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Abstract

The fluids in salt have been used as sources of information on the geological events
Ieading to the formation of the enclosing salt beds, and the subsequent changes to which
these beds have been exposed. In recent years, however, consideration of salt beds or
domes as possible sites for long-term nuclear waste repositories has added new significance
to the study of such fluids.

This paper reviews the current status of the study of the types offluid present in salt,
their origin and evolution, and their significance to understanding the geological processes
that have occurred. These studies are pertinent to the engineering design of a nuclear waste
storage site in salt in that they tell us what might happen in the future. The fluids in salt also
introduce problems in the engineering design of a safe nuclear waste installation that must
be carefully evaluated at each suggested site.
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Introduction

In the early years ofthe development and operation of
nuclear reactors in the United States, the military urgen-
cy was too great to permit much consideration of the
ultimate disposal of the radioactive wastes that were
generated. The major part of the radioactivity was kept in
the form of high level wastes ("HLW"), consisting of
liquids or slurries having a wide range of bulk and isotopic
compositions (depending on the reactor type and the fuel
reprocessing procedures used), and containing -0.1 g
mixed fission products per liter. The resultant radioactiv-
ity was generally in the range -l(X) curies per liter (see
Pines, 1978, for a general review). These wastes were
placed in interim storage in shallowly buried tank farms.
As such metal tanks have a life expectancy of only tens of
years, a permanent storage site was needed.

The length of time that these wastes must be kept out of
the biosphere involves many factors and will vary with
the specific reactor and waste type, but the general nature
ofthe problem can bejudged from calculations by Pigford
and Choi (1976) summaizing the decrease with time of
the biological hazard of the various components in one-
year-old wastes from a given reactor operation (Fig. l).
The biological hazard is a complex function that is
difrcult to quantify meaningfully. In these calculations, it
is given as ingestion hazard in units of cubic meters of
water, per gigawatt-year ofoperation, needed to dilute the
one-year-old or older wastes to the maximum acceptable
levels for public drinking water. Note particularly that
although the fission products are the overwhelming con-
tributor to the hazard in the first years, their radioactivity
decreases rapidly by -1000 years, after which the small
amounts of transuranic isotopes, particularly ,otA^,
to'A-, and 23ePu, and the increasing amounts of 226Ra,
22ERa, and other nuclides in their decay chains, take over
to cause the hazard to stay relatively constant out to
several million years. Finally, the decay of the longJived
iodine isotope t2el thalf Iife 17 m.y.), which is relatively
abundant as it is formed in -1 percent of all uranium
fissions, leads to the dropof in hazard after l0 m.y.
Eventually the biological hazard should become constant,
as a result of non-radioactive constituents such as nitrate,
fluoride, mercury and other heavy metals, etc.

Where on the earth can these wastes be safely disposed
of? In 1955 the National Academy of Sciences held an
historic meeting at Princeton University (National Acade-
my of Sciences-National Research Council, 1957; also
1966, 1970) to discuss this problem. The most limiting
requirement for any such site was that itbe dry, and stay
dry for a long period, to keep the radioactivity out of
potable waters. The most vivid recollections I have of
that meeting pertained to the discussions of the possibili-
ties of using salt deposits. Several of the attendees
indicated that salt mines were the driest of all mines that
they knew, and that obviously salt deposits must have
been dry for a long time in the past; if not, they would
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Fig. l. Ingestion toxicity of highJevel wastes from one
gigawatt-year of operation of a U-fueled light water reactor; the
wastes are assumed to contain 0.5Vo of the U and Pu in the
discharge fuel. From Pigford and Choi (1976).

have been dissolved in the intervening hundreds of mil-
lions of years. In the following 29 years salt deposits have
been studied off and on as one of the possible geologic
environments for nuclear waste storage. We now know
that some salt is not quite as dry as first thought.
However, a recent National Academy of Sciences study
(National Academy of Sciences, 1983) indicates that salt
beds and domes are still likely candidates for nuclear
waste storage sites; hence the fluids in salt are of some
importance. In addition, the study of the fluids in salt
provides insight into paleoenvironments and the evolu-
tion ofnatural brines, and hence may also be pertinent to
the problems of the origin and occurrence of petroleum.

General nature and significance of the fluids in salt

The fluids in salt consist oftwo very different types that
might be termed "external" and "internal." "External"
fluids consist of incursions of outside waters, as have
taken place in numerous salt mines in the past. An air-
filled cavity far below the water table is basically unsta-
ble; those in salt are especially subject to flooding, as the
flow of water through any leak dissolves salt and opens
the passage to more flow. The recent flooding of the salt
mine at Jeferson Island salt dome, Louisiana (Groat,
l98l) apparently started from a drilling accident, but
many other mines have filled, some catastrophically,
generally after starting with natural leaks of unknown
source (e.g., Commission, 1977; Knauth and Kumar,
1983; see also references in Baar, 1977). Such "fluids in
salt" (from external sources), although important in nu-
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ROEDDER: THE FLUIDS IN SALT 415

clear waste storage, will not be discussed further in this
paper.

The "internal" fluids are those that are essentially
inherent to the salt, although they may have originally
come from external sources. They include the various
types of fluid inclusions, and since radioactive waste will
cause heating and decomposition ofat least some hydrous
minerals, they also include water in hydrous minerals in
the beds. These fluids are significant to nuclear waste
disposal in three ways: (l) Their occurrence, nature,
amount, and behavior are important in both short-term
site engineering and in long-term site safety. (2) Their
occuffence and nature help in understanding the geologic
processes that led to the formation of the salt deposit.
This understanding in turn can be of help in both site
selection, and in exploration for salt or potash deposits.
(3) Their occurrence and nature help in understanding the
long-term geological processes that have afected the
deposit since it was formed. When a geologist is asked to
predict the future of a nuclear waste storage site for
periods such as are indicated in Figure l, he must
consider the two main classes of geologic processes-
catastrophic and uniformitarian. The catastrophic include
such rapid events as faulting, volcanic eruption, floods,
and meteor impact. The uniformitarian include the more
gradual effects such as climatic change and erosion. In
both classes of events, the past record provides perhaps
the best evidence for the probable events in the future.
Any information that may be gleaned from the fluids in
salt as to the processes that have occurred in the past is
therefore pertinent to predicting the future.

Simple microscopy of fluid inclusions in salt

Primary fluid inclusions in primary bedded salt

The ease with which salt recrystallizes causes some
semantic problems in fluid inclusion nomenclature that
may interfere in understanding ofthe processes involved.
I will use the term primary bedded salr here to refer to
any salt that has retained the original halite crystals which
formed in the original evaporite environment. Fluid inclu-
sions that were trapped during that original crystallization
are thus primary fluid inclusions in primary bedded salt.2

General features of evaporite basin formation. Before
trying to understand the origin of any specific inclusions it
is useful to review the formation of evaporite deposits.
Figure 2 is a sketch showing the generally accepted
concepts (e.g., Hanford, l98l) of evaporation from a
partly closed basin with limited influx of seawater. Mete-
oric water also enters the basin as runof from the

2 Natural secondary inclusions, except occasional planes of
very small inclusions, are relatively rare in bedded salt; artificial
secondary inclusions, particularly from coring procedures, can
be abundant and cause difrculty (Roedder and Belkin, lggll
Roedder and Bassett, 1981).
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Fig. 2. Sketch of the most common concept of the formation
of evaporite deposits in a shallow basin partly cut offrom the
ocean by a barrier (X). Meteoric water is also added, via several
routes as shown, and partly evaporated brines may be flushed
back to the ocean over the barrier, or via subsurface flow (as
shown). A detailed section ofthe salt deposits on the bottom of
such a basin (circle) is seen in Fig. 3.

adjoining land mass, carrying detritus. As such fresh
water is much lower in density than the evaporated
brines, it can float out for long distances over the saline
surface. Meteoric water can also enter the saline basin
directly as rain, as subsurface groundwater springs, and
any meteoric water falling on coastal sabkahs can dis-
solve surface salts and carry them basinward, either as
surface or subsurface waters. During evaporation, the
precipitation of NaCl or other phases will change the
solute composition of the remaining fluid, and the evapo-
ration itselfwill change the hydrogen and oxygen isotopic
composition of the remaining fluid.

Normal crystallization of salt. Numerous studies have
been made ofthe sequence and nature ofhalite and other
precipitates formed under such conditions (e.g., Va-
liashko, l95l; Dellwig, 1955; Holser, 1979; Shearman,
1970, 1978; Wardlaw and Schwerdtner, 1966). The crys-
tallization of halite has been studied in most detail. and
two major types of primary salt crystals are described by
these various workers. Evaporation at the surface of the
brine can cause the nucleation there of small crystals
hanging by surface tension on the air-brine interface.
These grow at the edges by additions from the surround-
ing supersaturated brine, and hence form thin square
tablets. The tablets usually have depressed centers, as a
result of floating lower and lower as they grow heavier,
and hence are called hopper crystals. They may join to
form floating rafts, but eventually grow too heavy to
hang, or are sunk by waves. On the bottom of the basin
these sunken hoppers or other nuclei continue to grow as
density currents bring down supersaturated surface brine.
Growth competition between variously oriented nuclei
favors those with the fastest grofih direction pointing
upward toward the source of new material. This competi-
tive growth process has been well documented by Ward-
law and Schwerdtner (1966) for Devonian salt beds in
Canada and by Shearman (1970) for Recent salt in Baja
California. In salt this fastest growth direction is perpen-
dicular to (1ll), i.e., the cube corners. The growth stages
are normally outlined by zones of fluid inclusions, ar-
ranged parallel to the growing cube faces, and as the
bottom is covered with cube corners at this stage, a
vertical section through such salt will show a chevronlike
pattern of fluid inclusions, as seen in Figure 3,4,. These
features are best seen in transmitted light, in doubly-
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Fig. 3. Schematic diagrams showing mode of development of
layered halite rock by competitive growth of crystals (A),
followed by partial dissolution that has planed off the tops and
eroded cavities between crystals (B), and then renewed growth
(C). From Shearman (1970).

polished plates 2 to l0 mm thick, cut perpendicular to
bedding. Such salt is called chevron salt, and the cubic
planes of inclusions in it, like those in hopper salt, are
believed to be primary inclusions in primary bedded
halite. The individual crystals may be only a few millime-
ters in width, but as much as several centimeters in
length. The inclusions are generally small slightly round-
ed negative cubes and may be exceedingly abundant;
l0 e/cm3 is common and l0l0/cm3 is not unusual (Fig. a).
Even at l0r0/cm3, if they average under I pcm in size, as is
common, the salt may contain only 0. I wt.Zo of inclusion
fluid. The banding in such salt is a result of diferences in
the abundance of fluid inclusions (Fig. 5); in reflected
light, the densely packed bands appear white, and in
transmitted light they may be almost opaque unless the
plate is thin. Only rarely do the bands show curvature

(Fig. 6), presumably from growth on a corroded sub-
strate.

Salt crystals, like most substances in the laboratory and
in nature, trap more fluid inclusions at high rather than at
low growth rates. Other variables may be involved occa-
sionally, but I believe that the banding in inclusion
density so commonly seen in salt is essentially a qualita-
tive record of crystal growth rates. An additional feature
of interest is the common difference in the abundance of
inclusions in salt that crystallized near the cube edge
compared with that from the centers ofthe cube faces. In
many inclusion-rich natural and synthetic salt crystals, a
thin sheet of essentially inclusion-free salt may mark the
growth path of the cube edge (Fie. 7).

Displacive salt.Inaddition to free crystallization into a
fluid, some salt has grown as l-2 cm crystals suspended
in soft mud or silt interlayers (Schreiber and Hsii, 1980).
Such crystals, called displacive salt as they have grown
by pushing the silt aside, may contain large inclusions of
silt, and occasional fluid inclusions (some with silt). The
porosity of the silt is also commonly filled with halite
cement. It seems likely that the displacive salt cubes grew
while the enclosing silt was still soft, but the formation of
the salt cement could have occurred at any later time.

Diurnal variation in inclusion density. Doubly polished
plates of some salt from several cores taken in the Palo
Duro basin, Texas, show a regular banding within some
0.5 to 1.5 cm halite crystals. The banding consists of a
regular alternation of clear and dark-gray salt, arranged
parallel to the cube face (100). The dark-gray color arises
from numerous, minute, slightly rounded, cubic fluid
inclusions (Fig. 8). Although a few of these inclusions are
30 pm on an edge, or even larger, most are less than a few
micrometers, or even less than I prm. The gray salt
contains as many as lOe to l0r0 inclusions per cm3.
Because the clear bands are much thinner than the dark-
gray bands, in effect they divide an otherwise uniform
dark-gray salt into separate compartments and, hence,
are here called septa. They are essentially free of inclu-
sions and average about 20 pcm wide in most crystals; in a
few, they are -100 pm wide. On either side of the clear
zone, the density of inclusions increases abruptly. The
spacing between septa (perpendicular to the banding)
generally is rather uniform within a given crystal but
differs from one sample to another. The average spacing
for septa in individual crystals ranges from 0.40 to 0.85
mm. Some individual crystals show 10 or more bands.

The fluid inclusions between the septa are commonly
arranged in parallel bands (Fig. 8c) and some larger (-2fi)
pm) cubic inclusions exhibit one very flat cube face
directly against the septum. In contrast, the other five
cube faces, against dark-gray salt, are rounded and only
subcubic in outline.

In some of the banded salt crystals, particularly the
elongated ones, two sets of such clear septa join at a
sharp 90' angle along what is more or less the center line
in the long direction through the crystal. An additional
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Fig. 4. Dense cloud of primary fluid inclusions in single crystal of primary chevron salt from Palo Duro basin, Texas.

Fig. 5. Typical banded array of primary fluid inclusrons in pnmary chevron salt crystal from Delaware basin, New Mexico.

Fig.6. Atypicalbandedarrayofprimaryf luidinclusionsinprimarychevronsaltcrystalfromPaloDurobasin,Texas.Thecurving
bands ofmany minute inclusions probably represent growth stages on a slightly corroded substrate.

Fig. 7. Typical NaCl crystal which grew as a cube with dense concentrations of minute fluid inclusions at the centers of each (100)
face (opaque) and essentially inclusion-free corners. Synthetic crystal (-l mm).

similar clear septum is visible connecting these apices,
effectively bisecting the 90'angle (that is, approximately
in the plane of the dodecahedron [10]; see arrows in
Figs. 8a and 8b). Both types of clear septa may be
invisible rinless the sample is tipped for viewing parallel
to the plane of the septa. No petrofabric studies have
been made, but the available plates indicate that the
elongated banded crystals, and the nested rows ofapices,
are roughly subparallel and originally pointed more or
less vertically in the salt bed. Although much of the salt
consists of irregular, completely clear areas, most crys-
tals of halite in these beds have at least some irregular
areas of gray, inclusion-rich salt, similar to that between
the septa. Because the boundary between the gray areas
and these masses of clear salt is a sharp curving surface
(even within a single crystal), which cuts across the
banding of the gray salt, I believe that the inclusion-rich
salt has been dissolved and recrystallized to yield the
areas of clear salt (see next section).

The distribution of the inclusions in the banded salt
crystals indicates that they are almost certainly primary:
that is, they must have formed during euhedral growth of
the host crystals from a solution. If so, these inclusions
presumably contain samples of the fluids from which this
salt crystallized during the Permian.

The depth at which chevron growth may have occurred
has been a subject of much discussion (Dellwig, 1955;
Wardlaw and Schwerdtner, 1966; Arthurton, 1973; Fried-
man, 1978), and the banding described here bears on that
discussion. Evaporation at the surface will yield a dense,
supersaturated solution, which is gravitationally unstable
and will sink in a pattern of convection cells, or "stream
tubes" (Bradley, 1965). On contact with the halite crys-
tals at the bottom, the excess salt in solution will crystal-
lize.In nearly all crystal-growth studies, a high degree of
supersaturation results in fast growth and imperfect crys-
tals containing many inclusions, and slow growth yields
more nearly perfect crystal growth.
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Fig. 8. Primary inclusions in primary halite crystals from Palo Duro basin, Texas, showing possible Permian diurnal periodicity.
From Roedder (1982). (a) Part of two elongated single crystals (-2 x E mm) in salt from the lower part of the San Andres Formation at
a depth of 1785.7 ft in the DOE-Gruy Federal, Rex White No. I well, Randall County Texas, showing 12 bands, averaging 0.39 mm/
band (clear septum to clear septum, perpendicular to the bands). Note that the separate crystal on the left has an additional clear
septum along its center line (arrow). (b) Part of another elongated single crystal (-5 x 12 mm) from same core showing 14 bands,
averaging 0.54 mm/band. Note additional clear septum along center line (arrow). (c) Detail of salt across one clear septum shown in
Fig. Eb, in same orientation.

Alternation of inclusion-rich and inclusion-poor zones
forms the chevron texture in the many salt deposits where
it has been described, but this alternation is generally
shown to be highly irregular, both in spacing of the bands
and in the density of inclusions in each band. The highly
regular alternation of inclusion-rich and inclusion-free
salt within the Palo Duro crystals suggests a regular
alternation of the degree of supersaturation of the liquid,
as might be expected to occur diurnally; the inclusion-
rich salt probably crystallized during the day, and the
clear septa at night, as proposed by Holser (1979). A
crude dpper bound can be placed on the amount of
evaporation this crystallization might have entailed. The
sea bottom might have had relatively few such crystals
protruding into the liquid, or a complete carpet of them. If
a carpet of crystals existed, the maximum amount of
precipitation of salt during a given day would be a layer
-0.85 mm thick over the entire bottom. This would
correspond to the total evaporation of water from about 3
to 6 mm of salt-saturated seawater in that day. The actual
amount of evaporation could be considerably less than
this if the precipitation was not over the entire bottom.
Similar evaporation rates have been recorded before,
although they were based on measurements of presumed
annual cycles (Dellwig, 1955; Wardlaw and Schwerdtner,
1966).

If the previously described mechanism is correct, it
also places some constraints on the depth of the water
under which this salt crystallized. The deeper the water,
the more mixing will occur as the currents of dense,
supersaturated fluid flow downward, and the less sharp
will be the changes in conditions at the bottom throughout
a given cycle. Bradley (1965) has shown experimentally
that vertical density currents ("stream tubes") tend to
break up after a few centimeters of movement. If we
assume that these bands were deposited during a 24-hour
cycle, we eventually should be able to place some limits
on the water depth, using estimates of the density con-
trasts and temperature gradients, expected turbulence
and diffusion rates, and the thickness of the individual
bands. At present, it appears highly unlikely that periodic
density currents from a few millimeters of denser surface
water could travel down vertically more than a few feet
without mixing (Bradley, 1965), thus losing periodicity in
the precipitated salt.

Many bedded halite deposits show a regular banding or
lamination parallel to the bedding (Dellwig, 1955; Ward-
law and Schwerdtner, 1966: Arthurton, 1973; Nurmi and
Friedman. 197il. These laminae. which have been as-
sumed to reflect annual variations in the conditions of
deposition, are defined by differences in NaCl color or
grain size and particularly by a band of calcite or anhy-
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drite (or gypsum) grains for each cycle. For example, in
the Michigan Basin, the calcite-anhydrite layers are 2.5 to
30 cm thick, and the intervening salt layers are 2.5 to 150
cm thick, yielding 5 to 180 cm of bed per cycle (Nurmi
and Friedman, 1977). This sequence of change in compo-
sition of the material being precipitated agrees with the
sequence of phases, if not with the quantities, that would
be expected during the evaporation of a given unit of
seawater (see Dean, 1978; Friedman, 1978). The periodic-
ity ofthe salt crystals I describe here, however, occurred
while a single phase (NaCl) was being precipitated, and
each cycle represents the deposition of two to three
orders of magnitude less material.

Primary fluid inclusions from dissolution and re-
crystallization of bedded salt

Much bedded and most dome salt does not show
evidence of the hopper or chevron growth described
above, but instead consists ofclear, relatively equant salt
crystals, with smooth grain boundaries and frequent 120'
triple junctions. Such a recrystallized, essentially "meta-
morphic" rock is the end product of a long series of
relatively low-temperature diagenetic processes. These
may take place isochemically, in which case any new
fluid inclusions will have the same composition as those
in the original primary salt, or they may involve loss
and/or gain offluids. Fluid inclusions are trapped during
some of these diagenetic processes, and can provide
some irformation on the processes, but it is diffcult to
establish any time frame---or even the sequence-of the
various processes.

Dissolution (and recrystallization) processes on the salt
basin floor. Salt beds frequently show evidence of partial
dissolution, of several types. As seen in Figure 38, the
tops of the projecting crystals may be dissolved away,
presumably by a layer of undersaturated seawater or
fresh meteoric water. Renewed crystallization of salt can
occur on the crystals making up the pavement, or on new
nuclei, or both (Fie. 3C).

In addition to planing off the crystal tops, many salt
beds show evidence of extensive solution between the
crystals (Fig. 3B). These solution cavities may subse-
quently be partly filled with mud, but commonly the open
spaces are eventually filled with coarsely crystalline salt,
usually growing as extensions of the crystals comprising
the walls. The origin(s) of such clear salt is important, as
many of the larger fluid inclusions, most amenable to
study, occur in such material. If this cavity-filling salt can
be shown to have been planed of along with the chevron
crystals, it is obviously early. However, it is common to
find such cavity-filling salt as pipe-like masses crosscut-
ting many centimeters (or decimeters) of beds, suggesting
that some of the cavities may be formed later, though
perhaps still near to the basin floor or even while the salt
bed was above the water table. The specific mecha-
nism(s) yielding the solution cavities are not obvious; all

that is obvious is that undersaturated fluids were in-
volved. Of the many possible scenarios, the three most
likely are: (l) The beds may have been exposed subaerial-
ly by desiccation of the salt basin; this would permit
brines from salt dissolution in rain (or dew) to percolate
down and toward the basin. (2) If the salt is not at the
bottom of the basin, simple flooding with unsaturated
water would similarly permit percolation of dense brines
down and basinward. (3) Entry ofunsaturated groundwa-
ter from below, driven by pressure from a higher-level
recharge area (Fig. 2), would dissolve channels. Very
detailed field observations, preferably on something more
than a drill core, present the best possibility of under-
standing the process(s).

The evidence of dissolution is relatively unambiguous.
Earlier structures, outlined by growth planes of inclusion-
rich chevron salt, are truncated by smooth, undulatory
surfaces beyond which the salt is clear, even though all is
one single crystal (Figs. 9a,b). An additional unanswered
question is the cause of the change from undersaturated
to oversaturated fluids, thus forming the clear salt over-
growths.

Dissolution (and recrystallization) processes at some
later time. Examination of much bedded rock salt in thin
section reveals scant evidence ofthe primary depositional
features described above. Some salt crystals may contain
a few small areas of chevron banded material (Fig. 10); at
low magnification these areas may appear as small gray
wisps randomly scattered through large clear areas, and
commonly make up <lVo of the sample. Much rock salt
now consists of clear, uniform, equigranular crystals,
usually outlined by minute fluid inclusions (Fig.ll).3 A
few such crystals may show parallel bands of minute fluid
inclusions in their centers, presumably inherited from the
original basin crystallization textures (Fig. l2). The re-
mainder of the crystal consists of a clear "overgrowth"
(actually a recrystallization), presumably formed during
the development of the "metamorphic" texture. Some
such "recrystallization" obviously occurred on the floor
of the salt basin (e.g., Fig. 3), and other recrystallization
probably occurred under deep burial, but the distinction
between these two is difrcult. We may have to use the
inclusion data to make the distinction, rather than the
reverse. Thus ifthe inclusions contain compressed gases,
they cannot be from trapping at the surface.

Clear recrystallized salt generally has few inclusions,
but they may be large, and the larger the host salt crystal,
the larger the inclusions. The smaller inclusions (<1 mm)
tend to be cubic in shape, but very large inclusions may
be rather irregular (Fig. l3a,b). A small, moveable shrink-
age bubble, generally <l vol.Vo (Fig. la), is found in most
of the larger inclusions, but is seldom seen in the smaller
ones. Some of the larger inclusions may contain much

3 Note that the inclusions in Fig. I I are between crystals, i.e.,
intercrystalline inclusions, rather than the intracrystalline inclu-
sions discussed up to this point.
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more than 1 vol.Vo of bubble; many of these larger
bubbles merely signify relatively recent leakage, possibly
after collection, along cracks that are sometimes visible
(Fig. 1a). In others, the "leakage" has occurred at depth,
since the bubble consists of gas at many atmospheres
pressure (Fig. 15). In still others, the evidence is clear
that a separate, immiscible dense CO2 fluid phase under
considerable pressure was present at the time of forma-
tion of the inclusion (i.e., during the recrystallization of
the host salt; Fig. 16).

The fluid in such inclusions in recrystallized bedded
salt is generally a water solution of various ions, saturated
with respect to NaCl. Most do not show any daughter
crystals, i.e., crystals that have formed from the fluid
after trapping. Solid crystals are not rare in such inclu-
sions, but most are extremely irregular in their distribu-
tion and represent accidental solid inclusions of phases
that were present at the time of trapping of the fluid
inclusion, such as other precipitates or detrital silt (Fig.
l7). Small amounts of solid organic matter are sometimes
seen adhering to the liquid-vapor interface, as well as tiny
droplets of an immiscible liquid having n > brine. These
droplets are presumably petroleum; if several inclusions
show the same volume percentage of petroleum, they
may be a true daughter phase, and stem from changes
with temperature in the solubility of petroleum in brines
(Price, 1976). Fossil halophilic (saltJoving) bacteria and
algae may be present and should be looked for.

True daughter crystals are not uncommon, however, in
salt beds that are associated with K deposits. In such
environments, the large concentrations of K and Mg in
the brines, and significant temperature coefficients of
solubility, can result in the formation of true daughter
minerals on cooling from the temperature of trapping
(i.e., of diagenesis?). Any of the normal evaporite miner-

als might be found thus, but carnallite is perhaps most
common (Fig. 18). The occurrence of a potassium mineral
such as carnallite as a daughter phase may indicate that
the host salt formed from fluids that had evaporated at
least to that stage, even though no potash beds have been
found. On the other hand, such K-rich fluids may repre-
sent residual bitterns from the crystallization of potash
beds, or solutions formed by their later dissolution, that
have migrated into these salt beds. Regardless of the
specific mechanism of formation, K-bearing daughter
crystals in inclusions in salt provide a useful tool for the
exploration for K deposits in that evaporite basin.

Salt from the Palo Duro basin, Texas, has been found
to include a manganese oxide phase, whose origin is still
in doubt; it may well be a primary precipitate, formed
with the salt, that survived through some crystallization.
Although it does not seem to be a daughter phase, it is
usually associated rather closely with the fluid inclusions
in this salt. It occurs in quantitatively miniscule amounts,
but the possibility exists that any individual phase in the
salt may provide insight into the environment of forma-
tion or the latter diagenesis of the beds.

Manganese oxide occurs in two crystal habits in these
samples, asfibers and as "tubes"i they may both be the
same phase.a The fibers are seldom as much as 10 pr.m
thick, and many are (l pr.m, but single fibers may be
traced for a millimeter or more in the host salt crystal.
Some branch, and occasionally spiral, and split ends are
common. Many of the fibers are found in the fluid of
inclusions, and penetrating the walls (Fig. l9). The fibers
are dark yellow brown, very slightly pleochroic, highly

a Unpublished work of H.E. Belkin and E.L. Libelo, U.S.
Geological Survey; manuscript in preparation.

Fig.9a. Adensecloudofprimaryinclusionsinsinglecrystalofprimaryhali te,similartoFig.4butfromtheDelawarebasin,New
Mexico, showing some primary banding (arrow), and sharp but curving contact with crystallographically parallel but almost clear
recrystallized salt (at top). Presumably the curving contact is from dissolution of the earlier inclusion-rich salt, followed by later,
slow, almost inclusion-free growth. From Roedder and Belkin (1979a).

Fig. 9b. Bands of primary inclusions in primary halite, from Palo Duro basin, Texas, that have been truncated by later solution
and growth of new inclusion-free salt. Entire field of view is a single halite crystal.

Fig. 10. Area of primary inclusions in primary halite, from Palo Duro basin, Texas, surrounded by clear salt. Entire field of view is
a single halite crystal.

Fig. ll. Intercrystalline fluid inclusions (gas) on interfaces outlining 120'junction between several recrystallized salt crystals in
core from ERDA No. 9 borehole, Waste Isolation Pilot Plant site, Carlsbad, New Mexico. From Roedder and Belkin (1979a).

Fig. 12. Halite crystal in rock salt from bedded salt from the Delaware basin, New Mexico, showing a core containing primary
fluid inclusions in primary chevron salt, and a rim of relatively inclusion-free recrystallized salt.

Fig. 13. Most inclusions in halite are regular simple cubic cavities (Figs. 4 and 5), but some other shapes are found. (a) Large,
irregular primary inclusions in recrystallized salt from Delaware basin, New Mexico. (b) Cube modified by the octahedron and
dodecahedron, in recrystallized salt from Palo Duro basin, Texas.

Fig. 14, 15. Pairs of primary inclusions in single crystals of recrystallized bedded salt from Delaware basin, New Mexico. In each
Fig., inclusion on left has small bubble (-lvol.Vo),typical of the inclusions in this sample, but inclusion on right has a large bubble. In
Fig. 14, this bubble is air, from leakage along recent(?) crack (arrow). In Fig. 15, the inclusion has presumably been opened at some
later time along a crack (arrow) and part of the original fluid replaced with gas under several atmospheres pressure. From Roedder
and Belkin (1977).
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Fig. 16. Inclusions of H2O and CO2 in Devonian vein halite from Dnepr-Donets basin, Novosenzharskaya structure, USSR, from
Petrichenko (1977, his Fig. 208). Photographed at 0'C. The large inclusion contains liquid brine (Lb), liquid COz (Lc) and gaseous CO2
(V). Note that adjacent small inclusions contain just brine and small bubbles, suggesting trapping of an immiscible mixture.

Fig' 17. Primary inclusion in single crystal of recrystallized bedded salt from Delaware basin, New Mexico, showing twinned
birefringent crystal (unidentified). Other adjacent inclusions have no such crystals, so this crystal is probably an accidental solid
inclusion. From Roedder and Belkin (1977).

birefringent and length-fast with parallel extinction. SEM
studies show major Mn and minor K, and X-ray dif-
fraction patterns indicate the cryptomelane structure
(K(Mn4+Mn2*)aOrd.

The "tubes" seem to be a truly novel mineralogical
phenomenon. They are smooth, straight, uniform open-
ended hollow cylinders (Fig. 20), with square ends and
thin walls (l-2 y,m). Some are 200-300 pm in length and
only l0 pm in diameter; others are larger in diameter than

Fig. 18. Primary inclusion in single crystal of recrysrallized
salt from Gibson dome, Paradox basin, Utah, showing large
unidenti f ied birefr ingent daughter crystal (carnal l i te?),
photographed with partly crossed polars.

in length. The optical properties are like those of the
fibers, and each tube behaves optically as a single crystal.
SEM analysis showed major Mn and minor K. Most of
the tubes occur in fluid inclusions in recrystallized salt,
but several were found in chevron salt.

Fluid inclusions in domal sqlt

Salt from salt domes normally shows only "metamor-
phic" textures, and no trace of the original depositional
features such as chevron salt, whereas salt from the less-
severely deformed salt anticlines may still have some
such features preserved. In addition to the dramatic
evidence oflarge scale complex isoclinal folds, faults, and
a generally complete recrystallization, the salt crystals in
some salt domes show strong deformation fabrics. Such
deformed salt consists of parallel arrays of salt crystals
that are 2 or 3 times as long as wide. What happened to
the fluid inclusions (l to 2 vol.%) that were probably
present in the original bedded salt before such deforma-
tion?

Liquid inclusions. Most domal salt has fluid inclusions,
but they may be exceedingly scarce and very erratically
distributed. Most can only be assumed to be primary with
respect to the salt in which they occur, but there is no
way of knowing when (or how often) the host salt has
recrystallized. The total amount of visible liquid may
average one or two orders of magnitude less than that in
bedded salt so apparently most of the fluid in the original
fluid inclusions has been squeezed and kneeded out,
probably by migrating along grain boundaries (Baes et al.,
1983). The inclusions that are present are occasionally
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Fig. 19. Primary fluid inclusion in single crystal of recrystallized bedded salt from Palo Duro basin, Texas, showing fibers (arrow)

ofcryptomelane(?) that continue into the halite host crystal. See text.

Fig. 20. Primary fluid inclusion in single crystal of recrystallized bedded salt from Palo Duro basin showing two hollow cylindrical
crystals of a manganese-bearing phase (possibly also cryptomelane; see Fig. l9). The axis of the small cylinder (arrow) is almost in the
plane of the photograph. The fluid inclusion is a negative cube modified by curved faces of the octahedron (pebbly surface). See text.
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large and commonly contain an anhydrite crystal (Fig.
21). This is probably not a daughter crystal, but rather a
solid inclusion. The association of the two is a result of
preferential wetting; the lowest energy state seems to
have the brine at the interface between anhydrite and salt
(Fig.22), and in some salt, the only visible fluid inclusions
are tiny fillets between crystal of anhydrite (Fig. 23), or
between solid inclusions of halite in some sylvite (Fig.
24). As in bedded salt, true daughter minerals in dome salt
are more common if potassium salts are present (Fig. 25).
Petroleum, trapped with the brine as immiscible droplets,
is common in many domes (Figs.26,27).

Gas inclusions-"popping salt." Gas under pressure is
occasionally found as isolated gas inclusions within single
salt crystals (Figs. 16, 28), but in most dome salt that I
have examined, at least some such gas is present as very
small inclusions at the interface between salt and anhy-
drite, where the latter crystals are completely enclosed by
a single salt crystal (Fig. 29). Similar inclusions are found
in samples from salt anticlines, as at Asse, FRG (Roedder
and Belkin, 1981). The pressure in the inclusions shown
in Figure 29 obviously was not high enough to cause the
host to break or decrepitate before photography, but a
large number of such inclusions distributed through a
mass of salt places the host under considerable stress.
When a mine face is cut into such salt, it may spontane-
ously start to decrepitate into the mine opening; this
relieves the confining pressure on the salt behind, so it
continues to decrepitate. Such "blowouts" can suddenly

throw thousands of tons ofbroken salt into the mine, and
have killed miners (Belchic, 1961; Hoy et aI., 1962;
Thoma and Eckart, 1964). The presence of such "popping
salt" can be detected qualitatively by the little popping
sounds from underfoot, where the pressure of the shoe
adds a little more stress to an already stressed fragment of
salt. The cavity resulting from a blowout is rather amoe-
boid in shape, with smoothly curving walls. Only the
more inclusion-rich salt decrepitates, and the concave
curvatures of the walls are such that the resulting slight
additional confining force from the concavity keeps the
remaining salt from decrepitating further. One such cavi-
ty I saw in a Polish salt anticline opened out to a large and
complex bifurcated chamber, all the contents of which
had blown out through a very much smaller opening in the
back (roof) of the mine.

The composition of the gases in such salt is discussed
below, but one simple qualitative test under the micro-
scope is adequate to verify the existence of gas inclusions
under pressure, even if they do not result in "popping."
Simply dissolve the salt in water while watching under the
microscope. A crude estimate of the gas pressures can
sometimes be made from the amount of expansion (Roed-
der, 1970; see also Fig. 30). Sometimes when this test is
used, liquid inclusions that appear to be ordinary brine
are found to be liquified hydrocarbon gases (Fig. 31).

Salt deformation effects. The salt in salt domes and salt
anticlines has been deformed, and hence one might
expect abundant evidence ofsecondary inclusions. Since
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salt is so plastic,s particularly when moisture is present
and temperatures are elevated, relatively few planes of
obviously secondary inclusions are seen (Figs. 32, 33).
The recrystallization of salt is so easy, however, that
most of the inclusions now seen in dome salt may have
originally been secondary inclusions, introduced during
dome formation, and subsequently recrystallized and
redistributed. Recrystallization of inclusions in salt is so
fast that obvious examples of necking down in progress
(e.g., Fig. 33) are almost certainly of relatively modern
origin. In addition, salt can deform without the formation
ofobvious shear planes. I have found dome salt cleavage
blocks that were optically clear but had curved cleavage
surfaces: one had a curvature of -30 cm radius. Under
such conditions, a fluid inclusion can be stretched out by
the deformation, particularly when anhydrite crystals are
present to act as anchor points (Fig. 34).

Moist polycrystalline halite and other evaporite miner-
als have been found to flow with effective viscosities as
much as six orders of magnitude lower than the equiva-
lent dry material (e.9., Talbot et al., 1982; Urai, 1983a,b).
Furthermore, the presence of a liquid film between the
grains greatly enhances recrystallization and can cause
the trapping of new fluid inclusions (Urai, 1983a). Al-
though no data are available on the quantity of fluid
needed to achieve these physical effects, it is apparent
that it need not be large, and it is possible that the opening

5 The time factor is important and salt fracturbs very easily
under short-term stresses. I have accidentally generated, within
seconds, planes of thousands of secondary water inclusions in
salt crystals, by thermal fracturing of the surface during too
vigorous polishing.

of some inclusions by deformation of the host may be
adequate to provide enough moisture.

Quantitative measurements of inclusions
and their use

G e o t h e r mom e t ry-g e o b aro me t ry

The most common usage of fluid inclusions in geologi-
cal studies has been to use the temperature of homogeni-
zation (Th) of liquid and vapor inclusions as a geother-
mometer (and sometimes as a geobarometer). Some dome
salts, in particular, have come up from salt beds that were
at depths of 10 km or more. The geothermal gradient at
the time would be difficult to estimate, since salt is so
much more conductive than ordinary sediments, but even
if the gradient were only l0'/km (Fig. 35), such salt must
have been at temperatures of at least 150'C. Can the Th
values for inclusions in such salt be used to establish
these formation temPeratures?

Many homogenization measurements on salt have
been published (see Roedder, 1968, for references), but I
doubt their significance, since salt is plastic, particu-
larly in the presence of water (Fig. 36). What would
happen to a fluid inclusion, trapped at some higher
temperature, during cooling as the host salt moves closer
to the surface? Normally, a bubble would form inside the
inclusion once the temperature had dropped to the boiling
curve for such a brine. This bubble would contain low
pressure steam, since the vapor pressure of saline fluids is
low relative to that of pure water. But the external
lithostatic load would be much greater than the internal
steam pressure, and if the salt is plastic, it might collapse
into the inclusion, eliminating the bubble. Figure 37

Fig. 21. Fluid inclusion (presumably primary) in single crystal recrystallized halite (H) from Vacherie salt dome, Louisiana,

.containing a vapor bubble (v), and a striated anhydrite crystal (A) that is presumably an accidental solid inclusion. From Roedder and

\kin (1979b).
irie. ZZ. Fluid inclusion (presumably primary) in single crystal recrystallized halite (H) from Oakwood dome, East Texas, showing

many anhydrite solid inclusions and small vapor bubble (v) in liquid (L). The liquid preferentially wets the anhydrite surface, and

hence clung to these crystals as the inclusion changed shape. From Dix and Jackson (1982).
Fig. 23. Group of anhydrite crystals with fillets of adhering brine (arrows), in halite (H) from Rayburn dome, Louisiana,

photographed in strongly convergent light, at slightly diferent levels offocus. In normal collimated microscope lighting, these fillets

-i'!"lil'Sll''Xt"'l$:il?t'i#i; 
ffiffiSfil,"lf i:'i;lJi:1i"?"" ,.,, in syrvite (S) rrom the permian E'tonskove deposit,

pre-Caspian basin, USSR. From Petrichenko (1977, his Fig. 99). An adjacent inclusion, out offocus, contains only gas.

Fig. 25. Three-phase inclusion in sylvite (S) from the Stebnikskoye potash deposit, pre-Carpathian depression, USSR. From
Petrichenko (1977, his Fig. 88). The cubic daughter mineral is halite (H), and the hexagonal one is carnallite (C), in brine (B).

Fig. 26. Plane of secondary inclusions in halite crystal (H) from Week's dome, Louisiana, showing very small vapor bubble (v)

and immiscible globule of oil (O) in brine (B). Note that the oil has an index of refraction near to that of the host salt. From Roedder

and Belkin (1979b).
Fig. 2T.Inclusions of dark brown fluid, presumably oil, each with a vapor bubble (arrows) on surface of anhydrite crystal (A)

embedded in a single crystal of halite (H) from Rayburn dome, Louisiana. From Roedder and Belkin (1979b).

Fig. 28. Plane of secondary inclusions of low pressure organic gas (CH+?) in halite (H) from the Neogene Stebnikskoye potash

deposit, USSR. From Petrichenko (1977, his Fie. 216).
Fig. 29. Planes of high-pressure gas incftisions at the interface between included solid anhydrite crystals (A), and the single-crystal

host halite crystals (H). From Roedder and Belkin (1979b). (a) From the Rayburn dome, Louisiana; (b) from the Winnfield dome,

Louisiana.
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Fig. 30. Two anydrite crystals in single halite crystal (H) from Rayburn dome, Louisiana, during dissolution test for high-pressure
gases. (a) The solution front is advancing parallel to plane ofthe photograph but has not yet intersected the inclusions. (b) Same field
as (a) after solution front contacted these two crystals. Note large gas bubbles (arrows) formed from almost invisible high pressure gas
inclusions. From Roedder and Belkin (1979b).

Fig. 31. Inclusion of presumed liquified hydrocarbon (L), in crystal of halite (H) from Vacherie dome, Louisiana, during
dissolution test for high-pressure gases. (a) Inclusion before solution front (approaching from above and approximately parallel with
plane of photograph) intersects it. (b) Same field as (a) after intersection of solution front with inclusion. All liquid has vaporized and
residual bubble fills the inclusion. Total apparent expansion ofgas bubble 342-fold: actually the liquid flashed into gas when exposed
to atmospheric pressure. From Roedder and Belkin (1979b).

Fig. 32. Crystal of salt from Week's dome, Louisiana, oriented with cubic cleavage directions vertical, horizontal, and parallel
with plane of the photograph showing a group of planes of secondary inclusions arranged approximately parallel to the dodecahedron
(110), presumably from slippage. The individual shear planes are visible only at the end ofthe group (arrow), where the original
cracks pinch out. From Roedder and Belkin (1979b\.

Fig' 33. Photomicrograph ofa healed fracture (approximately parallel to (l l0)) in a halite crystal, showing nonuniform phase ratios
caused at least in part by necking down ofan original large, thin, flat, secondary inclusion into many smaller inclusions oflesser total
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shows that such collapse of stressed salt surrounding an
inclusion can occur even within minutes, and even at
room temperature. In nature, the temperatures were
higher, and the available time was as much as 1013 times
greater.

Hence I conclude that the small vapor bubbles in many
inclusions in salt (if not from leakage) represent mainly
shrinkage on cooling from the in situ temperature. Roed-
der and Belkin (1979a) reported that 230 out of 317
liquidivapor inclusions in bedded salt from the Waste
Isolation Pilot Plant (WPP) site in the Carlsbad area,
New Mexico, homogenized between 20 and 50oC, and
most of the remainder homogenized below 100'C. All Th
values above 80oC were believed to be spurious (due to
stretching during the experiment), and some never did
homogenize-they continued to stretch during heating
and hence maintained a vapor bubble even at >300'C.

The rate of pressure increase with increasing tempera-
ture is small, as long as a vapor phase is present (Roedder
and Bodnar, 1980, their Fig. 4), but once homogenization
(Th) is reached, the rate jumps to -12 bars/'C (Potter,
1977). It a piece of salt containing inclusions is heated
rapidly, this pressure rise will cause decrepitation, even
as low as 60"C (Roedder and Belkin, 1979a). If it is heated
slowly, it will not decrepitate, but will merely expand or
stretch by plastic deformation, even to temperatures as
high as 250"C (Fig. 38). From the above it is obvious that
inclusions in salt do not constitute a good geothermome-
ter. Inclusions in nonplastic minerals such as anhydrite
formed with the salt may, however, provide good thermo-
metric data (e.g., Fig. 39; see also Petrichenko, 1973).

The use of fluid inclusions in salt as geobarometers
rather than geothermometers has a little more validity.
The pressure in a gas inclusion at room temperature
provides a minimum value for the pressure of formation.
The actual pressure must have been larger as a result of
the higher temperatures during formation, and any
stretching ofthe host salt upon exposure to I atm surface
pressure would also decrease the pressure remaining in
the inclusions. One might ask why high pressure inclu-
sions are ever found in salt if stretching is so rapid and
effective. The explanation may lie in a combination of two
aspects. First, the highestpressure gas inclusions seem to
be water-free, and water helps greatly to increase salt
plasticity. Second, the highest pressure inclusions are all
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Fig. 35. Temperature-depth relations for various geotherms.
From Roedder (1979).

very small. Recent studies on laboratory stretching of
inclusions in fluorite from internal pressure (Bodnar and
Bethke, 1984) have shown a strong positive correlation of
stretching with inclusion size.

Low t e mp e rat ur e mic rothe rmome try

Although inclusions in salt may deform, they apparent-
ly seldom leak, and hence compositional data on the
fluids, obtained by conventional low temperature mi-
crothermometric techniques (Hollister and Crawford,
1981), can be valid and useful. Unfortunately, of all fluid
inclusions, those in salt are among the most difficult,
experimentally. This is true both in the data collection
and the data interpretation. The major problem is meta-
stability in various forms.

The simplest example involves an inclusion of NaCl-
H2O brine in halite (Fie. 40). On cooling to +0.15"C, the
fluid (B) in the inclusion should react with the solid walls

surface area. The vapor bubbles formed before and during the necking down, so that individual inclusions now have a wide range of
gas/liquid ratios (a, b, and c) or no gas at all (d). As the "gas" in the bubbles is merely water vapor in this sample, the composition of
the fluid in all will be essentially the same, but the homogenization temperatures will differ widely. It should be noted that similar
variation in gas/liquid ratios can also result from partial leakage of inclusion contents, as is also common in halite. The insert
photograph shows a long, tubular, possibly primary inclusion in the same sample, at the same scale, in the process of necking down to
form three smaller inclusions, only one having the bubble. Sample ER 64-112, Salar Grande, Chile, provided courtesy ofGeorge
Erickson, U.S. Geological Survey.

Fig. 34a,b. Brine inclusions (seminegative crystal shape; B) between anhydrite crystals (A) embedded in single crystal halite (H)

from Rayburn dome, Louisiana. Several such inclusions were all parallel, suggesting the direction of stretching or shearing of host
salt. From Roedder and Belkin (1979b].
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Fig. 36' Synthetic single-crystal rods of halite bent dry (a) and under water solution (b) at 25"C. From Shlichta (1962).
Fig. 37 Sequence of photographs of inclusion in salt crystal from Delaware basin, New Mexico, under uniaxial compression in

crushing stage, applied perpendicular to plane ofphotographs , ar25'C. (a) Inclusion as found, before application ofpressure. (b) Ten
minutes after application of stress; the walls of the inclusion are becoming rough. (c) Eighteen minutes after application of stress;
major changes in the walls have occurred, and the total volume of the inclusion cavity has decreased, eliminating the vapor bubble.
From Roedder and Belkin (1977).

Fig. 38. Stretching of halite surrounding inclusions from internal pressure developed by heating. (a) Group of small primary fluid
inclusions in primary chevron bedded salt from Delaware basin, New Mexico, as found. Several of the larger inclusions have very
small vapor bubbles (arrows) that homogenize at -49'C, and most inclusions have no bubbles. (b) Similar sample photographed at
room temperature, after heating to 250'C over -8 hours, holding at250"C for 79 hours, and cooling to room temperature over -10
hours. All inclusions, even very small ones, now have a vapor bubble, and homogenize at 180 to 273"C indicating deformation ofthe
host crystal. From Roedder and Betkin (1978).

Fig. 39. Fluid inclusion (presumably primary) containing liquid (L) and vapor (V) in anhydrite crystal (A) from Oakwood salt
dome, East Texas. From Dix and Jackson 0982).
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to form the incongruently-melting compound hydrohalite,
NaCl . 2HzO. This phase is very sluggish to nucleate and
grow. Hence the inclusion fluid continues down the
metastable line B-M. Normally nothing will happen to
this metastable, supercooled, fluid until --70'or -80"C,

when it may suddenly crystallize to a metastable solid
assemblage of NaCI and ice. On warming, this will start
melting at the metastable eutectic M at --28'C. If the
temperature is held between -2E'C and -20.8'C, the
metastable liquid will eventually nucleate hydrohalite and
cause the inclusion to change from a metastable mixture
of liquid M and NaCl crystals to a solid mass of stable
crystals of ice plus hydrohalite. The reaction with the
walls will corrode them, making the inclusion visibly
larger (and optically obscure). On heating, this hydroha-
lite should melt incongruently at +0.15"C to form liquid B
and solid salt, but hydrohalite is not only reluctant to
nucleate, it is reluctant to melt (Adams and Gibson, 1930)
and sometimes crystals of it can be held at as much as 4oC
over their melting point for more than an hour. So even
on gradual heating, the last of the hydrohalite crystals
usually decomposes several degrees above 0'C.

The behavior of multicomponent brines, with signifi-
cant Ca and/or Mg, is recognizably diferent from the
above, but plagued with even more serious problems
from metastability. Such inclusions may be extremely
difficult to freeze. Most form rigid glasses on cooling
(Angell and Sare, 1970) that are actually metastable
supercooled liquids. Glasses of this type will not crystal-
Iize at all at low temperatures (- 180'C); only on holding
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in the optimum temperature range for nucleation and
crystallization can even a rough estimate of the eutectic
temperature be made in those few inclusions that form
any solids at all (Fig. 41). Once they have crystallized, the
melting on warming can be used, along with available
phase equilibrium data (e.g., Crawford, l98l), to make
some estimates of composition.

Some fluid inclusions in salt show eutectic (metastable)
melting at --28"C; this behavior indicates essentially
pure NaCl-H2O inclusions, i.e., fresh water plus salt.
Others show eutectic melting at --35'C, suggestive of
MgClrNaCl mixtures. However, most inclusions, from
both bedded and dome salt, show eutectic melting at
-50'C or lower; these almost certainly require the pres-
ence of significant CaCl2.6 (The addition of KCI to these
mixtures sauses relatively little additional drop in the
eutectic temperature.) As discussed later, the inclusion
type of most significance to nuclear waste disposal, the
pure NaCl-HzO inclusion, is also the easiest of these
types to recognize by the freezing procedure.

Amount and nature of HzO present

Bedded salt may contain several percent total H2O
(Roedder and Belkin, 1979a), but some dome salts have
only -30 ppm H2O (Knauth and Kumar, 1981)' It is
important to know both the amounts and kinds of HzO
present in a salt bed for the engineering design ofa waste
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Fig. 40. T-X plot for the low-temperature part of the system NaCl-H2O, in equilibrium with vapor, at I bar total pressure

(Roedder 1962). More recent data on the curve for ice plus solution (Potter et al., 1978; Linke, 1965) plot essentially the same. Dashed
lines represent metastable extensions and meet at the metastable eutectic of ice plus NaCl plus liquid M at --28'C.
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6 LiCl is the only geologically reasonable alternative.
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Fig. 41. Serial photomicrographs of one of a plane of secondary inclusions in salt from Palo Duro basin, Texas, at the
temperatures indicated ('C). On cooling to -135'C and warming to -100C, the only visible change is the larger bubble. On further
warming, to - -79"C, very weakly birefringent dendritic crystals nucleate on the vapor bubble and as they grow, the vapor bubble
diminishes in size, suggesting that the crystals are ice. On warming to -54'C, the crystals start melting, and are gone at -48'C. The
approximate elapsed times between these photos, in minutes, are: a-b,5; b-+,4; c4,2; d--e,2; e-f ,6. Photos courtesy of H.E. Belkin.

storage site, since these various kinds will behave differ-
ently under the thermal pulse from the waste. Although
water is present in three major forms (hydrous minerals,
intragranular inclusions, and intergranular inclusions), in
the past many "water analyses" have been made by the
simple procedure of heating and weighing, and the results
were then used in engineering design. Roedder and Bas-
sett (1981) showed that many if not most of the published
analyses of water in salt contain serious and in part

systematic errors and are generally low. These errors are
caused by various combinations of extreme sample het-
erogeneity, multiple sources of H2O, strong sample bias
from sample selection and preparation procedures, and
inadequate analytical techniques. In particular, many of
the published DTA and TGA data on the dehydration of
hydrous saline minerals are mutually contradictory and
need a thorough restudy.

Figure 42 provides an example of one of the types of

- I kg core, in 255 g core, in

32-35

| 9 g from A, pordered, in oir

HOURS

Fig. 42. WeightJoss curve of silt-bearing, bedded-rock-salt drill core from Palo Duro Basin, Texas. Entire piece ofcore, -10 cm
in diameter and l0 cm long, was first dried in air at 32 to 35"C for 122 hours (to point A). A small part (probably zor representative)
was powdered and -2 g was heated for 82 hours more (inset). Another intact 255-9 piece of core from A was then held in vacuum at
the temperatures indicated, for an additional 301 hours. Weight loss is believed to be mainly from evolution of water. From Roedder
and Bassett (1981).
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rate problems involved in water analysis of a l-kg piece of
core. We wanted to avoid losing the intergranular fluids
(which may be 5O% of the total), so we did not crush or
grind the sample. After 122 hours at 32-35"C in air, the l-
kg segment of core was still losing weight, so we broke off
a255-9 piece which was heated up to 300'C and finally to
350'C, in vacuum, and even after 301 additional hours of
heating, it was stil/ losing weight. No panacea exists, but
most of the sources of error can be minimized if adequate
care is used, particularly in sample handling.

Amounts and nature of gases present

The laser-activated Raman spectrometer (Rosasco et
al, 1975) is almost perfectly suited for the analysis of
gases in inclusions, (and sulfate ion in solution, Rosasco
and Roedder, 1979; Dubessy et al., 1980), but to my
knowledge has yet to be applied to gas inclusions in salt.
Numerous studies of the gases evolved during dissolution
or heating of bulk samples of salt have been summarized
by Roedder (1972) and Petrichenko (1973). These show
the gases to range widely in composition, some being high
in COz, others high in CHa, and still others high in C2H6,
N2, etc. N2 can constitute <95% (Yil'denberg et al.,
1978). The N2 and other gases may stem, in part, from the
decomposition of algal mats such as are seen in some
modern day saline environments. Norman and Bernhardt
(1984) reponed also CS2 and HzS, by mass spectrometry
of the gases evolved on decrepitation. The pressure,
composition, and amount of gases are all pertinent to
waste disposal, since any tendency toward popping salt
behaviorwill certainly be aggtaVated by a thermal pulse.

Entirely apart from the practical problems, the origin(s)
ofthese gases is an interesting and essentially untouched
geochemical problem in itself. In addition to the bulk
constituents, the minor and trace gases may be of inter-
est. Any fluid in contact with the atmosphere will eventu-
ally equilibrcte with it in respect to the noblet gases.
Although the solubilities of the noble gases in brines are
lower than in fresh water (Smith and Kennedy, 1983),
carefully selected fluid inclusions in salt may provide the
best available samples for determination of the elemental
and isotopic ratios of the noble gases in early atmo-
spheres (Roedder, 1984).

Eh and pH deterrninations an inclusion fluids
Petrichenko and Shaydetskaya (1968; summarized in

Petrichenko, 1973) were the first and only workers to
measure the Eh of any fluid inclusion. They inserted a
pair of electrodes (platinum and calomel, using Zobell's
procedure) through 0.8- to 1.0-mm holes drilled into very
large fluid inclusions in water-clear recrystallized halite
from the Artemousk rock salt deposit in the Donbass,
USSR. Atmospheric air was excluded, and a correction
of +245 mV was made, "following Garrels" (n<i refer-
ence given). In other experiments, the inclusion fluid was
pulled into a capillary containing the miniature elec-

trodes. The results on 27 single-phase liquid inclusions
ranged from -10 to -130 mV, and averaged -_70 mV.
Two-phase inclusions gave higher Eh readings, from 0 to
+ 150 mV, indicating that their bubbles represented infil-
trating air. These Eh values are roughly consistent with
the possible presence of CHa in these brines, but the
interpretalion of all such measurements is difficult at best,
even with much larger sample volumes (pers. comm.,
D.C. Thorstenson, U.S.G.S.). Recent developments in
subminiature Eh electrodes may permit extensions of this
work to the smaller. more common sizes of inclusions,
but all such determinations should be compared with any
available mineralogical evidence as to the Eh, such as the
presence of CHa, sulfides, etc.

Petrichenko and coworkers developed a simple but
effective procedure for exposing fluid inclusions in salt
for Eh, pH, and chemical analysis. A tiny stream of water
is run over the surface of the sample (under the micro-
scope) until the remaining inclusion wall is thin. The
sample is then dried and the inclusion wall broken with a
probe. Using this procedure and a special miniature
platinum electrode, Petrichenko and coworkers measured
the pH of inclusions as small as 0.5 mm from a series of
salt deposits in the USSR. Glass electrodes wgre used on
very large inclusions, and small inclusions were sludied
using the colorimetric method of Kalyuzhnyi (1957,
1960). Most of their determinations fell in the range pH =

3.5 to 6.4, as might be expected for alkaline-earth chloride
solutions.

We have used a modification of Kalyuzhnyi's proce-
dufe to determine the pH oJ inclusions in recrystallized
bedded salt from the Palo Duro basin, opene{ using the
Petrichenko water-thinning technique. Instead of the spe-
cial organic films, prepared from the lining of a chicken
egg (pers. comm., Vl. A. Kalyuzhnyi, IGiGGI, Llvov,
USSR, 1970), we used commercially available narrow-
range pH test papers, each covering a total pFlrange of
1.6 to 1.8 pH units. Once the inclusions were craeked
open, a tapered point of the appropriate pH lest paper
was touched to the liquid and the color change matched
under the binocular microscope with the colqr test strip
provided by the manufacturer. The color changes under
these conditions of sample volume, lighting, and gbserva-
tion were verified using commercial pH butrer solutions.
Many of the determinations were verified by the use of
pH papers with wider ranges, and/or with'adjacent,
overlapping, narrow-range papers. One inclusion was
opened and tested three times: immediately, after. 20
mins., and after 60 mins. exposure of the opened inclu-
sion to air, and no change was noted. Any given pH
determination is subject to an uncertainty of visual match
of -10.3 pH unit, so a conservative estimate of uncer-
tainty on the values obtained would be +0.5 pH units.

The results of 40 determinations on Palo Dur.q salt, and
l0 on WIPP salt are given in Figure 43, categorized in
terms of preliminary textural examinations 'by S. Ho-
vorka of the University of Texas at Austin (pers. comm.).
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Fig. 43. Results of pH determinations on primary fluid
inclusions (>0.5 mm) in recrystallized bedded salt from Palo
Duro basin, Texas and the wrpp site, Carlsbad, New Mexico.
The three types ofenvironment in which recrystallization ofthe
host salt took place are based on work of S. Hovorka (pers.
comm., 1983). Type (A) is salt from just below a sedimentary
facies change, and may represent material that was dissolved and
recrystallized by fluids from this later stage. Type (B) is coarse
clear salt filling crosscutting solution cavities within the salt
beds. Type (C) is coarse clear salt from recrystallization within
the salt beds. The samples from the WIPP site would probably be
categorized as type C.

Some of the pH differences found correlate with textural
type or locality, but more work is needed before any
conclusions may be reached in this regard.

Solutes present in aqueous fluid inclusions

Centimeter-sized inclusions can be easily opened and
analyzed, but are so rare in occurrence that they are not
very useful in tracing geological processes. The much
more common inclusions in the l-mm range have been
studied by a variety of quantitative, semiquantitative, and
qualitative methods, particularly in the USSR (summa-
rized in Petrichenko, 1973). Quantitative analysis of the
smaller inclusions requires very sensitive micro or ultra-
micro methods. Holser (1963, 1968) pioneered in this
field, but relatively little additional work has been report-
ed since then. At the U.S. Geological Survey we have
recently been extracting and analyzing single inclusions,
mostly >500 pr.m on an edge (i.e., >-1.6 x l0-4 g), using
inductively coupled plasma spectroscopy and other meth-
ods. The data are far from complete and full details will be
presented elsewhere, but a few of the preliminary results
can be given here. Figure 44 is a plot of the relative
amounts of Ca, Mg, and K found in analyses of "large"
inclusions (>10-4 g) from recrystallized bedded salt from
the Palo Duro basin and two from Lyons, Kansas.
(Unfortunately, these are not the same inclusions on
which pH was determined.) By integrating these data
with sample classification based on textural studies of
these cores by S. Hovorka at the University of Texas at
Austin (pers. comm.) it is safe to conclude that different
fluids were present at different times in these salt beds.
This conclusion is also supported by the fact that inclu-
sions separated by less than one millimeter can have

widely disparate compositions, far greater than the ana-
lytical uncertainty, as evidenced by the results on dupli-
cate samples (Fig. aa). Sulfate is low, particularly in the
high-Ca fluids, and Br, determined with the Dionix Model
14 ion chromatograph, ranges from <80 to -50fi) ppm.
Thus some of these fluids may be original residual bit-
terns left from crystallization of halite from seawater,
some may be from halite recrystallization, some may be
from dissolution of K-Mg beds, and a variety of rock-
water interactions such as dolomitization may have been
involved. At this stage we cannot determine the sequence
of these fluids, nor can we safely assign any to saline
depositional basin or later diagenetic fluids, but eventual-
ly such assignments may be possible.

Isotopic signatures of H and O in inclusion fluids

The isotopic signatures of H and O in the inclusion
fluids (normally stated in terms of 6D and 6lEO relative to
SMO\ry, Standard Mean Ocean Water) provide informa-
tion on the possible sources and processes involved in the
history ofthe fluids present in inclusions. The interpreta-
tion of such isotopic data, as with other geochemical
variables, does not offer a unique solution, but does
provide useful additional constraints on possible models
for the derivation ofthe fluids. The results ofa study of9
"large" inclusions in recrystallized bedded salt from the
WIPP site are summarized in Figure 45.

The fluids evaporating in a saline basin to yield salt
beds are normally thought of as essentially seawater

Fig. M. Weight percent plot of ten analyses for Ca, Mg and K
in 4 large (>10-og) primary fluid inclusions in recrystallized
bedded salt from Palo Duro basin, Texas (encircled dots), four
from pairs of adjacent inclusions in two other similar samples
(dots A and B; C and D), and two adjacent inclusions in a similar
sample from Lyons, Kansas (circles). The encircled dots
represent analyses of 2 or 3 duplicate samples, in each case
extracted from the same inclusion. A series of 15 analvses of
smaller inclusions (<10-ag) showed a wider scatter.
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Fig. 45. Plot of 6D vs. 6rEO for waters from the Delaware Basin, New Mexico. Data from Lambert (1978) and unpublished work of
J.R. O'Neil, C.M. Johnson, L.D. White, and E. Roedder, U.S. Geological Survey; manuscript in preparation. "Meteoric water"
samples were taken from wells in various formations in the area (Lambert, 1978). Inclusion data are from large inclusions in
recrystallized salt, released by crushing. "Ocean water" = SMOW (Standard Mean Ocean Water); evaporation will cause it to move
to the upper right, e.g., along some slope such as that shown. A least-squares line flt to the ERDA No. 6 brine and the inclusion data
extrapolates to the lower part of the field of local meteoric waters and suggests a mixing line. For explanation of line A-A', see text.

residues, but the available 6D and 6lEO data on fluid
inclusions in salt show that this generalization is incor-
rect. As an example, the 9 analyses of water from fluid
inclusions from the WIPP site plot to the lower right of
Standard Mean Ocean Water (SMOW) on Figure 45. How
can such fluid inclusion waters be obtained from seawa-
ter? Many processes can cause fluids to move on such a
plot. Mixing of two waters will yield intermediates along a
straight mixing line between the end members. Analyses
by J.R. O'Neil, U.S. Geological Survey, of formation
waters from various wells in the WIPP area (Lambert,
1978) show very low 6D and 6rEO, and plot in the lower
left of Figure 45, near the meteoric water line. Mixtures of
such fluids with seawater would lie between these two
points. Partial evaporation of seawater will leave a residu-
al fluid enriched in the heavy isotopes ofboth H and O,
causing it to move toward the upper right, along a line
whose slope is controlled by the temperature, humidity,
and kinetic factors (Sofer and Gat, 1975). The oxygen in
most sediments is enriched in IEO relative to mosr waters.

and hence exchange between water and rock (particularly
with clastic carbonates and clays) will cause the water to
shift to the right (i.e., it will show an "oxygen shift").
Any H- or O-bearing phase that precipitates from a fluid
will generally have diferent isotopic values for H and O
than the fluid, and such precipitation will drive the
remaining fluid along a line directly away from the plotted
isotopic composition point for the solid. Thus Frape and
Fritz (1982) showed that low-temperature hydration of
rock silicates, forming clays, moved the residual water
toward the upper left. Similarly, reaction of a fluid with
such minerals (including organic matter), or mixing with
fluid from their dehydration, will move the original fluid
toward them along a mixing line. Such reactions may be
the explanation for the unusual hydrogen composition
(6D -69.2 per mil, along with 6rEO -5.4 per mil) found
for a fluid inclusion in halite from the Oakwood dome,
Texas (Kreitler and Dutton, 1983).

J.R. O'Neil (as reported by Schneider and Trask, 1983,
p. 33, and pers. comm.) has suggested the following
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scenario as a possible explanation for the formation of the
inclusion fluids at the WIPP site: (l) Seawater evaporated
until some point near X was reached, at which point
gypsum precipitated. (2) Data of Sofer (197E) show that
the water in precipitated gypsum is enriched in 6t8O by
-4 per mil and depleted in 6D by -20 per mil, depending
mainly on temperature; as a result, it would plot at about
the composition of the point labelled "ERDA 6" on
Figure 45. (3) ERDA 6 is the composition of a brine
recovered from a well in this same salt sequence, so
O'Neil suggested that the dehydration of gypsum to form
the abundant anhydrite beds in this evaporite sequence
led to the formation of the ERDA 6 brine. (4) Mixtures of
this brine with meteoric waters of the type that are now
found in the area resulted in a mixing line as shown and
yielded the various inclusion waters.

Although this scenario is adequate to explain the isoto-
pic compositions found, it is not a unique solution for
these data.7 Simpte evaporation of the meteoric waters
could also yield fluid inclusions with the measured isoto-
pic compositions. There are no constraints on when such
evaporation could have taken place; hence, it is perfectly
feasible that the original seawater brought in the salts,
evaporated to dryness (or the residual fluids remained at
some other location), and subsequent meteoric water
influx dissolved salts and evaporated to various degrees
to yield fluid inclusions having the compositions found. If
so, none of the present water molecules in the inclusions
would be from the original seawater.

L. Paul Knauth and Mark Beeunas of Arizona State
University and I have been making a similar study of
inclusions from the Palo Duro basin. Some of the early
isotopic results they got on some of my samples were
strange and difficult to explain. They then found that the
extraction procedure they had used in their vacuum line
on my samples could introduce errors much larger than
the instrumental error (see A and A' in Fig. 45; these are
two analyses of a single sample. A is believed to represent
the correct values), and subsequent studies (Beeunas and
Knauth, 1983) yielded much more consistent and inter-
pretable data that plot near to those shown on Figure 45.
Their model involves various degrees of evaporation of a
mixture of seawater and local meteoric waters, though
the amount of seawater involved must be small unless an
extremely light composition is assumed for the meteoric
water component.

B.F. Jones (U.S.G.S.) has pointed out (pers. comm.,
1984) that in addition to the changes from evaporation,
hydrate precipitation, and other mineral reactions, the
wide variet! of possible sources for meteoric fluids to mix
with solutes from the salt beds make a unique interpreta-
tion of the isotopic data very difficult. These sources can
include sheet floods, rain, dew, stream waters, etc. (e.g.,
Knauth et al., 1980, their Fig. 2).

7 Some of the chemical data also cannot be readily explained
by this scenario.

Significance of inclusion data to the nuclear waste
storage problem

Migration of inclusions in a thermal gradient

The importance of a dry environment for the storage of
canisters of nuclear waste is based on two separate
potential problems involving water, corrosion and trans-
port. Transport by groundwater cannot occur ifthe waste
cannot come in contact with the water. Under most
nuclear waste storage plans, the waste is to be kept
separated from any potential contact with water for the
first hundred years or so, when the radioactivity (and
canister temperature) are highest, by containment in a
"corrosion-resistant" canister. Saline fluids are more
corrosive ihan most groundwaters, especially at elevated
temperatures, and magnesium chloride solutions are par-
ticularly corrosive (Stewart et al., 1980).

The heat generated by the waste in the canisters will
cause heating of the surrounding salt as a complex
function of the composition, amount (i.e. , the "loading"),
and age of the waste, the engineering design of the site,
and the time since emplacement; the thermal maximum
may occur -100 years after emplacement. Temperatures
will then decline slowly and return to normal by about
1000 years. Thus the thermal gradients generated in the
salt by this thermal pulse will vary in space and time as a
complex function of canister surface temperature and
installation, and rock conductivity, but with most eco-
nomically reasonable loadings of nuclides, significant
volumes of salt surrounding a canister may be subjected
to gradients of -1.5'C/cm for periods of years. What
happens to a fluid inclusion in salt in such a thermal
gradient?

Although the thermal coefficient of NaCl solubility in
water is small in the range of ambient temperatures
expected, it has a finite positive value, so salt will
dissolve on the warmer side of the inclusion and precipi-
tate on the cooler side, causing the inclusion to move tlp
the thermal gradient, toward the heat source, exactly
where fluids are not wanted.8 The amount of brine that
might reach a canister in this way, and its capacity to
affect cannister performanceo must be considered in the
design of any proposed nuclear waste repository in salt.

The theory of the migration of fluid inclusions in KCl
and NaCI in thermal (and gravitational) fields has been
examined in some detail, and a rather extensive literature
exists. Jenks and Claiborne (1981) summarized this litera-
ture and made calculations, which they claimed to be
"reasonably conseryative," of the rates and total vol-
umes of brine expected to migrate into a given emplace-
ment hole in bedded salt over the first l(X) years. These
calculations showed that inclusion migration was of rela-
tively minor concern in the engineering design of a

E Wilcox (1969) showed that synthetic liquid inclusions con-
taining very large bubbles moved down a thermal gradient, but
practically all liquid inclusions in natural salt have either a very
small bubble or no bubble at all (see also Yagnik, l9E3b).
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nuclear waste repository. However, Roedder and Chou
(1982) showed that because the values used by Jenks and
Claiborne for the major input parameters were either
nonconservative, selected values, or were based on inad-
equate data, their calculations were not sufficiently con-
servative. Truly conservative estimates should be larger,
perhaps by as much as two orders of magnitude, than
those made by Jenks and Claiborrte.e

In order to provide experimental data to compare with
the theoretical predictions, laboratory measurements of
the migration rates have been made at the U.S. Geologi-
cal Survey, using single crystals of salt from several
proposed sites (Roedder and Belkin, l979a,b; l980a,b).
Blocks of salt -l cm square and containing selected
inclusions were prepared, and the positions of the inclu-
sions measured relative to scribed fiducial marks. The
blocks were then heated gradually (to avoid decrepita-
tion) to the desired ambient temperature (108-260"C) and
a thermal gradient, generally 1.5"C/cm, superimposed and
maintained for 3-10 days. The samples were then cooled
slowly and the inclusion positions remeasured, The rates
of movement ranged from 1.2 to 5.4 cm/yr. for cubic
inclusions I mm on an edge; inclusions 0.1 mm on an edge
moved only -30Vo as fast. Increase in ambient tempera-
ture and/or gradient increased the rate, in approximately
direct proportion. The migration rates for inclusions in
diferent parts of a given sample, however, were found to
vary by a factor of 3, for as yet unknown reasons. The
three major controlling variables, however, still seem to
be inclusion size, ambient temperature, and temperature
gradient. Theoretical considerations and some experi-
mental studies suggest that the migration rate may also be
related to the fluid composition, the presence (and vol-
ume) of a gas bubble, the gas pressure in such a bubble,
mechanical strain in the host salt, dislocation abundance
and nature, crystallographic direction, and perhaps radia-
tion damage and gravity. Thus radiation damage in NaCl,
forming colloidal sodium, might affect the migration rates
for fluid inclusions moving through it, as well as the pH of
the fluid (Panno and Soo, 1983). Unless sodium or
chlorine is actually lost to the system, however, changes
in the chemical composition of the fluid could only be
local effects. Some ofthe features ofinclusion shape and
motion have been analyzed theoretically and experimen-
tally (e.g., Yagnik, 1983a), but several interesting and in
part unexplained phenomena were noted in the present
work (Fig. 46).to

e The possible mechanisms whereby such fluids might subse-
quently move (and hence disperse radionuclides from the waste)
involve numerous geological parameters and are beyond the
scope of this paper.

ro Some have suggested that on migration through salt the fluid
inclusion would sweep out trace constituents from the salt, and
that this effect might be responsible for some of the inclusion
compositional data. Although this process is the basis of the
"zone refining" used in commerce, the geological parameters
are such that its efects would be negligible.

Fig. 46. Inclusion in salt from ERDA No. 9 borehole, Waste
Isolation Pilot Plant site, Carlsbad, New Mexico, before (above)
and after (below) a 156-hour runat202"C ambient and l.SoC/cm
gradient. The large inclusion has split into a large liquid-rich part
with trailing fins and a small dumbbell-shaped gas-rich part (D)
that moved in opposite directions relative to the thermal
gradient, which increased to the left. The fiducial mark (F, a
vertical scratch) is visible left ofthe inclusion in the upper photo;
it is almost invisible in the lower photo, because of the
illumination needed to see the (much larger) bubble. The original
position of the inclusion can still be seen, outlined by a series of
small specks (S), which also act as intemal reference points, but
various other reference points, such as (a) and (b), are visible in
both photos. From Roedder and Belkin (1980a).

The above tests provide information only on the migra-
tion of fluid inclusions within single crystals. As most
rock salt has a grain size of -l cm, under these condi-
tions, most inclusions will reach a grain boundary within
a year or so. What happens then? Small scale experimen-
tal studies (Roedder and Belkin, 1980a) show that on
intersecting a grain boundary, most fluid inclusions do
not cross. but instead leak their fluid into the interface.
How the fluid will then behave involves too many varia-
bles to permit meaningful quantitative modelling at this
time, and the interpretation of some larger scale labora-
tory experiments is ambiguous (Lambert, 1980; Roedder
and Belkin, 1980a). Full scale, rather long term experi-
ments at the selected site itself, carefully planned to avoid
ambiguity in interpretation of the data obtained, seem to
present the only likely solution.

Bedded salt deposits have been subjected to the natural
geothermal gradient for geologic time, but careful petrog-
raphy of oriented samples suggests that there has been no
downward movement of the inclusions during the inter-
vening hundreds of millions of years. Why not? Possible
explanations include the following: (l) The movement
may have been too small to detect. (2) The driving force
downward from the geothermal gradient may be about
equal and opposite to the driving force upward from the
gravitational field. (3) A threshold gradient may exist
below which inclusions will not move. Explanation (l)
seems unlikely since even l0 pm of movement should be
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detectable. Explanation (2) requires the balancing oftwo
opposing factors and hence seems unlikely.rr Explana-
tion (3) involves unknowns such as interface kinetics and
dislocation behavior and hence can only be estimated at
this time. Pigford (1982, 1983) argued that the threshold
gradient greatly reduces the amount of brine that will
migrate and that this can be conservatively estimated, but
Chou (1983) took exception to several aspects of Pig-
ford's calculations.

Composition of the fluid inclusions

The composition of the inclusions in salt is of conse-
quence to the rate ofcorrosion ofthe waste canister, and,
when the canister is eventually breached, to the corrosion
of the waste form itself, but is also important in several
other aspects of nuclear waste site selection. Insofar as
the inclusion chemical and isotopic data provide informa-
tion on the processes leading to the original formation of
the deposit, they may help in selecting an optimum site
for the repository. More important, perhaps, they may
indicate the source of the fluids. If, as has sometimes
been observed in dome salts (Roedder and Belkin,
1979b), the inclusions show eutectic (metastable) melting
at --28C, essentially fresh water and dissolved NaCl is
involved; significant amounts of CaCl2 and/or MgCl2 will
yield much lower eutectic melting. The difference in
behavior of the two types is readily apparent under the
microscope, so that even a single H2O-NaCl inclusion
among many multi-ion inclusions is easily spotted. Nearly
pure NaCl-HzO fluid in inclusions in a salt bed or dome
can have three possible origins: (l) It can be sea water
trapped in the first-formed salt crystals, before evapora-
tion and crystallization caused much buildup of other
ions. (2) It can be water evolved by the dehydration of
clay minerals or the conversion of other phases such as
gypsum to anhydrite during diagenesis. (3) It can be fresh
water which has penetrated the salt at some unknown
time and has been trapped (Stewart et al., 1980).

The third possible origin may have potential signifi-
cance to the possible use of these domes for nuclear-
waste storage. At the depth from which the originally
bedded salts have flowed to form these domes (commonly
-10-12 km), the fluids in the pores of the surrounding
sediments were almost certainly highly saline formation
waters, containing significant ions other than Na and Cl.
However, during its rise, the salt dome must have pene-
trated those aquifers which now surround it and contain
essentially fresh water. Iffracturing occurred during this

tt An (admittedly extreme) linear extrapolation from the avail-
able experimental data at 1.5'C/cm to the geothermal gradient
(assumed to be l5'C/km) would indicate that the inclusions
should have moved -100 meters downward in 300 m.y. This is 6
orders of magnitude larger than the minimum amount of move-
ment that should be readily recognizable on petrographic exami-
nation.

rise, or subsequently (and we have no knowledge of the
age of these inclusions), fresh or brackish waters could
enter the salt and become trapped as saturated brine. The
corollary is that if this happened in the past, it might also
happen in the future. Knauth and Kumar (1983) showed
from isotopic studies that unlike the primarily formation
water encountered in other salt domes, the water in
current brine leaks at the Avery Island salt dome mine in
Louisiana was essentially meteoric water. They indicate
that these leaks may be related to the shallow depth of the
Avery mine, close proximity of the salt top to the surface,
absence of caprock, and/or duration and technique of
mining. Whether such leaks could be part of a possible
scenario leading to significant transport of nuclides be-
yond the dome remains to be demonstrated.

Conclusions

Consideration of salt deposits for possible storage sites
of nuclear waste has led to renewed interest in the natural
fluids in salt. Most salt contains at least some H2O as
hydrous minerals and as fluid inclusions, either intracrys-
talline or intercrystalline; it may also contain oil or COz,
CHa, or other gases. Primary intracrystalline fluid inclu-
sions in primary bedded salt are usually very small, but
ordinary petrographic studies of them can provide valu-
able information on the environment of the original salt
basin. Later and larger primary inclusions in recrystal-
lized salt provide information on the fluids present after
the original salt crystallization, but the specific time of
this recrystallization is generally unknown; it could have
been at any time following crystallization on the basin
floor.

The original textures and inclusions in bedded salts are
largely lost during the deformation that forms salt anti-
clines and domes. The origin of the few fluid inclusions
found in domal salt is usually ambiguous. High pressure
gas inclusions containing CO2, CH4, N2, or other gases,
of generally unknown source, are common in dome salt
locally and may be in high enough concentration to cause
hazards during mining from sudden large-size blowouts.

Geothermometry by the homogenization method on
fluid inclusions in halite is essentially hopeless, as a result
of the plasticity of halite, but the gas inclusions provide a
possibly useful minimum pressure of formation. Low
temperature microthermometry provides evidence that
the brines in many fluid inclusions, both in bedded and
dome salt, are high in Ca and/or Mg. Larger fluid inclu-
sions have been extracted for determination of pH (mod-
erately acid; -3 to 6), Eh (sliehtly reducing; - 10 to - 130
mv), and chemical analysis. Most are high density chlo-
ride solutions (-1.3 g/cm3) of Na, K, Ca, and Mg, but in
widely differing ratios, sometimes even in adjacent inclu-
sions, apparently as a result of different fluid sources at
different times. Sulfate is low, particularly in the high-Ca
fluids, and Br ranges from <80 to at least 5000 ppm.
Isotopic studies of the H and O in water from inclusions



place constraints on the processes yielding the fluids, but
are ambiguous in interpretation.

Migration of fluid inclusions up the thermal gradient
established by a radioactive waste canister will tend to
concentrate at the canister the fluids from inclusions from
some distance around. Estimates of the rates and total
volumes of fluid that must be dealt with in a repository
design are subject to rather large uncertainties.

In summary, the fluids in salt are both advantageous
and deleterious. They are advantageous in that they tell
us much about the environment and subsequent history of
the salt deposit; as such, they also suggest what might
happen in the future at a nuclear waste site in salt. They
are deleterious in that they introduce some problems in
the engineering design of a nuclear waste installation that
must be separately evaluated at each suggested site.
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