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ABSTRACT

Salr domes have been used extensively for salt mining and
underground storage of hydmcarbons, In the future. salf domes
may be used aisa as sites for radivactive waste disposeal ar for com-
pressed wir energy storage. This paper provides a comprehensive
review of characteristics of Guif Region salt domes and discusses
Aow these charucteristics influence the design of mined caverns or
sidution cavities. Applications considered include shajt sinking,
mine or sturage covity development and operations, and shaft
seuling. Much of the dara presented s obrained from receni in-
vostigations performed for the Straiegic Petroleum Reserve and
from fensibility studies for radicactive waste disposal, and has avt
heer opeitly published previousty.

The gencral structiere of the dome iy discussed. especinily the
structure at the edge of the dome, in the sali and fu the udiocent

sediments. Caprock featnres are described. v porvticular the
stencture and hvdrologic properties uf the salt-caprock interfuce.
Discussion of the geology of the sulr stock emphasizes annmatons

features such as imparittes and gas and ligurd inclusivis with evi-

denve abiained from mines, deill coves, and solfufion miving rec-
ords. Femperarure gradiems br Gulf region sali dones are also
discussed. Fiadly, ranges and tvpleal vaines of phystead. thermal
ated mechunicud properties of dome sidt are reviewed, noring the
wide range i resilts shiied gud Hhe sensitivity of propertios
such as strenerh dind permeabifity 1o sumple distprbance and
testing method, Atiention is wlso drawn tu the witle variaiions in
the secoadury creep rutes ohserved coong salts from different
durmes.

INTRODUCTION

There are more than 500 salt domes in the Gulf regions
of Texas, Louisiana and Mississippi, with approximately
an equal distribution between the onshore and offshore
regions. The onshore domes can be separated geographi-
cally into two mijor groups. the coasral and interior domes,
as shown in Figure 1. The latter are further separated into
three subgroups in the Texas, Louistana and Mississippi
Basins, General reviews of the geology of the Gulf region
domes are given by Murray (1961) and Halbouty (1979}
Statistical data regarding dome locations, depths and uti-
Hzation are given by Halbouty {who also provides an ex-
tensive hibliography indexed to individual domes), Haw-
kins & Jirik {1966) and Jirtk & Weaver (1976). All of these
publications predate a large number of geological and
geotechnical investigations conducted since 1977 for the
Strategic Petroleum Reserve and the National Waste Ter-
minal Storage programs (Table 1, Table 5). This paper
provides & review of sali dome characteristics as obtained
from these mvestigations as well as from the general litera-
ture, Particular attention is given to the internal charac-

teristics of the sait stocks, and Lo the properties of the salt.
as they affect mine ot cavern design and development. No
attention is given to the importance of salt domes as
snurces of hydrocarbons and sulphur which is well dogu-
mented in the literature {e.g., Hathouty, 1979},

The major cxisting uses of sait domes are for sakt produc-
tion from conventional mines and solulion caverns, and for
hydrocarbon storage in solution caverns. Conventional
mines are of particular importance to the present review
because of the access they provide for direct examination
of salt characreristics. Eurly mincs were developed in the
19th century at Avery Island and Rele Isle but were flooded,
probably because they were located too close to the surface
with insufficient sall cover to prevent communication be-
tween the mine workings and overlying waier-bearing sed-
iments. The first successful mines were developed at
Weeks Island and Avery Island in 1H98. Subsequently,
mines have been opened at Jefferson Island {1920}, Grand
Saline and Winnfieid (1930}, Hockley (1932}, Relle Isle
(1961} and Cote Blanche (1962). Most recently, in 1978, a
new mine was opened at Weeks Istand to replace the origh-
nal mine, which was converted to an oil storage facifity, Six
conventional mines remained in production in 1982 fol-
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lowing tlooding of the Winnficld Mine in 1965 and the Jef-
ferson Island Mine in 1980,

Strategic Peivoleum Reserve Program

Solution caverns in salt domes are used fur the storage
of awide range of hydrocarbons, including crude oif, LPG
and natural gas. In recent years, the maost significant use
of salt domes for underground storage has been by the
.8, Department of Energy for the Strategie Petroleum
Reserve (SPR), which s mandated to place in storage by
1990 750 million barrels of crude oil for use in the event of
an embargo of imported oil supphes. All of this siorage
volume is to be provided at six Gulf region salf dumes:
Bryvan Mound and Big Hill in Texas, and West Hackberry,
Weeks Island, Bayou Choctaw and Sulphur Mines in Lou-
isiana. In all cases except Weeks Island, vse is made of
solutiog-mined caverns, inchuding both converted, preex-
isting caverns and new caverns mined specifically for stor-
age. At Weeks [sland, oil is stored in 2 converted room and
pillar mine,

National Waste Terminal Storage (NWTS) Program

The objective of the NWTS program, administered by
the U.5. Department of Energy, is to construct one or
more mined repositories for the disposal of nuclear wastes
generated by the commercial power industry. Salt was
originally proposed as a suitzhle host medium in 1957,
since which time invesiigations have been conducted in
bedded salt regions in Kansas, west Texas and Utah, as
well as at domes in the Gulf region. Initial screening of the
domes (OINWI1, 1982} led to the selection of cight Gulf in-
terior domes for detailed evaluation as possible sites:
Keechi, Palesting and Qakwood in Texas; Vacherie and
Rayburm’s in Loutstana; and Cypress Creek, Lampton and
Richton in Mississippi. Following subsequent screening,
characierization studics are contintling (Januarv, 1983) at
wwo domes, Vacheric and Richion.

Fatzures Uses of Domes
It is expected that the use of domes for salt production
and underground storage will continue in the future. In
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TABLE 1

Bibliopraphy of Characterization Studies Prepared for
Domes in the SPR and NWTS Programs

SPR Domes

Heferences

Bayou Choctaw

Big Hil
Bryan Mound

Care Bianche*

Seiphur Mines
Weeks Istand

West Hackberry

Y Appolonia (1979
Sandia {1980a)
Sandia {1981)

D" Appolonia (19803
Sundia {19800)
Golder (1977}
Sandia {19800
Mahtah er al (1979}
Van Sambeek et al (1579)
Sandia [1980d)
Sardia (1940

NWTS Domes

Heferences

Sercening studies and generil
reports governing all domes

Anderson et al {1973}
Ledbetter et al (1973}

LES (1975, 1976)

Law [1982)

Stearns-Roger (1381)
Stmeox and Wampler (1982}
ONWI {1982}

Oakwood LHx & facksor {1982)
Kreiticr & Duiton (1982
Rayburn's EES (1977, 978, 1979}

Nance & Wilvox {1979}

Hichton Drramheller et ai {1982)

Yucheria LS (1977, 1978, 1979}
Nance et al (1979}

“Aine net selecled for SPR Progran,

addition to the possible use of domes for radinactive waste
disposal, other suggested uses for caverns or mines in
domes inchude disposal of hazardous chemical wastes,
compressed air energy storage (Lang, 1977}, and produc-
tion of geothermal energy (Jacoby & Paui, 1974). In ail of
these cases, engineering design reguires a thorough knowl-
edge of the geology of the dome and of the physical and
thermomechanical properties of the salé. This is especially
S0 45 mines ot caverns are excavated at greater depihs, as
operating conditions become more severe {e.g., in enm-
pressed air slorage), and as requirements for satety and
seeurity become more stringent. Because exploration peior
to mining is practically or economically constrained,
knowledge gained from other domes will be particularly
valuable when applied properly.

GENERAL STRUCTURE

The general structure of saft domes is well known from
a great many exploration programs, The major elements
of the dome are the salt stock, the caprock and the averly-
ing domed and adjacent upturned and faulted sediments.
From the point of view of engineering developments, the
major features of interest are the salt stock itself and the
caprock through which shafts or borcholes must be sunk.
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The sediments adjacent 1o the dome are not of direct inter-
est provided that the edge of the sait can be defined with
reasonsble accuracy.

The general strectures of several domes are shown in
Figure 2. These examples are chosen to illustrare varia-
tions in the size and shape of both the salt stock and the
caprock. The teps of individual domes range in diameter
from ¥2 to 4 miles with an average of sbout two miles. Most
domes increase in diameter with depth, although mush-
rooro-like overhangs at the top of salt and associated re-
ductions in diameter in the depth range down to severai
hundred meters are also common. The depth to salt vasies
from a few tens to many thousands of meters, About one
half of the 268 known onshare domes have depths fo salt
fess than 1000 m and can be considered for engingering
development. Salt domes extend downward to 30 m or
more. 50 Lhat the bottom of Lthe salt is not of concern in en-
gineering applicarions.

'The caprock may be as much as 430 m thick, but it is
absent or thin, ar developed only in patches on many
domes. Martinez (in IES, 1973) could tind no single satis-
factory explanation for why some domes have thick cap-
rocks, whereas others. often nearby, have me caprock.
Possibly, the caprock thickness is related to the proportion
of anhydrite in the salt or to the rate of uplift through the
unsaturated ground waier zone, Often the caprock has a
fairlv uniform thickness over the width of the dome,
whereas in other casex i 1s thicker over 1he center, and in
others it is present on only part of the dome (Figure 2), A

thin layer of caprock may extend down the sides of the’

dome for several hundred or even thousands of metars, al-
ihough possibly in a broken condition (Taylor, 1938). In
some eases fhe caprock is known to overhang the salt, thus
giving a misleading indication of the width of the salt
stock.

At the edge of the dome, the sakl {or the caprock) may
abut dlirectly against the displaced sediments, or theve may
be a separation oceupied by a shale sheath or gouge, Kup-
fer (1974) supposed that the combined width of the shale
sheath and an adjacent brecciated zone might be typically
30G m, varying from very thin to perhaps a few thousand
meters, The nature of the edge of the dome is poorly known
for Gulf region domes but has been exposed in mines in
some German domes (Taylor, 1968). In most cases, the
mine workings exposed a thin (F em lo § m) manthe of an-
hydrite caprock which sharply separated the salf from the
sediments. In one case, the salt and sediments were sepa-
rated by 50 to 130 m of sall-muedstone breceia.

The edge of the salf at the Bavou Choctaw dome as de-
termined from close well control is shown in Figure 1.
Here, the edge is seen to be 2 complex melange with large
blocks of sait detached from the main mass and biocks of
sediment included within the salt. Although the comiplex-
ity seer at Bayou Choctaw may be exceptional, it is well
known from the Guif region mines that the proportion of
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sedimentary tnclusions in the salt increases loward the
gdge of the dome. This indicates that some degree of inter-
slicing of the salt and adjacent sediments may be common.

CAPROCK
Lithology and Strecture

Caprock lithology and. to a lesser extent, structure have
been studied al many Gulf region domes. For the most
patt, these studies have heen concerned with the origin of
the caprock and have emphasized mineralogy and primary
texture and structure. Comprehensive reviews are given
by Goldman (1933}, Taylor (1938), Walker {1974}, 1ES
(1973}, and Martinez (19783, Less attention has been given
to featnres such as secondary structure {joints and cavities)
and hydrelogic chatacteristics which are more important
from an engineering viewpoint.

Typleally, the caprock consisis of an upper mestone
zone and a lower anhydrite zone, sometimes with an inter-
mediate mixed zone of limestone, gypsum and sulphur.
These zones may be very irregularly distributed across the
dome. At Winnfield, for example, the caprock has been
quarried, revealing pinnacles of gypsum penetrating into
the overlying Emestone zone {Belchic, 1960). It is nole-
worthy that sulphur has been found in economic quanti-
ties only in domes located in a fairly nartow band along the
Gulfl Coast (Myers, 1968).

The hmestone zone is often brecciated and vupgy or
caverpaus. Cavities may range in size from microscopic o
over 300 m in length {Taylor, 1938), and in some cases may
comprise up to X% of the caprock. Cavities and fractures
may be cemented with secondary caleite or they may con-
tain sulphur, ground waler, or hydrocarbons, In general,
the limestone caprock zone mav he manifested in bore-
holes or shafts by low core recovery, lost circutation and
heavy water inflows possibly accompanied by hydrogen
sulphide gas.

'The anhydrite zone of caprock is often more massive
than the limestone section, but fractures and, more rarely,
cavities may be found. For example, Teas (1931) described
the anhvdrite in the minc shaft at Hockley as chayacterized
by many joint systems, including horizontal and subhori-
zontal slicken-sided joints with pyrite coafings and other
jeints with dips from 457 to vertical. Extensive water-filled
cavitics oecurred in the anhydrite caprock in the shatt at
Grand Saline (Taylor, 1932} Perhaps more typically. cav-
ities oecur at the bhase of the caprock as deseribed below.
The basal part of the caprock may also include lenses of
salt. Generally, the anhydreite rock material has a tightly
interlocking fahric with an associated low porosity. Gyp-
sum may occur, particularly at relatively shaliow depths,
as a replacemnent of primary anhydrite crystals, as void in-
fillings or as fibrous fracture infilling.

Salt-caprock Interface
On most domes the caprock-salt interface is relatively
flat, representing a solution table which truncates struc-
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tural features in the salt. At both Bryan Mound (D" Appo-
lonia, 1980} and Winnfield (IES, 1976), for example, the
vertical retief of the interface over much of the dome is less
than 10feet, A flat caprock-salt interface may be regarded
as Lypical of domes with relatively thick caprocks and is in-
terpreted as a reflection of prolonged schution activity. In
contrast, the top of the sali ar Avery lstund {Jacoby, 1977
is extremely rregular with sharp spines and troughs with
a relief of more than 30 m (Figure 2}, [n this case, a deep
trough is formed along a major shear zone in the salt, and
subsidiary roughs have formed by preferential dissolution
along paralicl planes of weskness, The troughs contain
toose sandy materials, probably derived from dissolution
of the salt.

Two distinct types of features may be observed at the
salt-caprock interface. In many cases, the bottom of the
capreck consists of a layer, or pockets, of unconsolidated
anhydrite sand, ranging from centimefers to meters in
thickness. This sand is often found in association with ex-
tensive hrine-filled cavities, and both features are taken to
indicate active, or recently active, dissolutivn at the salt-
caprock interface. Cavities or sand at the salt-caprock in-
terface copunonly result in problems during shaft sinking.
In the vid mine shaft at Grand Saline, for example, the
caprock consisted of 6 m of cavernous limestone overlying
1.5 m of cavernous anhydrite and a (.3-m layer of anhy-
drite sand at the eaprock-salt interface (Taylor, 1932).
During shaft sinking, 131 grout holes were required to scul
this thin sand zope, Anhydrite sand and cavities were
found at the salt-caprock interface in the shaft at Winn-
field also. Goldman (1933) reports 7 to 10 m of anhydrite
sand occurying in pockets producing brine al artesian
pressures. Tavlor (1938}, Belchic (1960), and Hoy ef a/.
{1962) describe large solution channels at the interface;
grout pumped into & cavity al the interface in the Winn-
field shaft was found to emerge in a surface quarry over a
quarter of & mile away. Anhydrite sand and cavities have
heen detected by drilling on many other domes and are
frequently the cause of problems with lost circulation.
Further examples are given hy Taylor (1938}, 1ES {1970),
Nance & Wilcox {1979), Krietler & Dutton (1982), ’Ap-
polonia {1980} and Drumheller er al. (1982),

In ather cases, such as in the ming shaft at Hockley
(Teas, 1931} as wel as Oakwood (Law, 1982) and Vacherie
domes {Nance e af., 1979), the salt-caprock contact is
found to be sharp and tightly cemented. At several domes,
some wells have encountered a fight contact, whereas
other wells have penetrated anhydrite sand or cavitics.
This may be the general case for the majority of domes,
with solution occurring preferentially in channels and
troughs separated by “piflars” of solid anhydrite which
support the everlying caprock,

Hydrology
There are few published data concerning quantitative
hydrologic properties for dome caprock. Law {1982) re-
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ports hydraufie comductivitivs obtained from pump tests
and straddie packer tests at two candidate domes for ra-
divactive waste disposal. Values obtained ar Cypress
Creek dome were 2.1 % 187 % em/sec for the upoer part of
the caprock and 7.1 X 1079 em/sec for the salt-caprock
interface. At Richton dome, values ohtained were 7.8 X
1074 ¢/ sec for the caprock and 1.8 % 107% for rhe salt-
caprock interface. At Tatum dome, a pump test in the
limestone zone of the caprock indicated a hvdraulie con-
duetivity of 3 X 1073 cm/sec (USGS, 1972); this value was
believed o be representative of the limestone caprock asa
whole. TFesiing showed that the caprock aquifer was in
communication with other sedimentary aguifers on the
flanks of the dome and above the dome. Generally, con-
sidering ali domes, it might be anticipated that hydrologic
properties will be extremely variable, with highly-conduc.
tive zones Ykely to be found in most cases. Similarly, the
chemistry of caprock water can be expeeted to vary both
among domes and within caprock zones in a single dome,
Typically, caprock ground water tends to be moderately
saline and high in calcium. suiphate, bicarbonate, dis-
solved hydrogen sulphide and carbonaceous compounds
{Walker, 1974). Conditions are probuably reducing and
Dasie or stightly acid (pH = 6).

LITHOLOGY AND $STRUCTURE OF
THE SALT STOCK

Evidence regarding the internal Hthology and structure
of salt domes Is obiained from direct observation in mines.
Mapping studies have been conducted (and published) for
parts of seven of the eight Gulf region salt mines (Table 2).
These studies are particularly valuahle in that they reveal
the three-dimensional structure of the salt on alarge scale,
showing that the salt is often extremely heterogeneous.
Considering this heterogeneity, it ts noted that borehole
cores and geophysical logs could present a very misleading
picture of overali salt quality and structure throughout a
dome. Some cvidence regarding salt quality may be oh-
tained from soluiion mining operations from chemical
analyses of the brines and from caleulations of the vol-
umes of insofubles that accumulate in the caverns {E)'Ap-
polonia, 1979, 1980). Similatly, evidence of large-scale
structural trends in the salt may be obtained from the
shapes of caverns as revealed by sonar surveys, Much
could be learned from systematic stndies of sohutton cav-
erns at various domes, but records are usually propriefary.

General Lithology and Structure

The salt in the Gulf region domes consists of halite
mixed with a small proportion of anhydrite and trace
amounts of other materials. Much of the salt exposed in
the mines Is strikingly banded with steeply-dipping bands
of white, essentially pure halite alternating with thinner,
darker bands which owe their color (o disseminated anhy-
drite and internal reflection. A proportion of 3% anhy-
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TABLE 2
Studies in Gulf Region Mines
Mine  ...[Refeence Activities|
Avery Istand Kupfer (1974, 1978}  Descrignion of "Shear
Zone™
Betle ste Kuepfer (1974} Mapping

Kupfer (1978} Description of Anom-

alous Features

Cote Blanche Golder {1977 Mapping Mine Stainil-
ity, In Situ Permea-
bility Tesrs

Kupfer (1978} Descriprion of Anom-
alous Fratures

Grand Saline Balk {1949 Mupping

Muehlberger (1960}  Mapping

Clabaugh (1962) Petrofabric Studies

Muehlbherger & (la-  Review of Previous
baugh {1965} Wark

Hockley Nao published studies
Jefferson {sland  Balk {1333} Mupping
Kupfer (1974} Deseription of “Shear
Zome"
Wesks Island Kupfer {1962} Mapping
Mahiab et al (1575  Mapping, Mine Sta-
Van Sambeek of al bikity, In Siu Per-
{1979 meabiliy Tests
Winnficld Belchic {1960) Mapping

Hoy et ai {1962} Mapping

Additional unpubfishad sources arc given by Kupfer {1963),

drite {o salt is sufficient to Impart a geey color, and salt
with 13% o 23% anhydrite may appear aimost black,
Less commonly, the anhydrite may be found in almost
continaous bands or thin slabs. In the Winnfield Ming,
black slabs up to 0.5 m long and alligned parallel 1o the
banding were found to be composed of greater than 80%
anhvdrite. Similar anhydrite inclusions have been found
in cores obrained from other domes in northern Louisiana
te.g.. Cypress Creek {Law, 1982]. Richton {Drumbeller of
af., 1982}, and Vacherie [Nance er af., 1979]) but are not
observed in the mines in southern Louistana.

The crystal size of the halite in the banded salt is typi-
cally in the range 5-10 mm. In hand specimens, the halite
appeats to be equigranular, although petrographic studies
may reveal shyht elongation parailel to the banding. The
anhydrite occurs as taths allipned along the handing with
crystal dimensions in the range 0.1 10 1.0 mm. The width
of the bands is commonly in the range 25 to 230 mm, and
the banding is pervasive through large aveas of all of the
mines. Locallv, thick (> 20 m) bands of massive salt are
found, with no visible banding and little or no anhydrite.
Commanly, the massive halife is more coarsely crvstalline
with giant crystals, up to 1 min size, found in some cases,
In other arcas, large areas of coarsely crystalline sait may
display poikiiohlastic texture with all the crvstals in a tni-
form crystaliographic orientation. It is generally accepted
that the coarsely crystalline salt results from dissolution
and reerystallization during or subsequent to dome em-
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placement (Kupfer, 1903;. Often, thin bands of concen-
trated anhydrite {apparently displaced by recrysiallization
aof the halite} are found bordering the pure halite rones.

When exposed in three dimensions in the mines, the
banding is revealed as the Himbs of a complex assemublage
of steeply-plunging iscchinal folds. Mapping studics show
that sirikey are persistent over targe areas of 2 dome and
are often subparalle! either to the edge of the dome or to
major stroctural features within the dome (see below). Av-
erage dips are generallv greater than 75° and may ap-
proach 907, Dips as low as 30° somctimes occur and may
be more frequent in the interior domes {Kupfer, 1963).
Toward the edge of a dome, dips may be expecred to be
parallel to the dip of the outer edge of the sakt, and dips to-
ward the center of the dome may be indicative of a salt
overhang (Kupfer, 1968; Hoy o7 af., 1962).

Shear Zones

Many domes contain small proportions of shale and
sandstone derived cither from matenial which was origi-
nally depasited with the salt or from material that was in.
corporared into the dome during its upward displacement.
Close to the edge of a dome, sedimentary material might
be incorporated by shearing as shices of shale sheath are
caught between shiees of salt and then further broken up
during subsequent upward movement (Kupfer, 1974).
Within a dome the sedimentary material might be shale
sheath which is caught berween adjacent spines of salt
which were intruded independently (Balk, 1949, Kupfer,
1974).

Kuapterreferved tothe sheared rone af the edge of adome
as an “external shear zone™ which might be identified by
shearing within the salt (i.e., banding with constant strike
paralle] to the edge of the dome with Little evidence of Fold-
ing) as well as by high proportions of mmpurities, In the
Weeks Island Mine, Kupfer found evidence of distinctive
shearing extending 150 m into the dome [rom the edge of
the salt. In the Belle Ishe dome, a hole drilled 100 m from
the edge of the sait encountered 40% to 50% shale mixed
with salt {Kupfer, 1974). It is cornmon practice in the Gulf
region mines to aveid mining within 100 m of the edge of
the dome. This is evidently sound practice, but it excludes
direct obsetvation of the nature of the sal close to the edge
of the dome.

Shear zoncs within the sali mass were designated by
Kapfer asz “boundary shear zones” in cases where sedi-
mentary material was found, and “internal shear zones”
it cases where there was evidence of pronounced shearing
hut no sedimentary material, Boundary shear zones have
been observed by Kupfer (1974, 1978) in the Avery Island,
Belie Isle, Jeffersen Island and Weeks Island mines where
they are commonly assoctated with anomalous features
such as brine and oil seeps and gas pockets {see below).
Boundary shear zones may be from 3 m to greater than
100 m wide, and they may be very extensive in both the lat-
eral and vertical directions. A striking example is the ma-
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jor shear zone in the Avery Island dome which has been
eroded to form a marked depression in the top of the sali
{Figure 2). In contrast, there may be many domes which
do not contain 8 major shear zone.

Fmpurities

Anhydrite is the major impurity in the Gulf region salt
cecutring in disseminated form in all domes and in thin
staby in some domes. Because the anhydrite is hoteroge-
necusly distribuied, it is very ditficult 1o estimate rhe aver-
age anhydrite content throughout a pariicular dome or
even in a part of & dome, espectally from limited borchole
data,

To summarize the available data, the pormal banded
salt in some domes may contain less than 2% anhydrite
with only Lrace quantities of other insohible material (Ta-
bie 3). in other domes such as Bryan Mound (D" Appolo-
nia, 1980) the proportion of anhydrite in the nopmal salt

Sixth International Symposivm on Sait, 1983—Vol |

may be as high as 4% to 5%. In all domes the proportion
of anhydrite will vary by a few percent across the banding,
and there are likely to be zones {pechaps large) in which the
anhydrite content is 10% or greaier. Similar conclusions
were previously drawn by Tavlor (1938). No clear geo-
graphic irends exist as to which domes are fkely to be
mote or less pure, although it has been suggested that the
mland domes tend to be less pure {especially in Lonisiana).
A clearer distinction is that the indand domes are more
likely to contain continuous, thin beds or slabs of anhy-
drite, whereas the anhydrite in the coastal domes may be
entirely disseminated. Generally, a major factor affecting
purity is the presence of shear zones within the salr stock.,

Dome salt also mcludes small amounts of sedimentary
material and potassium or magnesium-bearing minerals.
These materials may be concentrated along linear trends
{especially shear zones) and locally may affeet mining or
solution cavern development. A few domes might contain

TABLE3

Anhydrite in Gulf Region Salt Determined by Laboralory Testing

Number of % Insalubles S%CaS0,
Dome Samples Ranpe Mean Raunpe Mean Reference Comments .
Avery Isfand 112 0.02.0.27 0.9 Jacoby (1977)  Sampies taken at 107 intervals from
continzous channel, not represen-
tative of overall dome
5 2770 4.2 Taylor (1938}  From vartous parts of dome
Cate Blanche 1L, 0.3-1.1 0.7 0.3-1.2 0.8 Golder {(1977) Samples from | ' infervuls in explora-
342 8.7-47 212 20-54 2.9 tory boreholes-—ranges refer io
R63 0.3-09 07 07-12 1.8 compusile averages for core boxes
813 6-1.2 0.9 09-1.3 1.1
445 1.4-47 24 L6132 1.7
Grand Saline 2 [ Baik (19497  “Purec” mine with few inclusions
Tatum 2 1.2-22.0 9.1 WS (1963 Samples tfrom exploratory borehole
Richion 25 0.03-19.2 2.0 Drumheller et Sarnples takee at 20° inwervals in ox-
al (1982} ploratory barehale
Vacherie 130 0-329 1.6 TES (1879 Samples teken at 20" intervaly n ex-
ploratory borehole
Rayburn’s 128 0-27.2 23 IES (1979) Samples taken at 20’ intervals in ex-
) ploratory borchole
West 3 19-39 28 2851 3.8 Sandia (1980c} Samples represent range of quality
Hackberry from “most transparent” to “dark-
est” in 14 m core from 2 holes
“Composite” 460 Taylor {1938} Mean of unknown number of core
samples
Bavou “Composite™ 2.1 Taylor (1938) Mean of unknown number of core
Choctaw samples
Bryan Mound 455 2.2-35, 7.2 DVAppolonia  Szmples taken at 57 intervals
(1980}
Dow Well #4 (may be % insofuble}
382 0.03-182 4.8 Samples from Dow Well #1
8 1.3-49 33 1964 4.6 Sandiz (198Ch) Samples from 3 different wells
Tefferson 5 0.2 17 Taylor (1938} Samples from various parts of mine
Island & 1.0-20.0 125 Taylor {1938} Samples from oil well {may he close

1o edge of dome)

Tuylor € 19385 gives values for % insolble restdue for random sampies for 19 domes:

range (exciuding slab anhydrite) — 0.2-2%.3%
mean {76 samnples, compusite for 3f domes) = 5.53%

i
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targer propurtions of potassinm minerals. For example,
sufficient sylvite was found in the Palangana dome for po-
tash mining to be considered (Hofrichter, 1968).

ANOMALOUS FEATURES

A number of “anomalous leatures” (Kupfer, 1978}
which occur in some salt domes have been described ear-
tier in the paper. These mclude sedimentary inclusions,
sylvite anomalies, shearcd salt, coarse reervstallized salt
and dark salt with a high anhydrite content. Other snom-
alous features found in domes include small ol seeps and,
with particelar significance to mine development, brine
seeps and gas pockets. Kupfer has noted rhat these fea-
tures often occur in association and that they may be diag-
nostic of external (edge of dome) or houndary shear zones.

Brine Seeps
Hrine seeps occur in several of the Gulf region mines
and have been studicd over a period of several years by
Louistana State University (IES, 1976, 1977, 1978, 197%;
Kumar & Martinez, 1981). The Grand Saline, Hockley
and Cote Blanche Mines are veportedly essentially dry,
whereas seeps have occurred in the Avery Istand, Belle Isle,
Weeks Island, Winnfield and Jefferson Island Mines, In
maost cases, the amonnt of seepage is a maximum when
first exposed, and it declines with time and stops after a
few months. In a fow cases, seepages or “leaks” occurring
close 1o the edge of the deme have been known (o increase
with time and have required remedial action. The brines
are generally NaCl, but CaCl; has also been recorded,
The Winntield Mine was {looded in 1963 via a leak that
was discovered in an abandoned area of the minc as a
d-inch jet of water. The mine was flooded within twao davs
of discovery of the leak. IES {1976} suggested that the wa-
ter was probably derived from cavernous rones at the cap-
rock-salt interface or in the caprock, This water then per-
colated through 125 m of salt to create the keak into the
mine, The mechanism by which fractures could be created
extending this far below the top of the sali is not known.
Prior to the flooding, the mine experienced only minor
brine seeps, which declined with time {(Hoy i al., 1962},
The lefferson Island Mine was flooded in November,
1980, by waters draining from an overlying lake (MSHA,
1981}, This occurred inunediately after a driliing rig oper-
ating in the lake had lost circulation, but the exact cause
of the catastrophe 1s unknown, Prior to the flooding, sev-
eral major leaks had been encountered in the mine (RES,
1978), Two feaks were associated with an old exploration
borehole. and a third occurred when the mine penctrated
10 within 30 m of the edge of the dome. The laticr seepage
was proven by chemical and isotupic analvses to be mete-
oric water (1ES, 1979 Knauth of af., 1980). A fourth leak
accurred when an exploratory borehole on the 40U-m level
encountered a pocket which drained 200 m? of CaCl;
brine,
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Prior to the purchase by DOT in 1677, the Weeks Isfand
Mine had a history of minor brine seeps, all of which
tended 1o stop with time, indicaling drainage from iso-
lated brine pockets in the salt, The separation between the
mine and the upper surface of the salt had been main-
rained al greater than 100 m (Sandia, 19804d). Follewing
the purchase, the original mine operators developed a new
mine adjacent to the uld mine and at a slightly higher ele-
vation within the dome. One of the drilis {0 this new mine
developed leaks to the extent that the drift was abandoned
and sealed off with a butkhead. Substantial grouting from
surface and underground has sigmificantly reduced but not
completely climinated the leak, Drilling and dye mjection
from the surface have proven that the water entering the
drift originates from the overburden above a dome at a
point where the salt thickness is approximately 90 m.

‘The Avery Istand Mine has & long history of minor leaks
at many points in the mine, al of which have been success-
fully confrofled, though not eliminated. by grouting (Ja-
coby, 1977). The Avery Island deme contains a major faul
zone which ineludes a high proportion of sandstone. as
shown in Figure 2. The upper surface of the salt is highly
rregular, with a deep trough along the fanlt zone and sed-
iment-filled crevices develnped along banding parallel
the fault. Leakage into the mine appears to be sssociated
with these cravices and related fractures that must extend
at least 150 m below the fop of the sale. (Cavities in the salt
close to the top of the dome were also found in an explora-
tory well at the Bavou Choctaw deme {Sandiz, 1980al. A
4-m veoid was found 30 m below the top of salt and 2 0.6-m
voud was found 44 1 below the Lop.)

Kumar & Martinez {(1981) and Knauth er af., (1980}
have respectively cxamined the major element and sutopic
chemistry of brines collecied from keaks in the Weeks Is-
land, Belle Isle and Jefferson Island Mines, Tn only two
cases, al Weeks Island and Jefferson Istand described
ahove, the brine was found to be meteoric i origin. In all
other cases the water originates {rom formaiional waters
{not connate evaporite water) which became trapped in the
salt during intrusion.

Gas [nclusions and Pressure Pockets

Gas oceurs to some degree in the majority (if not afl) of
the Gulf region mines and is frequently encountered in
holes drilled into the salt in other domes, Frequently the
gas is rich in methane; gas recovered from a well at Bryan
Mound, for example, coptained 92% CH, with 5% CO,
and traces of nitrogen, cthane and propane (I¥ Appolonia,
1980). In other cases, the gas is ticher in carbon dioxide;
at Winnfield a sample coniained 47% CO, with 17% HyO,
£8% Ny, and small amounts of CO, 0, 8O, H,, CHy, A
and C;H, (Hoy et ul., 1962). Gas encountered at Avery Is-
land contains ;S and Ny but no CG, (Jacohy, 1977}, Gas
from the Lake Hermitage dome was found o be 97% N
with 3% CO; (Tayler, 1938). Often the gas occurs only in
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small amounts and is barcly noticeable during drilling or
mining. o some domes gas occurs in large guantities and
is a hazard to mining uniess proper precautions are taken.
Methzoe emissions monitored from a drift advanced
through 2 zone of dirty salt in the Belle Isle Minc ranged
from I to 3 m¥/tom of salt mined {Tannacchionne ef of .,
1982). Beile Isle appears to be an example of a dome which
is significantly more gassy than the other domes with de-
veloped mines,

Gas probably occurs throughout the salt in small quan-
tities i many domes in intragranuiar bubbles and inter-
granular cracks. Concentrations (' pressure pockets”) oc-
cur locally as sometimes manifested by the gas “outbursts™
or “blowouts’ observed in several mines. As described by
Kupfer (1978), these outbursts are rounded, conical or
vertically-elongated, pipe-line or chimnev-like openings
which develop during blasting, generally in the roof but
also in the wall inclined upwards. Some examples are cor-
nucopia-shaped and twist upward into the roof (in extreme
cases} for more than 60 m. These larger examples have a
diameter in the mine roof of greater than 15 m. Typically,
the walls of the outburst display a characteristic fracture
patternt that has the appearance of overfapping shingles,
When the outbursts form, up to fens of thousands of tons
of granulated salt and large vohimes of gas are emitted.
There are no confirmed reports of outbursts in the floor
other than a report of a floor heave at Winnficld by Bel-
chic {19603.

Cutbursts have occurred in the Jefferson Island, Weeks
Island, Cote Blanche, Belle Isle and Winnfield Mines
{Kupfer, 1978). Both the vertical extent and diameter of
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the outburst cavity appear to increase with depth, although
there ave obvious exceptions {Tuble 4). The largest exam-
ples (about 7S m high) are found at Jefferson Isfand and
Belle Isle. In one case at Belle Iste, an outburst expelied
about 10,000 m? of salt and 2 large volume of gas and re-
sulted in a major expioston and loss of life {(MSHA, 1979).
No outbuists have been encountered at Avery Island, even
though gas is found in the salt. This may be because the
mine fevels are relatively shallow and because the gas is re-
leased through the cxiensive series of fractures present
near the top of the salt.

Possible mechanisms for outhursts have been discussed

by Thoms & Martinez (1978) and Mahtab (1982). Clearly,

the outbursts occur as 2 result of a violent release of
rrapped gas pressure. With one possible exception (at
Winnfield, reported by Thoms & Martinez, 1978), all of

the outbursis in the Gulf region mines have oceurred dur-

tng hlasting (L.e., during active mining). Similar features
observed in German mines have been triggered by mechan-
ical or solution mining (Gimm & Plorr, 1964}, It is thus
concluded that outbursts occur when mining encroaches
sufficiently close {o a zone of high pressure gas that the
pressure is sufficient to burst through the remaining web
of rock. Mahtab ascribes the shingle-like jointing to hrittle
failure in a biaxial stress field, a process akin to core disc-
ing. The absence of cutbursts in the floor may be attrib-
uted to stress relief by vundercutting prior to blasting
{(Thoms & Martinez) or to the confining effect of the salt
refeased from the upward outburst (Mahtab).

The nature of the gas pockets is not well known, although
it seems more likely that the gas is contained in cracks and

TABLE 4
Gus Qurbursts in Gulf Region Mines

Approximate

Depth to Number of

Maximum Glserved

Ative Floor Reported Height
Mine 4 Outbrests {m) Heferetice
Grand Saline 213 None
Avery Island £50 None
336
275
Weeks Ixland 30 None Mahtab et al (1979}
180 None MSHA {197%)
240 12 1R
Winnfield 280 6 ~ 50 Hoy et al {1962}
Thoms & Martinez
{1978)
Coze Blanche 400 i5 iR Golder (1977
Kupfer {1978}
Tefferson [siand 245 Nomne AISHA (1978)
300 Nane
410 3 RS
470 None
Helle Isle 425 i ~ 04 MSHA (1979)

Hockley 475 Neone
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connected pores than in large caverns, Thoms & Martinez
imagined the gas concentrated in vertical, cylindrical
zemes which were elongated by the upward movement of
the salt. Mapping in the mines shows that the outbursts
are often aligned along structural trends. At Winnfield
(Hoy et al.. 1962), and possibly at Belie Isle (Kupfer,
1978), the cutbursts oceur close o the edge of the dome. In
other cases {e.g., Cow Blanche and Belic Islel the out-
bursts follow structural trends suchk as shear zones within
the dome {Kupfer, 1978}, In all cases, there is an assocka-
tion between gas occurrence and other anomalous fea-
ures such as dirty sal, sediment inclusions and oil or
brine seeps. Sediment inclusions may be the features most
Iikely to be dlagnostic of trapped gases.

SALT BOME TEMPERATURES

Reliable temperature data from the interiors of domes
are seldom obtained. Temperatures recorded in mines
may be unreliable unless they are rock temperatures mea-
surcd away from the influence of the rooms. Similarly,
well logs are unreliable unless the fuids in the well have
been allowed to eyuilibrate over a period of several
months. Also, femperatures {rom wells in ihe sediments
adjacent tor a dome will not accurately reflect temperatures
within the salt. Seliy & Wallick (1966} demonstrated by
analytical modeling that at depths less than about 200 m
remperatures within the dome wilf be higher than those at
corresponding depths outside the dome. Similarly, tem-
peratures in the center of a2 dome will be higher than tem-
peratures at corresponding depths closer to the edge of the
salt, These differences arise Because salf has a thermal
conductivity typically five times higher than that of clastic
sediments. Geothermal gradients may be expected to be
lower in the salf than in the adjacent sediments but higher
in the sediments overlyving the salt,

The avaiable data for internal salt dome temperateres
obtained from measured rock temperatures in four mines
and from equilibrated well logs from five other domes are
shown in Figuire 4. The data from the mines form a narrow
knear frend but indicate Jower temperatures ar corre-
sponding depihs than those found in the other dumnes.
Probably these differences refleet variations in the regional
geothermal gradient which is about 2.2°C/ 100 m in the vi-
cigity of the Five Blands mines, but as high as 3.8°C/ 100 m
near the Vacherie dome {Moses, 1961} At comparable
depths in different domes temperatures may vary by 20°C
or more. Temperatures within domes cannot he estimated
accurately from the regional geothermal gradient.

ENGINEERING PROPERTIES OF DOME SALY

Investigation of the engineering properties of dome salt
has been extensive in vecent years due to the interesi in un-
derground storage in the Guif Coast region. Reviews of
the properties of bedded and dome salt ave been given by
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isherwood (1981), Gevantman (1981), and Dames and
Moare {1978), but these do not account for the extensive
festing conducted recently for the NWTS and SPR pro-
grams. Although many of the properties of dome salt are
well characterized, others are pootly undersiood even
though extensive testing may have been performed. Previ-
ous portivns of this paper emphasized the heterogenetty of
dome salt from a geologic point of view, Similar heteroge-
neity is found in the engineering properties of salt, but
there has been little success in corvelating variation in en-
gingering propertics with factors such as mineralogy or
fabric. In compiling salt properties, it is necessary to note
that many properties vary according to the test procedure
that is used.

Typical vatues and ranges of values for selected engi-
neering properties of dome salt obtained from 15 Gulf re-
gton domes are listed In Table 5. While limited spuce does
not permit tabulation of properties for each dome, Table 6
lists references which give properties for specitic domes.
Physical Properiies

Bulk density is one of the few properties of salt which
typically falls in a rather narrow vange from 2.10 ro 2.23
g/em?, depending on porosity and the degree of impuri-
ties, A typical value ix 2.16 g/cre®, Porosity is generally of
litthe mnterest by itself. but it has some inflrence on strength
and permeability, as discussed betow. Although few direct
measurements of porosity have been made on dome salt, a
representative value is on the order of one percent with a
range from 0.2% to €%.

Measuremenis of water content in salt indicate very low
values, geperally less than 1% and frequently less than
0.1%, These measured differcnces result from varfability
in the salt as well as from different sampling and measure-
ment techniques. Roedder and Bassett (1981} nowe that
most pubfished valucs of water content are not comparable
due to differing measurement technigues, and that many
measerements contain serious ervors which lend to under-
estimate water content. The total water content in sali is
compesed of three portions: hydrous minerals, infargran-
alar pore {luids and intragranular water. Different mea-
surement techniques measure different portions of this to-
ta} water content. Even though the total water conients in
dome salt are very low, they may be very importani with
respect to the worage of nuclear wastes in salt because of
the potential for thermaliy-induced brine migration and
resubiant effects on corrosion of waste packages (e.g.,
Qlander er af., 1930),

Permeability

The measured permeability of dome salt is highly vari-
able and is extremely sensitive to micasurement method,
The valucs determined in situ generally fall in the range of
(LO0M md to .01 md. Laboratory vatues have a similar
lower {imit but can range up to several hundred md, Dif-
ferences between laboratory and in sity permeability val-
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Figure 4.  Salt Dome Temperatures,

ues can be artributed to sample disturbance and the effects
of confinement. The processes of cxtracting, transporting
and testing a sample cause loosening, which tends to in-
crease the permeability. Laboratory-measured perme-
abilities can vary by several orders of magnitude, depend-
ing on confining stress as shown in Figure 5. Variations in

measured permcability under confined conditions can be
attributed to variations in porosity (Figure 6).

Mechanlcal Properties

Because of the plastic nature of salt, the conventional
mechanical properties of strength and deformability are

i T
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TABLE 5

Represenlative Values of Engineering Properties of Guif Region Dome Salr

Property Raunge of Typical
1 Cnits) Measured Values Value Rematks
Bulk Density 2.10-2.2 2.t6  Depends on poresity and degree of impuri-
(g/emd) ties
Porosiy { %] 0.2-0.0 < 1. Mot often measured directly
Warer Content 0.001-1.7 <t Sensiiive 1o moasurement technique. few
(%) comparably measurements om different
salts
Pormeabilicy (md)
- Laboraiory 0. 00 - 400 — Significanily affected by sample disrar-
—Field £.0001-0.011 0.001  bance, sensitive to confining stress
Tensile Strengih 0.2-3.5 1.0 Iedirect measurcment {Brazilian test), ar
{MPal roon: temperalure
Uncontined §-29 33 At room temperatory
Compressive
Strengih {MPa)
Young's Modulus 2142 30 Valoes from unioad-reload gycles in guasi-
((GPa} static tests at room temperature
Poisson's Ratig 015005 0.35  Vaues from unload/reload cycles i quasi-

Creep Properties -
Thermai Conduc- 2.0-6.5 3
tivity (W/mK)

Thermal Diffusiv-  1.3-3.7 X107
ity (mv'7s)

Cocfficient of Lin-  4.7-5,7 %073
ear Thormal
Fxpansion
(K"

static tests af room emperature
Sec texy, 'Table 6, Figures 9, 1
Decreases with increasing temperature
Typical value correspands to room fem-
perature.

3 XD "Decreases with increasing remperature. typ-

ical valoe portesponds o room wmpera-
ture

5107 nereases sightly with increasing rempera-

tare, very few measurements available

Note: Values based on tests reported in [terabare as indicaied in Tahle b.

complex and difficult ta define and are highly sensitive to
test procedare. Behavior is ofien non-lnear and inelastic,
so that the measurement and application of mechanical
propertics must carefally consider the load path (ie., load-
ing or unjoading}, magnitude of stresses and time scale of
foading relevant in the field, Elastic properties characier-
ize salt behavior only for relatively low deviator siresses,
jow temperatures, and short time periods. The inelastic
propertics {creep, plasticity) are applicable to all condi-
tions but are increasingly important under higher stresses,
higher temperatures and longer time periods. Thus, al-
though the conventional parameters of tensile strength,
unconfined compressive strength, triaxial compressive
strength and Young's modufus (all under specified tem-
peratures and short duration [guasi-static] conditions) can
be used ay indices of mechanical behavior, engineering
design requives careful consideration of the probiem of in-
terest with respect to the stress and temperature levels and
the rate of deformation.

Hansen ez af. (1982) provide a comparison of sirength
measurements on salt from six Gulf region domes {and
also four bedded salt sites}. This comparison is partica-
larly valuable because it is made on the basis of comman
test procedures {(all performed by one organization), and

because an attempt was made to correlate strength with
petrology, While Hansen o2 af.. observed that strength
varies considerably among the shtes, no corvelation be-
tween strength and specific petrological characteristics
could be established.

The tensile strength of dome salt ranges from 0.2 MPa
ta more than 3 MPa, with 1.0 MPa being a typical value,
‘The unconfined compressive strength shows a narrower
range of variation. with 23 MPa being a typical value. It
may be noted that in salt, the ratio of compressive strength
1o tensile strengih is typically more than 20 whereas a value
of 1§ is typical for brittle rocks, The wnconfined compres-
sive strength appears to be velated 1o porosily, as ing
trated in Figure 7, and high porosity may be the cause for
some salts {e.g.. Weeks lsland) to be noticeably friable in
sttie. Alernatively, the friubility may be the resuft of a di-
ferent erysial fabric occurring in recrystallized salt. The
strengih of sall in triaxial compression is difficult to define
because of the increasingly plastic behavior with confine-
ment. As demonstrated by Hansen ef af. (1982}, conven-
tional Tailure criteria (e.g., Mohr-Coulomb, parabolic fir)
generally do not (it welt £o the highly non-linear strength
envelopes typicat for salt.

‘The “clastic” deformability properties of Young's mod-
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TABLE &

i
&
B
3
4
4

Sources of [eformation for Engineering Mropertics of Dome Sult

gty

Physical Mechunkeal

Then_mli
Conduce.  Dilfu- Coefficient of

:

Water Penmea- Tensile Compressive Deforma-

Dome Density  Porosity  Content  billly  Strength  Strength brility Creep tivity sivity  Linesr Expansion %
Avery Istand 16 f 6,13 6,10 6,10 6,10 78901 116 32 3 ;
7
Bayou Choctaw 17 I v7 17,29 17,26
Belle sk i3 £
Bryan Mound 23 25,29 2535 25
Cote Blanche 4 4 4.10 4,10 4 b4 :
Grand Safine 1 1,28 14,21 ;
Hockley 14,21 i
Jefferson [sland 16,149 13,19 22 10,19 10,19 10,19 3.6,11,19 16 :
Rayburn's 13 !
Richton 10,18 10,18 H)L 18 it
Tatem 26 26 26 26 26 26 26 26,2
Vacherie 13 10,18 10,18 15,10 1%
Weeks Island { i3 1,152 10,23 10,23 10,23 §
Winnfield 1 I :
West Hackberry 20,2429 24,29 24 §
f. Aufrichi and Howard (1961} 11, Ilerrmann and Leuson (1981 21. Thompson and Ripperger {1964) ;
2. Chubanres (1982) 12, Sraith (3976) 22, Thoms and Gehie (1982)
3. Durham and Abey (1961} 13, Kpauth and Kemar {1981} 20 Van Sambeek ot al {1979 i
4, elder (1997 b4, Lomenick and Bradshaw {1959 I Woewersik e al (1980a) ,‘
5. Hansen (1977) 15, Mahtab s al {1979} 25, Wawersik ot &l (1980h)
6. Hansen and Meilegard {198(0a) 16, Maorgan (1979) 26, WES (1903)
7. Hansen and Mellepard {19800 L7, PB/KRE (1978} 27, Mellegurd and Senseny (1981}
B, Hansen and Carter {1980) 18, Phiethe et at (198]) 28, Revnolds and Glayna (1960
4, Hansen and Carter (1982) 1%, RE/SPEC(1977) 29, Pricg ot al (1681}
Hh, Hansen et al {1982 20, Tillerson (197H

wjus and Poisson’s ratio are very sensitive in sait to load
paths, confiniag pressure, temperature and time. Re-
ported values thus require careful interpretation. For ex-
ample, the initial loading modulus is usually much lower
than the unlvading/reloading moduius, Although the un-
loading/reloading modulus is generally more applicable
to elastic analyses of salt, many reported tesis on salt arc
based on initlal loading values. The values for Young's
modiuius and Poisson's ratio in Table 5 are based on un-
load/reload tests, Typical valucs are 30 GPa and 0.5, re-
spectively. As noted by Hansen er af., (1982), variation in
elastic properties for salt is not as great as the variation of
strength propertics, provided common fest procedures
and inferpretations ate used. '

Creep Properties

The greatest complexity and variability in salt behavior
is ohserved in the thme-debendent deformalion (ereep)
properties. Often, these properties have the greatest sig-
nificance for engincering design purposes. Although the
exact mechanisms and quantitative descriptions of creep
are a subject of considerable debate, it is generally recog-
nized that ereep occurs in three diffevent phases {Figure 8).
Primary (transient) creep refers to the initial stage of load-
ing {under constant stress and temperature) when defor-

mation rafe ks decreasing with time. Secondary, steady-
state, creep refers to a deformation rate that is ¢onstant
with time. Teetisry oreep sometimes follows sccondary
crecp and exhibits an increasing tate of deformation with
eventual rapture. Tertlary creep is apparently regarded as
having minor practical significance, and has received lit-
tle attention by rescarchers. Primary and secondary creep
are imporfart in nearly all engineering appilications,
While a thorough discussion of creep behavior is beyond
thie scope of this paper. certain key aspects relevant to en-
gineering applications will be peinted out.

Hansen and Carter { 1982) provide a valuable discussion
of various analytical expressions used to describe the creep
behavior of salt. Many different expressions have been
used in the past by various researchers, frequently indicat-
ing very different types and magnitudes of creep strain. It
appears that a creep equation of the following form is
paining acceptance as a reasonably accurate expression to
describe both primary and secondary creep:

e = gl — exp{ )} + &t {(n

wheze € is total creep strain, e; and r are experimental fit-
ting parameters, t is time, and ¢, is the secondary creep
rate. The first term, which predicts a decrease in creep
rate with time, represents primary creep. The second
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term, which predicts a constant creep rate (under con-
stant stress and temperature) represents secondary creep.
The secondary creep rate is deseribed by:

g, = A gnexp [~ Q/RT] (2)

where A, n and © are experimental {iéing parameters, ois
a measute of shear stress, T is the absolute temperalure,
and R is the universal gas constant.

Fitting parameters for the above equations have been
determined for a number of dome salts. Secondaty creep
rates for salt from six domes at different stress fevels, based
on curve fitting of laboratory data using Equation {2) are
presented in Figure 9. Under equal conditions of stress
and temperature, the variation in the rate of strain among
different sites is up to two orders of magnitude. It is inter-
esting {o note, however, that for any given site the degree
of scatter in the dara used to develop the constants in the
secondary creep equation may be verv large. Figure 10
shows specific data points from tests performed on various
dome salis, superimpased on the range of variation exhib-
ired by bedded salt from the WIPP site in southeastern
New Mexico which has been tested very extensively, It ap-
pears that akthough the average creep rates vary greatly

among sites, collectively the data lie ronghly within the
same very wide band. This raises the question of whether
all sites exhibit a large variation in creep rate, which
would be revealed only by additional testing. The reasons
for the variation in creep rate among sites and within a sin-
gle site are not apparent. Probably the variation does re-
flect inherent differences mmong the samples {although
variation in test technique may have some influence), but
no correlation has been estabiished with Factors such as
fabtic or the nature or degree of impurities.

The large variability in the creep data and the laws
which are derived from the data is particularly signitficant
when creep must be extrapolated over long time periods.,
Creep tests which have beett run for only days or weeks are
sometimes used to predict vates of deformation over peri-
ads of tens to hundreds of years. There is clearly a need to
run creep tests for much longer durations than have cur-
rentiy been performed in order to validate long-term pre-
dictions. Furthermore, it i3 important to determine
whether the variability observed in the laboratory s re-
flected by in situ behavior. To date, there have been few
comparisons between predicted closures of underground
openings based on laboratory testing and analysis and ac-
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tual measarements, Preece and Stone (1982) ebrained
good agreement between modeling resuits and actual per-
formance of sorage caverns in the Bayou Choctaw and
Eminence domes, even though material properties used in
the analysis were obiained from a different site (West
Hackberry), The apreement is remarkable, considering
the large variation in creep parameters from various sites
discussed above. Further, such comparisons would be ex-
tremely useful as a means for validating laboratory creep
tests as tools to predict in site behavior,

Thermal Properties

The thermal properties of salt are particularly impaor-
tant to nuclear waste storage, where large amounts of heat
must be dissipated through the rock. A imited number of
measurements of thermal conductivity of rock salt exhibit
4 targe variation, which is probably related to factors ssch
as grain size. microfracturing, degree of impunties and
maisture content. Thermal conductivity is observed to de-
crease significantly with increasing temperature from 3 to
6 W/mK at room femperature to vahtes from 2to 4 W/mK
at temperatures of 200 to 300°C, These values are gener-

ally lower than conductivity values measured in single crys-
tals or on artificially prepared samples of salt, presumably
hecause of flaws or impuorifies in the natural samples.
Typical values for thermal diffusivity and the coefficient
of thermal expansion of dome salt, obtained from limited
testing, are given in Tahle 5.

Discussion

Laboratory testing of salt often reveals a very wide scat-
fer in test resulis. Sample disturbance (due (o stress relief)
may be a major factor contributing to this seatter, partica-
larly in the case of tests (e.g., permeability) conducted un-
der conditions of zero or low confining stress. Another {ac-
tor comtributing to the scatier may be ipherent differences
v mineralogy or fabric, akhough direct correlations
among propetties are difficult to establish. A study of the
effect of anhydrite content an the strenpth of synthetic
roek salt {Price, 1982) indicated that anhydrite contents
of less than 25% have little effect on salt strength. This
mighl support the supposition that properties such as
strength and creep may be strongly affected by quite sub-
tle variables in fabric, which cannot be detected by routine
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petrographic examination, and less affected by more obvi-
ous differences in mineralogy (within normal limits). Fur-
ther work Is required to investigate the causey of scatter in
test results, particalarly in the case of creep properties.

ENGINEERING APPLICATIONS

Muny of the geologic, hydrologic and thermo-mechani-
cal aspects of salt and salt domes discussed above have
important implications for the design, construction and

operation of faciliies located within salt domes. Before
discussing specific appleations, it is appropeiate 10 review
the important characteristics of domes discussed eardier.

. Domes vary widely in depth, size, shape and atti-
tude. Overhangs are commaon, and the area of a
dome available for development may be restricted in
the depth range of most interest (i.e., 300-1000 m).

. The tap of sait is often {lat, particulatly in the case
of domes with thick caprecks which are mdicative

2
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of extensive dissolution. Domed or itregular sur-
faces are more Ekely if the caprock is thin or absent.
Extremely tryegular surfaces may result from dif-
ferential movement of adjacent spines or from ero-
sion of a fault separating two spines.

. 'Fhe caproek may be as much as 430 m thick but is

absent ot very thin on many domes. Caprock is typ-
ically highly fractured, at least in part, and may
contain large volumes of water. Cavities filled with
brine or loose ashydrite sand often cceur at the salt-
caprock interface, Generally, it may be expected
that Both the caprock overall and the salt-caprock
interface will be highly variable in any particular
dome.

. Fractures capable of transmitting metcoric water

may cxtend 130 m or more beiow the top of the salt.
The edge of the salt may be relativelv sharply de-
fined, or it may consist of & complex melange of de-
tached blocks of salt and blocks of sediment in-
cinded within the salt, Within the salt stock, the

-

proportion of impurities and the frequency of
anomalous features increase toward the edge of
salt,

. The salt contains 3% to 5% anhydrite with higher

concentrations locally. Minor amounts of shale or
sandstone and potassium bearing minerals may
also be found, Often the impurities are concen-
trated i bands so that the salt structure is highly
anisotropic. The bands are generally steeply dip-
ping, and strikes may be persistent over large areas
of a dome.

Typically, dome salt exhibits relatively low strength
in guasi-static tension and compression, high creep
at relatively low stresses and temperatures, very low
permeability and high thermal conducetivity,

Most domes contain small amounts of trapped
brine or oll. Small scepages occur immediately af-
Ler mining but decline and stop usually within a few
months. Meteoric water has been known to pene-
trate up to 150 m into the salt via fractures,
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G, Mosl domes contain gas in the form of intra- or
infererystaliine bubbles. The gas mav be largely
methane, nitrogen or carbon dioxide. In sone
domes the gas is concentrated in vertically-alligned,
cytindrical zones which give vise o outbursts of gas
and salt during mining. These outbursts produce
chimney-like cavities which can be up to 150 m
high. Some domes contain much more gas and are
mirch more prone 10 large outbarsts than others.

1. In some domes impurities and inclusions are con-
centrated along narrow linear ircnds which are
thought to be shear zones separating adjacent salt
spines.

t1. Temperatures in domes atre higher then those in
the adjacent sediments, but are variable from dome
1o dome, Temperatures may range from 40 to 60°C
at 300 1, 35 to 80°C at 1000 m, and 65 to 100°C at
1500 m depth,

Dome Exploration

Because of their irregular shape and heterogenous inter-
nai structure, domes are relatively diffienlt {o characterize
within typical economic constraints. Fortonately, the gen-
eral {exvernal) structure of many domes has been explored
by oil companies and extensive geological data from deil-
g and seismic exploration are offen available for pur-
chase. Also, many domes have similar internal characteris-
tics that can be predicted, with some degree of uncertainty,
from characteristics exposed in mines. Withour extensive
driling, bowever, &t may nol be possible ta recognize
{ahead of mine development) adverse features such as ma-
jor shear zones or high gas content. Fortunately, domes
with high gas contents appear to be rare, Akso, if is possible
in conventional mining to rccognize shear zones from
borcholes drilled from within the mine and to therchby
avoid mining in those zones.

ldentification of the lateral limits of the salt dome is erit-
ical with respeet 1o the isolarion of cavities within the salt
and prevention of leaks, 1t is also important for reasons of
salt stability in cases where underground storage areas are
close 1o the edge of the dome. While the top of the dome
can be determined with relarive confidence by borings and
geophysical methods, defineation of the sides of the sak
stock is more difficult, both because the saft-sediment m-
terface is freguently ill-defined and irregular, and because
borings to great depth are extremely expensive and offer
information at only one point. Gravity and high-resolution
seismic surveys are useful in outlining the general shape of
a dome, but they may not acesrately deBneate the edge of
the dome at depth. Probably the best method for detailed
characterization of dome geometry is a radial seismic re-
fraction survey usipg welis drilled on the flanks of the
dome {Musgrave er «l., 1960}
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Shaft Development and Maintenance

The combination of highly permeable sediments and
caprock overlying the salt and the highly soluble nature of
the sait sometines poses difficult problems for shalt sink-
ing and sealing shaft lnings in domes. Extensive ground
water control techniques (sach as freezing or grouting; are
often reguired during shaft sinking: problems may be par-
ticularly severe af the salt-caprock interface where sand-
filled cavities are often enconntered. Tt is also extremely
important that reliable water seals be placed in the salt be-
low the caproek interface to prevent ever inercasing water
inflow due to dissolutioning of the salt. IY’Appolonia
{1981) provides a detailed review of shaft sinking and seal-
ing experience from salt mines in the Guif vegion, deserib-
ing methods used 1o seal linings, and illustrating some of
the problems that can oceur when insufficient attention is
paid to sealing. In one extreme case, at Belle Isle, a shaft
was lost wien a large leak developed at the base of the con-
crete liner. Conversely, many shafts have been successfully
sunk and sealed in the Gulf region domes, albeit with oc-
casional grouting through ihe lning to seal leaks, und two
shafts {at Avery Tsiand and Weeks Island) have been oper-
ational since 1898. In conclusion, water control problems
should be anticipated in shaft sinking, but they can be
overcome provided that careful attention is given Lo hy-
drofogic conditions in both design and constrieiion.

Problerns with shalts may also result from deforntation.
In exireme cases there may be differential movement at the
caprock-salt or everburden-salt interface leading to mis-
alignment and leakage. In all cases, deep shafts in sakt will
experiecnce creep closure, if unlined, or high lining pres-
sure, if tined. Problems may be markedly more severe be-
jow depths of 600 to 700 m (sce below).

Mining and Repasitery Development

Dome salt at elatively shaliow depths generally offers
excellent conditions for room and pillar mining with few
serions stability problems. Existing Gulf region mines op-
erate routinely with roof spans of 20 m or more {up fo 50 m)}
and with extraction ratios in the range 60% o 70%. Pillar
spalling is comimon and necessitates rock bolting or peri-
odie scaling, but slabhing from the roof is rare. Slabbing
may be more likely in the dirty salt associated with shear
zones {Kupfer, 1978). Gencrally, operating mines use roof
boits i maintenunce arcas and possibly main passageways
but not in production areas.

At present, the deepest produietion level in a Gulf region
mine is at less than 300 m depth. Mining conditions will be
more severe at greater depths, Creep closure is not known
to be a significant problem in any of the existing mines but
(as shown below) closure rates will increase dramatically
with greater depth due o increasing stresses and rempera-
fures. Quthursis {in domes prone to the phenomenon) may
be nore sevare at greater depths. Also, increasing temper-
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atutes at greater depths can necessitate cooling in order o
maintain aceeptable working conditions. it is noted from
Figure 4 that some domes are much hotter than the domes
in which mines are currently developed.

Mining can be affected by shear zones. In production
mining there is a concern with poor salt quality as well as
with potential safety preblems due to outbursts or leaks. In
a repository, a large autburst or a significant leak would be
highly andesirable fram a licensing viewpoint. In all apph-
cations, shear 7ones may be recognized and avoided hy ex-
ploratory drilling ahead of the working face. Tell-tale signs
revealed by drilling would include dirly salt {especially
sediment inclusions) and high brine or gas content.

A farther concern i1 mining is to mainain an adequate
separation from the edge and top of the salt. At present, no
reliable method exists for delineating ihe edge from within
the dome, since exploratory drilling to penetrate the cdge
is improdent and geophysical methods such as radar are
not completely reliable. In several of the mines, however,
the approach of the edge is marked by inereasing fre-
yueney of anomalous features and dirty saft which may
serve as general warnings, Current practice in the Guif re-
glon mines is to maintain at least 100 m between workings
and both the suspected cdge and the top of the dome,
Evaluation of domes for nuclear waste storage has used a
mintmum “hutfer zone” of 245 m o derermine the arca
available for development (ONWI, 1982). Selection of an
appropriate buffer zone in a salt dome shouid consider the
specific characteristics of the dome, the nature of the fa-
cifity in the dome, the consequences of hydraulic connce-
tion with the outside of the dome and/or physical breach-
mg of the salt, and the confidence or nncertainty which is
attached to the suspecied edge of the salt,

Solution Cavern Pevelopment

Structure within 2 dome and the nature and propottion
of ynpurities may influence solution mining operations. In
cavern development. aliowance must be made for anhy-
drite and insolubles to sccumilate in a sump. Allowing for
an average anhydrite content of ubout 3%, and for butk in-
crease of the tnsoluble matertal, the sump volume should
be up 10 10% of the cavern volame. Moreover, high pro-
portivns of anhydrite are undesirable in brining operations
beeause @ proporiion of the anhydrire 18 soluble and must
be removed from the produced brine. Relatively targe pro-
portions of aphydrite may be produced in suspension dur-
ng the early stages of leaching a cavern when turbulence
is high.

The presence of impurities siich as anhydrite or sylvite
may also affect cavern shape, particularly o rhe inclusions
are concentrated in bands rather than disseminated
throughcut the halite. H the banding is vertical it might be
cxpected that a cavern will be leached preferentially along
the banding, producing an uval horizontal cross section
with the long axis aligned along surike. If the banding is
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steeply dipping, preferential cavern development wilt oc-
cur glong strike, and aiso up-dip due fo the cffect of the
fresh leaching water rising in the cavern. In this case, pret-
ereniial leaching is most Bkelv to oecur close &0 the roof of
the cavern if this is not protected by an oil blankel. Several
examples of unusual cavern shapes believed to result from
anisotropic geologic structure are described by [ Appolo-
nia {1981} from the Bryan Mound dome. These caverns,
and others in the SPR program, provide eyvidence that un-
usital cavern shapes and large spans (up to 200 m) do nat
necessarily lead to stability problems; however, preferen.
tial lcaching can Jead to the possibifity for adjuacent caverns
Lo coalesce, '

As in the case of conventions! mining, sobition cavern
development should maintain a separation of at least 100 m
between a cavern and the edge or top of the salt. Cavern
design must address the minimum pillar to be maintained
between adjacent caverns (Tillerson, 19793 and the antici-
pated creep closure (see below) which results in pressure
build up in the cavern and necessitates periodic bleeding
of the system. Pressure buitd-up also occurs in response to
heating of the brine or stoved product (Case er al.. 19803,

Creep Closure of Underground Openings

The magnitude of creep closare and s impotriance 1o
the operation of underground facilitics in dome salt is
ighly dependent on the depth of the openings and their
use, Creep rates are very sensifive to femperature and
stress, both of which increase with depth. In exisring salt
mines, closure is relatively small and unimportant due to
the shallow depth of workings, Similarly, in shallow sofu-
tion caverns, creep closure is simply an operational eon-
cern, requiring necasional relief of pressure build-up and
resulting in small losses of storage vohime. In deeper
mines or caverns, howevey, the effeets of creep closure can
he more severe. An important factor influencing the clo-
sare rate (and generally Hmiting the vate} in solution cav-
erns is the internal cavern pressure. In brine-{illed caverns,
the closure is Emited by the head of the brine. Closare will
be much greater if the brine is replaced by gas at a lower
pressure than the original brine head (see Figure 11},

The effects of ereep closure are also significanr with re-
spect lo noclear waste storage, where ithe depths of interest
are generally 600 m or more, where significant increases in
rock temperature will result from waste emplacement, and
where openings will need io be maintained for long peri-
ods of Lime (up to 50 vears or morc). Paradoxicaily, high
closure rates arc disadvantageous in a repository with re-
spect to miring (reqairing infrial over-excavation or peri-
odic re-exeavation), bui advantageous with respect to
long-term waste isolation. High creep rates should lead to
natural healing of any fractures created by excavation of
disposal rooms and effective consolidation of crushed salt
backfill placed in the disposal rooms (Kelsall &r of ., 1982).

‘T'he rate of creep closure of an underground opening will

LI S i
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Figure 11, Predicted Closure of 3 Deep Borehole in a Sakit Dome.
TABLE 7

depend on depth, temperature, opening shape, internal
pressure and sak properties. The effects of these parame-
ters can be investigated by use of closed-furm solutions for
secondary creep of cylindrical or spherical openings devel-
oped by Chabannes (1982} incorporating a creep law of the
form given in Equation (2), Figure 11 shows calculated
closures for a deep borehole in one type of salt as a function
of depth and internal pressure. lncteasing lemperature
with depth is implicit in the analysls, using data (for Ray-
burni's dome) from Figure 4. Closures would be less for a
brine-filled spherical cavern than for the brine-filled bore-
hole but more for a mine with rectangalar openings than
for the open borchole. As noted previously, creep rates
measured in the laboratory vary significantly among dif-
ferent sites, The predicted time for 10 percent closure for a
shafi at 610 m depth and a temperature of 34°C, using
creep parameters from four domes, is shown in Table 7, It
is noted that these predicted elosure rates vary by over
three orders of magnitude.

It is the authors’ opinion thar the very wide range in
creep rates observed in the laboratory is probably not ex-
hibited in sivy. This opinion is based primarily on the ob-
served scatter in the test results obtained from a single site,
Possibly, ereep closure of large valumes of salt in =it tends
to "average” the variability. The scatter in the faboratory

Predicted Times to Reach 10% Convergence for g 3-m Shaft -

at 610 m Depih Based on Laberatory Creep Data

Dome Time {years) Reforences for Creep Properiles
Jefferson Island 1 Herrmann & Lauson (1981)
Avery [sland 0 Mellegard & Senseny (1981}
Tatum 10 Chabannes (1982}

Vacherie 50 Pieifle et al (1981}
WIPP# 100 Herrmann et al {1980z}
Richion 3000 Pfeifle 2t al (1981}

*Badided sait with extensive data base.

test resulls points to the necessity for testing a large num-
ber of samples from each site (in order to obtain a repre-
sentative average), and mw the necessity to validate analyti-
cal predictions of creep closure based on laboratory testing
by comparing such predictions with the actual perfor-
mance of underground openings. This is particularly the
case in the NWTS program because of the need to preseat
credible design calculations at the time of licensing. At
present, the effects of styess and temperature on creep are
reasonably well known. Further work is required Lo better
define and understand the apparent large variation in
creep behavior exhibited by different salts.
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Isolation

Szlt domes have excellant patential for the safe isolation
of hazardous wastes. Favorable properties include very low
permeability and creep, which tends to seal any fractures
which may develap. Adverse properties, as they occur in
some domes, may be avaided by prudent design, in partic-
ular by maintaining an adeguare separation from the top
and sides of the dome and by avoiding mining in shear
zones. Technical issues regarding the suitability of domes
for waste isolation {all of which are being addressed by the
NWTS program) include hydroiogic and tectonic stabil-
itv, creep closure rates and the ability to seal man-made
boteholes and shafts.
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