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ABSTRACT
Salt typical of the Gulf Coast 5 medinm-grained, vertcaily-bedded, and occurs in
spinegs surrounded by inclusion-bearing anomalous salt that geperates pressure-
pocket blowounts, slabbing, leaks and uther mining problems. Inclusions of sedi-
ments, petroleum, brine, and various gases are of primary and secondary origin.
The anomalous zones are characterized by extensive shearing and tectonic lensing
of the sediments; by folded, black, impure salt beds that localize both exfoliation
Jjoints and ceiling slabbing, and by coarse-crystattine or poikiloblastic salt im moisture
zones. Three types of brne lsaks are: short-duration lesks thal soon dry up, cata-
strophic leaks, and an intermediate type of long duration. They occur either with the
sediment, or as much as 100 meters out from it. Gas, particularly in explosive
pockels up to 100 meters in height, may extend 200 meters out; and these pressure
pockets tend to align along a single, black-salt horizon. Prior to explosion the gas is
in tiny intragranufar bubbles in the salt and along intergranular fractures: release is
caused by mining. Most mining problems are concentrated in edge-of-salt shear
zones and boundary shear zones within the salt. Zone size and shape are controlled
by depth and time of formation. If these zones cannof be avoided during mining,
they should be penetrated by smull openings, snd only after exploratory drilling has

determined the natare of the anomaly.

INTRODUCTION

This paper is based on the author’s experiences during
the past 15 years while studying the salt structures in the
Five Island sait domes of the Louisiana Gulf Coast
{Fig. 1}. Although called “islands,"” these are just domed
Pleistocene sediments that rise above the surrounding
rzarsh. Salt mines are in operation in each of these domes.
The oaby other salt mines in the Gulf Coast are the Wina-
fickd mine of north Lowsiana, which was closed in 19658
due to fioeding, and two mines in eastern Texas {Grand
Saline and Hockley).

During the past dozen or so vears a number of enginees-
ing and mining problems have developed in the Louisiana
mines that appear to be related. The problems are pressure
pockets, leaks, ceiling slabbing, and the occurrence of in-
clusions of foreign muaterial. Fach probiem will be de-
scribed separately, along with its individeal characteristics
and typical cecurrence; then interrelationships and origin
will be considered.

Literature on the origin, occurrence, and mining of Guif
Coast salt is extensive and will not be reviewed here. Text

citutions, in general, will give only the most comprehensive
or latest reference.

‘The best intreduction to Guif Coast geology is the book
by Murray (1961). Gulf Coast salt domes are coverad in
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Figure 1. Index map of Gulf Coast salt mines, inchuding the
Winnfield mine, which is now flooded.
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Chapter V. which quotes Hberally from the ineraure and
comiaing many wbles and itlusirations of individual domes.
The book on salt domes by Halboury {19671 is readable,
comprehensive (for the Gult Coast), und related 10 pewo-
leum geolagy. For a bibliography of the Gulf Coast consult
{Braunstein, 1970 and :976). For a bibliography on
diapirism, tacluding salt, see Braunswein and O Bren
(1968},

Layering. The favering in Gulf Coast salt reflects
primarily the original bedding formed at the time of deposi-
tion of the Louann Salt of Jurassic age. Unlike most other
salt depasils, the suit in souvthern Lowvisiapa is remarkably
pure (08% NuCl) and devoid of any other saits except
anhydrite. If large amounts of other sediments were origi-
naliy interhedded with the saly, which now seems unlikely,
they were left behind during the diapiric intrusion of the salt
through 17 kilometers of overlying sedimems. The zones
described in this report are called anomalous hecause they
deviate markedly from pure salt.

The individual layers in normal salt range from one cen-
timeter o several meters in thickness and range from mas-
sive to well-bedded. The massive salt is generally just off-
white o light grav in color, rransparent, and even-grained
(¥2—1 em in chameter). If vague favering is present, it con-
sists of white to milky «alt zlternating with zones thar are
maore transparent and thus darker {due 1o imernal reflection).
The lavers are commanly 10 to 50 centimeters thick, Every
gradation exisrs from (his massive salt w well-bedded salt
with affernating lavers of ““black™ and white salt that are
generaity thin, The dirk beds are thinmer {2-10 em) than
the more abundant opague, white beds (5--20 cmj.

Inclusions within the salt are very rare, but some of the
darker lavers contain flecks of anhydrite, shzle. sihica, or
carbonate,

Spines. The concept that sall dames consist of several
Tspines” of salt that move upward independently and at
different rates, is jong-standing (Balk, 1933, p. 2470 and
of considerable significance in expluining the zones of
anomalous sult described in this report. Originally the
spines were thought to be smali and numervus. The horizon-
tal cross-section of a single stock might consist-of tens or
even hundreds of spines. The work of Afwater and Forman
(1959) emphasized lurger spines that are few in number,
possibly onlby lwo or three to a stock. This report will eme
phasize the larger spines (ste aiso Kupfer. 1978), which s
not $o say that the smaller spines do not exist—they are
common. The differential movement between smaller
spines, however, is smuil and kess important in controlling
the overall structure of the salt mass,

As visualized for this report, salt stocks are thought 1o
move upward in sausage-like protrusions of salt (Fig. 2)
that are less than ong kilometer in dlameter. Each spine
moves upward, through downbuilding geosynclinal sedi-
ments, and stabilizes as the top intrudes inte less-dense.
near-surface sediments. Differential stress ar depth is stili

unrchieved and confinues 10 exert an upward (buoyant}
pressure on he total salt column, Because sediment deposi-
tion and downhuilding ceutinue, the old salt spine i» pushed
down deeper and stress builds up again. It is now easier for
4 pew sping to form at depth and move up along heside the
oid spine (Fig. 2) than it is to reuciivate the old and now
cold spine of salt. Probably undercompacted and geo-
pressured sediments at depth strongly influence this metion,
provide the locus of the new pathway, and possibly even
some of the motive power. The new spine continues past the
old splae. rising into the newly deposited sedimenis.

In the spine-building process the contact between salt and
sedimen? s a sheur zone (fault zone) thut consists of both
sheared salt and sheared sediment. As the new spine passes
along side of the old spine, the sheur zone is incorporated
isto the middle of the subt stock between the two ipines
{**boundary shear zone'” of Kupfer, 1976). Much of this
report will fucus on these interpal-type boundary shear
zones that form the most common type of anomalous
zone—ficretts referred w as CAZ of cenirul anomatons
wone. The edge shear zones are obscrved much less com-
monly, because any near appruach w the edge of a salt
stock is avoided during mining. Those penetrated will be
referred {0 as EAZ or edge anomalous zone,

Anomulous rones. The castly observed und mappable
anomalous features within a salt stock ure the inclustons of
solids, liquids, and gases. These may be primary, that is
deposited along with the salt during Jurassic time, or they
may be secondary and introduced during the movemeant of
the sali. Both origins probably occurred. Most of the solid
inclusions are probably secondary znd were introduced
along boundary shear zopes. The origin of gases is complex
and will be constdered in detwl later, Liquids, particularly

Figure 2. Thiee spines of salt that rose out of an oider pillow of
safr. The spioe in the foreground is 1he okiest and stll pillow-fike.
‘The background spine with the pronvanced averhang is the young-
est (highly dizgrammatic),
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pecoleum, are probably secondary. Brines are both primary
and secondary, and some may represent coniections (o out-
side water sources. If an outside water source is tapped
during mining, the results are gencrally immediate and dis-
asterous flooding due 1o the high solubility of salt even in
rather saline water. All five Louisiana mines adjoin the
Cudf of Mexico and operste at levels well below sea level
{150-450 m below 5.L.).

Some other features occur that are commonly associated
with inclusions but are not always confined to their vicinity.
These include pressure pockets or “‘blowouls,”’ zones of
giant salt crystals, poikilitic salt, jointed salt, and zones of
abnormally black salt. Shearing is almost universal in the
salt (Kupfer, 1976) and is characteristic of its movement
{Muehlberger and Clabaugh, 196R), but wide zones of very
disruptive shearing are less commonplace, and therefore are
snomatous. One engineering preblem that appears to ten-
sify near anomalous Zones is ceiling slabbing (the ceiling of
a mine is also called the roof, as in '‘roof bolts,”” or the
“back™-—the latter term will not be used). Large slabs of
salt, 10 10 150 centimeters thick, break away from hotizon-
wl exfoliation joints that form in the ceiling as the salt ex-
pands into the void created by mining.

Some features, such as poikiloblastic texture and shear-
ing, may be found over large arcas of highly irregular
shiape, and thus are not necessarily “‘anomalous’; under
these circumstances the other types of anomalous features
are less likely to be found,

The cause-and-effect relationship among these various
abnormal features s difficult to assess. If any one type of
anomaly is found in a particular part of & mine, several of
the other types are likely to be found also, and all are gener-
ally aligned along a sinuous rome which is (raceable for
hundreds of meters. Many anomalous zones contain nearly
all of these featurcs, but each type of anomaly can ulso
accur alone. Distribution of the featores within the zone is
discomtinuous and in places appears to be almost random,
but cerain characteristics of distributiom can be observed
that appiy to the majority of occurrences,

The geometry of the anomalous 7one is also highly vari-
able, changing somewhat with the type of anomaly;, most
are tabular and vemical. A rypical anomalous zone may be
from 3 to 100 meters wide and of very leng herizontal ex-
ent, geserally traceable completely across the mined area,
and probably contintiing across the complete salt stoek. The
vertical dimension is kess well known, but is probably ex-
tensive.

INCLUSIONS

Inclusions described in this report are solids, liquids, and
gases. 1he solids are clastic, non-salt materials that occur in
significant amounts, such as sand, clay. and carbonate.
Liquids can be of any type, but most are ¢ither brines or
peiroleum products. Gases detected during miming are
either those confined ander pressure (thus their escape is
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noted), or those with an odor, Their composition is peorly
known, but includes hydrocarbons, hydrogen suifide, and
carbon dioxide. Inciusions can be of primary or secondary
origin,

Origin. Primary inclusions are those in which the parent
materials were incorporated tato the salt at the time of evap-
oration and deposition of the salk, This would include the
more conventional clastic materials deposited az interbeds
in the salt seguence, as well as solid materials brought into
the basin by dust and sand storms, flash floods, or wrbidite
flows. Primury brines of various compositions, and gases
from organic decompesition cauld also be trapped in the
highly impermeable salt. The size and shape of the cavities
would pe strongly changed by movement and recrystalliza-
tion, generally reduced in size and elongated, but the mule-
rials would not escape unless within a few hundred meters
of a salt border.

Secondary inclusions were introduced inro the salt after it
formed, probably during the movement process. Typical
would be the sediments of the external shear zone plastared
on the side of the sall stock and later incorporated into 1t
when a new spine of salt is introduced along side, This
would include not only clastic materials such as sand and
shale, but organic matter and any liquids or gases that penc-
trated either the sediments or the salt (water. petroleum,
natural gas). Spines of movement are nol & necessary pre-
requisite; shallow salt is briftle and the sheath of salt around
4 shallow salt stock i known to be highly jointed, pock-
marked by differential solulion, and otherwise full of op-
enings and pockets that can be filled with solids, liguids, or
gases. Mining experience has shown that these foreign ma-
terials extend at feast {00 mesers into the salt from all sides.
Sunilar materials included into the edge of the salt in the
past would be caught up by later movements and infolded
mto the salt,

The origin of any inclusion can be primary or secondary,
and it is very difficult to differentiate the two without ex-
pensive or ime-consuming tests. Materials related to saling
deposition, such as disseminared clay particles, anhydrite,
culctom clderide brines, apd carbon dioxide gas are as-
simed 10 be of primary origin if other evidence is lacking,
Petroleum is assumed to be secondary bevause saline condi-
tions are not favorable fo oil generstion and petroleurn of
coustal Louisiana is considered to be of middle Terliary
age. Fimm evidence for the origin of the inchusions is lacking
and exceptions to the abave assumptions will be nofed later,
The only dated inclusion (Qligo- Miocene age) i any of the
Five-Island domes is the sediment in the Belle Isie sah
stock, and even this origin is the subject of debate (Wilson,
1977, Kupter, 1977,

The salt of Gulf Coast salt domes is generally assumed to
be the Jurassic Louann Salt, but this is far from confirmed
{cf Wilson, 1977; Kupfer, 1977). The Louann Salt does
not crop out at the surface and is only known from a few
oil-well borings { Andrews, 1960}, thus the character of the
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original bedding is poorly known. The salt may have con-
tainied significant amounts of sediment interbeddad with it
on the edges of the ariginal salt basin, and possibly in the
highest and lowest horizons of salt at the center of the hasin,
but if 8o, this has not generally been found. Even of origi-
nally present, this salt-clastic intermixture would mot be
likely w be found in the Five.Istand salt diapirs because the
imipure salt would be far fess mobile then pure salt. Thas,
sediments are unlikely to have survived the 17-kilometer
journey from the base of the Guif Coast geosyncline, where
the Louann horizon is today, to the present position of the
salt near the surface.

Sediment. The principal solid matertal incorporated in
salt, other than anhvdrite, is sediment such as sand, clay,
and carbonate. Mast of the sediment occurs in irregular
masses, and some as rounded balls. The balls are generally
{ to 3 centimeters in diameter, but they range from tiny
giobutes ta boulders. The irregular masser zre somewhat
ped-like and lenticular, with the larger pods being up te 30
centimeters thick and over 2 meters long. Sediment inclu-
siony ure generally atigned along bedding in the salt, but
many variations exist, fram those that appear o follow a
single bed to completely brecciated and jumbled Zones that
locally cross-cut bedding. The sall associated with these
sediment inclusions commmonly also contains clay and sand
disscminated through it

The sediment zone is, in fact, predominantly salt. Clastic
material is generaliy less thun one percent of the rotal vol-
ume. Even a hand specimen selected for its high clastic
condent will be 19 to 60 percent salt.

On a larger scale, the sediment zones are lenticular and
disconitinwous in plan view; individual beds swart and stop
erratically. What happens in the vertical direction is less
well known but probably similar. Sediment zones can be
traced sinuously throngh the mine along z definite trend,
generally from one border to the other. Minor zones of
sediment may branch away from the main zone only w0
terminate within a few hundred meters. Most of the zones
are probably boundary shear rones, but some may be pri-
mary. Sediment zones are from 10 to HX) meters thick, and
most extend completely through the salt stock, separating it
into spines. The wide sediment zones are highly sheared
and also vontain gas, perolewm, and brine, Thick layers of
dark, impure, black salt are also common.

The salt in a sediment zone is nop-commercial, and fur-
thermeore, mining within the zone can be dangerous. Thus,
generally, mining sfops 4t the edge of the scdiment 2one,
but in a few places, the Zones have been penerrated. The
zones are easy to recognize, difficult to mine, and are asso-
ciated with many mining problems. Sediment i3, thus, the
typical anomalous material,

Liquids, Two types of liguids occur in salt: brines and
peiroleum hquids. Small amounts of brine are ubiguitous in
all the mines. Some ""drips’" appear to he condensations of
murstore from the air. Tiny openings that drip brine for days

or weeks after mining penetrates the area are common in
certaty mines and in some parts of all the mines. In general
these openings dry up eventually. showing that they src oot
connected to fluid systemns cxternal 10 fhe saft. The inter-
comnecling openings are verv tiny and disseminated widely
through the salt; they are not *cavities”™ in the normal sense
of the word, as targe natural openings are not found during
miping. Porous salt (with liny interconnected cavities) oc-
curs in the brine areas, Brine drips are not vet adequately
mapped, hut they appear 1o follow bedding in & general
way. Most brines are NaCl

‘The origin of the brines is only just beginning 1o be
investigated. Most brines are thought to be made from fresh
waler that found its way into the 2alt and then became satu
rated by diszolution. A few brines of composition other than
saturated WNaCl have been found and src assumed to be
primary. For example, a heavy flow of calcium chloride
{CaCl) brine at Jefferson Tsland mine lasted for & week.
Brines at Cote Blanche Island mine that may be of primary
origin comtain calciem and magnesium sad very little
sodium. The origin of a brine could be checked by chemis-
try; primary brines might be of diverse composition particu-
larly containing potash and magnesium, whereas sccondary
brines would be essentially pure NaCl with some CaS0O,.

Petroleum Hguids are the commonest liguid inclusions
other than brines. Oil occurs in volors from brown to blue wo
black, and in viscosities thar range from that of about #1-
distillate to tight grease. Petroleum drips cccur in many
parts of the operating mines, hut particularly near the
anomalous zones of impure salt. O3 leaks appear to “‘dry
up’” with thime, but onlike brine drips, this may take a few
vears rather than a fow months; the difference is probably
related to the greater viscosity. In theory it would be possi-
hle that one of these leaks taps an outside oil pool, but 1o
gvidence lhas vet been found that suggests this has
happened.

Petroleum could be primary or secondary to the salt.
Qrganic chemists can “‘type’” the virious organic com-
pounds in petrolenm oils and gases, and thus are able to tell
if similar types are found in adjacent sediments. Thus the
ape and source of the petroleuym products in salt could be
determined.

Because liguids migrute short distances through sals after
they have been incorporated into it, their presence gives
advance warning of the approach to an snomulous zone. The
presence of brine or petroleum seeping from the ceilings,
floors) or mining face commonly precedes the penetration
of a sediment zone by as much a5 30 o 100 meters. Current
practice at some mines Is to stop advancing these faces, at
least temporarily, and give them a chance 10 “‘leak’ and
possibly stabilize. If mining can be conveniently continued
around these zones, they are left unmined permanently.

Gases. Both primary and secondary gases occur in salt
and are of several types, but almost nothing is known about
their accurrence, properiies, or composition. If gas is ob-
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served, mine personnel make a routine check for micthane
using one of the standard simple detection devices. Com-
monly, trace amouns of methane are detected if the device
is held close enough to the emitiing face. Most gases are
detected by their odor;, hydrogen snlfide and certamn organic
compounds zre common. Other gases are combustible.
Carbon dioxide at Winnfieid mine i5 described in the sec-
tion on Pressure Pockets.

Most of the gas flow ceases within a few days or a month
or s0. Like the other impurities in salt, the gas pockets are
more abundant near the boundary shear zones or oiier zones
of impure sali.

Gases can, in theory, penetrate the highly impervious
salt to an even greater extent than hbquids, and thus should
give indication of the approach to an anomalous zongs at an
even greater distance. Bul gases are also universally
present, and thus interpretation of the meaning ot the pres-
ence of a gas is subjective. In addition, most gases are
coforless and odorless, and thus difficult to detect without
special devices or techniques. A few, like hydrogen suaifide,
can be detected by (he human nose in trace amaunts, and the
smell of hydrogen sulfide {and similar gaseous odors) does
commonly occur as mining appreaches an anomalous zone.
The ador of gas, like the presence of dripping liguids, can
be used with judgment to indicate appreach 10 a dangerouns
anomalows zone.

BRINE PROBLEMS

The hvdiologic stability of salt mines is a critical prob-
fem because of the high solubility of salt in water. A tiny
opening, even one of capillary size, can grow rapidly into a
farge open conduit if undersaturated brines are preseat. Any
open connection to the external ground-water supply, wo
matter how tiny, will produce disastous flooding of the
mine, With this concept in mind. water drippings in
Louvisiana salt mines can be classified into three types. The
farst 1ype, short-duration drips, are of limited volume, ares,
and duration. The second type, incressing-volame leaks,
are leaks that grow rapidly in size and volume, and con-
sequently in seriousniess. The third type, which are less well
understood, ate the sporadic-continuing leaks of a character
intermediate between the other two.

Short-duration drips. Short-duration drips occur in al}
five of the Louisizna salt mines, although in variable de-
grees. Typicatly, a ‘‘wet area™ 13 limited to about 1000
square meters, but some arc gquite small and a few much
larger. Soon after & working is opened up Drine beging 10
drip from the ceiling, and for a few days to a month the
volume may be quite significant, Shartly, huwever, the
flow diminishes and stabactites form on the ceilings as evap-
oration exceeds the rate of flow. Generally, flow has com-
pletely ceased after six months.

Few analyses have been made of these brines, but most
are corposed largely of NaCl, as suggested by the stalac-
tites. These. and the drip areas, are ulways stained rust-
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brown suggesting sume iron content. The larger.und. more
persistent drips are cammonly within a hundred meters of an
znomalous zone. In general, the sall in these drip areds is
darker than aversge and more coarsely crystalline: Sand,
clay, petrclenrn, and other impurities in the salt are x;fzit
UNCOIIMOL, e

These short-duration teaks probably repressot porous salt
with bubbles of brinc in the salt that are interconnecied by
capillary passageways and open fractures around the indi-
vidual salt crystals. Some vertically-clongate, tubular op-
enings may also have been generated during the upward
flow of the salt. All the capillary openings and tubes were
probably filled with brinte and thus remained open despite
movement of the salt and recrystallization. During the pro-
cesses of mining the saly, exfoliation joints as described
lxter, open and extend outward into the salt for 20 or more
meters, thus connecting previously isoluted brine. passage-
Wiays.

Some of the brine may be of primary origin, but most of it
ts probably water intreduced into the salt during piercement
and tntrusion that has become saturated with NaCh It is
then sealed in by recrystallization and cannot escape. The
fact that the brine rakes davs, weeks, or months to sfop
draining suggests that the capillaries are small, but rather
extensive. The fact that most keaks eventually stop suggests
that each set of passageways is isolated. from other sefs by
the imperviousness of the salt. .

Increasing-volume leaks. Svme drips.tap an externai
source of water and the leaks then grow in size very rapidly.
They may start like short-duration drips, buot if the passage-
ways tap fresh, or moderately saline water, then the water
dissolves. the .capillary openings into larger conduits and
flow increases. - e :

The Carey salt mine at Winnfield, in north Louisiana,
had twe of these leaks, both near the shaft, which probably
zcted a8 a passageway. to near-surface ground-water. The
first, i 1937, was in the shaft and was controlled by exten-
sive grouting {Belchic, 1960, p. 35). The second leak, in
1965, flooded the mine and the mine was ubundaned. The
secopd leak was probably initiated by collapse of the cap-
rock onto the salt (Ellion, 1970); openings under the cap-
rock bad been arifically enlarged by the activities of man
(quarrying, pumping, storage reservoirs], The stresses
created by the collapse of the caprock cracked the salt inthe
vicinity of the shaft, and in 81X hours a leak 60 metess from
the shaft {in the mine level) quickly enlarged and flooded
the mine (11:30 P.M. 0 6:00 A.M., Nov. 17-18, 1965} It
should be noted that a smazll secpage had developed in the
same area (20 m from the shaft) a month earlier and was
aearly under control at the time of the flooding {Personal
commnication, from C. M. Thorton, May, 1967).

Increasing-volume leaks flooded the Avery Island mine
and the Belle Isle mine (both of the Five island group), in
the earlv days of mining when both mines were very shal-
low. In recent vears, increasing-volume leaks have oecurred
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at both Jefferson Island mine and Avery Isiand mine, but
were controlled. At Belle Isle mine a new air shaft was
drilled, and about a vear later (possibly about the thme the
gronnd became completely “‘unthawed’’ after being arrifi-
caily frozen) a shaft-leak developed, It increased in volume
rapidlv and swallowed up the shaft in 2 matter of minutes.
Surprisingly, the sund above the sak flowed-in and plugged
the hale; the mine only partially filled with water.

Sporadic-continuing leaks, The third type of leak has
characteristics of the other two and has heen foupd m two
mines. Like the short-duration drips, they start very slowly
al first, bur gradually increase in volume until brine flow
reaches up to several fiters per minme. Then flow appears to
stabilize at this rate and the increase is much less drastie, but
continuing. At this stage the flow has ulways been stopped
by grouting, so further development s speculative, but the
area in which the leak eccurs continues t© he active. Ina
few months another leak develops and the sequence is re-
peated. These leaks have continued for several years, und
thus must have acgess to extemnal water sources. Yef the
leaks do not increase rapidly in volume as would be ex-
pected it they were connected to fresh water.,

The vnusual nature of these sporadic-contimung leaks
suggests that thelr origin is different from that of the other
wo types. i« suggested that shale (from the shale sheath
surrounding the salt or in a boundary shear zone) is acting as
a membrane. Fresh water from outside of the salt stock is
transmitted slowly through the membrane and thence along
4 fracture zone and into the mine workings. The flow & not
able to increase rapidly in volume because of the membrane
separating the external water source {rom the mine proper,
Once through the membrane, however, the fresh water (salt
water does not pass through a membrane) can dissofve salt,
apen up existing passageways, and create new cavities—
solution continues untl {the bripe ix saturated. The primary
danger is that one of these cavities may get oo large and
collapse. flooding the mine. To date this has not occurred.,

Recrystallization. Large crystals of recrystuliized salt
have long been recognized by salt miners as having a close
assoctation with salt brine, drips, and leaks. The horizon-
tally bedded salt of the nesth-cental Unired States, like
domal salt, is uniformly medivm grained (5 - 15 mm) Ver-
tica] veins that cross-cut the salt cansist of coarse crystals of
clear salt (30-200 mm diam) that have formed by solution
und redeposition. Coarse-grained salt {20~ 100 mm} in Gulf
Coast stocks is not generally in veins, bat in irregular mass-
es associzted with brine inclusions. For cuample, at the
Weeks Teland mine the coarse-grained salt with associated
minot drips, petrolenm seeps, and even occasional pas
pockets forms a wide zone abowt 50 meters out from the
first occurrences of sediment. as mining approaches the cen-
iral anomalous zone (CAZ}

Poikiloblastic salt is also a coarse-grained salt which
breaks up into large single-crystal cleavage fragments
{10-30 mm}. The salt consists of randomly oriented graing

of salt {about 10-20 mm) dispersed through a groundmass
of more uniformly oriented salt. Thus, a hand specimen of
the salr appears. at first glance, as relatively normal, hutofa
somewhat coarser grain size. When the salt is observed in
place in the mine, however, large arcas (up to several me-
ters in chameter) appear to reflect as if from a single,
spatier-marked cleavage face. The whole mass of salt has
recrystatlized in place since the salt stopped moving. Thus,
i ts o metamorphic texiure {poikiloblasric). If the salt were
to start moving again the poikiloblastic texwre would be
disrupted and the salt would revert to a normal medwm-
grained texture. This assumption appears to be confirmed
by the preference of salt for medivm grain stze, no matter
whether it is horizontally bedded and undeformed, or domal
salt that has moved many kilometers. Coarse-grained salt
and poikiloblastic salt are thus abnovmal, and mdicate sta-
bility since recrystallization.

Poikiloblastic salt is commonly associated with bring,
Much of the salt just described at the Weeks Island mine
¢second paragraph above) is poikiloblastic as well as
coarse-gratned. Most poikiloblastic salt at the Avery and
Belle Isle mines is associated with zones of abnormal hrine
content, The exception is the Cote Blanche mine, which is
one of the drier of the salt mines, vet it containg more
paikiloblastic salf than any of the other mines. The abun-
dance of poikiloblastic salt at the Cote Hlanche mine may
indicate that the salr in this mine has some moisture con-
tent—bit ot enough to drip; or rhat the salt has been
stabilized for a long time—long enough for significant
recrystatlization to have taken place. Morc must be known
about poikiloblastic texture, however, before either or both
of these conclusions can be justified. Poikiloblastic salt may
have several origins. '

SHEARING AND FRAUTURES

Shearing. Shearing in salt is universal and has been de-
scribed by many authors. Al salt in Gulf Coast domes has
flowed theough thousands of meters by what is essentially
a shearing motion {Muehiberger and Clabangh, 1963).
Movements can range from intragranular gliding, through
granular rolling, to development of minor shear zones,
Striated fault surfaces in salt are uncomsmon, bur present.

Intense, pervasive shearing can be mapped over hurge
arcas of salt. Tn these areas the salt has a pseudo-simple
structure of paralie! beds of nearly constant suike, Examina-
tion of the bedding, however, shows it lo be highly sheared
and deformed. Layers are attenuated and even lenticular. T
is difftcult 1o follow a single bed for more than a few meters
before it either thickens markedly or disappears completely.
In the latter case it may reappear again at the same horizon
i another few meters. Folds have been sheared out until
they are unrecognizable. Some large areas of shearing of
this type appear to be unrelated o other anomalous features,
for example, one area of 75,000 m? in the cast central part
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of the Bele Isle mine is sheared until bedding has almose
disappeared: it appears almost structureless unless examined
in detail, hts origin is not yet completely understood, and is
beyand the purview of the present paper.

Simifar shear zones uccur at the owter boundaries of the
EAZ and CAZ. Salt as much as 2080 meters or more away
from the ourer edge of the salt stock is pervasively sheared,
and thus commanly gives umple waming of the approach of
mining to the edge. Thus the major characteristic of the
FEAZ, edge anomalous zone, 18 pervasive shearing {(Balk,
1953, p. 2470). Similarly, the approach to the sediment part
of the CAZ is also sheared as much as 30 to 130 meters
away. The cuter shear zone may exist even if the inner 7one
fhas been recrystallized and has lost its “‘sheared’” charzeter,
Ar the Weeks mine, for example, the salt is highly sheared
10 o 100 meters away from the sediment-beaving salt, but
the biack salt associaled with this sediment zone has appar-
ently been recrystaliized and refolded {see next section).
This might appear as a fortuious juxtaposilion of two
anomaties of difforent arigin, but it is so persistent that this
szems improbable. The sheared salt away from the sediment
zone i hest interpreted as the sheared sakt of a former EAZL

Black salt, In the introduction of this report, 3 cammon
type of salf was described as “black.” Well-bedded salt
appcars dark in the mine, but ¥ is merely tansparent; i
contains several percent of anhydrite. Much less common
are beds of black salt thut are up to several meters thick and
arz black even when examined wn the davlight. The composi-
tion of these heds has nol been adequutely checked; but, in
addition 1o a high anhydrite content, many contain dissemi-
nated clastic material. Some. possibly most, of these black
salt zones arc primary; especially if they ave of vniform
thickness and persist over long distances, Others raay repre-
sent secondary scdiment-rich shear rones that have been
remobitized and thus given a more uniform texture. These
reerystallized beds can be recognized and distinguished by
rapid changes in thickness and by a high degree of lentic-
ilarity.

The CAZ (central anomaloes zoned at the Weeks Island
mine has the best available example of a shear rone that has
been remobilized. The sediment found in this zone 18 len-
ticniar, sheared, and similar © most other sediment zones,
but locally it contains thick beds of black salt that ook
well-bedded and are sirongly folded. Fur exampie, i Room
G-24 the black salt forms a triple-fold that is sharp and
clear, and this area is a showplace for geological visitors
(Kupfer and Morgan, 1976, p. 36-37}), If the beds at G-24
are exantined in detatl, however, it ix seen that individual
veds, up to 1 centimeters thick, wedge out and disappear
within 5 meters in one direction and join logether in the
other direction. These black beds probably represent an
original sediment-rich internal shear zone that has been re-
mobitized, recrystatlized, and foided. If this is true, then the
Weeks' CAZ is much alder than similar zoncs found a1 the
cther Five-Island mines. [t represents an older boundary

shear zone that formed at sume fower stratigmp‘""“"""""""i:"" :
has since been mebilized and bronght into, zts preseni po
tion (Kupfer, 1976, p. 1439} o
Fractures. Fractuges in sakt may be natumi or mductrd by
the works of man. The following mble {Table 1¥ shows the
principal types of fractures. These vpenings, atong mlh:'
natural and artificial openings, form the only pmoart' nd’
permeability ¢ be observed in salt, The ounly naturat o
enings are those filled with fluids or gases, aé alreadv de
scribed. The artificial openings, including mine workings:
and borings, are impontant as they induce most of the frac:!
tures observed in salt stocks. As most of these fractures are’
ubiguitouns, they are not of importance in this repm‘{ The:
exfoliation fractures, allhough not anomalous, will be de-
seribed in somewhat more detail because of their impor-
tance to mining safety; and because one special type, ceiling
slabbing, appears o be more strongly developed and there-
fore more dangerous in and near anomalous Zones.
Exfoliation joints. Exfoliation joints, also called expan-
sion joiats, form when any homogenmuw tock, such as salt,
expands. As the saft in sah doriies was gngmaliy buried
several thousands of melers deeper. than it'is pow, the salt
was compressed and recrystallized under a-high confining
pressure fstress), Given an ﬂppertumt» the -salt wt!! ex-
pand, commonly causing jointing and frm,mnné> '
Exfoliation joints in mines fond parallel to the walls.
ceilings, and floors of the mine openings as the salt creeps
inward (Fig. 3). This movement can extend into the salt for
at least 15 meter$, and oper joints have been observed
7 meters back of theé mine fice. One " *nile of thumb" states that
this distance is" hatf the width of the opening (Le.,. over
H} meters in 'm_ ¢ Guif Ctiast mines). The joints are most
obvious at comers’ where two sets intersect and cause the
COMers o spall and become rounded. The size of the joints,
distance back ifto the walls. and rapidity with which they
open ate controlied by many factors such’ as salt purity,
temperature; depth, and speed of mining. Figure 4 shows
dtagmmmancallw some of the relationships mvolved.
‘Exfoliation joifits mainly develop in the first month after
a mine room has been opened up, but they continue to
develop for at least a year. It is not known if they always
develop; very pure salt may {low outward without the de-
velopment of open joints. Salt flow is verv rapid for the first
six menths, but gradually decreases 0 a slow und barely

TABLE

Fractures in Salt

1. Iowts and other subperulle] fracmres.
4. Blast fractures—reated at the tine of minng
b, Exfoliation joims—created 2y release of pressure (sirain)
aa. Maturaf
bb. Anificial
2. Cracks and ather tregular fractures
3. Ielergranular fractures—friubility
b. MisceHancous~-varous origins
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Figure 3. Ceiling sfabbing occurs on exfoliation joints (E and
T} that parallel the flet roof. As the skabs fall away, hroad ex-
panszs af very smooth, black celling are exposed {A). Locally the
jeints (1) may form at two or more levels, Ceiing slabhing is

independent of bedding (B). Comer spatling () is more irregular

and partiably influoenced by hoth bedding and mining direction,
The potential for ceiling slabbing ks greater in areas of folds (F),
especially in black, impure seit.
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perceptible rate that probably continues indefinitely; joint-
ing may do the same.

The importance of this gradual development of inter-
granular fractures and of joints, at first rapidly and later
siowhly, 10 ihe mine-leak problemy camnot be over-cm-
phasized, Mine management is continually wying w seal off
leaks, anly to have them reopen in a few months or a few
years, The reason is that the contact between salt and ce-
mend is the most vulnerable place for differential move-
ment, thus tight seals are broken with time and leuking starts
again. Similarly, joints can be dry for months, but a5 they
graduaily develop they evenmtually tup liquid pockets or
brine passagewdays.

Two experimental approaches are suggested, First, try o
develop cements that match the propertics of the saft as
nearly as possible, and that remain {lexible rather than bric-
tle as they “‘set’”. Second. experiment with nature’s own
remedy—the cxpandmg clay. An expanding clay, like
montmorillonite, bentonite or attapulgite, never “‘sets"
Whan dry it moves into fractures and compacts; and when
wet it expands and swells, forming a seal.

Ceiling Slabbing. Exfoliation jeints that form in the roof

{ceiling) of the mine form horizontal slabs that are difficult
10 detect untif they fall {Figs. 3 and 4). Slabbing can be
very dangerous, especially if the joint forms several tens of
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Figure 4. Diagrammuatic cross section of typical salt working shows development of cxfoliation
joints and ceiling skabbing. Openings are greaty exagperated. Both bedding (b) and joints (a. ¢, d,
e, g, b} develop perpendicular to the plane of the sketeh,

A) Arrows indicate tendency of salt to expand mward upon release of confining pressure by
mine opening. Exfoliztion joints develop at o and ¢, Vertical bedding shown by dashed lime b,
B) Strasses, wide armow in roof can he released by development of exfoliation joints {short dashed
lines 4 and o) that paralle] the roof face. Once joint d forms it expands iaterally (armows}, developing
smooth, horizontal icint plane. Because it i3 easier for stresses (o be released by continued develop-
ment of 4 than for a sew joint ¢ to form, one joint dominates a large area. C) At comers, radial
stress reease f B8 af right anples o face. Exfolistion joints g and fr curve mward and intersect. Thug
exfoliation slabs ase thicker at the center of walls and ceifings than at the sides. 1)) Slightly arcuate
exfolintion jeint in ceiling (k-j-k) atlows the roof to zag for a few centimeters to position /, shown
greatly exaggerated by short dashed lines; this results in failire of the slab and roof-fall.
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Problems Associated with Anomalous Zonas

centimeters above the ceiling face, su that the slab is thick
and exlensive. When large slabs fall, they can crush both
men and machirery. Investigation of these roaf falls’, or
“ceiling slabbing™, indicates that they are larger, more
common, and more dangerous as workings go deeper and
ooms become wider.

Typical slabs in normal salt are only 1 to 30 centimeters
thick and cover areas about 3 ko 5 meters jn diamerer. In
black, folded salt, the slubs are up to 1.5 meters thick and
cover areas of up to 30 meters in length. After slabbing, the
crifing is very flat and smooth, and reflects tght uniformiy
aver the whole surface. Commonly the surface is black and
clearly shows the large arch-bends of the folds. The folds
seem to have localized the joint and the later “‘roof-fall’".
Stubbing is controlled, in part, by the type of salt and its
fald structure.

Ceiling slzhbing is most frequent tn dark, anhydrite-rich
beds of salt, and particularly in bluck salt of the type associ-
ated with anomalous zones. Mosr giabs oceur at the arch-
bend of these black folds. The reason for this occurrence
has oot vet been fully explained, but is probably related to
the additional strength imparted to the sakt by the impurities.
Thus, ceiling slabbing, particulurly the thick and extensive
slabs that are most dangerous, commonly oceurs in the area
of other anomalies such as mterbedded sediments, pressure
pockets, and black salt.

In addition 10 width of arch and salt composilion, some
other factors that may affect ceiling stabbing are time, speed
of mining, temperature, and orientation. Slabbing com-
monly occurs soon after o mining area has been opened; if
slabbing does not occur within 4 few months, it is much less
lkely to occur at all. But areas that have slabbed in the past
may do 3o again, even after rock bolts (roof bolts) have heen
installed. Speed of mining and sequence of mining are pos-
sibie factors, mcludmg the lenglh of tme a face is ieft
unblasted. The orlentation of rooms to cach vther also influ-
ences the jointing. Comer spalling (Fig. 3} is universal, and
increases in importance with the height of the rooms and the
depth of the mine cpening below sea level, A marked
chapge in roof level, overhangs, Jips, and other angular
changes in roof shape inevitably cause spalling.

A sudden change in femperature causes differential ex-
pansion, and may cause a slab that has already formed io
fall. Several cases of ceiling slabbing have occurred when
diesel equipment (with exhaust pointed upward) have been
left standing at one place with the engine runniog,

PRESSURE POCKETS

Size and shape. Pressure pockel is a name 1 am using
for a particular type of “"hlowowr’" or gas ““hurst’”’ that
gecurs in all but one of the salt mines of Lowisiana, the
exception being the Avery Island mine, which is still being
mined at 2 relatively shallow depth. A pressure pocket is an
opesning that develops in the roof of a mine-working during
hlasting. More salt breaks ouf than was planned; and a
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rounded, conical, ar vertically elongate apening develops in
the roof or, sometimes, in the upper part of the wall of the
mine opening. Even though an mitial opening may start out
at a low angle, in a meter or so it will urm upward, Most are
from 0.3 to 10 meters high, but they range from just barely
chservable to some that are so high the tops have not yet
heen seen or measurad (Fig. 5), but are estimated to be over
50 meters. The large ones are cornucopia-shaped openings
{hat twist upward o the roof for 10 10 30 meters, are 3 1o
10 meters wide at the base, and look scmewhat like a solu-
tion-cavity in hmestone——a conical, rwisting opening that
gradeally decreases in size upward. When they form, lurge
volumes of granulated salt are blown as far as 40 meters
inio the workings.

‘There is every gradation, from the large openings that
displace tons of salt, to small pockers that are difficult w
distinguish from the pockets left by slightly erratic blast
hales or “overbreaks’. The sinall ones are mostly confined
to the corners between walls and ceiling, and are 10 to 50
centimeters in diameter. These small apenings are ordinar-
ily vverdooked; but they occur in the same anomalous zones
us the lurge pressure pockets aad are characterized by the
same distinciive joint patern (ncxt section).

Pressure pockeis occur in pipe-like zones of salt. These
“pipes’ have a long vertical dimension and are somewhat
cylindrical, tapering toward the top (and also prabably to-
ward the botlom inm the natural state, although this 18 a sur-
mise).

In the larger and bettsr exposed pipes, the long (vertical)
axis appears to be at least five times as long as the diameter,
and may be more than that. In cross-section some pipes are
elliptical, and the longer axis more of less parallels the direc-
tion of bedding or is perpeadicular to il

Juinting, The walls of most pressure pockets have a
distinctive, concentric, shingle like joint pattern that does
not occwr i normal blast cpenings, but does have some
resemblance to blast fractures. As one looks into the circu-
lar opening, the walls are covered by joint-bounded slabs of
saft. ‘The jeint spacing is about | to 3 centimeters and the

Figure 3. Cross section of pressure pockets in 23-fool {7.62 m)
high mine workings. Note large vofume of salt “exploded’” out of
the new pockert.
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joints are inclined at a low angle to the surface of the work-
ing and at right-angles to the axis of the *“pocket’”. The wall
appears to be covered by “*shingles’ of salt in a concentric
pattern. Concentric jointing muay be absent, vague, or
well-developed; but, if present, it helps to identity the open-
ing as a pressure pocket and not just a blast opening or
“overbreak™.

Lecation. Commoenly a series of pressure pockets are
aligned along a single black hed {(Fig. 6) or a thin zone of
beds. The oressure pockets, especially the larger ones,
occur with other anomalous features such as black salt,
shearing, and inclusions. They are not always confined to
the sediment part of the CAZ, but aze comunon there. At the
Belle Isie mine they occur m a purallel zone abowt 200 w
400 meters from the CAZ (Fig. 7). At the Weeks Inland
mine one set occurs at the inner edge of the sheared salt
sheath {EAZ) which surrounds the stock and is in pure
white sajt. At Jefferson lsland mine the main lipe of
pressiure pockets is vaguely parailel to the EAZ, but is
300 meters away fTom it

There is some indication that pressure pockets increase in
size and abundance with greater depth, although this is not
firmly established (Table 3). Not enough mining has been
done yet at various levels within any one mine. One rela-
tively large pressure pocket (3 m in dismeter) s located as
shallow as 200 meters below the ground surface; smaller
pockets zlong strike are 120 meters below. The largest ones
arg in the deepest (400 m) mine levels.

Upward only. Another unosual feature of the occorrence
of pressure pockets is their location only 0 the roofs of
workings and not in the floors. After the rooms have been
cleated of broken salt and mining has continued into a new
area, pockets extend tens of meters tato the roof (Table 2),
but the floor is the flat surface made by the original under-
cutting operation (Fig. 5}, Whatever is being released
(pressure, gas, stress) must extend nto the floor as well as
the roof as mining cuts the *'pipe’ of salt at an arbitrary
level, vet only the salt in the roof is released explosively. Is
this because of gravity or mining method? Probably i is
both, The undercutting operation, which is done slowly
over a pertod of hours probably allows the slow release of
the stress for a meter or two into the salt. Then more time
clapses as powder holes are drilled, loaded, and finally
blusted {sometimes several shifts later). By this time all of
the stress in the lower half of the workings and for a distance
into the floor has had an opportunity to be released slowly.
The salt in the upper half, however, is still confined and the
stress is suddenly released by the blast. A pressure pocket
forms and travels with high speed ap the “"pipe’” of still
unrejeased stress as gravity aids in the removal of the sair.
This hypothesis is confiimed by the fact thal the large
pressure pockets oceur at the forward end of a block of salt
removed by blasting, and commonly eurve horizontally iito
the newly opened face before curving upward into the
“pipe’’. If the original “"pipe”” is too close to the previous
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Figure 6.  Map view of peessure pockets (A—M) that have de-
vetoped along a single, black, cluy-bearing, popeorn-type. salt hed
at the Cotie Bianche mine, Pocket N may be on a sheared-out part
of the same bed, See Tanhle 2.

TABLE 2

Pressure Pockets, Cote Blanche Mine

Letters correspond to Fipure 6. Length, width, and height of
pockets in meters: plunge and azimuth of long-axis of pockets in
degreas.,

L W H Plunge Comment

A 0.2 0.2 .2 Hemisphere Small pocket in roof

B. s 03 8 30 @ 09 Tiny chute

C. 0.3 .3 1 Vemical Part of pocket C-D-E F

. 2 | 3 708 020 As above

E. 1 I 3 30 355  Asabove

E. 2 | 3 55 @ OO0 As above

G, b 2 1 85 @ 160G Large, south-plunging
cavity

H 3 1.2 1.5 45 & 290 Large, herizontal
elongation

1 5 13 2 754350 VUpperpuaofGand H

. 2. 5
GH&L. 6 4 7 60 340 Large, compliex pocket
of three parts

J 7 3 124 Vertical Twists vpwzrd, base
plunges 200 azimurh

K. 04 03 1 ?% 020 Inroof, sioce mined away

L. L3 07 360 @ 020 In comer

M. S 3 & Hemisphere Black bed forks northward

N 19 8 & 65 (@ 230 Large, high pocket same

bed?7?

working face most of the stress is refeased before blast-
ing—a packet may not form, or if it does it is much smaller.

An wnanswered problem is why the holes drifled for
blasting do not release the stress. Possibly the holes are not
large enough or extensive enough.

After most of the stress in the “‘pipe’” has been released,
either upward by explosion {blowout) ar by gradua! release
downward, the “'pipe”” stabilizes. Any residual stresses or
pressures are probably gradually releused with time,
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",Q' Pressure Pockets

- Edge of Salt (approx.)

[
- ;
Tl Bedding {Cargill, Inc. & DHK} '/ BELLE ISLE SALT MINE
mmmemes Clay inclusions (CAZ) D. H. Kupfer May 1976
Shoty Feet

— — —— Weat Zone (East Limit) ? 5?0 mjoo

¥ ¥ ¥ -1
“““““ Pressura Pockets {East Limit) g 100 200 300

eters

Figare 7, Sub-puralic! arrangement of anoumalots featurss away from the ceniral, boundary-
shear, anomalous zone as matked by clay inclusions, Belle Isle mine. Warter drips. foliowed by
darker salt, and then pressure pockets extend southwest away from the clay zone and to the center of
the older spire. The location of the southwestern edge of the salt stock is approximate. Some of the
bedding is taken from Cargill mine maps.
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TABLE 3
Loeuisiana Salt Mines

CAZ = cenral anomalous zong; BAZ = edge anomalous
zore; DZ = ather zone; PP = pressure pocket: €5 = ceiting
slabhing, Tahie lists only prominent anomaious charactaristics
of the six Lovistang sait mines; continted mining may add to
the list.

Jeffersan Ysland _ _
Northernmost islend; Diamond Crystal Sait Co.; mined since

1922, four teveks, deepest at 430 m.

Top of salf at two levels. Towest and cldest has caprock and
sulfisr {mined 19305y CAZ bebween the two spines.

Inclusions: Some sediment, minor bring {including CaCly),

gas.

CAZ: Wide, dry. sediment, much dark {olded salt, slabbing,
CaCly hrine.

EA7: Penctrated in one area, strong shearing, sediment
lesks.

CS:  Most independent of anomalous zones: alsp in dark
folded sali of CAZ, EAZ

PP 350400 w deep, several large, independent of CAZ,
near EAZ

Avery Island
North centrat island; International Salt Co.; first mined 1862,
carty flooding, current mining at three ievels. deepest ar
275 .

Top of salt highly trregntar, cut by “valleys™ thar refect the
anomalous zanes, ne vaprock; several spines,

Inclusions: Several zones of sgndstone and brine.

CAZ: Wide, abundant sediment, sheared, very wet: pierced in
several places,

EAZ: Not penetraked.

Q7. Two or mare, uncxplored, wet.

CS: Mone

PP Kone

Weeks Island
Central 1sland; Morten Sait Co.; mined sizce 1990, two levels
(150 & 250 m), upper dry und withaut anomaties.

Top of salt irregular, no caprock, two spines with large phiysio-
graphic valley east of main CAZ.

Inclusions: Mized sediment, oil, minor brine, gas.

CAZ: Width anknown, sheared clay and sand, folded black
sait, PP, oil and grease; probably a wefolded zone, lo-
cally recrysiatlized.

EAZ: Wide shear zone, then PP zong, traces of sandstone,
generally dry.

0Z: Branches from CAZ, one thin sandstone bed, light aii,
EP.

€S8 Most in dark, folded salt, independent of CAZ and
EAZ,

PP 220240 m deep: small o medium size, in all three
Lomes,

Cote Blanche Island
Scuth central whand; Domiar Sult Co.: mined since (661, one
fevel (375 m).

Top of salt poorly known, no cap rock; one large spine,
potkilabiastic salt.

Inchasions: Thin beds of sandstore with K-Mgz (primary 7,
2as, black clay,

CA7 und EAY undetected

C7:  Two zones, sandstone, potash, slabbing, PP, unusual
oinging,

PP 360-370 m depth, moderste size) follow black, clay-
hearing salt bec.

Beite Isle
Southernmost istand, geographically separate from others,
Cargil! Inc.; mined since 1900, one leval (425 m); early mining
attempt in [89% at 30 w, flooded.

Top of salt inclined, patchy caprock and suifur on lowest part;
rwa spines, youngest is highest with overhang and ro caprock.

Inclusions: Clay-lime sediment, brine, gas.

CAZ: Namow, rlay balls dated Ofigo-Miocens. Dy with
minor C38 and PP near edges, but oward center of dome
the black sali zone with larpe PP and moisture braoches
away.

EAZ: CAZ rone curves tangentially into EAZ, gas, black
salt, clay balls.

CS:  Most in black, folded salt independent of main CAZ;
also in CAZ.

PP 420-390 m deep. seversl large near center of stock, on
botk CAZ und in the associated black, moist sal: area
near i,

Winnfield
Central Leouisiana, northern sait-dome province: Carcy Salt
Co., mined 1930-65, one kevel (250 m deep; 190 m subsew),
flooded; caprock guarry on surface; one spine with simple
internal strocrare, salt rose from 8000 m, sali tess pure (90%
Nall).

Tnclusiony: Brine and COy, gas, much anhydrire {10%) in salt.

CAZ: Nope

EAZ: Possibly not peneirated.

8: None recorded, but floor-heaving noted.

PP 200--240 m deep; one Jurge PP that may have exploded
duriny the night.

Gas, Pressure pocket “‘pipes’’ contain gas under
pressure, which may or may pot be the cause of the stress,
This gas ts disseminated throughout the salt of the “‘pipe”.
Haoles drilled into the pipe release gas, and sometimes bring,
both under high pressure. Even the grains of salt expelled
by the explosion contain bubbles of gas under pressure. As

one walks aver the broken salt & “‘popping”” sound can be
heard as bubblex of gas are released. Pieces of salt dropped
into water release gas as the salt is dissolved, again with a
popping noise. This type of salr has been called *crackle”
or “‘popcorn’” salt. A salt analysis at the Winnfield mine
fHov, Foose, and O'Neill, 1962, p. 1458) showed the gas
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to be 30 percenr carbon divxide and 22 percent water under
560) {o 1000 atmospheres pressure.

Winnfield, A large pressure pocket occurred at Winn-
field mine (Fig. 1} in central Louistana in the 1950°s
hus been deseribed by Belchic (1960, p. 38-39). Becauss
of the inaccessibility of the ariginal publication, the com-
plets description iy repeated here:

“Carbon dioxide gas and brine: Carbon dioxide gas 1§
very abundant in the dome, occurring not only as inclusions
in the halite crystals, but also in large pockets. Such a
pocket was tapped during the course of mining operations,
resulting in the violent refease of dry gas wnder high
pressure, which filled the room with fine sakt, bigwn down
from a pocket over HO feet above the roof of the mine, This
pressure surge forced the belt off the ventiiating fan at the
surface. In other instances gas hus heaved the floor up with
great force, This gas is frequently associated will: saturated
brine, and together they are observed in most sections of the
mine. Their mest common occurrence is in ihe porous and
permeabie bands, and through small crevices and joints,
escaping into various low-pressure areas, such as mine
rooms, mine welis, drill holes, etc,

“Puriag the early vears of mining operations, nine ex-
ploration holes were dritled in the floor of the northwestern
part of the mine to an average depth of &I feet below thar
datum. Several of these holes flowed saturated brine and gas
under high pressure, and mine weil No. § still produces a
srnall amount of gas and brine, Evidently, the brine comes
from the deeper interior of the dome, for it has npever
freshened, and has progressively sealed the holes rather than
enjarged them.

*In several mine rooms may be observed hundreds of
small craters or staiagmire-like mounds of sait. They are
formed by gas which, escaping upward through the floor
under pressure, brings with it brine that upon evaporation
leaves small mounds of salt, ranging in heipht and diamerer
from a few millimeters to several inches. In the sections of
the mine which recently have been opened, these featurcs
are small and very active. The gas may be plainly heard as it
bubbles up through the brine. In most of the clder rooms,
however, either the gas supply in the immediate vicinity has
heen exhausted, or more probably, the brine has sealed off
the vents, for the craters are po longer active and the floor of
the rooms is comparatively dry.

““Generally when 2 low room (25-foot roof) is opened in
a “wet'' area, brine drips from the roof for days to months,
forming iron oxide stained **salt stalactites’” of all sives,
Luter, when these low rooms are enlarged 10 approximately
90 feet by hiasting down the roof, the stalactites do net
form, or are very smafl. This indicates thut the source of
brine and gas is cut off when a low room 18 mined; the brise
above the room, no longer under pressure from below, per-
colates slowly downward, forming these features as it drips
from the roof. When mining operations are renewed in these
rooms and higher roofs cut, the warer from above has been
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axhavsted and stalactites no longer form, If a low mom
stands for several years, the smalactites, having apparently
exfiausted their source of brine, cease to form.

~Useally there is little or no brine or gas flow from the
walls, although on several occasions when blast holes were
drilled into the walls, small gas pockets were tapped which
viclently ejected tools or dynamite. From several of these
holes there developed a considerable flow of brine, which
soon diminished and generally ceased entirely within a few
hours. However, in the walls of cartain rooms are holes
dritled a nember of yvears ago, From several of these hang
large **stalactites’” of deeply stained salt, still actively form-
ing. These long-active stalactites occur almost without ex-
ception in the comers or on the back walls of the rooms.
Holes drilled in the pillars between mooms. on the other
hand, de not remain active for any length of time.

*In’ some roums;, Be gas or brine activity has ever been
observed. In ather rooms, *‘stalzctites™ have bezn forming
steadily oni the roof for years. Invariably these latter ropms
are located in the extreme western end of the mine, where
the oocurrenice of verv coafsely crystalline salt and much
carbon dioxide gas suggest the close proximity of the edge
of the dome.” : '

Several features of the Winnfield mine occurrences
should be noted.” Although the main pressire-pocket explo-
sion did not penetrate the floar, other'instances “‘heaved the
floor up’’, Also, according 1o one report that T have from
one of the miners of the-area, the main explosion occurred ut
night, and fiot duting blasting. Also, the force of this explo-
sion appears to Bave been greater than that at other miges. It
should also be noted that sevéral of the features described by
Beichic ‘are more descriptive of typical mine leaks than of
pressure pockets; even though these two may be reluted,

Qrigin. I smnmary, the principal characteristics of
pressure pockets are that they are gaseous, pipe-fike, and
occur aloag linear zones that are associated with clastc,
liguid, and gaseous inclusions, shearing, and abucrmally
dark salt. The pressure or stress can be released slowly, but
if released suddenty causes 2 violent explosion. Pockets are
of various sizes and appear to increase in size and pressufe
with depth.,

Most sugpested origins imply that pressure pockets are
relaled to pressurized pases (and/or liquids), but another
hypothesis is that they are refated to salt in super-stressed
condition {personal communication, M.B. Mirza, Mining
Engineer, Weeks Tsland mine, 1977). Mirza suggests that
when mining allows a release of pressure, the salt undergoes
a phase change and resulting volume expansion, which
causes the explosive ejection of the satt, This hypothesis
places the stress in the solid sult, rather than in the associ-
ated confined liquids or gases. The fact that the pressure
appears (0 be dissipated somewhat by small openings, such
as drill holes, and over & long period of tirae, would suggest
that this is not the principal cause of pressare pockets, hut
might be a contributing factor,
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If the pressure pockers are caused by confined gases
under pressure, the question arises as to when the gases
were introduced—primary or secondary? Both may occur,
and this has been considered elsewhere in this report.

At Belle Isle mine, however, the origin appears © be
defintiely secondary ¢Fig. 7). The boundary shear zone has
peen mapped sculheastward for over 1000 meters {(Kupfer,
1976) fram the northwest edge of the salt stock and well wto
the center of the swock. The solid, liguid, and gaseons
phases of the inclusions appear to separate as the CAZ is
traced into the center of the stock {Fig. 7), and the intensity
of the liquid leaks and gasecus explosions also increuse.
Thix suggests that although all three (solid, liquid, and gas)
mav fave originally been introduced into the salt along the
buundary shear zone that is now incorporated into the center
of the stock, differential movements have occwrred. The
solid materials are the least mobile, and the sediments are
still plastered against the same salt as they were when they
were on the outside of the salt stock. Movement has caused
shearing, lensing, boudinage, and intimate recrystallization
of salt inte the sediment, but transfer distances are probably
measured in centhneters, not meters. Liquids have proved
more mobile, being found as much as 100 meters into the
surrounding and colder salt, indicating that at the time of
intrusion of the adjacent new spine of salt, the old spine was
apparently highly fractured and porous, and this edge-sait
contained liguids, Gases could penetrate even [arther, over
200 melers.

After the gas and liquid penetrated the salt, the salt
started moving {spine or movement) and much of the poros-
itvipermeability of the CAZ was destroyed. The gases in
the original boundary zone were able to escape because of
the greater permesbifity caused by rhe sediments in this
zone. The gases that pepetrated well into the more massive
salt hecarne permanently sealed there by recrystallization
and maintzined their pressure through later movements.
This would explain the parallelism of separate pressure-
pocket zones with the zones of sedimentary inclusions
{Belle Isle, Jefferson [sland) and the increase in size of the
pressure pockets toward the center of the stock in all mines,

Mines, like the Weeks mine, where the pressure pockets
are more ntimately associated with the sediments, probably
had a different history, The sediment zone may have been
incorporated into the salt stock {by spine motion) when it
was at a greater depth, and the more plastic natare af the salt
and sedimeni prevented the escape of the gas associated
with this zone. Greater depth would also mean that the edge
zome {before spine motion) was less britile, narrower, and
almost confined to the sheared clay gouge zone (shale
sheath), Thus the EAYZ, which later became a CAZ, was
narrower and the separation of gas and liquids from the solid
sediments did not occur,

Pressure pockets are caused by gases of various composi-
tions, hydrogen sulfide, methase, carbon dioxide, and
probably others, and probably various origins. The gases

are incorporated into the massive sall, and as the salt moves
during salt dome formation, the gas pockets are subdivided,
stretched vertically, and disserninated through the individ-
ual crystals and into the boundaries around the grains, The
gas in the pipes is in Hny bubbles, cracks, and other small
openings. The “*popcorn’” salt thar resulis is confined to
pipe-iike, cylindrical zones of vertical onentation. The
pipes are aligned horizentally along the bedding.

As mine works penetrate an ares of pipes the geopres-
sured salt tends to expand ocutward into the workings, Salt
grains separate and intergranular fractures form that connect
the **popeorn” gas pockets, and gas is released into the new
fractures. If exfolistion joints form, these cause even greater
release of inter- and intra-granular gas into the open joints.
The release extends back into the salt for as much as 7 to
10 meters. If preliminary drilling and undercutting dees not
allow the escape of these gases, sudden release occurs
during biasting and a pressure pocket starts to form. As the
pocket grows, more gas is released. Gravity, combined with
the expanding 2as, hurls the salt downpward and out into the
workings. The pocket grows unti] the pressure is released,
ar the pocket becomes so filled with salt that no more instan-
taneous release is possible, Further release is gradual and
the size of the pocket s stabilized.

INTERRELATIONSHIPS

The characteristics of the varicus types of anomalies
have been described, and their typical occurrences have
been noted. Most tend to be associuted either with exterior
shear zones that formed at the edge of the salt stock (EAZ,
edge snomalous zones), or with EAZ that were later in-
cluded into the salt as a boundary shear zone (CAY, cental
anomalous zone). The CAZ at Weeks Island appears to
have been later remobilized and refolded.

Sediment and black salt are found at the outer edge of the
EAZ and in the core of the CAZ. Other types of anomalies
may oecur with the sediment or in zones around it. Ligeid
drips, for example, commanly occur in the next zooe out-
ward, while gas, especially in pressure pockets commonly
occurs still farther cut. But both liquids and gases also ocqur
intimately mixed with the sediments. Shearing is all-perva-
sive, and some shearing is very widespread in its occurrence
and may have a separate origin. Shearing is probably a
necessary prereguisite of both the CAZ and the EAZ, even
if later recrystallization sometimes makes the shearing less
obvicus. Siabbing is controlled more by depth and by mine
width than by position with respect to other ancmalous fea-
tures, but slabs are thicker, larger, and more abundant in the
black sediment-bearing salt associated with the CAZ.

In the Cote Blanche Island mine the sediment-bearing
zanes are very thin and fenticular, but persist over grea
distances. A series of exposures of red to orange-brown
sandsione appear to be part of a single bed that can be traced
throughont the entire minc in a giant, discontinuous, and
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Problems Associgted with Anomalous Zones

highly irregular loop. The loop is abowr 330 meters long
{north-south) by 200 meters wide. It has not been followad
continuously because it 1s lenticular, and because much of
the mine is now covergd by a lzyer of dust and soot that
prevents easy observation. This long, discoalinuoes, and
guite narrow hed (commonly oaly 10-100 cm thick) ap-
pears to be folded rather thap faulted into its present posi-
tion. It seems probable that this orange sandstone was an
original bed in the salt sequence that has been domed up into
the salt stock scguence in the same way that the salt was,
The individnat sand grains are very rounded, well-sorted,
and frosted and represent a wind-blown sand deposited into
the salt hasin by ap unusually soong and long-continued
wind storm. This was also a time of great aridity, as the
sand is assoctaled with camnolite and K/Mg brines. The
other sand zone at Cote Blunche is a similar, thinner, and
equally widespread sandstone bed, but the sand is not wind-
hlown. The second bed {which could even be pan of the
first bed, though not likely) is only 3 to 10 centimeters
thick, dark red-brown. and poorly sorted. At present it is
best explained as primary also, but there is still much 1o be
learned about these occumrences. They appear o present
many problems.

Tuble 3 summarizes some of the observations made thus
far, and shows the high degree of variability involved.
Probanly the only thing clear is that a single origin cannot
he used to explain alt of the anomalous features; yet their
consistept occurrence together sugpests some kind of a
commoen background. Most appear te represenl cither
gresent day edge shear zones (EAYZ) around salt stacks or
older zones that have been incorporated into the stock as
noundary shear zones (CAZ). The boundary shear zones
may have formed near the surface, in which case they are
wide and diverse; or at great depth, in which case they are
narrow and all the anomatous features occur together. Some
zones may have been further folded and recrystaliized after
they formed. Some anomalous features are suggested to
have been caused by primary solids, hguids, or gases, but
this is guite speculative,

CONCLUSIONS

Typical Gulf Coast domal salt is pure, uniform in grain
stze, and foided mio vertically-plunging complex folds of
flowage origin, A salt stock consists of separate masses of
salt called spines, that appear to have becn individually
ergplaced into the swrounding sediments. Each spine is
bounded by a shear zone of fenticular salt and sediment of a
MOLE anomajons nature,

Anomalous features n salt nclude various kinds of ex-
otic materials such as Jenses of sediment and pockets of
liquids and gases. These appear to be concentrated inta
zones of various types that are characterized by shearing,
recrystatlization, ceiling-slabbing, leaks of various sizes
and duration, and a special kind of gas “*biowout’’ called a
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pressure-pocket. Most of the foreign mazerials appear to
have been ground info the salt by shearing ar the edges of
the spines, and have been farther redistributed within these
edge-zones by later movements. The more mobile gases
somerimes move several hundreds of meters into the salt
from the original edge-zones; the liquids migrate only a
hundred meters or so. o

Thus, most of the anomalaus occurrences can be ex-
plained as sccondary in origin and as introduced into the salt
during is domal rise. But this is nof true of alf the
anomalies; some of the materials (solid, liquid, and gase-
ouy) are better explained as having onginated with the salt at
the time of its original precipitation or soon thereafter.

In general, the various anomalous features found in sajt
are detrimental to the mining industry and to the use of salt
domes for storage and other purposes; some features prasent
dangerous hazards. Pressure pockets and ceiling slabbing
can cause loss of Hife and material; leaks commonly flood
mines or introduce dangerous gases. In a way, it is forfunte
that ali these deleterious features are commonly closely as-
sociated, This mesns that when one is encowntered in the
mining process, management can be on the lookout for
others. 1t alse means that the major dangers are concenirated
into zones that ¢can, in many cases, be left unmined.

Several problems are presented by the use of these data,
In general, cach anomalous feature can oecwr alone and
under harmless conditions; thus the presence of a single
feature is not sufficient to justify the abandomiment of a
mining area. Also, some of the features are very wide-
spread, so that abandonment of every area wherg any
anomalous featare occurs would leave almost no usable
salt. Cieaﬂy,“ﬂiéc?eﬁbn' should be cxercised, and mining
regulations must be ‘tempered with judgment and undes-
standing of the causes, which are multiple and complex.

Our present knowledge of the various factors involved is
stilf minimal. Much can and will be learmed conceming
distribution, atructure, texture, mineralogy, chemistry, snd
physical properties of the various features, Cooperation
among investigators is essemtial for safety and to fulfill
modern enviropmental requirements,

Meanwhile, some positive results can be stated. 1 sev-
erat of the anomalous features are found in a particular area
of a mine and mining is mandatory, this area should be
mined with caution. If it can be circumvented, it shouid be.
fn some cases, the passage of time ecases the problem and
maekes mining Jess hazardous, In dangerous areas, probing
ghead by drilling can help to detect preblems before they
hecome insurmountable. Careful mapping of the character of
the salt that has already been mined is very helpful, Highly
sheared salt is generally encoumtered before the main
anomalous zone is reached. Most of the anomalons zones
either paralle] the overall bedding trends, or are ar least
sub-paralie! to them. The mine opening itself is the greatest
cause of problems. Salt expands inlo the opening and the
wave of distuption exvends for long distances mto the walls,
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ceiling, and floors. This disruprion, in turn, conngcts pock-
ets of Tiguids snd gases thar were previoushy solated.

My advice, which is that of a structural geologist, nol an
eagineer nor a rock mechanic spectalist, is as follows.
Anomalous zones can commeonly be derected before
dangerous problems arise. T possible, avoid them. Never
penetrate closer than 100 meters (0 the edge of the salt
stock, and stay even farther away from the top of the sult
stock. External leaks, once started, are aimost impossible 1o
stop permanently with present technology. Central anomal-
ous zones are less dangerous, but still should be avoided if
possible. If they must be penetrated, keep the cpenings as
small as possible, and proceed with caution. An exploratory
drilling program is advisable.
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