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ABSTRACT

Rock salt was heared and irvadiated in sitie by implanted
radivactive wasies during the Project Salt Vault experi-
ment, which was carried our ar Lyons, Kansas, fn the aban-
doned Carey Salt mine between 1963 wnd 1967 Per
rographic examination showed that irradiation resuited in
colarasion of the salt, producing colors ranging from blie-
black nearest the radiation source, ro pale blve and purple
Javther from the source. Bleached areas are commaon in the
radiation-colored salt, many representing irails produced
b the migration of fiuid inclusions towards the hear source,
During laboratory radiation studies, it was found that these
bleached areas frequently colored much less readily than
ordinary colorless sult which had not been irradiared previ-
ousfy. Thiv vhservation, and the relarionship between pri-
mary chesron structures and migrated fluid inclusions,
suggests that the bleacked trails represent the total amount
of migration of the inclusions from the beginning of Preject
Salt Vault, until the ambient remperature wuas reached
after the conclusion of the experiment.

INTRODUCTION

An important factor to consider before the storage of
radivactive wastes in salt can be initiared is the degree 1o
which heating and irradiation will cause major changes in
erystal structure and petrofabric of the salt. The main
objectives of this investigation were to determine the gen-
eral nature of the radiation damage caused by the gamma-
ray component of the high energy radiation in salt, and to
study water migration within the gamma irradiated salt.

The salt exumined was irradizied in sitw during the
Project Salt Vault experiment. This experiment, spon-
sored by the Atomic Energy Commission, was carried out
primarily by personnel from Oak Ridge National Labora-
tory, between November, 1965 and June, 1967 in the

abandoned Carey Salt mine af Lyons, Kansas (Fig. 1) The
salt beds in this mine belong to the Hutchinson Salt Mem-
ber of the Wellington Formation, Leonardian Stage,
Lower Permian. This member is composed of salt which
is 87.5 percent pure and consists of units of interbedded
salt, shale and anhydrite, and units of relatively pure salt.
The section mined for the experiment is i relatively pure
salt, with minor amounts of anhydrite.

Project Salt Vault was 8 demaonstration of a method for
the disposal of high level radinactive wastes, The aims of
the experunent were te demonstrate waste handhing egquip.
ment, and to determine the effects of radiation up toa dose
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Figure 1. Iap of Kaensas showing area and th:ekness of the Mutchin:
son Sal't Member of the Wedingior Farmation,
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of 10® rads in salt at temperatures berween 100 and 200°C,
Preparation in the mine included the excavation of four
rooms, and the drilling of seven holes in the Roors of three
rooms (Fig, 2). Of these three rooms, cne was used for the
main radicactive array, another for an clectrical heating
experiment, and the third for a subsidiary radiation study.
A can contaming two Engineering Test Reactor fucl as-
semblies was placed in each of the holes of the main array.
In crder to increase the radiation dosage received by the
salt, the assemnblies were exchanged every six monaths for
freshly irradiated assemblies, Further details of the design
and preparation for the demonsiration were presenled at
previous symposia (Empson, et al, 1966, 1969},

During the Project Saki Vault experiment it was found
that more water entered the array holes than had been
anticipated. This water is thought to have been derived
from fluid inclusions within the salt which migrated 1o-
ward the radiation sources. If sait beds are to be used ag
a repository for radicactive wastes, such migration
presents a possible hazard, On entering the array holes
water would become contaminated with dissolved radio-
active waste. Further migration of this water could lead ta
contamination of the waler supply. One of the main objec-
tives of the study was to try to determine to what extent
migration of fluid inclusions occurred during Project Sakt
Vault, and how the migration was affected by the radia-
tion field.
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Figure 2. Layout of experimentsi area in Sarey Saft mine, Lyans,
Kansas (fram Empson et 3i,, 1966},

Oriented vores of salt irradiated in sitw during the
Project Salt Vaulr experiment were cut in August 1971,
The cores were cut at an angle of 45° on the outside of two
holes of the main array, entering the holes 2.7 m below the
mine fioor. Each core is 10 cm in diameter and has been -
cut intx quarters lengthwise {Fig. 3} Quarier B from hole
2 was used in this study. The core was studied from itg
intersection with the array hole to a point 90 cm along its |
length. This corresponds to O to 65 cm from the array
hote. Radiation-induced ¢olor is seen between 8 and 63 ¢m |
along the core {45 ¢m perpendicular to the array hole),
The main part of the study was concerned with petros
graphic examinatiou of thin sections. In addition, sma
pieces of irradiated sali were studied under a scanning
electron micrascope, and a series of thermoluminescence
glow curves was run on both irradiated and unirradiated
salt. Before thin sections were preparsd, the core was
embedded in bioplastic to which & small amount of red dve
had been added to aid its recognition in thin section. Shcey
were cuf from the faces of the quarter of the core, mounted
on micro shides, and ground dry with sandpaper. Low
magnification photographs were taken of thin sections bes
fore they were studied in detail under the microscope, in
case transmitted light caused any bleaching of the radia-
tion-induced color. Later, thermoluminescence studies
showed that a temperature of at least 300°C is necessary
for decoleration. Tr can therefore be assumed that ng
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bleaching or change in color occurred during the prepara-
ponr of thin sections or during petrographic studies.

PETROFABRICS

15 thin section, rock salt is colorless, sotropic, and
shows low relief. Salt from Lyons is composed of anhedral
grains of halite from S to 30 mm in diameter. The grains
may be clear or cloudy, depending on the number of fuid
inclusions. The main impurity is anhvdrite; in addition
small amounts of clay minerals may be present.

Coloration of salt

It is well known that irradiation of salt results in
coloration of the crystals. In salt irradiated in situ during
the Project Salt Vault experiment, the radiation-induced
color varies with distance from the array hole. In the core
examined, salt nearest the array hole is blue-black in color.
Further from the array hole, the intensity of the blue
coloration gradually decreases, the salt being royal blue at
17.5 cm from the array hole. The saklt ranges from purple
1o pale purple berween 22.5 and 45 cm from the array
hote. Small patches of purple salt occur in the dark blue
sait, but blue coloration was not observed i the purple
salt,

The blue and purple colors ohserved in trradiated salt
are due to the scattering and absorption of light by parti-
cles of colloidal sodium. The formation of these particles
was discussed by Przibram (1936, p. 86-90). Light is scat-

ered and absorbed by the colloidal particles, producing
shades from pale purple to blue-black. The purple colors
are due to the presence of particles between 2040 mp in
diameter, and were observed between 22.5 and 43 em from
the arrayv hole. The blue colors are due to particles be-
tween 40-80 mu in diameter and were seen between 0 to
22.5 ¢m from the srray hole.

The existence of different sizes of colloidal particles was
further confirmed by data from thermoluminescence stud-
tes (Holdoway, 1972). Samples of irradiated salt were
heated at the rate of 1°C per second and the intensity of
luminescence recorded. During the heating of dark blue
salt, two main peaks were recorded, one at approximately
400°C, corresponding 1o bleaching of the dark blue color,
and one between 320-360°C, corresponding to bleaching
of the purple color. The temperature necessary for bleach-
ing was found to vary with rate of heating, and the dis-
tance of the sample from the radiation source. This
varigtion in temperature of bleaching is further evidence
that the radiation-induced colors are due to colloidal par-
ticles, the size of which depends on the total gamma radia-
tion received by the salt crystals.

During the Project $alt Vaull experiment, tempera-
tures did not exceed 200° C at the wall of the array hole,
and were considerably less than this further from the array
hole. Thus hearing does not account for the many
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bieached areas which are observed in the salt. Other mech-
anisms which could lead ta bleaching of the radiation-
induced colors include: 1) recrystallization, 2) oxidation of
sodiam colloid by oxvgen or chlorine radicals, and 3}
diffuston of OH . The first two mechanisms are of particu-
{ar importance in this study. Jenks (1972} has shown that
the migration of fuid inclusions will bring Cl- or Cly-
into contact with colioidal sodium in solution in the brine
cavities. A reaction would be expected 1o ocour between
these twa species, and salt precipitated bebind the migrat-
ing inclusions should be more or less {ree of radiation
damage.

Preibram (1956, p. 42-43} stated thar Haverfield ob-
served color in salt which had been stressed by pressures
from 300 1o 5000 kg/em?®. No bleaching was reported to
have occurred. The increase in stress in the salt due to
heating and irradiation and the preparation of thin sec-
tions may have caused the migration of defects to certain
areas, such as slip planes, but it is unlikely that any bleach-
ing occurred as a result of stress applied during the experi-
meni or the preparation of sampies.
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Formation of feid inclasions

Fiuid inclustons cceur within aegative crvsials in the
sodium ¢hiorde 1 i : ara svrtnally cubic,
and represent arezs where geowih did not eceur during
crystaliizatian. The cavites may 5o be cubac at ihe time
of formation, bur rearrsngement generully occurs alter
crystallization until the cubic form is asrained, and they
are in equilibriim with the lattice. At the time of forma-
tiom, the negat filied with brine. Ad lower
temperatures the bguid contracts, fornung s vactoke with
& partial vacuum.

Fluid inclosinns may he prisury or secondary, Those
formed during rhe precipitation of the salt crvstals from
sotution are primary and contain brine from which the salt
crystallized, Secondury incluginns are common where
erystafhization hus oconrred along cracks and fractures in
the salt. The size, abundance, and arrangement of primary
fluid tnclusions is variabic and reflects condinons during
erystalitzation of the selr Ranid depritic growth may
result in the trapping of numerons small iyuid inclusions,
whereas stow growia may ead to the teapping of few
larger inclusions.

tve cryalaks ar

in the core exannsed from the nune at Lyons, bands of

cloudy sall with abundant melusions and bands of clear
salt with few inclusions have been observed. The inclu-
ston-rich bands ars iafrequent acd 1hin, and show small,
numerous inclusions whieh are offen arranged ia chevron
strictures. Such chesvron structures represent a primary
growth feature of T rystals and indicate that recrys-
tallization has not {:Jikff.!'; siace. Chevron structures have

beent chserved by Wardlaw and Schwurdiner (1966) in
Pevonian salt from S e~£m chewsn. They observed grains
with chevron sirtetees ehungated perpendicular o bed-

ding which appear io have grown upward from the bottom
of the basin, However, chisvron siructures in the Lyons
salt lack orfonisnca, and i s more probable that they
represent parts of hop :;:-."yxm‘c which grew floating on
the surface of the b ¢ manner proposed by Dellwig
(1953) (Fig. 33 The grains showing chevron structures
gencrally have zn inclusion-ree rim, suggesting that these
gruins were formed by menis of hopper crystals sink-
ing and acting us nuchs for further crysintiization. Most
growth of sult probably occurred on the botiom of the
basin, by crystailization i3 nse hrings, salt crystaliiz-
ing in this way being relatively inclusion-free. Inclusion-
free salt could also be the resull of post deposttional
recrystallization,

Effects of heating and kradiztion on salt containing
finid inclusions

Experimental work, Bradshaw and Sancher (1968)
have shown that the orcation of » theremal gradient across
salt crystals with, airons of Buid inclusions. Incly-
sions with fess than ten percent vapor migrate toward the
heat source, and those with more than fen percent vapor

Figure B. Photomicrograph of & thin section showiag & pyramidal-
shaped hopoer crystal from e Saiine Sait of Michigan {from Dell.
wig, 18658}, X $4.2

migrate away from the heat source {Anthony and Cline,
1972). In the sample studied during this invesiigation,
migration appears to have occurred almost exclusively
toward the haat source. The solubility of salt increases
stightly with increasing remperature. Thus the wall of 2
flwid inclusion nearest the heat source will be dissolved
preferentially by the brine within the inclusion and be
precipitated on the wall of the inclusion furthest from the
heat source. This mechanism will result in the migration
of fuid inclusions up the thermal gradient. Movement
would be expected to gecur o a straight line towards the
heat source, as the effect of the thermal gradient is greatest
in this direction. Anthony and Cline {1970} have shown
that large inclusions migrate more rapidly than small
ones, the rate of migration being controtled by the kinetics
of dissolution and deposition at the cavity walls, and that
inclusions below a critical size do not migrate.

The migration of fuid inclusions in irradiated salt has
been duestlgated by Jenks (1971). He stated that radiation
results in the breakdown of molecules present in brine,
with recombination of ions occurring to produce new
chemical species such as H,, O,, Cl,, C10,, within the
cavittes. Oxidizing and reducing agents are introduced
into the brine as migration takes place. The oxidizing
agent corresponds 1w Cl,~ ands/or Cly-, while the reducing
agent is derived from colloidal sodium and can be treated
as a hydrated electron, e, When these species enter
solation in a brine cavily, the colloidal sodivm may be
oxidized and thus dispersed, and colorless sali with few
defects may be deposited on the back wall of the cavity.
In this way, a bleached trail could form showing the path
of migration of a fiuid inclusion throngh irradiated salt.

Bradshaw, ct al. {196R) investigated the effect of tem-
perature on salt from Lyons and Hutchinson. They found
that salt decrepitates ut around 280°(, releasing a cloud
of steam. They also found that negative erystul cavities
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undergo permanent volume expansion on heating, because
the expansion of the fluid in the cavities is greater than
that of the surrounding salt. The increase in volume is
proportional 10 the temperature, being 7.5 percent at
225°C. Jenks (1971, p. 228) stated that cavity expansian
fuvors the formation of a gas-vapor phase within the cavi-
1ies,

Evidence for the migration of fluid inclusions. Thin sec-
tions from the core reveal many bleached arcas in the
radsation-coicred salt. The bleached areas vary in shape,
but in vertical sections many are roughly rectangular in
form with their longest dimension perpendicular to the
array hole. In horizontal sections only parts of the
mieached areas mayv be seen, thus vertical sections weye
ased predominantly in the petrographic studiss. The
bieached areas generully have one or more fluid inclusicns
at the array hole end, and appear 1o be tratls showing the
path of migration of fuid inclusions toward the array hole
(Fig. 7).

These visible trails could have been formed by the mi-

gration of inclusions during 1) heating and irradiation of

the sall, 2} the cooling stage of the experiment, or 3} a
combination of both 1) and 2). The patierns of bleaching
within 2 grain depend on the stze, number, and arrange-
ment af the fluid inclusions. Thus, the primary structore
of the salt 1s jargely responsibie for the pattern of bleach-
ing observed. Little migration across grain boundaries ap-
pears (o have occcurred. Trails produced by the migration
of single, isolated Auid nclusions are observed i all el
ored paris of the core. The size of a trail depends on the
original size of the fluid inclusion, and the distance of the
inclusion from the array hole. This dependence mukes it
difficuit to estimate the rate at which migeation occarred,

In the cloudy bands of salt as much as haif of the sak
may be bleached. Bleached areas are crowded with small
Auid inclusions, which are frequently arranged in chevion
structares (Fig. 6). Small traals may be seen cntering aor

Figura &, Photomicrograph of & thin section shicwing relics of chev-
"GN Struciuces, Some fiulg inciusions appear o Aaue migrated to-
wards thic array hofe (28 om from the array hole). X 12
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migration af ki .-3'
from the array nolel. ¥ 4

teaving the large bleached patches, with their longest di-
nrension perpendicubar 1o the areay hoie gad a single in-
clusion at the array hole cvd. Thisshows that the direction
of migration wus .hru: fy chﬂ?ﬁ» ihe array hofe (Fig. 8).

Clasters of < S wd streams of barger inclu-
sions occur within the biﬂzzchcd areas. The clusters form
remuants of chevren structares. Dilferem ::;ng‘*‘tiun rates
of mclustons, resulting frons varlsiionss b size and thermal
gradient, coeld roudily have prvioced the observed pat-
terms §Tom chevron siraetores {4 and Chne, 1970).
It appears that the lureer inciusions o & chevron structure
were able to migrate, and moved awey Trom the cheveon
structure, and very small nelusions were cither unable o
migrate, or migruted 4 very xmall Lgst.;-a.nc.e, presarving the
chevrom struchire. Z’ﬁﬂ}t‘.d!\ﬁf&}‘, »nt 10 the array hole,
the bleached patehies show sireams of fuid laclusions, The
inclusions are numercas ajong the lengik of the trails, but
are particularly abundan 2t the array hole end (Fig. 100,
Small inclusions often acour in clusters, particularly af the

Figure 8. Phorogragsr of & un
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Figure 9. Phatagraph of & thin section showing large bleached areas
afid secanrdary anbydrize (top left] [0-4 o fram the array hole}, X 2

ends of the trails furthest from the array hole. In some
cases, relics of chevron structures may be seen, suggesting
that the streams of inclusions inside the bleached areas
may be derived from chevron strucrures. These structures
could have been destroyed by the migration of constituent
inclusions under a high thermal gradient. This theory is
supported by the fact that the larger inclusions occur at
the end of the trail nearest the heat source, and clusters
of tiny inclusions occur at the end of the trail furthest from
the heat source. The occurrence of chevron structures in
adjacent grains indicates that the inclasions forming the
trails probably originated within this area and were not
derived from grains further from the array hole.

Clear bands of salt with few inclusions display differeat
patterns of bleaching. In a clear band of salt beiween 16
and 21 em from the array hole, large bleached trails occur
which show boundaries parallel and perpendicular to the
array hole. These boundaries are straight and sharply de-
lineated {Fig. 11}. Few inclusions are observed within

Figure 0. Phoromicrograpty of large bleached. areaa ciasest to the
apray hAgte (Figura 2) showing parsialfy biesched istands and strepms
of fiuid inchusinns. X 14

these bleached areas, and these trails may have originated
from the migration of a single fluid inclusion which coul
subsequently have spiit up into smaller inclusions and/of
have been dispersed along grain boundaries. These trajl
ocear in graing where the walls of the fluid inclusions
paraliel and perpendicular to the array hole. The precise
orientation of the bleached trails and the inclusions sug
gests that these grains may have recrysiallized due tﬁ;
heating and irradiation. :
In a clear band of salt between 12 and 16 cm from
array hole, the bleached areas are very irregular in mi{ime
(¥Fig. 12). The boundary on one side of a bleached
may be straight and well defined, whereas the bcunﬁ
parallel o it may be irregular and indistiner. Few ing
sions are seen in the bleached salt, or in the surroun
salt. Those that do occur are 0.3 mm or less in diaméter
and are not usually oriented with respect to the array |
Cleavage planes in this horizon appear to show some!
tortion, being offset along their length. The above evid
suggests that some plastic deformation oecurred he
12 and 16 cm from the array hole.
An anomalous bleaching pattern with dendrmc o
was observed throughout the core, but i pamcq
prevalent in pale purple salt. It is composed of an'4
tamosing network of thin bleached lines. The netwg
in many places, connected by several branches (o a;
boundary and also is commonly in close proximity:
anhydrite mass (Fig. 13). In some cases, particularly
the array hole, tiny inclusions are seen along the indi
ual branches of the pattern. The pattern is very irreg
showing no particular orientation, but horizontal se
show that it is three-dimensional. This partern ma)
been formed by water molecules migrating away i
grain boundaries. Recrystallized anhydrite impli
water was present as a transporting medium. This-wok
explain the association of anhydrite with the den
pattern. Smalt amounts of water may have been pro
from the dehydration of small amounts of clay mi n
In conclusion, the major patterns of bleaching obs
appear to be determined by the stratigraphic po
clear and cloudy bands within the salt. Cloudy
contain numerous inclusions which are frequent
ranged in chevron patterns, whereas clear bands
relatively few inclusions.
Effect of migration on the shape of fluid mm’
Fluid inclusions in most grains are not oriented wi
cavity walls parallel or perpendicular to the array ho
Migration of these inclusions occurs as in the ide
pierare, with salt goimg into solution at the wall;
cavity nearest the array hole. In unoriented inclusi
this may lead to an apparent rounding of the cavity
inclusions appear rounded in thin section. Some of &
are larger than surrounding inclustons, and may
formed by the coalescence of several inclusions. LA
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Figura 11. Photograph of a thin section showing bizeched trails
with oirarght, reguiar boundaries. Slip planes are visible in the top
left corner. Aahydrite oceurs along e grain boundaries (17-21 &m
fram the orray holed, X 2

inciusions migrate faster than small ones and thus may be
more susceptibie to rounding of the corners, Many wnori-
ented inclusions appear truly cubic, however, These may
have migrated more slowly, or returned to the cubic form
more rzpidly than the rounded inclusions.

Grain houndaries and migrating fluid inclusions. Few
trails formed by migrating fAwd inclusions are continuous
on either side of a grain houndary. In most cases, it ap-
pears that the inclusions have not traveled far enough to
reach a grain boundary. Of those that do reach a grain
boundary, most appear Lo lerminate at this surface; only
atew cross into the adjacent grain. Some of the large trails
terminate ai & grain boundary and, as discussed above, the
firid inclusions may have been dispersed along this surface
{Fig. 11).

The common accurrence of primary chevron structures
and the close association of streams of inclusions which

Figura 12, Photograph of a thin seation showing irregelar ieached
trais. Seesedary anhvdrite oocurs in radiating wlasters £§2.1% om
rom the array hoie b, X 2
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appear to be derived from these structures suggest that
there has been little migration of inclusions across grain
boundaries. Cline and Anthony (1971) have examined the
thermal gradient necessary for a migrating floid inclusicn
to overcome grain boundary tension forces. The thermal
gradient from array hele 2 into the surrounding salt is
shown in Figure 4. Unfortunately, in areas where the
thermal gradient was high enough for migration across
grain boundaries to have pecurred, the grain boundaries
are difficult to distinguish due 1o numerous cracks formed
during cocling after the experiment, and large amounts of
anhydrite fithing such cracks (Fig. 9),

Interpreration of chronology of bleuching und migration
The migration rates of fud inclusions have been calcu-
tated by Bradshaw (1971) and Jenks (I972). As explained
above, difficalties were encountered in measoring the
iength of bleached trails and therefore in estimating mi-
gration rates of inclusions, It seems probable that the
bieached trails represent the total distance of migration of
inclusions from the beginning of Project Salt Vault uniil
ambient temperajures were attained after the cooling
phase of the experimeni.

Figure 3. Photomicrogrash shawing the dendritic bleached pattern
msocred walh @ grain boundaty and sesondary anhydrite {20 om
trom the sreay hole). X 2

It was thought that evidence for the migration of inclu-
sions during heating and irradiation would not be visible
in thin sections, as it seemed likely that any bleached salt
formed during irradiation would immediately be recol-
ored. However, tiny Inclusions forming remnants of chev-
ron structures appear to show litile, if any, evidence of
migration during the experiteent. The close proximity of
the chevron relics and the streams of larger inclusions
suggests that migration across grain boundaries has oc-
curred infrequently, and therefore the trails seen may rep-
resent almost the total distance migrated by inclusions
since the beginning of the Project Salt Vault experiment.
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The implication is that cither Httle or no migration of the
inclusions accurred during heating and irradiation, or that
recoloring of bleached salt did not oceur.

Ax stated above, Jenks (1972) has noted that the radicl-
ysis of brine may be expected to lead to the formation of
such species as OH=, 17, ClI0;~. These radiolvtic producis
may have been trapped in salt which was recrystallized in
the path of migrating inclusions. and may have prevented
colloidal sodium from forming again during further ir-
radiation. In this case, recrystaliized salt would remain
codorless. Gaseous species such as H,, Oy, and Cl, could
also have formed, Separation of a gaseous phase would
probably not have occarred unless there was an increase
in volume of the cavities, Bradshaw (1968) and this study
showed that such expansion probably occarred due to
heating and irradiation of the salt, and it i1s therefore hikely
that sume separation of a gaseous phase occurred during
trradiation {Fig. 14}

Anthony and Cline {1972} have shown that the pres-
ence of less than 10 percent gas in a Ruid inclusion will
permit migration of the inclusion toward a heat source.
The presence of more than 10 percent gas will kead to
migration away from the heat source. Hradshaw (1968)
estimated that at 225°C cavitics had expanded 7.5 percent
in volume. It is therefore possible that gases produced
during irradiation may have reduced the rate of migration
of fluid inclusions toward the array hole during the Project
Salt Vault experiment and, in some cases, may have
caused some mugration away [rom the array hole.

Stress effects

Expanston produced by irradiation and heating of sakt
produced an incresss w stress around the array hole. H is
possible that some of this stress could have been relieved
by closure of the hole. Experimental equipment occupied
the central part of the array hole, and room was lefi for
this anticipated movement. [t was estimated that during
the experiment the diameter of the 12 inch hole decreased
by approximately half an inch {Bradshaw and McLain,
1971). With some rehief of stress at the edge of the wall,
it 15 possible that the maximum stress due to heating and
trradiation may have cecurred a small distance from the
edge of the hole. This may correspond to the area showing
slight plastic deformation.

Agulio-Lopez and levy (1964) have shown that
gamma irradiation alters the mechanica properties of salt,
The main effect 15 radiation embrittlement, and an in-
crease in vield stress with increasing gamma-ray dose.
During the preparation of thin sections, i was appareat
that irradiated salt is more britzle than unirradiated salt.

Stip planes. Agullo~Lopez and Levy (1964) determined
that in unirradiated salt crystals, almost all glide occurs on
one slip system. In irradiated crystals, slip occurs along
twg perpendicular systems, greatly reducing pile-up. Ship

occurs preferentially on dodecahedral planes, thus there-
are six possible directions along which #f may oceour.
Slip planes are chserved in some thin sections (Fig. )
Orientation of slip planes varies from grain to grain and
is crystallographically controlied. Only certain graing ex
hibit slip planes, and it is possible that 1) the intense color.:
of the salt near the array hole may mask slip planes in-
some cases, or 2} that slip planes only develap in eeriai
areas, specifically in grains with a favorable orientation,
The mest consistent orientation and the greatest develop~
ment of visible slip planes occurs between 16 and 23 em
from the array hale. Adjacent grains in this area show s§
planes with similar orientations. Further, the grains wit
slip planes exhibit bleached trails and fAuid inclusions o}
ented more precisely than is usual with respect o th
array hole. Shiichta (1968, p. 609) reported that badl
deformed crystals recrystallize at room iemperature by
strain-anneal recrystallization in a few weeks. Recrystally
zation of grains in response to stress would explain thy
unusually precise orientation of the features described
Slip planes are not visible between 12 and (6 cm from thi
array hole, and some plastic deformation is thought
have occurred in this area, because the bleached trails ar
offset along their length.
During differential thermal analysis (DTA}, it wa
found that a large amount of stored energy was releaseéd
front samples 15 cm from the array hote (Dreschhoff, pers;
comm., 1972). It is known that defects may migrate td
regions of dislocations {Agullo-Lopez and Levy, 1964}
Therefore, it is possible that the defects resulting fro
radiation could become concentrated in areas where t
combined effects of radiation and stress were greatest

Figure 14, Scanning electron microscope photegraph of an etehed -
cleavage surfuce of iriadisted salt showing a negative crystal Cavily..
Fractures radiate Fram the surfece of the cavity into the surrounding .
saly, X 304 o
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Beravior of Flutd Inclusicns in Salt During Heaiing and Irradigtian

Impurities

The main impurity is aphydrite. This is most abundant
adiacent 1o the array hole, where it may ccoupy 23 percent
of the area in thin sections studied (Fig. 9). Along the rest
of the core, the gbundunce of anhvdrte is varnable. It
occurs in chumps and along grain boundaries. Secondary
crystals are abuadant, particuiarly (o the salt close 1o the
array hole, The crystals ave long and fibrous, occurring in
radiafing clusters, They occur around the murging of
clumps of primary crystals, along grain boundarnes and
along fracturss. These crystals are frequently seen {0 pene-
srate the surrcunding nalite crystals,

The occurrence of anhvdrite along grain boundaries
wus studied with parficular interest, as observations from
thin seclions suggested that some movement of anhydrite
along grain boundaries may have occurred, Problems in
the recrystatlization of anhydrite over a relatively short
period of dme involve its low solubility in water. It has
bean shown, however, that anhydrite is more sojuble in
brine than in water, and that temperature fas only a slight
effect on its solubility EMarciniak, et af. 1960). Further-
more, the solubility of anhydrite 15 sensitbve to pressure,
Blount and Dickson (1969) have shown that increased
PTEssure catses an increase in the solubiity of anhydrite
at #ll femperatures and sodium chloride concenirations. It
is possible that anhvdrite could have dissolved in brine
uceurring along grain boundanies, and subscguensiy have
migrated and recrystaliized.

After the completion of the Project Salt Vaulr experi-
ment and the removal of the radiation source from the
array hole, a white powdery substance, beheved to be
ankydrite, was found in many places on the wall of the
ariay hole. An abnormally large amount of anhvdrite oe-
currs in salt adjacent to the array hole, The anhydrire here
Is nearly all in the form of secondary crystals and ccours
afong feactures (Fig. 9). Parther from the array hele, the
volume of anhydrite is much smaller. Secondary anhydrite
2.5 em from the array hole displayved no thermolumines-
cence on heating, suggesting that this anhydrite crystal-
fized after the removal of the radiztion sources. This
evidence supporis the theory that migration of anhivdrite
oceurred during the experiment.

CONCLUSIONS

Heated and irradiated salt from Lyons shows shades
from dark blue-black near the array hole to purple and
pale purple farther from the array hole. The colors ob-
served in irradiated salt are due 10 a dispersed metailic
sodiam colloid. The size of the colioidal particles depends,
among other faciors, upon the total dose of radiation re-
ceived, and therefore decreases with increasing distance
from the array hole, Data from thermoluminescence show
that two preferred sizes of colloidsl particles exist, The

i1

biue-biack color is due to the presence of the larger parti-
cles, and the purple colors o the smaller particles. In the
dark blue salt. particies of bath sizes may cccur, but in the
purple sait, only the small particles are present

The majorty of bleached areas seen in the radiation-
colored salt are a result of the migration of fuid inclusions
toward the array hole. Tt was fourd that bleached salv is
recotored by irradiation less readily than colorless salt
which has not been previously trradiated. It 15 possible
that radiolytic products may have been trapped in the
reerystaltized salt and prevented colloidal sodium from
forming again. The relationship between the fluid inchs-
sions forming bleached trails and the primary structures
remaining in the siit suggesis that the trails seen represent
the toral migration of rthe inclusions since the beginning of
Project Salt Vault. Radiotysis of brine within the inchs-
sions may have leasd to rhe production of gases which
counid have slowed down or even reversed migration.

The effects of stress due to heating and irradiation were
stpdied. Evidence for dislocation and ghiding was seen in
shp planes. These were found o be well-developed from
9t 12 cm and 16 to 25 cm from the array hole. The
oticntation of these is controtled by the crystaliographic
ortentation of the salt crystals.

The region at 15 em from the array hole shows some
evidence of plastic deformation. Bleached trails and cleay-
age planes in this area appear to be deformed. Differential
thermal analysis shows that a large amount of srared en-
ergy also occurs at 13 om from the array hole. This region
may therefore represent the rone where the combined
effect of stress and radiation was greatest.
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