The
relatively small size of the first sinkhole and
lack of diagnostic evidence directly linking it
to the SPR mine caused little concern at first.
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Sinkholes had formed at other mines in do-
mal salt during the 1980°s and earlier
(Coates et al., 1981; Neal, 1994), and they
probably also occur as a result of natural
processes (Autin, 1984). The location near
both the edge of the dome and probable
anomalous features in the salt stock, includ-
ing a valley on the top of salt (Fig. 7), sug-
gested that an entirely natural origin was
possible, or at least influential, (Neal, et al.,
1993), although Martinez (1992) insisted
from the beginning that mine-induced factors
were likely involved. During the original
mining, black salt, gas blowouts, and minor
brine seeps were noted beneath the vicinity
where the sinkhole developed, and Magorian
(1987) later mapped a shear zone just south
of the mine boundary. The shear zone effec-
tively may have influenced the southerly ex-
tent of the original mining. Other influences
were considered, including the location that
was coincident with the former mining com-
pany townsite on Weeks Island. Subse-
quently, an exploratory borehole, MYO06,
was uncovered in Morton’s handwritten rec-
ords of the former operator, Myles Salt, and
was found to have existed approximately 125
feet SSE of the first sinkhole. The records
indicate only that it penetrated to -385 feet,
without indicating it tagged top of salt. Re-
gardless of the lack of detail in records of
this borehole, there should have been some
165 feet of salt remaining over the top of the
upper mine level, assuming the depth values
are accurate.

A “watch and wait” position was
adopted following the initial discovery, and
in March 1993 fluoroscein dye was placed in
the sinkhole as a means of detecting connec-
tions with the underground mine, or to the
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surface downdip of the sinkhole. But by
mid-1993 it was visually apparent that the
sinkhole was deepening and had nearly dou-
bled in volume, and monitoring data sug-
gested that the brine influx into the mine was
also increasing. The evidence for increasing
dissolution caused sufficient concern by late
1993 to initiate a more detailed diagnostic
study. Engineering planning was also initi-
ated to address actions to decrease the risk
to continued oil storage, and possible relo-
cation of the inventory to other sites. The
sinkhole was filled with sand in March 1994
because its depth of more than 40 ft and lo-
cation only 50 ft from the main access road
clearly was hazardous.

Water inflow into the mine was sug-
gested by continuous and increasing amounts
of brine in the fill hole sump. While not a
precise measurement, over several months in
early 1994 the inflow trend increased from
one to nearly three gallons per minute. This
inflow increase was noticed almost immedi-
ately following filling of the sinkhole with
sand in March 1994; the sinkhole continued
to deepen at a rate averaging about two cu-
bic yards per day, requiring new fill weekly
(Table 1; Figs. 3, 4). This suggested that
dissolution was ongoing, and there was rea-
sonable correlation with the amount of in-
creasing brine that was observed in the fill
holes and the increasing sinkhole volume. In
late July 1994, in an effort to reduce solu-
tioning, saturated brine was injected just be-
low the salt interface and almost no addi-
tional subsidence has occurred since the in-
troduction of brine began. The further disso-
lution of salt was virtually arrested, marking
the first time that such mitigation of a sink-
hole in salt had been achieved without

s
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downhole grouting. The total sand fill now
exceeds 1200 cubic yards, but no sand has
been added since December 1994.

SINKHOLE DIAGNOSTICS

A combination of geophysics, drill-
ing, and hydrologic studies were undertaken
in early 1994 to provide information neces-
sary to establish appropriate DOE action and
schedules, consistent with perceived envi-
ronmental risks. In addition, analytic salt
mechanics modeling and solutioning proc-
esses were applied to complement the field
data. A variety of geophysical and geo-
chemical methods which proved of only
limited usefulness were also employed to
gain diagnostic information.

Seismic reflection profiling identified
an apparent deflection in the reflector near
the sinkhole center that at first was thought
to be a hydrologic cone of depression. Later

detailed study showed this reflector was"

more apt to represent a structural or material
discontinuity (Miller et al., 1996). But the
perceived anomaly led the way to obtain
during the fall of 1994 detailed hydrologic
data that showed a piezometric surface, flat
and near sea level, within highly permeable
sediments of the ancestral Mississippi River
delta (ViroGroup, 1994).

Cross-well seismic tomography was
conducted across the throat of the sinkhole
through separate wells constructed in each of
the four quadrants outside the sinkhole. The
borehole locations in competent high-
velocity salt confirmed an essentially vertical
sinkhole structure at depth (Harding, 1994).
The velocity tomograms showed a distinct
low-velocity zone typical of saturated sedi-
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ments below the surface sinkhole but failed
to reveal detailed throat geometry.

Self potential (SP) surveys, which
had showed hydrologic streaming potential
at another mine sinkhole locality in New
York, were attempted at Weeks Island. Al-
though apparent anomalies were measured
near the sinkhole, their cause was unclear,
but were interpreted to show downward hy-
drologic flow along a planar sheet.

Gas mapping of trace concentrations
of near-surface soil gases was conducted in
1994 as a way to test connectivity with the
SPR mine, or with anomalies originating
from within the salt. Specific gases, hydro-
gen and methane plus other light hydrocar-
bons, can originate in the oil, from trapped
zones within the salt, or from surface micro-
bial activity. Although gas survey data did
profile some anomalous areas around the
sinkhole and a nearby shear zone, this study
did not reveal definitive diagnostic informa-
tion relevant to the sinkhole or other poten-
tial sinkholes (LSU, 1994). Elevated levels
of soil gases were found and associated with
suspected anomalous salt zones, particularly
over the edges of the SPR salt mine. Signifi-
cantly elevated areas of hydrogen, methane,
plus some ethane, were found over anoma-
lous shear zones in the salt, particularly in
locations over previously identified gas out-
bursts in the salt. Specific gas survey results

. were interpreted as representing a surface

expression of an anomalous zone in the salt
that had been identified in the mine prior to
SPR operations (Carney et al., 1995). There
was also an apparent correlation of soil gas
anomalies with possible increased salt dila-
tancy related to mine structures.




Slanthole drilling directly into the
sinkhole throat below the top of salt pro-
vided the most direct confirmation of disso-
lution geometry as evidenced by drilling
boreholes BH-7A and BH-9 (Fig. 5). Slan-
thole BH-9, adjacent to the sinkhole, was
drilled at a high-angle approach directly over
the top of the subsurface extension of the
surface sinkhole expression. It extended
below the top-of-salt elevation encountered
in the tomography holes and directly over the
sinkhole throat. This wellbore provided the
opportunity in July 1994 for injection of rho-
damine dye directly into the throat of the
sinkhole at 262 ft depth, in addition to the
fluorescein dye that was placed in the surface
sinkhole in March 1993, a year prior to fill-
ing it. Either dye, if detected in the fill hole
sump, would have provided unequivocal evi-
dence of hydrologic connection with the
mine. Neither dye was detected in the mine
until February, 1996, when fluorescein was
confirmed in the fill hole sump.

Slanthole BH-7A was started at 60°
inclination from horizontal and aimed at the
sinkhole throat within the salt at depth. It
penetrated the top-of-salt at the normal
depth of 185 feet and. then continued on
through salt into a major sand-filled void
below the top of salt that was approximately
7 ft wide and at least 72 ft deep. A 3-D In
Situ Permeable Flow Sensor was installed in
the sinkhole throat and operated for two
weeks (Bauer et al., 1994; Ballard and Gib-
son, 1995; Ballard, 1996). The data indi-
cated essentially vertical flow down the
throat, at 1 ft/day. In addition, a downward
movement of about 1 inch per day of the
flow sensor itself also indicated that sediment
was moving down the throat, presumably in
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response to dissolution of salt by undersatu-
rated groundwater at some point below.
This borehole also enabled additional injec-
tion of rhodamine dye, similar to that em-
placed in BH-9, which again was not de-
tected in the periodic fill hole brine monitor-
ing.

Hydrologic investigations were con-
ducted in the immediate vicinity of the sink-
hole during the fall of 1994 with construction
of six new test wells M-1, 2, 4, 5, 6, 7, and
the perforation of the BH 3-6 casings
(ViroGroup, 1994). Aquifer uncertainties
existed following the seismic reflection sur-
veys and the geophysical logging, and with a
single, questionable laboratory permeability
determination. Reliable aquifer properties
were needed for engineering decisions con-
cerning grouting efficiency and for modeling
input to use in risk assessments. The results
showed extremely high permeabilities, with a
very flat piezometric surface near sea level.
With composite permeabilities on the order
of 60 darcies, -the ability to measure influx
into the sinkhole as a warning indicator
would be unlikely (Ostensen, 1995a). The
permeability data combined with the uncer-
tain geometry of the sinkhole also suggested
to grouting specialists that forming a plug in
the sinkhole conduit would be impractical, if
possible at all.

Slanthole EH-1, at 90° to BH-7A,
transected an 18 fi-wide sand-filled void at
about the same depth (~-260 ft), further de-
fining a cross-section elongated in the direc-
tion of the mine boundary. Slanthole EH-2
between EH-1 and 7A did not enter the void,
even after several offset attempts. Slanthole
EH-3 intersected the void from the opposite
(east) side, with lateral dimensions of



EH-1 EH-2

BH-7A

top of sait
~-104’ m.s.l

EH-3

-190° m.s.l.

Figure 5 Diagrammatic representation of exploratory drilling and geometry of the first sinkhole
throat. Boreholes BH-3, 4, 5, and 6 were drilled for crosswell seismic tomography; slantholes
BH-7A and 9 were drilled for throat definition. EH-1, 2, and 3 further defined the throat and
provided decisive information regarding grouting potential. Accentuated portions of boreholes
define throat penetrations.
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15 and 10 ft at two different depths. The
drilling indicated a very irregularly shaped
dissolution feature, but with essentially verti-
cal dimensions directly below the sinkhole.
Sand samples recovered from the sinkhole
throat in EH-1 and BH-7A showed concen-
trated rhodamine dye saturation. Even
though throat sand samples recovered from
EH-3 and an EH-3 sidetrack showed no dye
saturation, it was determined to be hydrauli-
cally connected based on flow meter re-
sponse in BH-9, 90 ft above, during attempts
to place a flow meter below in EH-3 Evi-
dence from elsewhere suggested that rho-
damine was absorbed by sand, so additional
fluorescein dye was injected at depth into the
throat in EH-3 in January 1996 This time
the dye was detected in the fill holes in 21
days, confirming the hydraulic connection
between sinkhole and mine. Although earlier
dye dispersion calculations had predicted
that it could take weeks or even a year or
more to reach the sampling point (Linn and
Hinkebein, 1994), the absorption of rho-
damine by sand and brine and/or oil appears
to be the principal reason that it did not ap-
pear in the fill hole sump It is uncertain
whether the fluorescein seen in the fill hole
was that placed in the sinkhole in March
1993 (8 1bs.), or that placed in EH-3 in Janu-
ary 1996 (42 Ibs), but reason suggests the
latter.

Brine hydrochemistry is frequently
analyzed in salt mines to distinguish water of
meteoric origin from that of connate origin.
At Weeks Island a decided change in the
composition of stable isotopic ratios was
evident in comparing 1993 water from the fill
hole sump with that obtained in late 1991,
about the same time postulated for the sink-
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hole origin (Knauth, 1994). Although in-
conclusive, earlier isotope ratio trends sug-
gested that a smaller leak may have existed
as early as 1987 (Fig. 6). These long-term
isotope trend values in the fill hole samples
reveal a gradual change, showing that the
water is becoming increasingly meteoric and
suggesting dilution by ground water.

Mine fluid mass or volume balance,
while potentially useful in determining brine
inflows at locations other than the fill hole
sump, could not be used in the Weeks Island
SPR. Unlike other mines where leaks can be
observed underground, the SPR must rely on
indirect evidence such as changes in the
oil/water or oil/air interfaces, increased pres-
sure, or changed isotopic composition of the
inflow dilution of the contained water at the
point of accumulation. In fact, early detec-
tion of small inflow quantities are masked in
interface detection by the large total quanti-
ties -of fluid in the reservoir, and the detec-
tion of brine composition changes are
masked by the 750,000 barrel volume, about
one percent of the total fluid volume. This
volume consists of the approximately 1% of
bottom sediment and water contained in the
crude oil in addition to the 400,000 barrels
of water used to hydrotest the pipeline.
These diagnostics are complicated by salt
creep closure, which gradually reduces the
storage volume by about one-fifth of one
percent per year (~160,000 barrels), a very
small amount overall, but a large amount
relative to the few gallons per minute gener-
ated by the leaks that could cause the sink-
hole(s) to form.
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CAUSAL FACTORS

Anomalous features in the salt stock
have been considered as possible factors in
initiating the sinkholes. The southern limit of
the mine was apparently influenced by the
nearby intersection of anomalous salt fea-
tures, specifically gas outbursts, brine seeps,
and black salt. Thoms and Gehle (1995)
point out that a zone of black salt, an
anomalous feature, was mapped by Kupfer
during mining near the location of the sink-
hole. Brine seeps were also mapped near the
subsequent sinkhole location, and although
at the time judged not meteoric in character,
the brine chemistry showed some deviation
from normal connate analyses (Martinez,
1995). Thoms and Gehle (1995) suggested
that an association of factors probably pro-
duced leak-prone areas that may be respon-
sible for sinkhole formation at Weeks Island.

Rock mechanics modeling of the
mine as a two-dimensional continuum by
Ehgartner (1993) showed that the areas near
the mine perimeter would be in tension and
that fractures in the top of salt could have
formed as early as 1970 (Figs. 7, 8, 9). The
analyses indicate that the cracks initiate at
the top of salt and grow toward the mine be-
cause of bending and stretching of the salt as
a result of creep closure. Such cracks could
be exposed to undersaturated ground water
and gradually enlarge at the same time the
crack was extending toward the mined
openings. Sampling of subsurface water
shows brine is undersaturated at distances
greater than 4-5 feet above the top of salt.
The modeling results established a reason-
able mechanism for eventual incursion of
groundwater and are also validated by sur-
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face survey data showing subsidence over
the mine, which is in close agreement with
values from Ehgartner’s modeling. Compa-
rable modeling by Nieland et al. (1994) later
showed similar results, but also concluded
that the natural weaknesses may have influ-
enced the results.

This rock mechanics mechanism of
deformation was substantiated using a 3-D
model developed by Hoffinan (1994). His
analyses predicted tensile zones similar to
Ehgartner’s 2-D model, particularly over the
vertically-aligned edges of the upper and
lower mine levels. In addition, a dilatant
zone (Figs. 8, 10) was predicted, using a
criterion developed from previous rock me-
chanics tests on Weeks Island salt by Eh-
gartner (1994). The dilatant zone was pre-
dicted to extend from the top of salt to the
edges of the mine. Dilatancy is characterized
by increased porosity, hence permeability,
caused by microfracturing. Thus the time-
dependent mine subsidence results in tensile
and dilatant zones that potentially explain the
groundwater incursion into the mine. With
both sinkholes occurring almost exactly over
aligned levels of the mine, the mechanisms.
explained above are credible, independent of
the presence of anomalous geologic features.

The deviations from “normal” geo-
logic conditions noted above by Thoms seem
to support the notion of susceptible salt
zones influencing sinkhole development at
the initial location. However, no sinkholes
have been observed along the unaligned lev-
els on the east boundary of the mine (even
though it is a zone of gas outbursts, etc.).
Thus the primary causal factor is most likely
the mechanics associated with mine subsi-
dence.
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gressive enlargement of a dissolution channel (s) occurred but a sinkhole did not manifest until
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SINKHOLE MITIGATION:
BRINE INJECTION; FREEZE-
WALL CONSTRUCTION

Following the slanthole drilling, with
knowledge that the surface sinkhole was
connected to a sand-filled conduit through
the salt directly beneath the sinkhole, and
that both the sand and the brine in the con-
duit were moving downward with substantial
velocities, the hypothesis that the sinkhole
was hydrologically linked to the mine gained
credibility. The case was sufficiently strong
and the potential consequences sufficiently
detrimental that a programmatic decision
was announced in December 1994 to relo-
cate the oil inventory as quickly as possible.

It was generally recognized that the
mechanism responsible for sinkhole growth
involved fresh water from the aquifer above
the top of salt flowing down the sand-filled
conduit and dissolving salt on its way down
to the mine. If the flow of fresh water down
the conduit could be inhibited, the potential
for salt dissolution would be reduced and the
rate of growth of both the size of the sink-
hole and the flow rate down the sand-filled
conduit slowed dramatically. Diamond and
Mills (1994) suggested that saturated brine
be injected deep into the sand-filled conduit
at a rate higher than the rate of flow down-
ward to the mine. The result would be that
only saturated brine would flow downward
in the sand-filled conduit, thereby drastically
reducing salt dissolution, the sinkhole
growth rate, and the rate of increase of the
downward flow into the mine.

Beginning in August 1994 and con-
tinuing to the present, saturated brine has
been injected into one or more of the slant
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boreholes which intersect the sand-filled
conduit at depth (BH-7A, EH-3, and EH-1),
initially at three gpm and increasing to about
five gpm as of July 1996. Brine injection has
been very successful in that further growth of
the sinkhole, as measured by the need to
continue adding sand to it, has been virtually
arrested (Figs. 3, 4).

To monitor the hydrologic effect of
brine injection, an In Situ Permeable Flow
Sensor (Ballard and Gibson, 1995) was
placed at the bottom of borehole BH-9 in
October 1994. The probe was located
within the sand-filled conduit about 10 feet
below the top of salt, and measured the flow
rate of brine up and out of the sand-filled
conduit (excess brine injected below in BH-
7A). Flow data from this probe allowed the
flow rate of brine down the sand-filled con-
duit from the brine injection point to the
mine to be calculated from the difference
between the brine injection rate deep in the
sand-filled conduit and the flow rate up and
out of the sand-filled conduit at the top of
salt. These values were in good agreement
with mine inflow rates measured in the fill
hole sump, strengthening the hypothesis that -
the sinkhole was in fact hydrologically con-
nected to the mine. Both measures of the
flow rate down the sand-filled conduit in-
creased steadily during the early part of
1995, from about two to three gallons per
minute and then flattened out during the
summer (Fig. 11).

The injection of brine into the throat
and concomitant slowing of dissolution has
altered the natural hydrologic environment in
significant ways. Had this not been accom-
plished, the sinkhole growth rates would
have progressed (Russo, 1994). The risks of
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sinkhole collapse have been calculated in
Florida limestone karst on the statistical basis
of collapse frequency vs area (Beck, 1991).
Such analyses are inappropriate for Weeks
Istand because of dissimilar geology, but the
very existence of the second sinkhole con-
firms the continuing progression of devel-
opmental processes.

As plans to move oil were being for-
mulated in early 1995, a second and smaller
sinkhole was identified on the northwest
boundary of the mine in a geologic and
stress-field environment similar to that of the
first sinkhole. The second sinkhole probably
first appeared in late 1993, based on field
appearance and aerial photographic evidence
(Neal, 1995b). Although the second sink-
hole was only 14 ft in diameter and 10 ft
deep, its occurrence confirmed the progres-
sive development of causal processes and the
necessity of expedient mitigation. It was
filled with sand and shows continuing very
slow growth, as measured by weekly surveys
of a monument placed in its center. Some 18
months after the initial observation, in mid-
August 96, an additional, sudden collapse of
3.9 feet was observed, raising the total col-
lapse volume to nearly 50 cubic yards, still
very much less than the first sinkhole. Such
episodic collapses are similar to what was
observed in the first sinkhole over the first 18
months after initial observation, substantiat-
ing the continuing progression of sinkhole
development.

As the progression of sinkhole
causative factors seemed inevitable, the long-
term effects of brine injection unknown, and
the increasing risks of surface collapse dur-
ing oil removal unacceptable, the plan im-
plemented by DOE in late 1994 included the
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construction of a freezewall around the
principal or first sinkhole. The freezewall
was intended to form a barrier to limit hydro-
logic inflow in the event of catastrophic in-
crease in the mine inflow rate (DOE, 1995b).
The construction of the freezewall began in
June 1995 and was completed within five
months. The wall was formed by chilling
calcium chloride refrigerant to an average
temperature of -38° C (-36° F) and circulat-
ing it in 54 wells constructed in three circum-
ferential rings in and around the sinkhole.
The outer ring of twenty-two wells with a
diameter of 54 ft was drilled approximately
10 feet into salt (-125 ft MSL) to anchor the
freeze wall into the salt stock. The middle
ring of twenty-two wells with a diameter of
48 ft was drilled at or slightly into the salt (-
115 £ MSL). The inner ring of 10 wells with
a diameter of 40 ft was placed at the top of
the salt. Five of the inner ring of wells did
not tag salt and are assumed to be in the area
of the sinkhole cavity. Installation of the
freeze wells included the innovative use of a
movable rig platform straddling the sinkhole
amd mounted on rails outside the well area.
This allowed freezing to commence on the
outer ring while the inner ring wells were
being drilled and prepared. At times, there
were three drill rigs in operation simultane-
ously within the relatively small area.

The freeze wall was declared integral

.and ready to test by the subcontractor on

October 15, 1995, but tests failed to confirm
hydrologic isolation. Freezing continued and
thermal profiles indicated that the desired
integrity was achieved on November 1,
1995. The testing provided reasonable con-
firmation that an essential hydrologic barrier
had been achieved and on November 6th the




freeze wall was declared ready to support
drawdown, which commenced two days
later.

The final configuration of the freeze
wall for drawdown was an ice cylinder 20
feet thick with a nominal outside diameter of
70 feet. Continued freezing formed an es-
sentially cylindrical icewall in the zone of
saturated ground water between the ground
surface and the top of salt. The brine levels
in the freeze wells were modified in April
1996 to concentrate freezing at the lower
depths, near the top of salt (-80 to -125 fi
MSL). The resultant “ice cap” (plug) func-
tions similar to the ice wall cylinder, but re-
quires less energy to maintain. This cap will
be maintained until the crude oil storage
chambers have been emptied of crude oil and
filled with brine, scheduled for June 1998.

The oil is being drawn down before
filling the mine with brine and permanently
sealing the accessways and piping systems.
During this drawdown and relocation proc-
ess, which began on November 8, 1995,
concerted efforts to identify the formation of
new sinkholes are being made by quarterly
inspections of the mine perimeter at the sur-
face.

GEOTECHNICAL RISK
EVALUATIONS AND MODEL-
ING, 1995

In 1995, Sandia carried out new
geotechnical risk evaluations (Molecke and
Bauer, 1995a, b), specifically identifying and
ranking the potential risks inherent in remov-
ing the oil, developing and maintaining the
freezewall, the feasibility and effectiveness of
maintaining the brine injection system, the
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risks in backfilling the mine with brine, and
the overall long-term environmental risk.
The purpose of this risk assessment was to
assist in contingency planning during the
time of oil removal, brine backfill, plugging
of mine openings and abandonment of the
site, and to support the Environmental As-
sessment process under the National Envi-
ronmental Policy Act (NEPA). As in previ-
ous assessments, the Delphi methodology
was employed, with “technical expert”
opinion solicited from persons familiar with
the Weeks Island sinkhole. To enable focus-
ing and organizing topics, the potential risks
were separated into pre-withdrawal, with-
drawal, and post-withdrawal periods. The
results supported the DOE perception that
there were significant risks, especially during
the oil withdrawal period.

Two supplemental assessments fol-
lowed (Molecke and Bauer, 1995¢, d) which
specifically assessed the environmental is-
sues. These provided data for alternative
comparisons for environmental permitting.
The results also were used in the develop-
ment of a long term monitoring plan for the
site following decommissioning, and in the
immediate development of a detailed contin-
gency response plan (DOE, 1995c). This
plan identified immediate response actions
and existing documentation that addressed
emergency or non-planned situations that
could occur during the oil removal, brine
backfill, and overall decommissioning proc-
ess.

In addition to the formal risk evalua-
tions, Ostensen (1994) followed up the brine
inflow modeling with a series of calculations
on potential oil outflow from the repository.
He first conducted a series of porous flow



calculations at various mine pressures up to
hydrostatic, with a series of plausible as-
sumptions about the structure of the poten-
tial leak path. His results indicated that oil
outflow would probably be insignificant for
mine pressures up to the oil-static point and,
for an unpressurized mine, the oil outflow
rate for all pressures up to hydrostatic should
be less than a tenth of the potential water
inflow rate into the mine. Ostensen also cal-
culated estimates of oil leakage after a hypo-
thetical washout, i.e., failure of the sinkhole
with subsequent massive water inflow, into
the oil-filled Weeks Island mine (Ostensen,
1995b, c). He concluded that a major wash-
out would not lead to formation of an oil-
water siphon, so oil would not be forced all
the way to the ground surface The oil
would be contained within the freezewall, or
if the freezewall was not structurally sound
above the aquifer (groundwater-saturated
sediments), the oil could flow into the sur-
rounding sediments. To further minimize the
extent of aquifer contamination, four booster
pumps in the Service Shaft were relocated to
the top of the upper storage chamber to al-
low pumping at relatively high rates if the
lower areas flood.

OIL RECOVERY AND BRINE
BACKFILL OPERATIONS

The crude oil drawdown plan for
Weeks Island requires removal of as much
crude oil as is practical and possible using
the site’s drawdown pumping equipment.
Uncertainties associated with the geometry
of the storage chambers, loose salt located
on the floor of the mine, unknown volume of
fresh water discharged into the mine after
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pipeline integrity testing, and limitations of
the pumping system will result in an esti-
mated amount of crude remaining in the mine
after initial drawdown to be in the range
[0.75 to 2 million barrels]. Recovery of this
remaining crude will be accomplished in four
phases, which are linked with the filling of
the storage chamber with brine (Walk, Hay-
del and Associates, 1996).

Phase I involves removal of crude oil
entrained in the loose salt on the floor of the
lower chamber and crude trapped in areas
that prevented flow to the pumps. The ex-
pected amount of crude recoverable in this
phase is between 0.5 and 1.0 million barrels,
depending on the geometry of the lower level
and the amount of loose salt on the floor.
Initial brine injection will allow crude oil en-
trained in the salt and located in low areas to
flow to the pumps. The crude oil displaced
by brine will be pumped via SPR pipeline to
the Bayou Choctaw storage site and injected
into an SPR cavern dedicated to storing sour
crude. Natural separation of the oil and any
entrained brine will occur in the cavern. This
process will continue until the Service Shaft
sump is flooded by brine. Brine injection will
then proceed until the mine floor is flooded
with brine. At this point, a decision based on
cost, schedule, and the estimated amount of
crude oil layered on top of the brine will be
made to either pump brine from the mine to
Bayou Choctaw in order to remove addi-
tional crude oil with the mine booster pumps,
or to progress to Phase II for the lower-rate
skimming operation.

Phase II begins the oil skimming and
concomitant brine injection operations, the
latter of which will take approximately 210
days after the completion of Phase I. The




lower storage chamber will be filled with
brine to near the ceiling (-675 ft). Four
skimming pump systems will be lowered
through pump casings that have been or will
be cut at predetermined skimming depths.
These pumps will skim the layer of oil on the
brine surface. The crude oil will be pumped
to the Shell Oil Co. terminal located on the
Intracoastal Waterway and transported to a
terminal for ultimate injection into a sour
crude oil cavern at Big Hill. The separated
brine will be returned to the Weeks Island
mine. It is estimated that up to 0.5 million
barrels will be recovered during this Phase II,
expected to take up to 60 days.

Phase III skimming will commence
after the brine level in the mine is raised to -
531 ft (about five feet below the Service
Shaft access ceiling), approximately 45 days
after Phase II is completed. The crude oil
will be skimmed in the same manner as Phase
II, recovering oil from the upper chamber
floor. The Phase III skimming is expected to
take about 60 days.

Phase IV will commence after the
mine storage chamber has been filled- with
brine to the -474 fi level. The skimming op-
eration will be similar to Phases II and III,
except that a single skim pump will be placed
in the mine vent hole. It will be operated as
needed thoughout the remainder of the
Weeks Island decommissioning process, or
until June 1999. This phase is expected to
recover all available crude oil from the vicin-
ity of the sinkhole, so that when the ice cap
is allowed to thaw, crude oil is not expected
to flow from the sinkhole leak path.

The oil recovery operation is ex-
pected to capture all but about 20,500 bar-
rels, or 0.03% of the 72.5 MM barrels of
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crude in storage at the start of drawdown
(Walk-Haydel,1996).

CLOSURE AND ABANDON-
MENT OF MINE OPENINGS

The plan to plug and permanently
abandon the Weeks Island Facility in a safe
and acceptable manner includes filling the
storage caverns with 85% (minimum) satu-
rated brine, dismantling and removing sal-
vageable downhole equipment, covering un-
derground openings, limited regrading, and
general site cleanup (PB-KBB, 1996).

The primary isolation of the oil stor-
age chambers has been -accomplished by
bulkheads already in place: the Markel Bulk-
head, production and service shaft bulkheads
and raisebore bulkheads (Figure 1).

The plugging and abandonment tasks
consist of the following:

e Production Shaft--Salvageable cables
and pipes, etc. will be removed from the
shaft. After cleaning the casings, bridge
plugs will be set in the casings through
the production shaft bulkhead at ap-
proximately -438 ft MSL. Cement will
be placed in the casings above the bridge
plugs up to the top of the pipe(s) near
the top of the bulkhead. A steel cap will
be welded on top of the casings. The
production shaft headframe building will
be securely locked after the raisebores,
Markel Incline bulkhead, and the service
shaft bulkhead have been plugged.

o Service Shafi--Salvageable material will
be removed from the manifold room. All
instrumentation, tubulars, and pumps will
be removed from the 22 casings penetrat-
ing the service shaft bulkhead below the



ing the service shaft bulkhead below the
manifold room. Salvageable cables and
pipes, etc. will be removed from the
shaft. After cleaning the casings, inflat-
able packers capable of withstanding hy-
drostatic pressure will be set in each
casing to a depth of 30 fi below the top
of the casing at approximate elevation of
-380 ft MSL. The casings will be filled
with expanding cement, and steel caps
will be welded on top of each casing.
The headframe building will be securely
locked after the raisebores and Markel
Incline bulkhead casings have been
plugged.

Raisebores--Instrumentation and tubulars
from casings through both raisebores will
be removed. After cleaning the casings,
bridge plugs will be installed at a depth
of 30 ft from the top of the casings, to
approximate elevation of -414 ft MSL,
and the casings will be filled in lifts with
expanding cement. Steel caps will be
welded on top of the casings.

Markel Incline Bulkhead--
Instrumentation and pipes will be re-
moved from the incline bulkhead casing.
After cleaning the casing, a bridge plug
will be installed from the inboard end of
the bulkhead and the casings filled with
cement. A steel cap will be welded on
top of the casing. The two 4-inch wet-
ting casings will be welded with steel
caps.

Vent Hole--The flare system at the top of
the vent hole will be removed and the
Phase IV oil skimming system installed.
After Phase IV oil skimming the casing
will be cleaned and a bridge plug will be
set at an approximate elevation of -360 ft
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MSL; a cement plug then will be poured
in lifts to the surface. The casing will be
cut at the top of the flange and a steel
plate welded on top of the casing. The
plugged hole will be used for subsidence
monitoring.

e West Fill Hole--Instrumentation and tu-
bulars from the well will be removed.
After the casings are cleaned, a bridge
plug will be set above the brine fill level
at an approximate elevation of 400 ft
MSL and expanding cement will be
poured to the surface. As with the vent
hole, the casing will be cut at the first
flange and a steel plate welded on top of
the casing to be used for subsidence
monitoring.

e FEast Fill Hole--Surface tubulars will be
removed. The hole will be filled with
brine to elevation -18 ft MSL. The cas-
ing will be perforated between two and
four feet above the top of salt, in the
aquifer. A low-rate flow meter / pie-
zometric device will be installed for
monitoring purposes and will be removed
in 2004, afier which this hole will be
plugged and abandoned similar the the.
West Fill Hole.

Surface facilities will be abandoned as fol-

lows:

e Site improvements will be transferred to
the General Services Administration
(GSA) except for Service Shaft fencing
(removed), water wells #1 and #3
(plugged and abandoned), oily water
treatment system (cleaned and demol-
ished), and the fire truck (transferred to
another site).

e Buildings will be transferred to GSA,
with inventories, pumps, pipes, motor




controls to be transferred to another site
or salvaged.

e Process hydrocarbon systems and
equipment--Pumps will be salvaged. All
hydrocarbon piping will be drained and
cleaned. Accessible piping inside the
fence will be demolished, piping under
floors will be plugged and abandoned,
crude oil piping outside the fence will be
isolated, filled with inhibited water, and
cathodic protection will be maintained.
Inert gas generators and the flare stack
will be removed and salvaged.

o Electrical Power and Controls--
Generators, transformers, motor controls
and switch gear that are not mine-related
will be removed and salvaged. Power
distribution and control cable conduit
and tray will be demolished if above
ground and abandoned if below ground.
Circuits for lighting and buildings would
be preserved and transferred to GSA.

e Headframes and Hoisting Equipment --
Headframes, hoisting equipment, and air-
handling equipment will remain intact
and transferred to GSA.

ENVIRONMENTAL
ING PLANS

Environmental protection has been a
significant concern throughout the construc-
tion and operation of the SPR and is the pri-
mary reason for decommissioning the Weeks
Island site. DOE published an Environ-
mental Assessment for decommissioning the
oil storage facility with attached Finding of
No Significant Impact (FONSI) (DOE,
1995d) Environmental monitoring will pro-
vide assurance that the objective of maintain-

MONITOR-
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ing environmental integrity is being met.
Once the oil is removed by the pumping
system to the extent possible, subsequent
skimming operations will remove all but
about 0.03% of the total oil originally stored
in the mine. The mine will then be com-
pletely filled with saturated brine and will
become stabilized.

Monitoring efforts, according to the
schedule shown in Fig. 12, specifically ad-
dress sinkhole-related concerns commenced
in 1994 and will continue through decom-
missioning. These efforts are summarized as
follows:

Perimeter inspections were instituted
in 1994 and are conducted quarterly for the
purpose of identifying new sinkholes or other
mine-related subsidence effects. The second
sinkhole was discovered in late February
1995 during a routine inspection Dense

" vegetation hindered visibility and accessibil-

ity, hence inspection effectiveness, so the
upper level perimeter was cleared in 1995
and is cleaned periodically along a 100 ft-
wide swath to remove new growth. These
inspections are scheduled to continue
through June 1999, at which time the mine
should stabilize as a result of the brine
backfill, making further sinkhole develop-
ment highly unlikely. ‘
Subsidence monitoring has been
conducted annually since the early 1980s,
beginning after the mine was filled with oil.
The monitoring system was upgraded in
1990 with the addition of some 80 new
monuments, several of which extend into
salt. The survey data has provided the most
accurate and complete subsidence data over
any Gulf coast salt mine. The results define
two well developed subsidence fields over
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the SPR and Morton Mines (Nieland et al.,
1994; 1994; Yeh, 1994).

Computational mechanical modeling
has shown that once the mine is backfilled
with brine, creep closure and consequent
subsidence will be reduced to less than 3% of
its present value and that the mine will be
stable (Hoffman, 1994; Hoffiman and Eh-
gartner, 1994; PB-KBB, 1994; Van Sambeek
et al., 1994). These calculations are borne
out by the experience from Jefferson Island
and Belle Isle mines, since their flooding and
abandonment in 1980. The monitoring of
subsidence will continue through April 1999
and is expected to show that the predicted
stabilization of salt creep has been achieved.
The stabilized mine is predicted to close at a
rate that will account for approximately 12
gal/hr or about 2,500 barrels per year
(Hoffman and Ehgartner, 1994).

Hydrologic monitoring will be con-
ducted in four wells (Fig. 12) near the first
sinkhole to test for possible groundwater ef-
fects resulting from hydrocarbon leakage, or
from brine effusion. Samples will be col-
lected every four months from the monitor-
ing wells through August 1999, and annually
thereafter through 2004, testing for total pe-
troleum hydrocarbons (TPH) on 25 ft inter-
vals below the water table. Baseline deter-
minations have been made following the ini-
tial sampling in April 1996.

A creep closure / brine release
monitoring system is also planned for the
East Fill Hole, consisting of a low-volume
flowmeter and a piezometer to measure hy-
drostatic pressure. The data will be com-
pared with modeled volumes of brine antici-
pated for pressure relief to the saline por-
tions of the aquifer, estimated at about 2,500
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barrels per year. Additional monitoring for
TPH may also be conducted at this location.

Additional monitoring efforts are not
planned as no effects on any other aspect of
the total ecologic system are anticipated.

CONTINUING EFFECTS AND
SINKHOLE PROGRESSION

Under the current conditions of par-
tial oil fill, the processes of subsidence and
fracturing caused by continuing salt creep
around the mined operings will continue in-
definitely. Once the mine is filled with satu-
rated brine, as mine closure plans now as-
sure, creep and subsidence rates will be con-
siderably reduced, so there will be much less
opportunity for further sinkhole develop-
ment. However, additional sinkhole devel-
opment would likely occur within a few
years if the mine were left at atmospheric
pressure.

The earlier leak in late 1978 in an
area known as the “Wet Drift” (Acres, 1987)
might have been a forewarning of events to
come. Although in-mine and surface-based
grouting controlled the leak at the time, it
could just as easily have become uncontrol-
lable and formed a sinkhole(s) then, had the
appropriate mitigation steps not been taken.
The location of that occurrence was also
near the coincident boundaries of the upper
and lower mine levels. However, at the time
of the Wet Dirift leaks, the technology
needed to understand the mine conditions,
predict future events, and thus influence
management decisions was not considered.

The schedule of key events for the
decommissioning of Weeks Island are shown
at Figure 13.
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