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Application of studies of fluid inclusions in salt
samples to the problems of nuclear waste storage

ABSTRACT: The fluids present as fluid inclusions in salt samples from various
bedded and domal salt deposits provide a surprising amount of information on the
saline environment throughout the geological history of the deposit. Such infor-
mation is valuable in considerations of the possible future history of these depo-
sits, should they be used for long-term nuclear waste storage sites. In addition,
however, the fluid inclusions (and other varieties of water) present in the salt
are of considerahle importance to the safe design and operation of such sites,
and most analyses of salt for water are erronecusly low. Fluid inclusions will
" generally migrate up the thermal gradients, toward the waste canisters, and con-
tain highly corrosive fluids.

INTRODUCTION

Salt deposits, either bedded or domal, were first considered during
the 1950’s as possible sites for storage of nucléar waste, in part, on the
evidence that salt mines were generally very dry places *. Since théen
there has been a continuing interest in the amount of water that might
encountered in the use of salt deposits for repositories. Two entirely
separate sources of water need to be considered, external and internal.
Any subsurface cavity can become saturated with external water under
the proper hydrostatic conditions. Numerous salt mines in the United
States and abroad have been flooded, sometimes suddenly (e. g. Baar
1977, Martinez & Wilcox 1976), despite precautions.

The internal (in situ) water is much less obvious, although at least
some water is always present in what appears visually to be comple-

* The paper bears data included from a series of bublications (Roedder &
Bassett 1981; Roedder & Belkin 1979a, b, 1980 a, b; Stewards & al. 1980)
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tely dry rock salt. The exact nature of this in situ water, and parti-
cularly the amounts present, are of considerable importance to the-
design and performance of nuclear-waste storage facilities in salt (Ste-
wart & al. 1980). The amount of such water that may be released through
heating of the rock salt by the radioactive waste, and its probable
‘composition, pressure, and temperature, must be taken into account
in the design of the waste form, corrosion-resistant canister, over-pack,
and backfill (McCarthy 1979, Northrup 1930). The water must also be
considered in designing the repository itself, because water lowers the
physical strength of rock salt, particularly at elevated temperatures.
Thus, accurate determinations of the water contents of rock salt sam-
ples from .various prospective sites are needed during the prelimina-
ry site evaluation and selection process. Many such determinations
have been made by a wide variety of physical and chemical methods
that do not (and cannot) give truly comparable results. Problems with
the determinations themselves are such that they are neither trivial
nor routine matters. In this paper I discuss the nature of the fluid
inclusions present, the data that can be obtained from them, the prob-
lems that they may cause in the use of such salt deposits for nuclear
waste disporal and some of the problems in the analysis of salt sam-
ples for water content.

NATURE OF THE SAMPLES

Most of the samples used in this study were test cores (o 10 cm diameter),
bored using saturated brine as drilling fluid. In all locatioms, the sampiles were
selected in part to be representative of the various lithologies visible in the
cores, and in part io obtain material most likely fo centain wuseful inclusions,
based on visual inspection and past experience. From the Waste Isolation Pilot
Plant (hereafter called “WIPP”) site in SE New Mexico, 19 core samples were
obtained from the ERDA No. 9 borehole, mostly from the two specific depth
intervals being considered for repositories, but including samples from 1979 ft to
2821 ft depth. Eight samples from the Rayburn dome, Bienville Parish, Louisiana
(D.O.E. — C. F. I. No. 1 core), ranging from 168 ft to 1971 ft depth, and ten from
the Vacherie dome, Webster Parish, Louisiana (D.O.E. Smith No. 1 core), ranging
from 561 ff to 3222 {t depth were studied. From the Palo Duro Bas-in, Texas,
15 sections of coe were studiéd, from 1200 to 3350 ft depth. Other samples, from
numerous- other locations, were examined less intensively, including bedded salt
from Hutchinson, Kansas and Goderich, Ontario, and domal or anticlinal salt
from Asse, F.R.G.; Anderbeck, Halle, and the Werra. district, D.D.R.; Wieliczka .
and Kiodawa, Poland; and from Vera Cruz, Mexico. The bulk of the work has
been on the New Mexico samples, so they are discussed in more detsadl;_
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METHODS USED AND THEIR APPLICATION

PETROGRAPHIC MICROSCOPE

Standard, normal petrographic examination was used on .all samples to aid in an under-
standing of the origin, mineralogy, and geological history of these evaporites, and to
anticipate what problems the inclusions might cause during long-term storage of high-le-
vel (i.e, highly radioactive and heat-producing) wastes. But for such studies to have ma-
ximum umefulness and minimum ambiguity, special sample preparation methods are essen-
tial. Salt sainples fracture very readily from rough handling and from even the mild
heating that can occur during grinding and polishing, so considerable care is needed.
Slow speed, continuous-rim diamond wheels, or slow-speed, fine-wire saws were used in
the cutting, followed by hand grinding, using saturated brine as lubricant. Final polishing
with 6.3 um Al;03, is done (also by hand) or dryer and dryer paper laps. Most samples
were examined as doubly polished slabs up to 1 em thick. Since the exact nature of the
grain boundaries is very important, reflected light microscopy was used extengively; this
requires special care;  as minor differences in polishing procedure can change the appa-
rent dimensions of the grain boundaries in any given specimen, in part in rather inexpli-
cable  wavs,

FREEZING STAGE

_In this microscope stage the sample is cooled, either with a flow of refrigerated ace-
tone or mitrogen, and the phase changes on cooling and on reheating are watched (Roe-
dder 1962, 1963). Two Specific temperatures are normally noted, the eutectic melting tem-
perature (Te), and the final melting temperature (T'm). The first of these iz the tempera-
ture during warming at which a completely frozen inclusion, consisting molely of solid
salts and ice (and hence mearly opaque), develops enough liquid phase to wet the -intér-
faces between the crystals and become translucent. Although inexact (it can seldom be
repeated to betbter than one or two degrees), it provides a measure of the eutectic mel-
ting temperature of the chemical system represented by the inclusion fluid. The final
melting temperature (Tm) is the temperature at which the last solid- phase (other tfian
the host orystal walls). disappears on warming. This temiperature, and the composition
of the last phase to melt, when compared with appropriate phase diagrams, place some -
limits on the composition of the fluid in the inclusion.

HEATING STAGE

Standard petrographic procedures  were used, mainly to determine the. temperature
of disappearance of the vapor bubble {Th, the temperature of homogenization), but also
to detérmine from their behavior, whether solid crystals within liquid inclusions were
daughter crystals, formed on coeling. Under ideal conditions, Th can be related to the
temperature of trapping of an inclusions, but halite is not ideal (see below).

PRESSURE DETERMINATION

Two different methods were used {0 determine the gas pressure in the inclusions,
the crushing stage, and the water dissolution technique. Such data place useful constraints
on the origin and geochemistry of the fluids in the inclusions. In the crushing microscope
stage the -sample is compressed uniaxially, parallel with the microscope optic axis, until
a fracture contacts an aqueous inclusion contminig vapor bubble (Roedder 1970). The bubble
may then collapse or expand. In fhe water dissolution technique, the sample is immersed
in water and watched while a - dissolution fromnt approaches the inclusion of interest. In
either method, ihe measurement of the volume of the bubble before and after permits
an estimate of the volume expansion. Such a mMmeasurement is probably only accurate
T 100/4 -at best. : : ' '

THERMAL GRADIENT MIGRATION

This is test to determine the rate that fluid inclusions migrate in a thermal gradient,
Such as would be set up around any heat-generating radicactive waste canister. An aqueous
liquid ‘inclusion within or between crystals of a soluble salt, when placed in a  thermal
gradient, will continuosly dissolve on the hot side and crystallize on the cold side of the
cavity, thus causing the cavity, and its included liquid, to move up the thermal gradient
toward the heat source. Inclusion movement is of consequence in the design of a waste
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repository, as the included brines are probably more cotrosive to possible canister mate-
rials than even a saturated NaCl solution. .

Several studies (Bradshaw & Sanchez 1959, Holdoway 1974, Jenks 1979) have addressed
the problem of the rate of migration of fluid inclusions in salt, .experimentally or theore-
tically. As many variables may affect this rate, and as the interrelations of thése varia-
bles . are not fully understood, experimental determinations are desiz'able on material from
~ each specific site to be considered.

rig.

Cmss sectmn of thermal mug)ra,tmn empemmem
i sample - holder.

! The sample (S) consists of a 1X1 cm bilock of salt,
! in a clogely-fitting slot between two hemicylindrical
: Teflon blocks (T;. and Tp), 41 mm in diameter,
i which fit closely .into a closed-end Inconel tube
| (M) of 15 mm wau thickness and 18 em length.
] I‘hermocouples (T;) ‘are placed along the @salt wat
i known positions

44mm

In this test, a rectangular block of salt, 1 X1 cm in cross section, and containihg
suitable Inclusions, is cut out and the position of the incluions photographed against
a series of fiducial marks. The block is then placed in a 1 X 1 cm slot in the center of
a cylindrical segmented Teflon block (see Text-fig. 1), in tandem with other similar salt
blocks, with appropriately placed thermocouple junctions, and the whole assembly is pla-
ced in a thermal gradient furnace with appropriate controls for both ambient temperature
and superimposed gradient (Roedder & -Belkin 1979b), The gradient is established  and
maintained along the length of the cylinder, perpendicular to the section shown in Text-
-fig. 1. The cylinder is maintained horizontal. Thé samples are heated to the desired tem-
perature gradient and ambient temperature slowly (<< 30°C . hr-1) to avoid thermal stress,
and then held constant under these conditions for some days. After slow cooling, the sam-
bles are rephotographed and movement of the inclusions relative to the fiducial marks
is measured.

DATA OBTAINED

WIPP SITE

PETROGRAPHIC STUDIES. Fluid inclusions are a ubiquitous- component of
the salt crystdls making up the host rock at several potential United States nucle-
ar-waste repositories in salt. Results of studies by different investigators of their
mgmﬁcam.ce to the possible safety of nuclear-waste repasmtanes ranges from
“frivial” to a major concern about repository operations. A continuing study of
core from the WIPP site, and comparison with other samples, reveals that much
of the apparent discrepancy between various studiés {(and between various data
sets in this study) can be explained by the exireme variability of the amount
and mnature of the included fluids in the test samples, even in adjacent vertical
slabs from the same piece of core. Furthermore, the fluid inclusions commonly
show various types of.metastability, including both extensive supercooling and
stretched liguids under negative pressure (Roedder 1979a, 1971). Additional prob-
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lems stem from some seemingly minor details of sample preparation and labora-
tory technique that may have major effects on the results obtained. ]

The inclusions consist mainly of two types: (A) original primary; sheets and
zones of very minute {mostly << 5um) but dense populations (<Sco 1010 cem=3) outli«
ning original cubic hopper - growth stages (PL 1, Figs 1—2), and (B) recrystallized
primary: randomly arrayed, large inclusions (many in range 100 wm-2mm; Pl 1,
Figs 3—4). About 999 wof the fotal salt examined has recrystallized and forms
a matrix for small patches of unrecrystallized hopper salt (PL 1, Figs 1-—3). Most
smaller inclusions are moderately sharp negative cubes; inclusions >1 mm be-
come increasingly imregular in shape and size increases. Other inclusions occur
along grain boundaries (PL 1, Fig. 5). Inclusion water still present in the prepa-
red slabs (by optical measurement of inclusion volumes) ranged from <<0.1 4o 1.7
wt% (avg. 0.36), > 90% of which was found as >1 mm type B inclusions. One
set of 3 adjacent parallel vertical slabs from the same piece of core ranged from
0.12 to 0.73 wt.%,. Although highly irregular in distribution, the amount of inclu-
ded water is not trivial (see Stewart & al. 1980).

40-

INCLUSIONS
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Fig. -2. Homogenization temperatures (Th) for 317 inclusions from the WIPP site,

All values above 80° are beliaved to be spurious (due to .stretching); 11 inclusions homoe
genizing between 230° and - 300° are mot plotted
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The variability in  all - measured parameters within a given ~sample was
usually as large’ as that between samples; very few aspects of the inclusions
‘evealed any consistent relationship to sample depth and hence stratigraphic
level. Only one minor ‘example was found in which ‘the fluid composition chan-
s6d_systematically with growth zoning (PL 1, Fig. 6). The in situ water content,
1 estimated “from coarse intergranular porosity (now open) seen in the cores,
must be larger and may well be twice as large as the measured water content.

THERMOMETRIC STUDIES. The larger inclusions (> 100#m) - have a small
vapor bubble (0.1 to’ 0.3 vol%) most homogenize at temperatures (Th) of 20—
—46° (Text-fig. 2). This is the temperature at which expansion of the liquid in
tthe inclusions just eliminates the vapor bubble. Some type B inclusions have
one or more different birefringent crystal phases, which I believe, on the basis
of highly irregular distribution and heating stage data, to be accidentally tra-
gped solids rather than daughter crystals. These presently unidentified phases
include stubby tabular butterfly twin crystals, rounded grains, and length-slow
needles that have parallel extinction. Both A and B inclusions show Te of -23 to

PLATE 1

1 — Group of dark, unrecrystallized hopper-salt zones in essentially inclusion-free - recrystal-
lized single crystal of halite from sample 2065; See Fig. 2 for detail on group at left

2 . Detail (inverted) of area in Fig. 1, showing sharp crystallographically controlled
boundaries probably represent primary crystallization features (i.e., hopper growth)
rather than recrystallization

‘3 — One of the dark areas as in Fig. 1 showing dense cloud of primary type-A inclusions
with sohie primary banding (arrow), and sharp but curving (solution?) contact with
crystallographically parallel but almost clear recrystallized salt (at top)

4 — Pair of inclusions in sample 1902. The one on the left is a typical inclusion in re-
crystallized salt; its small bubble would probably homogenize. at ~ 40°C. The one on
the right was probably originally similar, but has been reopened via a small crack
(arrowed) and the original fluid replaced with a two-phase mixture of gas and liquid.
Such large bubbles are usually under high pressure in these samples '

5 — Fluid inclusions (gas) on interface between recrystallized salt crystals in sample 2760;
Note 120° junction . ’

6 — Two zones of compositionally different inclusions (A and B) in a crystal from sample
2617.2, photographed at the temperatures indicated (focus levels differ slightly). The
last crystals to melt in zone A disappeared at —0.1 to 0.0°C, whereas those in B melted
between —1.4 and —0.8°C, indicating compositional changes in the fluids during growth.
These are primary inclusions as both zomnes, still with consistent thermal behavior,
make a 90° turm

7 - Type-B inclusion in sample 2005.3 taken at the temperatures indicated during a freezing
run. At —75.5°C the inclusions contain a partly opaque mixture of solid grains of ice
and salts. No change was visible on warming to —34.5°C, but at +-32.2°C  the mixture
suddenly became more translucent and the grain size started to increase, indicating Te.
Extensive melting occurred around —4°C, and the remaining crystals decreased to
~ 20—25% at 09C. These were probably a hydrate but not all NaCl.2H;0, as a few were
present at +13C, and the last dissolved at +15°C. The room temperature photo was
taken after the run. The bubble size varies with phases present and temperature

8 — Group of small primary hopper-growth inclusions in sample 2699.8—2700.0, after 250°C
decrepitation run. These inclusions were similar to those in Fig. 2 originally, without
bubble, and now each has one as a result of plastic deformation of the host salt.
They now homogehize at temperatures as high as 273°C

9 — Inclusion in sample 2760 on crushing ;ﬁage. “A” ghows the inclusion as found. The
sample was then stressed and immediately cracked (crack is out of field of view here),
but the area of inclusion was still under stress, as changes took place along edges of
the inclusion within minutes at constant stress. After 18 minutes (B) the bubble is
gone (indicating collapse of the walls) and the changes are pronounced .

10 — Unfecrystallized - core of grain showing extremely fine banding of . primary inclusions.
with :inclusion-free zonés hetween. Top of core is shown, by arrow

All samplés (numbers refer to depths in feet): are from . core- from the ERDA No. 9 borehole,

WIPP site, and are viewed in transmitted plain light; Scale bars are in um
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-56°C (PL 1, Fig. 7 and Text-fig. 3). The melting of the last solid phase (i.e.,, Tm,
bresumably of a hydrate) on warming frozen imclusions occurs at temperatures
ranging from to —5 to +15°C. These data require the presence of major amounts
of - Ca .or Mg chlorides; sulfates may also be present. The high concentration of
salts  (even higher when heated) wrill greatly reduce the vapor . pressure and
increase the corrosiveness of the released fluids {see Stewart & al. 1980). Of the
many hundreds of inclusions studied, mone showed the —21°C Te characteristic
of simple NaCl solutions. Attempts at actual chemical analysis are stiil in pro-
gress. Noncondensable gas content was widely variable, even in seemingly coeval
inclusions in the same crystal: some bubbles are essentially a vacuum {i. e., they
consist of water vapor only), with << 10-14 g (i, e., < 10° molecules of gases); others
(only in B type) contain unidentified gasses under pressures o 100 aim at 20°C.
In some, this gas was held in solution in the metastable, stretched fluid. The
irregular distribution of this gas (PL. 1, Fig. 4) suggests the presence of a sepa-
rate immiscible gas phase at some time in the past.

i . Several types of irmeversible and hence - irreproducible behaviour were noted
on . heating. These phenomena were- strongly sample dependent, as well as very
dependent on both heating rates and temperatures, and hence were not adequately
quantified, Most inclusions > 1004m, and hence the great bulk. o° the fluids pre-
sent, were released by. decrepitation at atmospheric pressure in several days at
250°C. Some larger inclusions (co1 mm) decrepitated even at 60°C. This decrepi-
tation was in pamt violent, and caused extensive fracturing and crumbling of the
100-g pieces of core used, Thermal stresses from differential heating were mini-
mized, in these yuns by keeping heating and cooling rates in the range 0.3—0.4°C -
* min.~1, The. H;O loss due to decrepitation averaged 0.73 wt.; in the experiments,
the released fluids .could only lose enough water to lower their vapor pressures
to colatm. Less decrepitation and weight loss took place in runs at lower tem-
~-beratures. Many inclusions <o 100 pm did not decrepitate, even at 250°C. They
became more rounded (in part by dissolution) and expanded >o>5 vol.%/p PL 1,
 Fig. 8) by permanently deforming the host salt, because of the high internal
pressure at > Th; the increase in internal Pressure with {femperature changes
abruptly, at Th from ©20.009 to ~ 12 bars: C-} (Potter 1977). The expansion
{(and the resulting higher Th) increased with the maximum temperature attained.
Undecrepitated inelusions remaining in decrepitation weight loss runs showed
homogenization temperatures of 90—120, 110—180, and 180—273°C, for material
from runs at 150, 200 and 250°C, respectively. The expansion is also a function
of the original gas pressure in the inclusion and the confining pressure, and pro-

-k
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-60 . -50 -40 -30° -20
T first melting, °C

Fig. 3. “Temperature of first melting” (ie,, Te) for 98 -inclusions from the WIPP
site
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bably of several other variables as well. This “stretching” of the walls can take
place even at low temperatures. For example, slowly overheating an. inclusion:
20°C above its Th of 20°C caused enough -stretching to yield a mew Th of. 39°C.
Even under isothermal 20°C conditions, visible changes in inclusions volume'and
shape . took place within minutes when the host salt crystal was .subjected to
uniaxial stress below that necessary to cause a fracture (Pl 1, Fig. 9)..

THERMAL GRADIENT STUDIES. Two quite different processes need to be
considered in any siudy of migration of fluid inclusions in' thermal gradients:
(1) migration within single crystals, and (2) migration in polycrystalline salt. They
will be discussed in that order.

Wilcox (1988) summarized the extensive work (111 referemces) on the nature
and rate of inclusion movement in various substances. Most liquid inclusions move
up the thermal gradient, but if the vapor buble in the liquid is large relative
to the liquid, the movement may be in the reverse direction, down the thermal
gradient (Wilcox 1969, Anthony & Cline 1972, Chen & Wilcox 1972). The rate of
movement is independent of inclusion size in mamy systems but is strongly: (and
directly) dependent on inclusion size in others (Wilcox 1968). Even in a given
host, many factors may affect the wate of migration, such as gravity, composi-
tion and surface tension of the liquid, inclusion size and shape, host-crystal aniso-
tropy, strain and imperfections, external siress, volume percent of vapor bubble
and presence of a foreign gas in it. In salt, the rate of movement in a given gra-
dient can be expected to increase as ambient temperature, gradient, and inclusion.
size increase.

One last caveat on this problem involves the surface tension forces at the
bubble/liquid interface. The fluid motions in matural fluid inclusions due to sur-
face tension gradients resulting from thermal gradients are not only extremely
fast, but are a function of as-yet unknown compositional variables, and can
reverse with changes in the composition or the ambient temperature (Roedder
1962, 1967h). k

10 —— — : | ‘
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Fig. 4. Migralion rates of various sizes of fluid inclusions in salt sample 2061,

at 1.5°C-cm-1 gradient and the ambient temperatures indicated. Each curve is

based on:smoothed data for:a group (17 to 44) ef individual:inclusions, run for
72—252 hours. See:text for detfails
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© In.most these experiments, the rectangular sample - blocks were cut {very
carefully) parallel with the cubic (100) cleavage, but several other orientations
were: also used. All tuns were at 1.5°C - cm~l, except as noted. The positions of
the inclusions were photographed through the micrescope -against a series of fidu-
cial marks (both nearby solid inclusions and fine lines. seratched on the surface
were used). No external stress or pressure was imposed on the sample.

The largest group of data was obtained on sample 2061 and is summarized
in Text-fig. 4, the points of which were derived as follows. For a given Tun, the
observed migration rates in em yr=1 for each measured inclusion were plotted
(linear scale) against the initial volume of the inclusion in um3 (logarithmic scale).
A best-fit line was. drawn. through this data set on the basis of visual estimation.
The intersections of this line with inclusion: volumes were then plotted log-log
as in Text-fig. 4. The. original data points from individual inclusions in any given
Tun: showed -scatter that differed from one sample o another. Many reasons for
scatter can be suggested. Most inclusions had 70 bubble at the start, but all had
at temperature used. The inélusions expanded by deformation of the host salt du-
ring the slow heat-up . period and were presumably liquid-filled during the runs.

Several features of Text-fig. 4 should be noted. First, a rather uniform migra-
tion rate takes as’ inclusion volume decreases. The relatively few inclusions that
were flattened perpendicilar to, or elangated parallel to direction of motion sho-
wed t0o small deviations in rate for any meaningful quantification of  thedifferen-
ces. The rates for the rum at -260°C ambient are.o 3.5 times those found for the
other temperature runs for a given volume inclusion, The anomalously’ low rate
for the 201°C run on samplé 2061 may be a result of differences within parts
of the same samples. _ :

Several runs were made to check the possible effects of the crystallographic
orientatien of the host relative to the direction of migration. Differences up to
a factor of time were found in the rates perpendicular to the dodecahedron (110),
the octahedron (111), and the cube (100), but differences of similar magnitude
were found for different pieces of the same crystal in the same orientation, and
between samples from different core depths. Obviously there must be iother, un-
knmown factors involved, either in the crystal or the inclusjons, . '

Small inclusions (104 —108 pum®) move so little that many are below the thres-
hold for reliable detection of movement with the method (10 um). With runs
of the ‘durations used here, this threshold corresponded to rates in the range 0.01—
—01 cm- yr-1i. Determinations on such small inclusions are of little practical

interest, as usually very little of the total water content in any given salt is
present as inclusions in this size range (Roedder & Belkin 1979a). Their move-
ment, however, does have some theoretical interest. The bestfit line through the
bulk of the data on a plot of movement vs. log initial inclusion volume was gene-
Tally a straight line that appeared to intersect the ordinate at a threshold volume,
below which no movement could be detected, and some inclusions of o 105
—10% um? volume were found not have moved measurably. However, on some of
the runs, some inclusions as small as 2 X 104 um3, and hence well below the va-
rious apparent intercepts at “zero movement”, were found to have migrated small
but finite amounts, The sensitivity of the method used was oo poor to permit
quantification, but- these points suggest that perhaps the best-fit line should not
intersect the ordinate but should approach it asymptotically. '
There is also. an ihdicahion of a mpossible thermal gradient threshold for
movement, in the distribution of inclusions marking primary hopper growth
bands. ‘The banding of . inclusion-rich and inclusion-free  zomes in such hopper
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growth bands is very sharp (Pl 1, Figs 2 and 10 Although not - well - illustrated
by these particular figures, some of the boundaries of inclusion-rich zomes have
baoth large and small- inclusions aligned along these sharp edges. In view wof the
observed .differential movement of large vs. small dnclusions, if there had been
even a relatively few pm of movement of these inclusions in the mormal geo-
thermal gradient over the 25 million years since these inclusions formed, . these
sharp boundaries would be blurred. Note, however, that the effect of the small
geothermal gradient (N3><l10'5°C mm-1), driving ’r,he mclusmons downward, is
" opposed by ihe fomce of gravity, ‘which sh.otuld drive the mclusmns upward
(Anthony & Cline 19870).

At the start of this work, some rough scopmg e:qpe\runents at high amblents
andfor high gradients were set up to provide guidance for the experimental
design of $he migration runs. The temperature control and measurement were
both much inferior to those used in the runs described above, but the wvalues
obtained provide at least some mough indications of the magnitude of the effects.
Thus at ~250°C and 4°C-cm-—1, an inclusion of 5.5X10° um?® moved at 109 cm-yr~4,
and at 320°C and ©20°C-cm-i, mclusmoms as small as 6.4X104 um?® moved at
8.8 cm-yr-1, .

Most inclusions smud1ed in this work were cubic ~or meanly cublc as found.
At the end of the run, after the inclusions had moved tens or hundreds of
micrometers, they were still nearly cubic if the original volume was S<o92.7X108
pm3. Larger inclusions were quite different in shape at the end of the rum
regardless of the ambient temperature used, from 108°C -to 260°C. The advancing-.
front surface became smaller though still flat amnd "square in outline, and the
sides became curved, forming a tapered, bullet shape. The rear face remained
approximately the same size and shape as originally, but a thin sheetlike penpheral
fringe of liquid had developed on all four edges, tapering off to the wear (Pl 2
Fig. 1). It is not known, whether this shsqpe developed early in the run and
represents a dymamic equilibrium shape  or whether it was still in the process
of evolving at the end of the rums. Inclusions forced to migrate perpendicular
to (110) and (111) formed similar fringes trailing off the outer edges. Somewhat
similar trailing “veils” formed at the edges of migrating flat disk-like inclusions
in synthetic KCl (Anthony & Cline 1971).

Since gas-mch inclusions have been found to move down a thermal gzradaents
a search was made for gas-rich inclusions in the samples that were run in
thermal gradients. Only five small gas-rich inclusions were found, with 14—28 vol.
°/s gas. All five were in sample 2061 material and moved down the gradient.
toward the cold end, at rates vanging from 0.42 and 0.45 cm- yr-1 for 9.8)X108 ums?
inclusion at 108°C ambient to 3.10 cm-yr—t for 5.5X10° um? inclusions at 160°C
ambient.” This movement was mnot omly in the reverse direction from that for
liquid mclusmns, but was 1.25 to 10 times faster tham that for 11qu1d inclusions
of the same size.

" One run yielded a strange result that has yet to be duplicated, but no¢hmg
was known to be peculiar in the material used or the operation of the rTun. The
material was sample 2618, cut to yield movement perpendicular to (100). The
gradient was 1.5 cm-! and the ambient temperature was 202°C, for 156 hours,
a combination that bad been used in other runs as well. At the end of the rumn,
however, many of the measured inclusions were found to congist of the separate
parts, a small, asymmetric, dumbbell-shaped, vapcr-rich inclusion (5 vol. % of
original dnclusion) that was now on the cold side of the original inclusion location,
i.e., it had moved down-the gradient, and a larger liguid inclusion, with a vapor
bubble, that had moved up the gradient (PL 2, Fig. 1). The actual migration
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distance of the t{wo individual parts ranged widely from 15 4o 725 pm; all in-
clusions > 107 wm? in volume (12 total) had liquid moving farther than gas:
liquid moved 437 to 725 wm up the gradient, and gas moved 15 to 475 pm down
the gradient. Four of the seven inclusions having << 107 um? volume (down to
1.5X105 had gas movements down the gradient that were greater than the
corresponding liquid inclusions up  the gradient. These movements cannot be
converted to rates because the stage during the run when the splitting occurred
is unknown; if it occurred at the start of the rum, the liquid movements up the
gradient yield rafes in the same range as that found in other runs that did not
exhibit splitting. A very few of the inclusions in some .other runs showed similar
splitting, but no other run yielded such a consistent splitting, this phenomenon
is mot. understood at present, but there are several possible explanations. The
shape of the gas-rich part is also peculiar and Fig. 1 in PlL 2 shows a typical
example at the conclusion of the run; the vapor-rich inclusion consisted of two.
connected parts, a smaller, flattened, somewhat cubic rass of liguid at the front
(in the direction of the. movement), and a larger, almost spherical mass of gas
(trailing), with a narrower neck between. A similar geometry of liguid and vapor
parts of a wvapor-rich inclusion moving down gradient ha.s been seen in ADP
crystals (Wilcox 1968), but with quite differemt shapes.

The previous studies have shown that in single salt crystals under the
temperatures and gradients expected in muclear waste repositories, the bulk of
the liquid water present as ingragranular liquid-filled dnclusions would migrate
up the gradient at rates in the range of 1 cm:yr-1 As the average grain size
of much rock salt is about 1 centimeter, this movement would result in most
inclusions intersecting a grain boundary within a year. In this section, I examine
the behavior at this moment of intersection (Roedder & Belkin 1980b).

Parallelepipeds of salt that contained appropriate size fluid dnclusions near
a grain boundary were cut from core from 2,0704 to 2,070.6 feet depth at the
WIPP site. The grain boundaries (curving) mere chosen to have adjacent crystal
orientation mismatches of greater than 20°, and were marked by vermiform gas
and/or liquid inclusions and dark particles of umidentified impurities that are
normal for growth interference boundaries in recrystallized salt. These samples
were held in a gradient of 1.5°C-ecm~t at about 150°C ambient for as long as
1,000 hours; they were examined and photographed every 200 to 300 hours.

On intersecting the boundary, the inclusions (originally lquid-filled, with
volumes of 105 to 108 um?®) lost 50 o 98 volume percent of their liguid (mainly
more than 90 percent). Birefringent daughter minerals precipitated in the remaining
liquid, indicating loss of water by evaporation rather than as liquid under these
conditions. All resealed themselves to form vapor-rich inclusions and started
moving back from the boundary, down the gradient. A few split off a small, even
more vapor-rich inclusion that moved down gradient at a higher rate. In
contrast with the samples in earlier experiments {Roedder & Belkin 1979a), none
of the grain Boundaries used here were tight and free of impuritites, so none
of these inclusions crossed the boundanies. Differences between the experimental
conditions and those in an actual repcsitory preclude direct application of the
results, but leakage of inclusion fluid along grain boundaries after intersection
must be iconsidered as a valid possibility because the stress fields around a canister
can hardly be expected to reduce intergranular permeability to zero.

RAYBURN AND VACHERIE DOMES, LOUISIANA

PETROGRAPHY The res|ul¢s for samples' from the {wo domes, Raybum and
Vacherrle _were . sufﬁcxently similar that the following discussion is genera.lly
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‘applicable to both groups of samples. This lack of differences could bé merely
a result of the limited number of samples and inclusions tested.

Table 1

© Salt _samples examined

Core Box # Notes Depth (ft.)
Ravburn Dome

4-1 Dark anhydr.-bearing salt 168-170

. 8-5 Granular salt 384-385

20-15 R Equigranular salt : 1112
Coarse’ single crystal salt ) 1410
Coarse single crystal salt 1450

32-6 Coarse single crystal salt . 1781.3
("paleo-spirit level" sample)

32-7 Coarse single crystal salt; 1784.5
photographed

- 35-14 Representative coarse single 1971,

crystal salt

Vacherie Dome

1-6 Celestite crystals (from cap) 1 561
8-10 Coarse and fine salt 385
11-15 Coarse single crystal salt © | 1067.7
15-bottom Granular salt * 1325-1330

17-18 Coarse single crystal salt {curved 1432.5
) cleavage) with thin boudinaged
anhyd. seams

20-22 : "Megacrystalline salt"; slight 1625.5 {base)

oder of H2S on breaking
27-6 “Fine-grained”, granular salt 1933-1935
29-20 "Megacrystalline" salt 2083.0 (top)
39-24 Granular sait 2555857
51-15 Coarse single-¢rystal salt adjacent 3222.5

to anhydr. layer; some odor of ¢il

Detailed petrographic descriptions of these cores are being made by others
so only those features of particular pertinence to fluid inclusion study will be
“mentioned here. Table 1 lists the general nature of the samples, and since these
samples were taken in part to cover the range of lithologies, they probably are
representative of the range. Three types of fluid inclusions were found, brine,
compressed gas, and oil; brine was by far the most abundant in volume by
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a considerable margin, but compressed gas inclusions were the most numerous.
“The total volume precent of fluid inclusions evident in. these samples is low in
all. The distribution is too erratic to permit a good estimate from the available
sampling, but it would seem to fall generally somewhere in the range of 0.01
to 0.001 vol. %/o. Only very small portions of the samples examined would approach
0.1 vol. %. Some of the large single-crystal samples were essentially free of
visible fluid inclusioms. All samples contained at least a few anhydn-'ite crystals,
and some contained anhydrite-rich bands. : :

- BRINE INCLUSIONS. Some brine mclusmns occur as isclated relatlvely large
(< 1 mm) inclusions in salt, with or without an included anhydrite .crystal (Pl. 2,
Figs- 2—3). As is generally true in salt, small liquid inclusions without anhydrite
are equant negative cubes, and large free inclusions are more drregular (e.g.,
PL 2, Fig. 2). Most brine was found, however, as fillets between adjacent anhydrite
crystals, where it is difficult to recognize without strongly convergemt illumination
(Pl. 2, Figs 4—5). Under normal microscope illumination, such fluid inclusions
disappear into the black borders from total reflection at the anhydrite-salt and
salt-brine interfaces. This common occurrence of the brine inclusions suggests’
a preferential wetting, but other brine im;lmsions, even in anhydrite-rich salt, are
not in contact with any anhydrite crystal. Some inclusions appear to be stretched
out between two anhydrite crystals; it is possible that such features formed as
a result of two adjacent anhydrite crystals, with a fillet of brine between, being
pulled apart by flowage of the host salt. As these inclusions are in a large
single crystal of salt, presumably there was a subsgequent recrystallization. (Some
large, clear single crystals of salt now have strongly curved cleavage planes,
with a radius of curvature >> o> 30 cm).

All but the smallest brine inclusions contain a vapor bubble of o1 wvol. %
(Table 2). Several inclusions were found with dark or opague specks adhering
to the bubble surface; these might well be organic matter (Roedder 1972).

Unfortunately, the origin of most of the inclusicns in these samples is obscure
.at best, as the avadilable criteria (see Table III in Roedder 1976) are mostly
‘inappropriate to these samples. Many of the samples contain planes of obvious
secondary dnclusions parallel to (100) from cleavage, or (110) from shear, that
must postdate the host sal. But the large, disolated inclusions within visibly
underformed salt, on which most of the work was done, may represent fluids
from almost any part of the history of the salt prior to the last recrystallization.
Thus they could represent seawater, trapped within the original salt (as in many
bedded salts; Roedder & Belkin 1979a), which has coalesced during flowage. They
could equally well represent near-surface groundwaters which flowed into fractures
in the moving salt dome, and were trapped by wcehealing of the host crystal.
Inclusions in salt can move and recrystallize so readily (Roedder & Belkin 1980a)
that the present shape and occurrence of such inclusions provide no real clues.

COMPRESSED GAS INCLUSIONS. At least a few tiny dark specks (generally
& 1—2 wm) are visible at the contfact between most included anhydrite crystals
and the host salt (PL 2, Figs 4—7) presumably in response to minimum surface
energy. These consist of gases under high pressure. Similar high pressure inclusions
are found around anhydrite .crystals in the “popping salt” of the Winnfield salt
dome in Winn Panish, Louisiana (Pl 3, Fig, 1), and in salt “blowouts” in many
other salt domes and anticlines.

OIL INCLUSIONS. Some of the larger inclusions on the surface of atnhydrrmte
crystals are strongly colored, gemerally in browns (PL 3, Fig. 2). These are assumed
_to be oil inclusions, solely on the basis of the cclor and the odor of petroleum
upon hbreaking some of these samples. Some planes of secondary inclusions
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contained three fluids: a host fluid (brine), a tiny bubble of gas with a wvery

h lower index of refraction than the brine, and another bleb of fluid wvery

obviously higher in .index  than the .brine. This last is probably an oil that was
present in dispersed droplets in the fluid surrounding this crystal at the time

the

crack “formed. The volume percent of oil vamies widely from omne inelusion

-to another.

‘FREEZING STAGE RESULTS. The brine inclusions requl.red temperatures of

—87°C 1o —102°C to freeze; Te was mostly —21°C to —25°C, and Tm was o +1.0°C

{see’

the

Table 2). The differenice between the temperature required for freezing and
final melting temperature Tm represemts the amount of supercooling these

imclusions underwent before finally mucleating ice and salts. No freezing studies
were made of the gas or oil inclusions.

The Te data given in Table 2 (—21.1°C to —33.1°C, average —23.7°C) are the

highest values obtained in several runs on each inclusion. These were chosen
because metastable assemblages melt at lower temperatures than the stable cmnes.

Thu

s in the pure system NaCl—IH;O, the stable assemblage at Te should be.

hydrohalite (NaCl-2H;O)-ice-solution at —21.1°C, but as hydrohalite is sluggish
to form, the metastable eutectic between NaCl and ice at o~ —28°C (Roedder 1962)
is relatively easy to observe..The significance of the Te values found is that these
inclusions must contain fluids that are close to pure NaCl—H ;O mixtures. Only
small amounts of other salts are needed to make the change from —21.1°C to

the

average found here, —23.7°C, or even to the lowest temperature, —33.1°C.

In cocntrasm some unrclusnons from the WIPP site had Te as low as —56°C.

that

The values found fozr Tm (Table 2) are a further verification of the probability
these inclusions consist of essentially NaCl and H;O. The fact that these

inclusions showed at least some liquid over the range between Te and Tm is

the

result of the presence of some small amount of (at present unknown) materials

other than NaCl and ;0. The melting of hydrohalite at temperatures as much
as 24°C above the known incongruent melting point of the pure compound

(+0.

10°C) is probably. a result of the well-known and remarkable s-luggishness_ of

1 —

2 —
3 —
4
5 —

6—7

PLATE 2

Inclusions in salt sample 2618 before (ebove) and after (below) a 156-hour run
at 202°C ambient and 1.5°C-cm-! gradient. The. large inclusion has split
into gas-rich and liquid-rich parts that moved in opposite directions relative.
to the thermal gradient, which increased to the left. The original position
of the inclusion -can still be seen, outlined by minute specks ‘of unidentified
solids (see arrows). The fiduciary mark (a vertical scratch) is visible to the
left of the inclusion in the upper photo; it is almost invisible in the lower
photo, because of the illumination needed to see the (much larger) bubble,

but a series of small specks to the wight act as internal reference pomts

Scale bar=500 wm

Large irfegular brine inclusion with very small bubble (arrowed); Rayburn
1784.5’; Scale bar=1 mm

]E)I.tg.rrge1 brine mnclusmon w11;h ancluded anhydrite crystal; Vacherie 1067.7’; Scale
bar=1 mm

Group of anhydmte crystals wmth fillet of adhering brine (arrowed) takem in
strongly convergent light; Rayburn 1784.5°; Scale bar=500 pm

Same group of anhydrite crystals s F1g 4, at different level of focus,
showing another fillet of brine. (arrowed), in strongly convergent light. In
normal collimated microscope lighting, these fillets are hidden in bnoad
black shadows

— Group of semi-oriented inclusions of compressed organic (?) gas at interface
between anhydrite crystal and host salt; Rayburn 1784.5’; Scale bars=100 pm
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this compound to melt (Adams & Gibson 1930). .

HEATING STAGE RESULTS. The ‘homogenization temperatures (Th) are low,
ranging from 48°C to 111°C, and averaging 72°C (Table 2). The rather large
uncertainties in measuring the volume of drregular inclusions causes the lack of
correlation with Th. Some inclusions have maintained a metastable, “stretched
lquid” state, under neg,atlve pressure, from failure to nucleate a vapor bubble
{Roedder 1967a).

PRESSURE DETERMINATIONS. A total of >>100 fluid inclusions and o 30
solid dinclusions were tested for gas pressure, mainly by the water dissolution
fechnique. Approximately 95% of those brine inclusions that had an initial bubble

Table 2
Petrographic, heating stage, and freezing stage data on inclusions in halite from
salt domes
vapor Total Temparature /°C/”
Depth Inclusion b 5 o) First Final . .
: " ubble voluge " Homogenization
/ft/ or:.gin' Jvol. %/ /A“‘s/ me};;;g ma};;;g h
RAYBURN dome

158-170 P 9.2 W1,0x10% | -25.4 0 +0.8, +0.9, +i.1 76,74

" p 0.3 1.9x107 --

" S 1.4 1.4x105 -23.2 +2.4, #2.5 85,84
1410 p 3.2 1.3x107 =211 0.2, +0.3 100,100

" P 1.1 9.7x108 -22.5  +0.6, +0.1 --

u P 1.9 4,5x107 - - : 596
1724.5 p 1.3 1L1x105 | 22,5 0.0 54

" P 0.5 8.0x109 -24.0  -1.5, -1.4 54

" p 6.2 1.5x103 -22.0 0.0 _ 51

P 0.7 3.7x105 -23.0 0.0, -1.4 57.5

u P 0.1 7.6x103 -23.0 0.0, -1.4 55

“ p 0.7 5.9x103 -24.0 0.0, -1.4 54

" P 0.7 2.1x105 | -24.0 0.0, -1.5 43

u P 2.5 2.7x195 -24.0 0.0, -1.6 52

VACHERIE dome )

385 P 0.5 7.8x106 -26,6  +1.6, +0.9 111,110

. p 0.2 3.9x106 -33.1  +0.7, +0.5 70,71
1067.7 p 0.5 4.3x108 | -22,5  «2.1, +1.§ 109,110
S - - -22,2  -1.3, -1.7 --
1432,5 P? 1.0 §.5x100 -25.1 - -1.9, +1.3 92,93

“ -p? 2.0 - 3.2x108 -25.2  +1.9,+1.6, +2.0 89,89
3222.5 P 0.3 1.4x108 221,20 +L.9, +1.3 57,58
SR s? . 2.5 7.7x104 -21.1 +2.1, +1.6 81,82

" = primary, S = secondary /both relative to the presently enclosing salt
- crystal/.

WThe results of first and second runs are indicated for some; other, poorer

.. inclusions in someo of these semples yielded corroborative data.

dCannot be determined due to nacking down.

“Inclusion lsaked at SEOC.

Jvolumes msasured at room temperature gaffer homogenization runs.
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evolved a larger bubble, i.e., they contained gas under > 1 atm (Pl 3, Figs 3—4).
The amount of expansion ranged from. 1.4 to °° 4000 times the original bubble
'volrume, but with no recognizable systemahc relation to any observed parameter.
As even liquified gases such as CO, expand only oo 350-fold on wconverting to
a gas, the 4000-fold expansion found for one inclusion from Vacherie that was
presumed to be brine can only 51g:rufy that it originally contained not a wafer
solution, but a volatile liquid, such as hquxﬁed hydrocarbon gases under pressure,
plus a very small vapor bubble.

‘The bubble in a few inclusions collapsed completely, indicating the absensce
of noncondensable gases in these bubbles. This test is exceedingly sensitive, as
only 109 molecules (i.e., ~>10-14 g) of such gas are needed to make a readily
visible bubble several micrometers in diameter (Roedder 1970). When a solid
anhydrite crystal was intersected by a fracture or a solution front, a bubble
always evolved (PL 3, Figs 5—6). Presumably this represents the expansion of
the minute gas films and mcluswcns at the interface between anhyd:rlte and salt.
The large expansions observed suggest pressures din the range of hundreds of
atmospheres. Inclusions comtaining mainly CO, or CH, under high pressure are
probably responsible for some of the large spontaneous and disastrous mine
“blowouts” of thousands of tons of salt at other salt domes in Louisiana and
elsewhere (PL 3, Fig. 1; Roedder 1972, p. JJ43).

THERMAL MIGRATION RUN. A thermal rhigratidn of 180 hours duration was
made with a 157°C ambient temperature and a gradient of 1.5°C-cm-~1, The rates of
migration of 16 inclusions of 104+—106 ym3 volume were in the same range as
those obtained for eguivalent-sized inclusions in Salado salt from the WIPP salt
in the same experiment, i.e., about 0.4 cm-yxr-? for inclusions of © 108 ymé volume,
even though the chemical composition is very different. The similarily of these
values is of interest, as the lower solubility of NaCl in the strong bitterns present
in the Salado salt would be expected to yield sugmhcan'hly lower rates of migration
(Roedder & Belkin 1980a).

PALO DURO BASIN, TEXAS

Petrographic examination of several doubly—pohshed slabs showed that the
water in them, in addition to the integranular water (which continued fo creep
out slowly over the polished surfaces), is present in three major forms: (I) small
to large fluid inclusions in otherwise clear salt; (2) small fluid inclusions attached
to or enveloping clusters of crystals of other, birefringent solid phases (or clay

PLATE 3

1 — Anhydrite crystal in salt from Winnfield dome, Winn Parish, La, with
compressed gas inclusions (dark) at imterface; Scale bar=100mm

2 — Inclusions of dark bmown fluid, presumably oil, with vapor bubbles, (arrowed)

i on surface of amnhydrite crystal in salf; Rayburn 1784.5; Scale bar=100 pm

3 — Inclusion with high préssure gas before solution front (above and approxi-
mately parallel with plane of photograph) intersects it; Vacherie 1432.5’; Scale
bar=100 pm o

4 — Same field as Pl 8, Fig. 3 after intersection of solution front with inclusion.
All brine has been pushed out and bubble has expanded io fill the inclusion.
Total expansion 342-fold

5 — Two anhydrite crystals in salt. The solution front is advancing parallel to
plane of the photograph but has mot yet intersected the inclusions; Scale
bar=100 um

6 — Same field as Pl 3, Fig. 5 after solution front contacts these *hwo crystals;
Note large gas bubbles (arrowed) formed from almost invisible high pressure
gas inclusions
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minerals?), so closely ‘spaced that the salt is browmish or even nearly opaque .in
thicker section; and (3) presumed water in the opaque masses of clay minerals .
and other as yet unidentified hydrous minerals.

It soon became apparent that estimation of the total water confent by optical
methods will require indépendent estimation of the volume fractions of clear
salt, brown salt, and opaque masses, plus determinations of their individual
water contents. Flor estimation of the volume fractions, several of the slabs with
langer areas of clear salt were checked with a Joyce Loebl Image Analysis System.
The entire slab was viewed in uniform transmitted light, and the 64-step gray
scale adjusted to span the range from clear salt through brown, slightly clayey
salt to opague masses of clay. A histogram of the frequency of each of the 64
steps (based on averages for points on a 8-mm grid, summed from an original
250,000 sam[plmg points) showed a strongly bimodal distribution. By seiting the
instrument to discriminate between various ranges of the gray scale, one can
get reproducible area percentages for those categories. If the water content of
representative parts of each such category can then be determined by independent
methods these .values could then be combined with the image amalysis system
data to obtained total water. As clay masses will be opaque even if less than
the full thickness of the plate, this category is best quantized by imaging in
reflected light. .

A series of freezing runs were made on inclusions in material from sample
696—696.2. Some of these inclusioms fractured one freezing, since they had only
very small vapor bubbles {many are in the range of only 0.1—0.2 volume % vapor).
Inclusions that did not fracture showed Te generally in the range of —37 to —388°C
(inclusions in clear salt) and —51 40 —55°C (browa salt).

DISCUSSION OF THE RESULTS

ORIGIN AND HISTORY OF THE SAMPLES

WIPP SITE. These studies have shown no evidence of meteoric
water; the primary fluid inclusions trapped in the original salt crystals,
as they crystallized in the Permian seas, contained highly saline bitterns
that have been largely freed, and in part retrapped, during recrystalliza-
tion of the bulk of these salt beds at temperatures well under 100°C.
This recrystalhzatmn of the salt must have taken place at -several
different times, since the composition of the fluids varies from one
inclusion to another. If fresh surface waters had been introduced into
‘these salt beds in the past (as through faulting) and trapped, the
resulting inclusions would be simple saturated NaCl solutions and would
not have the bittern compositions found. Studies of the stable isotopes
of hydrogen and oxygen in the fluid of these inclusions (by J. B. O'Neil;
U. S. Geol. Survey, Menlo Park, CA) using rather large (4—23 mg)
samples .of H,O that I isolated in the ‘laboratory, “also preclude . any
direct meteoric water source. It is important to note that; at- hlgher
temperature, the: vapor pressures of bitterns such as are found in.the
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inclusions would be much lower than those of simple saturated NaCl
solutions. : -

RAYBURN AND VACHERIE DOMES. Of the three types of fluid
inclusions that there were found, brine, compressed gas, and oil (in
decreasing volume percent abundance), the brine type is most significant.
The total amount of such brine is small, certainly <<0.1 vol. % and
probably in the range 0.01 to 0.001 volume %4, but the inclusions are
highly erratic in distribution. Unlike many badded salt deposits, freezing
studies on the brine inclusions in this salt show that they contain fluids
that are neot far from simple NaCl—H,O solutions, with very little of
other ions such as Ca, Mg and K that are commonly found in large
amounts in the inclusions of most bedded salts (Roedder 1963, 1972;
Roedder & Belkin 1979a). Fluids containing these other ‘ions, whether
they be residual brines from the original evaporatlon of sea water, or
newly-formed brines from diagenetic changes among the several
minerals present in the bed, were presumably “kneaded” out of these
salt samples during flowage. (Brines high in calcium do occur in some
Louisiana dome salts.) The most significant feature, however, is not
the lack of such multi-ion fluids, but the fact that there are essentially
pure NaCl—H;0 fluids present. Nearly pure NaCl—H,O fluid in a salt
bed can have three possible origins: (1) It can be sea water trapped in
the first-formed salt crystals, before evaporation and crystalhzatmn
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 in the past and
been trapped.

The third possibility has the greatest pofential importance to the
possible use of these domes.for nuclear waste storage. At the depth
from which these originally bedded salts bave flowed to form these
domes (oo 10—12 km), the fluids in the pores of the surrounding sedi-
ments were almost certainly highly saline formation waters, with
significant ions other than Na and Cl. But during the rise to the
surface, the salt dome must have penetrated aquifers with essentially
fresh water. If fractunng occurred during this rise, or subsequently
(and the age of these inclusions is unknown), fresh waters could enter
the salt and become trapped. The corollary is what if this happened.in
the past, it might also happen in the future.

The homogenization teraperatures found, both for WIPP salt and
for these two domes cannot be related to formation temperatures. In
addition to the problem of estimating a pressure correction, (were these
inclusions formed at the time of the original deep burial (o 10—12 km),
during the salt dome ascent, or in essentially the present sample loca-
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tions, after dome stabilization?), it is almost certain that some permanent
deformation of the inclusion walls from internal pressure can be ex-
pected for any inclusions in salt that have been moved from a higher
to a lower external pressure. The expansion of fluid inclusions in salt
from internal pressure on everheating for days (or ‘even minutes) in
the laboratory (Roedder & Belkin 1979a) proves the plasticity of salt
under these conditions, and hence the present homogenization tem-
peratures might only represent some rather arbitrary “quench” condi-
tion after a long period of sequential “anneals”. As an exXample, one
rather large inclusion from Rayburn - (volume 2:2X107 pm3) that ori-
ginally had a small bubble (0.1%) never did homogenize. The bubble
was larger at 230°C than at room temperature, due to this permanent
deformation or stretching of the walls. This inclusion also contained
gas under pressure.

PALO DURO BASIN, ‘Relatively little has been done with these
inclusions but they appear to be rather similar to those from the WIPP
site in. many aspects. As even similar-sized inclusions in clear and brown
Salt show major differences in Te, they must result from real composi-
‘tional differences . and require that different fluids must have been
present at different times during the history of these samples. The
values in the fifty-below range almost certainly require high concentra-
tions of calcium ion.

WATER CONTENT OF SALT

‘The in situ water content of salt in beds or domes, and the exaét
nature of its occurrence, are of considerable importance in several
aspects of the design and operation of -nuclear-waste storage facilities
in the salt. Thus, determinations of the water contents of salt samples
from virious prospective sites are needed early in the site evaluation
and'-selection process.' Many such determinations have been made by
a wide variety of physical and chemical methods. However, the problems
of the determination itself have sometimes been considered trivial or
routine. Roedder & Bassett (1981) believe that most determinations of
“water” in salt are not truly comparable, that many contain serious
and, in part, systematic errors, and that the results are generally on
the low side, some by as much as order of magnitude. These problems
arise from a combination of the multiple sources of water in the samples,
and the sampling, sample preparation, and analytical techniques- used.
Unfortunately, there s no panacea. -

The total water present in a given 'small sample can be determined
by various ‘existing chemical methods. Such determinations may have
high precision: and may yield. accurate results but are subject to two



128 E. ROEDDER

major short-comings: (1) their validity is seriously limited by the
difficulty in obtaining a . truly representative sample and by changes
in this sample during sample preparation; and (2) even if the sampling
and analysis are both correct, an analysis for total water by itself is
not very useful. Water is present in rock salt in a variety of forms,
and each form may behave differently under the possible conditions of
a nuclear-waste storage facility. Hence, each of the major forms present
in any given sample must be determined. Most water in rock salt in
situ is present in: (I) hydrous minerals (clays, hydrated salts, etc.),
(2) intergranular pore fillings, and (3) intragranular fluid inclusions.

The amount of ‘water present in hydrous minerals can be calculated
fairly accurately from mineralogical data. The result can sometimes be
verified by thermogravimetric analysis or differential thermal analysis
on the bulk sample, but water from both opened and unopened fluid
inclusions in the sample can make this verification ambiguous.

Intergranular water includes water in “pores” having a wide range
of sizes, from microinclusions on grain boundaries to brine pockets
having volumes of many cubic meters; its distribution is extremely
erratic. Microinclusions on grain boundaries are still present when
cores are pulled from the corebarrel, but their rapid loss is plainly
indicated by the white efflorescences that commonly form, outlining
grain boundaries, on core that has been exposed fo air. The resultant
water loss is small, however, compared with that from the larger
“pores” (o1 cm) that are evident as cavities on some core surfaces.
Simple volume estimates indicate that the emptying of a few such
“pores” during coring can greatly diminish the amount of intergranular
water determined by analysis. Larger brine . pockets compound the
problem.

In the analysis of water in rock salt, many researchers have used
heating times or temperatures that were inadequate for the release of
all the water bound in hydrous minerals and, hence, obtained values
that were seriously in error on the low side. Even a thorough TGA or
DTA study of mixed hydrous phases isolated from rock salt may be
_difficult to interpret due to the wide temperature ranges over which
water may be released from some: Thus, the start of dehydration of
gypsum overlaps that of some common smectite clays, and the total
range for dehydration of clays includes practically the entire range for
that of most other minerals common to salt deposits (some even
require temperatures > 800°C). Furthermore, if these minerals are not
physically separated from the salt before analysis, water released from
fluid inclusions adds to the ambiguity.

. If clay or silt is present in the rock salt cores, long heating times
may be necessary . for. dehydration. Thus. cne 255-g segment of silt-
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~bearing rock salt core from the Palo Duro basin, Texas, showed con-
tinued weight losses that were almost perfectly linear with time,. even
after 232 hours in vacuum at 300_—352°C (Text-fig, 5'). The inset on-
this figure shows that even small samples of powdered material from
this core take over 1 1/2 hours to reach equilibrium weight loss,  both
at 35°C and at 350°C.
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Fig. 5. Weight-loss curve of a silt-bearing rock salt drill core from the Palo Dure

Basin, Texas (depth 2604.5—2604.7 ft). The entire piece of core, 10 em diameter

X10 cm length, was first dried in air at 32—35°C for 122 hours (to point A).

A small part {probably not representative) was powdered and o 2 g heated for

82 additional hours (inset). Amother intact 255 h piece of the core from A rwas

then held in vacuum at the temperatures indicated, for an additional 301 hours.
The weight idoss is believed to be mainly from evolution of water

Intragranular water in fluid inclusions presents a sampling problem
that is similar to that for intergranular water, in that a few large in-
clusions can be equal in volume to milions of small ones. Furthermore,
the distribution of such inclusions is extremely erratic, even in adjacent -
l-em-thick slabs cut perpendicular to the bedding. Simple heating has
been used to determine intragranular water, and the. heating-of larger
chunks for weight loss (or recovery of evolved water) may" help to
minimize this sampling problem, but it wili generally give low results,
for several reasons. For example,  some fluid inclusions in salt de.
crepitate- at low temperatures, but ' if the heating rate is sufficiently
low, the inclusions may stay sealed and ‘simply cause the host salt to
exXpand by plastic deformation without release of water, even if the
salt contains 1% inclusion water and is heated to 250°C (Pl 1, Fig. 8).
Several other studies report . that the salt ‘was. ground to a powder
before being sampled for water. analysis; such grinding will release

9?
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most of the inclusior water;* and, depending on ‘the relative humidity
of the laboratory air at the time, can result-in serious water loss or gain.
- No amotint of analytical precision or dceuracy:can correct. for a non-
-representative sampling, and- increasing sample size is the easiest pro-
cedure to minimize this sourceé of trouble. The erratic distribution’ of
water requires that large samples (kilograms, or even tons) be removed
from the site, crushed, and quartered down to a representative sample,
all without water loss (or gain). The crushing and quartering could be
done in a drybox, while gas flows and desiccant monitors indicate total
water loss during the process. Aliquots of this sample could then be
analyzed by various methods and a correction made for losses in the
drybox.,.Although this procedure would be time consuming and. ex-
pansive, the importance of valid water determinations may make it
worthwhile.
_ Bedded salts frequently contain over 1o water as liquid inclusions,
and may have over 2o total water. Domal salts have one or more
orders of magnitude less:water than bedded salts, but both are charac-
terized by extreme variation from one point to another.

EXPECTED BEHAVIOR DURING A THERMAL PULSE

The specific behavior of any given type oI water during repository

operation .will certainly vary widely with the many site design and
repository- parameters. _Extrapolation from theoretical or laboratory
studies to a real site is difficult indeed. However, certain features of
the expected behavior can ‘be '_outlinéd, at least qualitatively.
“" Water in hydrous minerals can be ‘expected to be driven out of the
mineral structures near the laboratory-measured dehydration tempe-
ratures .in air,. The actual temperature at which this occurs-in the site
may . be lower, because of the much _longer heating times, or higher,
from the external c_o_nfihing pressure and the presence of intergranular
brines on the grain boundaries. ' ' '

Intergranular water could flow into the. site openings as a. result
of the hydraulic gradient or lithostatic pressure; salt permeabilities are
generally very low, but some of .the brine seeps in 'salt mines might
well be-a result of just such movement. These. fluids may come either
from compaction of clay  masses, or. from. squeezing -out liquid. films
between salt crystals. This fluid is. also -available to.flow along any
other avenues’ of pressure release -such as _fraé’cures that may form
during operation of the.repository.

Intragranular fluid needs to be distinguished - from intergranular
fluid because it is not immediately available for such -movement.in
a pressure gradient. However, most fluid inclusions in halite will move
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will 'lose its. contents to the grain boundaries (i.e.,- adding to the inter-
8ranular fluid).as. soon as it contacts one (Roedder & Belkin 1980by)..
The application of the single-crystal migration dats to ehgineering

the bulk of the water was bre'sent in the relatively few inclusions

™1, mm on an edg_e..___'Helriiqe,'_)the“ naximum migration f__rat'es found here
(i.e., those. for 1. mm? inclusions) ‘are ‘the most nearly ‘appropriate for
calculating g minimum total rate of influx into a canister chamber., _
Perhaps - the most important “aspect of the present work is the
discovgry_t_hat different samples from the same core, and even different

of factors that are mainly ynknown at this time, they ‘may be stopped,
they may cross the ;'bot_i,gdéry, or they may leak out along the boundary.
The route taken by the fluid after-an inclusion leaks out into a grain
bou'ndary_-' is"'a - complex’ “process that  is -difficult to quantify with
Mmaningtul experiments, due_to'the “uncertain- effects of nonuniform
thérmal and ‘méchanical stress fiélds on the boundaries.
o Ue 8. Geological Survey,
National” Center, Mail Stop 959,

Reston, VA. 22002. 1752
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ZASTOSOWANIE BADAKN INKLUZJI DO PROBLEMOW ZWIAZANYCH
Z PRZECHOWYWANIEM ODPADOW NUKLEARNYCH W ZX.0ZACH SOLNYCH

(Streszczenie)

Badania inkluzji fluidalnych w prébkach soli ®l. 1—3) z killu proponowanych
miejse brzechowywania odpadéw nuklearnych (tab. 1), z zastosowaniem zamrags-

wykazaly, ze zawartogé wysoce aktywnego chemicznie roztworu w inkluzjach zmie-
nia sie od < 0,1 do 1,7% 'wag. Probki. Roztwor ten moze brzemieszezaé sie w polu
termicznym spowodowanym np. przez obecnosé odpadéw nuklearnych z predkoseig
nawet powyzej 5 cm/rok (fig, 4). Stworzenie uzytecznego teoretycznego modelu
efektow spowodowanych przez obecnos$é w zioiu solnym pojemnika z radioaktyw-
Ny zawartoscig wytwarzajaca cieplo nie jest obecnie mozliwe ze wzgledu ma zbyt
wiele czynnikéw wplywajacych w réZnym stopniu na bredko§é migracji inkluzji
roztwory oraz z powody obecno$ci wiody w zlozu, takize w innych miz inkluzje
formach (fig, 5). Natomiast bez takiego wiszechstronnie sprawidzonego modelu
umieszczanie odpadéw radiocaktywnych w zlozach solnych moze spowodowaé bardzo
znaczne skazenie wod podziemnych, :
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