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STORAGE AND RELEASE OF RADIATION ENERGY
IN SALT IN RADIOACTIVE WASTE REPOSITORIES

G. H., Jenks and C. D. Bopp
ABSTRACT

A variety of different geologic formations are being evaluated as
possible sites for the permanent disposal of high-level radioactive
wastes. One of the questions that can be raised regarding the suita-
bility of a given geologic Tormation is whether the amount of stored
gamma-radiation energy that would accumulate in rock immediately adjacent
to the buried waste and the characteristics of the release of this
stored energy could create excessive temperatures in the rock around
the waste and/or could release mechanical energy in amounts capabie of
rupturing the surrounding rock. There may also be questions regarding
the physical and chemical stability of the rock under irradiation.

We have made experimental studies of the amounts of gamma-ray
energy that are stored in salt under a var.ety of exposure conditions.
We have also investigated the thermal annealing characteristics of the
stored enargy in salt, the chemical reactions that radiation defects in
the salt undergo upon aqueous dissolution of the salt, and the retention
of the radiation defects within the salt crystals. Our objective in
this work was to obtain information which would enable us to predict
the amounts and release characteristics of stored gamma-ray energy in
tie salt of a salt mine waste repository and thys provide a basis for
determining whether any hazards would be associated with this type of
enerqy storage. The results of this work, including portions which were
reported previously, are reviewed and discussed in this report.

The results of our work showed that appreciable amounts of gamma-
radiation energy can be stored under certain exposure conditions. The
results also showed that thermally activated annealing takes place at
elevatea temperatures and that the rates of this annealing at temperatures
above about 150°C are such that negligible amounts of energy will be
stored in salt in a repository where the salt is at temperatures above
about 150°C. ‘

We are not eble to show that thermally activated annealing takes
place in rock salt at temperatures below about 150°C, although it may do
so. There may also be some radiation-induced anneaiing. The results of
our measurements of energy stored at irradiation temperatures between 30
and 150°C, together with results of theoretical considerations, showed
that the maximum stored energy that would be formed in salt in a reposi-
tory with no annealing whatever would be about 50 cal/g. We did not
conceive a means by which the stored energy cculd be released abruptly,
nor was any significant hazard believed to be possible from the release
if it should occur abruptly by some unforeseen mechanism. In practice,
salt temperatures below about 150°C will occur only with isolated or
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seni-isolated canisters in a repository, or with most canisters, after
very long times during which the gamma-dose rate will have dropped off
markedly.

Available evidence from thermal annealing observations and from
calorimetric and dissolution measurements indicated that there were no
significant losses of either chlgrine or sodium during or after irradi-
ation. '

One effect of the stored energy which must be accounted for in a
safety analysis is the generation of H,, which takes place upon aqueous
dissolution of radiation-damaged salt; about 0.1 cm® of H, is generated
per calorie of stored energy. However, we have not recognized any
problems arising from this effect which cannot be counteracted by
appropriate design and operation of the repository.

1. INTRODUCTION

A variety of different geologic formations are being evaluated as
possible sites for the permanent disposal of high-level radioactive
wastes. One of the questions that can be raised regarding the suita-
bility of a given geologic formation is whether the amount of stored
gamma-radiation enerqy that would accumulate in rock immediately adjacent
to the buried waste and the characteristics of the release of this
stored energy could create excessive temperatures in the rock around the
waste and/or could release mechanical energy in amounts capable of
rupturing the surrounding rock. There may also be questions regarding
the physical and chemical stability of the rock under irradiation.

We have made experimental studies of the amounts of gamma-ray
energy that are stored in salt under a variety of exposure conditions.
We have also investigated the thermal annealing characteristics of the
stored energy in salt, the chemical reactions that radiation defects in
the salt undevrgo upon aqueous dissolution of the salt, and the retention
of the radiation defects within the salt crystals. Our objective in
this work was to obtain information which would enable us to predict the
amounts and release characteristics of stored gamma-ray energy in the
salt of a salt mine waste repository and thus provide a basis for deter-
mining whether any hazards would be associated with this type of energy
storage. The results of this work and the predictions for a waste
repository are reviewed and discussed in this report. Some portions of
the reviewed work were reported previously.'»?




E. Sonder of the ORNL Solid State Division collaborated with us in
some of the experimental work. S. Lindenbaum of the University of
Kansas also collaborated in some of the work that will be meitioned.

2. ANTICIPATED EXPOSURE CONDITIONS OF SALT
IN A SALT MINE WASTE REPOSITORY*

The disposal concept that will most likely he used with any future
salt mine repository for high-level waste is on2 in which the solidified
wastes are sealed within metal canisters, and the sealed canisters are
lowered into vertical holes beneath the floors of rooms within a salt
formation. The salt immediately adjacent to a waste canister will
generally have a maximum temperature greater than ~250°C, and this will
occur during the first 10 to 20 years following burial of 5- to 10-year-
old wastes from UQ.-fueled LWRs. The temperature at this location will
then decrease to about 150°C after 70 to 80 years and to essentially
normal geothermal temperatures after several hundrad years.+ Some
canisters on the periphery of the repository will have salt temperatures
lower than those in a more central location of the burial area because
of their semi-isolation from the thermal effects of other packages
within the repository. A rare canister may be isolated from the thermal

effects of other packages and, accordingly, have still lower temperatUres,'

The gamma-ray dose of salt adjacent to a canister will depend on
the specific fission product activity, the age of the waste within the
canister, and the proximity of the salt to the surface of the canister.
The maximum gamma-ray dose in salt at the canister surface will be

*Detailed information on the probable temperatures, doses, and dose
rates of the salt adjacent to a waste canister is presented in Appendixes
II and III. The reference concept for a salt mine high-level waste
repository is described in Appendix I.

"The salt around high-level wastes that contain larger amounts of
actinides than those from UO:-fueled LWRs may cool at lower rates.
However, detailed calculations are not available for the time-tempera-
ture characteristics in salt around high actinide wastes.
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~ 2.8 x 10 rads, 3.1 x 10!° rads, and 4.3 x 10'° rads after the
burial of 5-year-old waste for 100, 1000, and 10 million years,
respectively. The maximum gamma dose rate at burial of the 5-year-aged
waste will be 0.2 megarad/hr. The contribution of neutrons to the
dose in the salt will be negligible.

3. EXPOSURE CONDITIONS EMPLOYED IN
OUR EXPERIMENTAL STUDIES

The sample materials, gamma doses and dose rates, and exposure
temperatures <150°C which were investigated in our irradiation experi-
ments are listed in Table 1. Other irradiaticn experiments, not listed,
were conducted at exposure temperatures between 160 and 173°C. Harshaw
and Lyons bedded salt were studied in these higher-temperature experi-
ments, and both the cobalt and HFIR-y rauiation sources were employed.
The Lyons salt was from the Carey mine at Lyons, Kansas (Empson-core No.
2, 90 in. below floor). The New Mexico bedded salt was from the Los
Medafios area (AEC-core No. 7, primary, 2732 ft). The samples of dome
salt were obtained from T. F. Lomenick.?

The thermal annealing characteristics of the stored energy in sait
were investigated by subjecting portions of some of the irradiated ‘
specimens to high temperatures prior to measuring the stored energy.

The gamma doses employed in these experiments ranged up to amounts
exceeding the actual maximum doses which will prevail in salt in a
waste repository (Sect. 2). The dose rates were generally higher than
those in the waste repository, and they were varied as much as possible
so that evaluations of the effects of this parameter on the accumulation
of stored energy could be made. Bedded and dome salt samples from a
variety of sources were investigated in order to evaluate energy storage
differences among salts from numerous sites.

The Hawshaw salt samples served as a reference material in these
studies. The Harshaw synthetic crystals were compoSed of pure NaCl, and
the crystals were formed from the melt and cooled very slowly to aveid
thermal stresses. Most of the previous experimental work of others on
the radiation effects in salt has been done with synthetic crystals of




Table 1. Salt samples, radiation exposure conditions, and methods of stored energy measurement
. in experimental studies employing salt temperatures less than 150°C during irradiation

Radiation exposure ccaditions

Method of measuring

Sample
Source material? {sgg y-source Doge rate Dgse stored energyb
(10” rads/hr) (107 rads)
e Harshaw {(C) 40 Cobait N 11.4 and 34.0 171
o Harshaw (C) 30-50 Cobalt 10 71 and 82 I"»I and Hpt
e Lyans (B) 30-50 Cobalt 10 48 I I and Hjy4
Refs. 1, 2 Harshaw (C) 95 Cobalt 1 0.81-46.9 DC, SC,; Hat
Ref. 2 Harshaw (C) 126 Cobait 16 1.7 DC B
Ref. 2, e Harshaw (C) 126 Cobaltd 10 2.3-34.5 0c, oC1
e Lyons (B) (8) 130 HFIR-y 50 and 70 9.8 and 31.% DC, Hat
New Mexico (B
e Harshaw (C) > 130 HFIR~y 40-75 9.8-44.0 DC, Hat
e Weeks Is. (D) 130 HFIR-vy i 50 9.8 OC, Hzt
2 Winfield -
Mine {D) 130 HFIR-y 50 9.8 DC, Ha4
e Grand
Saline (D) 130 HFIR-y e 50 9.8 Hot
e Asse,
Germany (D) , 130 HFIR-y 50 9.8 Hat
Ref. 1 Lyons (B 145 HFIR- 40 and 77 9.8 and 19.8 DC
. Harshaw (C) Y ' .
Ref. 1 Lyons (B) 00-158 psvé 0.007-0.07 0.1-1 DC, Hat

The letters (C), (8), and (D) signify, respectively, crystalline, bedded, and dome salt.
bDC and SC signify drop calorimeter and heat of solution calorimeter, respectivel,.

“Work reported for the first time in this paper.

dSpent High Fiux Isotope Reactor fuel elements.

®project Salt Vault.




pure salt. An’ added incentive for the inclusicn of the Harshaw salt in
our studies was the fact that the drep calorimeter measurements of the
stored radiation energy were less troublesome and more reliable with the
Hawshaw salt than they were with the rock salts.

4, EXPERIMENTAL
4.1. VMethods of Measuring Radiaticn Damage to Salt

Several methods of measuring the concentration of defects, or stored
energy, in irradiated crystals were used: (1) a calorimetric method in
which a Routhype, reverse-drop calorimeter was employed to measure the
heat released upon thermal annealing of the stored energy (ref. 1 and
Appendix 1V); (2) a calorimetric method that measured the difference
between the heats of solution of irradiated and unirradiated salt;®»* (3)
a chemical method in which measurements vire made, using a mass spectro-
meter, of the anount of H; formed upon the aqueous d1°501ut1on of an
irradiated sample;?» (4) a method analogous to No. 3 “hat used a
different method for collecting the H, and measuring the vo]ume;§ 5)

a chemical method in which measurements were made, with an absorption
spectrcphotometer, of the amount of OC1~ formed upon the aqueous dissolu-
ticn of en irradiated sample;z»ﬂ and (6) a chemical method that measured
the amount of 1~ oxidation that took place upon the dissolution of a
sample in an aqueous solution containing I'.#

*Heat of solution measurements were made by S. Lindonbaum of the
Unive¥sity of Kansas, tawrence, Kansas.

Thase measurements were made by J. R. Walten, ORNL Anaiytical
Chemwgtry Division,

H, measurements made in ORNL Analytical Chemistry Division by
dissolving ~0.15 g of sample in 1 ml of boiled watr* “n a 16-ml, rubber
stopper vial, collecting an aliquot of the gzs using a syringe and
needle, and then measuring the amount of H. in the aliquot using gas
chrometography with an argon carrier gas.

These meosurements were made by E. Sonder of the ORNL Solid State
Division,

#0x1dat10n measurement made in ORNL Analytical Chemistry Division
by dissolving ~0.10 g of samp]e in 3 ml of solution (0.1 N HC] 20,2 N KI)
and titrating with 0.1 N S20327 to the starch endpoint. ‘




The drop calorimeter method (No. 1) was the standard method, and
most of the samples were analyzed by this method. Methods 1, 2, 3, and
5 were employed with sets of samples irradiated at 95 and 126°C (Table
1) as part of a study? aimed at explaining the observed difference of a
factor of 2 between the amounts of heat released by heating and by
dissolving irradiated salt. This difference was explained quantitatively
in terms of the formation of H, and HOC1 + 0C1”, and possibly Hz0,, in
addition to Na* and €1~ during dissq]ution.2 This study confirmed our
correct interpretation of the results of the drop calorimeter measurements.
It also provided a basis for interpreting the results of chemiczl measure-
ments in terms of stored energy.

The results of measurements made by methods 4 and 6 were less
reliable than those obtained by the other methods (Appendix VI). However,
the results of Hy-evolution measurements by method 4 were useful for
determinin the relative amounts of stored energy among the sample sets
exposed to about 10'° rads at 130°C. Also, methods 4 ard 6 were the
only methods that were conveniently available for measuring the several
samples that were irradiated at temperatures ir the range of 30 to 50°C.

[
4.2. Gamma Irradiations

Gamma~-ray irradiations were made using either a cobalt source or
a HFIR spent fuel element. The equipment, methods, and procedures for
conducting the irradiations were described previously.!s*

5. THEORETICAL ASPECYS QF THE FORMATION AND
ACCUMULATION OF STORED ENERGY IN SALT

Charged energetic particles bring about changes, or damage, in an
insulating crystal by several different processes, including the
displacement of atoms from their normal lattice positions. In most

*A11 cobalt source irradiations were conducted by E. Sonder of the
ORNL Solid State Division.

A e 7.
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materials, this displacement of atoms results primarily frdm the transfer
of energy between nuclear particles and atoms by elastic collisions
between the particles and the atoms.“s% For example, a collision between
a particle and an atom in the structure in Fig. 1 might transfer a
sufficient amount of energy to move the atom into an interstitial position.

The amount of energy transfer required for this displacement depends
somewhat on the irradiated material. Generally, the energy is believed
to be in the range 25 to 50 eV.* The amount of energy which can be
transferred from an energetic particle to an atcm depends upcn the
relative masses of the particle and the atom and upon the energy of the
particle. Gamma rays of the maximum energies and maximum doses that
would be present in a repository would cause very few elastic-colliision
displacements.,

A different pro-ess of displacement takes place in sodium chloride
and in other alkali halides.“*S In these materials, the displacement of
an anion results from the radiationless recombination of an electron and
an electron vacancy on an anion in the lattice. An electron vacancy or
hole on the chlorine is produced when the electron is excited into the
conduction band through the electronic interaction between a charged
nuclear particle and the bound electron on the chlorine. The chlorine
species within the lattice that is produced in this process moves closer
to and becomes bound with an adjacent chloride ion to form what is )
called a self-trapped hole (Cl;7)* (Fig. 1). A subsequent radiationless
recombination of an electron and the hole causes the chlorines in the
Cl.~ center to move apart and also releases energy to the center. These
effects cause the initiation and propagation of a replacement chain in
the chlorine ions along a closed-packed (110) direction and form an
interstitial chloriiie atom and an F center+ as the immediate products.

Since the electron-hole pairs are formed by the ionizing action of
the radiations, all types of radiations, including gamma rays, cause

*A celf-trapped hole may also be called a VK center.*»®

+F center is an anion vacancy containing a trapped electron.
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the displacement of anions in alkali halides. Gamma rays are included
since these radiations interact with matter by processes that produce

energetic electrons, that is, by Compton scattering of electrons, by the
~ formation of photoelectrons, and by the formation of positron-electron
pairs.

The above discussion applies to the mechanism for the primary pro-
cess of defect production. The net rate of formation and the accumulation
of defects in the salt depends upon the recombination and the stabili-
zation reactions of the defects.

The interstitial atoms are mobile at room temperature, and they
rapidly aggregate into clusters."s® This clustering apparently stabil-
jzes the interstitials against back reactions with the F centers. Pre-
sumably, this clustering occurs also at higher temperatures.

The F center is not mobile at rocm temperature,® bui the vacancy
without ti.e trappad electron is mobile.*»® Aggregates of two or more F
centers are formed under certain conditions, and the required vacancy
motion is ascribed to the charged vacancies. Under some conditions,
colloidal sodium is formed from the coalescence of F centers. This
formation of colloidal sodium is enhanced by rajsing the temperature
above room temperature’»® and by extending the time available for
diffusion of vacancies into aggregates.® The formation of colloidal
aggrecates of sodium apparently confers additional stability to radiation
defects in sodium chloride.®

Exposure variables that are known to affect the net rate of forma-
tion and/or the numbers of accumulated F centers during the late stages*
of the irradiation of a salt specimen include: temperature, irradiation
intensity (dose rate), divalent cation impurities, and plastic strain.’

*An early stage coloration occurs in which a relatively rapid
accumulation of F centers takes place. Saturation of this stage occurs
at about 107 centers/cm , corresponding to about 0.008 cal/g at §
eV/center. This stage is thought to resuit from the conversion of other
defects, already present, into F centers. The amount of early stage
coloration in NaCl is affected by several factors including temperature,
impurities in the salt, and prior plastic strain in the salt.®
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Thz effects of these variables have been qualitatively explained in
terms of their effects on the stabilization reactions, that is, upon the
mobility, trapping, and clustering of defects.® However, some of these
variables also affect the initial rate of defect producticn by altering
the fraction of electron-hole pairs that recombine at impurity sites and
lose recombination energy with no defect production.

6. RESULTS OF OUR IRRADIATION EXPERIMENTS AND
CORRELATION AND INTERPRETATION OF THESE RESULTS

We found that significant amounts of energy were stored in the salt
under most of the exposure conditions which we tested and that the
amount which accumulated depended primarily upon the temperature, the
gamna-ray dose, and whether the sample was Harshaw or natural rock salt. .
At exposure temperatures >160°C, the amount accumulated at a given dose }
also depended strongly upon the gamma-ray dose rate.

The results for the three ranges of exposure temperatures 30 to 40,
95 to 144, and 160 to 173°C are presented in szpirate sectiors.

6.1. Exposure Temperature Range 95-144°C

Many of the experimental data for stored energy (E) vs dose (D)
“n this temperature range could be correlated using the rate eguation,

dE/dt = Kll - KzIE, (])

and its integral,

K1
E = EZ(] - exp -K.D) + E, exp -KzD, (2)

where 1 is the dose rate and is invariant w'th time, Eo is the stored

energy at zero time, and K; and K, are formation and arnealing constants,
respectively, for a given set of exposure cenditions. Curves are dréﬁﬁ\\\\\'
through the stored energy vs dose data in Figs. 2 thriugh 6, using Eq.

(2). An explanation of each of these curves follows in Sects. 6.1.1
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through 6.1.6. The value of K, is 1.4 x 10~? cal g=! rad-! fcr each of
these curves. The value of K, increases with increasing temperatures
and, at a given temperature, is higher for Harshaw than for natural rock
salt. The stored energy values obtained for the high dose specimens in
the radiation exposures at 126 and 130°C (Figs. 2, 5, and 6) deviate
from those predicted by extrapolation from the curves using the lower
dose values, and it appears that some change in the rate of formation or
annealing of the stored energy took place when the stored energy exceeded
about 20 cal/g. The results of the data correlalinns in this temperature
range are summarized in vable 2. ‘ -

The general form of the rate expression, Eq. (1), is semi-theoretical.
The formation term, K;I, can be explained on the basis of the defect-
formation mechanism described in Sect. 5. The form of the annealing
term can be explained by assuming that: (1) a fraciion of the freshly
formed defects reacts during formation w’th defects of opposite sign
already present to reform sodium chloride in the iattice and (2) the
value of this fraction is directly proporticnai to the number of defects

already present.!

6.1.1. Stored energy vs dose in Harshaw salt irradiated at 126°C and
10 megarads/hr (drop calorimeter and 0C1~ measurements) Stored energy
data obtained with Harshaw synthetic crystals of pure NaCl that were
irradiated in a cobalt source are plotted vs dose in Fig. 2. The circles
show the stored energy measured with the drop calorimeter. The tri-
angles represent the results of measurements of the amount of 0C1~
formed upon the aqueous dissciution of a specimen and a subsequent
increase in the pH of the solution (method 5). The stored energy
corresponding o the amount of OC1~ was calculated by assuming that

(1) atl of the trapped hole defects react to form HOC1 + OC1~ upon dis-
solution according to the reaction shown in Fig. 2 and that (2) the
energy associated with a trapped electron-trapped hole defect pair
within the irradiated crystal is equal to 4.25 eV.*

*e previously reported? that the e«perimental data indicated a value .
of 4.6 eV for this quantity. The plotted points in Fig. 2 show that a
better correlation between 0C1 and drop calorimeter data results when the
lower value is used.
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Fig. 2. Stored energy vs dose in Harshaw salt irradiated in a cobalt
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0C1™ measurements).
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Table 2. Results of correlations of experimental stored-energy data
for values of E Tess than about 20 cal/g ¢

salt T eingion ™ Kz Ki/Ke
(°c) (310°*! rad~?) (cal/qg)
Harshaw 95 4.4 31.8
126 5.6 25.0
130 : 6.5 21.5
144 12.0 11.7
3055 70
(F = 0.021)
Bedded 130 3.5 40.0
144 6.8 20.6
115-155 (PSV)°
Dome : 130
A1l Salts >150 Negligible stored energy when

I < 10° rads/hr

%Correlation equation and its integral:
db/dt = KyI - K:IE,
E = %i(l - exp -KqD). ;
'bA modified correlation equation applies to these data (see Sect. 6.2
and Eqs. 4 to 6). .
cProject Salt Vault.
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It can be noted that the 4.25 eV per defect pair is the same as the
value for the heat of formation of crystalline sodium chloride from the
elements. The energy per defect pair canﬁot be appreciably higher than
this since we have assumed that all of the pairs form HOC1 and OC1™ upon
dissolution.* The energy per pair could be less than this value if it
is assumed that the fraction of defect pairs which form HOC1 + OC1™ is
<1 and that this fraction is the same for all of these specimens.
Additional information on this point in Sect. 6.1.3 and in Fig. 3 sunports
the idea that all of the defect pairs form HOC1 + OC1™ upon dissolution
of the salt under the dissolution conditions employed (Appendix V).

6.1.2. Stored energy in Harshaw salt irvadiated at 126°C and 1.6
megarads/hr The drop calorimeter resuit obtained with the one sample
that was irradiated under these conditions is included in the plot in
Fig. 2. There was no difference between this result and the result
expected at the higher dose rate of 10 megarads/hr. This indicates that
the value of K; is independent of the dose rate in this range of dose
rates.

6.1.3. Stored energy vs dos2 in Harshaw salt irradiated at 95°C and

10 megarads/hr (drop calorimeter, heat of solution, H, and 0C1™ measure-
ments) The results of several types of measurements on Harshaw salt
irradiated at about 10 megarads/hr and at 95°C are shown in Fig. 3. The
circled points along the upper curve represent drop calorimeter data,and
the triangles represent the results of hydrogen evoluticn measurements
by Method 3 (see page 4). An 0C1™ mezsurement on a portion of the
highest dose spacimen is represented by the square. The results of the
heat of solution measurements are shown by the hexagons along the bottom

curve.

The stored snergies corresponding to the amount of zvolved H, were
calculated assuming that all of the trapped electron defects react upon
dissolution to form H., as shown in Fig. 3, and that the stored energy
per defect pair is 4.25 eV. These assumptions are analogous to those
made for the OC1™ measurement shown here and for those described above

*We previously reported? that the experimental data indicated a vaiue
of 4.6 eV for this quantity. The plotted points in Fig. 2 show that a
better correlation between 0C1 and drop calorimeter data results whern the
lower value is used. .
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in Sect. 6.1.7 agd Fig. 2. The difference of 49% between the results of
the drop calorimeter and the heat of solution measurements are quantita-

ively explained by the same assumptions, that is, by assuming that (1)
211 of the radiation defect pairs form H, and HOC1 + CC1~ in addition to
Nat and C1” upon dissolution of the sample under the conditions present
in the heat-of-solution calorimeter and that (2) the stored energy in
the salt per defect pair is 4.25 eV.?

As stated above, these results, together with those described in
Sect. 6.1.1, supported our belief that the results of our drop calurimeter
measurements were interpreted correcty. They also provided a basis for
the intefpretation, in terns of stored energy, of the results of the ’
chemical measurements.?

6.1.4. Stored energy vs dose and dose rate in Lyons and Harshaw salt
irradiated at 144°C and at 40 and 77 megarads/hr (drop c#lorimeter

measurements) The results of these meacurements are plotted in Fig. 4.
The gamma irradiations were conducted using HFIR <pent fuel elements ¥
{exposures y-5 and y-6).! Specimens from y-5 were subsequently irradi-
ated an additional amount in y-6 to obtain the higher dose specimens (5
+ 6). ‘
The result of a very high dose-rate experiment reported by Sonder
and Lindenbaum'® s included in Fig. 4. We doubled their reported value
. for the difference between the heat of solution of the 1rrad1ated and
e unirradiated salt to obtain the plotted valus.?

The results showed that changing the dose rate had no significant
effects on the amounts of stored energy accumulated in either Harshaw or
bedded salt., However, the amounts of stored energy in the bedded salt
were substantially greater than those in the Harshaw salt at the test
doses. As shown, this difference can be expressed formally as a
difference between the K, values, in Eq. {2), for the two data curves.

6.1.5. Stored energy ir Harshaw salt vs dose in HFIR-y exposures

7, 8, 9, and X at 130°C and at 51 to 74 megarads/hr (drop calorimeter
measurements) The results of these measurements are plotted in Fig. 5.
As indicated in the figure, the dose that accumulated during each
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exposure was Vv10'% rads. Higher doses for a given specimen were obtained
by irradiating the specimen with two or more exposures.

The data points at 2.2 x 10!° rads and below were fitted with a
curve which obeys Eq. (2), where K, was equal to its usual value and K,,
as expected, had a value somewhat greater than its 126°C value and less
than its 144°C value (see Figs. 2 and %4). These findings gave additional
evidence that there was no significant dose-rate effect on the accumu-
lation of stored enerygy in our experiments in the temperature range
below 145°C and in the dose range of ~i0 to 100 megarads/hr.

The stored energy values at 3.2 and 4.4 x 10'° rads were higher
than those predicted by extrapolation from the values at lower doses.

The value at 4.4 x 10'° rads was very much higher (by a factor of ~2),
and it appeared that some change in the rates of formation and/or the
annealing rates of the radiation defects took place when the stored
energy e.ceeded ~20 cal/g.

6.1.6. Stored energy in New Mexico and Lyons bedded salt vs dose in
HFIR-y exposures 7, 8, 9, and X at i130°C and at 51 to 74 megarads/hr
(drop calorimeter measurements) The results of these measurements are
plotted in Fig. 6. There was appreciable scatter among the data obtained
at a given dose, and the E vs D relationship was poorly defined. A
straight line passing through the origin can be draw: through the data.
However, a curve which obeys Eq. (2), with the values of K, and K, given
in Fig. 6, fits the data at storad energies of 22 cal/g and below equally
well, The deviations from the curve above about 20 cal/g do not ryeaeed
those noted for Harshaw salt in the same stored energy range. The ratio
of the K, value in Fig. 6 (3.5 x 10°!! rad™!) to the K, value for bedded
salt at 144°C [6.8 x 107! rad~! (see Fig. 4)] is approximately the
same as the ratic of the K, value for Harshaw salt at 130°C to the K;
value at 144°C (see Figs. 4 and 5).

There were no significant differences between stored energy in the
bedded salt from Lyons and from New Mexico, as indicated by the recults
in Fig. 5 and the results of H; measurements (see Sect. 6.1.8).
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6.1.7. Stored energy in New Mexico bedded salt at 2.25 x 10*° rade in
HFIR-y exposures 11 + 12 at 130°C and at 70 megarads (drop calorimeter
measurements) The results of three measurements taken on this sample
are: 12, 14, and 16 cal/g. These valves are below those found with y-7-8
and y-9-X samples [22 to 24 cal/g (see Fig. 6)], and they are near

those found with Hacshaw salt, which was irradiated under comparable
conditions (see Fig. 5). There is no apparent explanation for the lower
values for these particular samples. A conceivable explanation is that
the salt used for the y-11 + 12 sample approximated the Harshaw salt in
those properties which may affect the value of K:, for example, purity,
crystal strain (see Sect. 5).

6.1.8. Comparisons between results of H, evolution and drop calorimeter
measurements on dome, bedded, and r.2~_haw salt irradiated at HFIR-y expo-
sure 9 at 136°C, 51 megarads/hr, and 9.8 x 10° rads The results of these i
measurements are presented in Table 3. The drop calorimeter resuits for
bedded and Harshaw salt were presented graphically in previous sections

(see Figs. 5 and 6). They are included in Table 3 for convenience in

making intercomparisons between the results for the salt samples from

the several different sources and for making comparisons between the
relative amounts of stored energy indicated by the drop calorimeter and

H> measurements,

The results of the calorimetric measurements indicate that, on the-
average, the amount of stored energy in the dome salt was less than that
in the bedded salt by about 16% but was slightly greater than the stored
energy in the Harshaw salt. On the other hand, the results of the H,
measurements indicate that there was no significant difference between
the amounts of stored energy in the samples of bedded salt and the
amounts in three of the four dcme salt samples. They also indicate that
the stored cnergy in the Harshaw salt was a few percent higher tuan the
stored eaergy in the bedded and dome salt.

These differences between the relative results of the two types of
measurements might have resulted from variations among the portions of
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Table 3. /Comparisons between the results of H, evolution and
drop calorimeter measurements on dome, bedded, and Harshaw
salt samples irradiated in HFIR-y exposure 9 at

130°C, 9.8 x 10° rads, and 51 megarads/hr

Stored energy
determined by

Observed amount of H,%

Sample drop calorimetry
material
Vaiue Value _
' Relative value Relative value
(cal/g) (uliter/g)
Harshaw 10.12 970
(Crystaliine)  10.3° 1000
av 10.2 0.89 av 985 1.08
New Mexico 108 ' 900
{Bedded) 1 910
14°
17° -
av 13.0 1.16 av 505 0.99
Lyons -ns 890
(Bedded) 14 960
15° —_
av  13.3 1.16 av  9zS 1.01
Winfield 10 870
Mine 13 860
(Dome) av  11.5 1.0 av 915 1.0
Weeks 1 1020
Island 10.8 1100
{Dome) 10.7
av  10.8 0.94 av 1060 1.16
Grand 880 0.96
Saline
{Dome)
Asse,
Germany
(Dome) av

“H, evolution measurements made by method 4.
DThese data plotted in Fig. S.
®These data plotted in Fig. 6.
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the samples which were selected for measurement.* A relatively large
samole, ~150 mg, was vsed for measuring H, evolution. No specifications
were made for the selection of salt from the bulk material other than to
avoid any regions in the bedded salt with relatively large amounts of
white material (probably gypsum). Much smaller samples, 20 to 40 mg,
were used to make a calorimetric measurement (60 mg for Harshaw salt).
Also, in the case of the bedded and dome salt, the bulk material was
crushed, and clean pieces in the neighborhood of 0.05 to 0.07 cm (cubiform)
were selected for the calorimetric sample. (With the Harshaw salt, the
calorimeter sample was not crushed. It was comprised of one or two
pieces of the bulk sample. See Appendix IV.)

Regardless of the explanation for the apparent differences between
relative measurements of drop calorimeter and H,-evolution, the results
show that there was no substantial difference at the tested qamma dose
between dome salt from different mines or between dome and bedded salt.
The results also support the conclusion that there was no significant
difference between bedded salt from the Lyons and New Mexico sites.

6.1.9. Stored energy in salt jrradiated by garma rays in situ in Project
Salt Vault in the Lyons mine The exposure conditions for this salt and
the results of drop calorimater and H measurements (method 3) were
presented in detail in a previcus report.! Our interpretations of the

results were also discussed.

We concluded that the stored energy resuits were consistent with a
model in which radiation defects were formed at a rate proportional to the
dose rate (i.e., at a rate egual to K,I+) and underwent thermally acti-

*We have no reason to question the reliability of the results for
the relative amounts of H, evolved by the different. samples. The H;
measurements were all made on the same day, December 12, 1974. Also,
the amounts of H, that were evolved during a measurement did not differ
appreciably from one salt sample to another (see Appendix vI).

T1t was previously assumed that K, was equal to 1.66 x 1077 cal g-?
rad~! in these exposures.! The conclusions are not changed if K, is
assumed equal to 1.4 x 10°° cal ¢~} rad-!. The dose received by the PSV
salt was <10? rads; so the annealing term, -K,IE, was negligible.
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vated annealing of stored energy at temperatures >150°C at rates predicted
by the extrapolation of results of our annealirg experiments, which were
conducted at somewhat higher temperatures (>185°C) (see Sect. 7).

6.2. Stored Energy in Harshaw Synthetic Crysuals and
in Lyons Bedded Salt After Gamma Irradiation at
10 Megarads/hr at 30 to 50°C; Compcrison with Results
of Others for Salt Irradiated at Comparable Temperat os

High-dose, cobalt-gamma irradiatiors were conducted on several
samples of Harshaw syhthetic crystals and on one sample of Lyons bedded
salt at salt temperatures in the range of 30 to 50°C during irradiation.??
These samples were analyzed for stored energy by mathods 4 and 6, that
is, by the H,-evolution and [~ oxidation methods.* The results are
listed in Table 4, together with information on the temperature, gamma
dose, and analytical methods. The results obtained by the two methods
were in near agrecment, and the corrected E values for samples No. 126
and 126efg are probahly accurate within 10 to 15%. The results for
samples No. 125a and 125k were less precise than results for the other
samples because there were no Hp-evolution measurements. The values at
the upper ends of the ranges for 125a and 125k are in nearest agreement
with those reported by others fcr comparable exposure temperatures and
doses and are probably most nearly correct.

The data for Harshaw salt in Table 4 are plotted vs dose in Fig. 7
together with stored energy values obtained from previously reported
results of others for salt irradiated at comparable tempeiatures but at
different dose rates. Sonder and Lindenbaum!® reported the difference
between the heats of solution of irradiated and unirradiated salt. We
doubled their reported values to obtain the actual stored energy. Kubotal?®

*The drop calorimeter method was not reliable because the samples
could not be preheated at a high temperature to remove sorbed water
without possibly annealing some of the stored energy.
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Table 4. Stored energy in Harshaw SAytHetic crystals and in
Lyons bedded salt after gamma radiation at 10 megarads/hr
and at temperatures in the range of 30 to 50°C

R Ry Ty

Temperature Stored energy (E)
Salt Sample during Dose 5
No. irradiation  (10'° rads) I~ -+ 19 H2
(°c) (cal/g) (cal/qg)
Harshaw  125a 40 1.1 0.7-2.4°
Harshaw 125k 40 3.4 1.2-2.9°
Harshaw 126 30-50 7.1 + 108 3.6-4.39 4.2
Harshaw  125efg 30-50 8.2+ 105 4.0-4.79 4.0
d .
0:1

Lyons k127 30-50 4.8 + 10% 0-0.5

%Stored energy calculated from results of I” oxidation measurements,
assuming 4.25 eV for each I oxidized (metuod 6).

,bStored energy calculated from the results of Hy-evolution measure-
ments, assuming 4.25 eV for each Hz/2 (method 4).

®Control measurements on unirradiated salt showed the oxidation of
I” in amounts equivalent toc 0.8 to 1.7 cal/g. The upper values here are
those calculated with no correction for background oxidation. The
lower values are those obtained after subtracting an assumed background
value equivalent to 1.7 cal/g.

dControl measurements on unirradiated salt showed the oxidation of
i” in amounts equivalent to 0.7 cal/g. The upper values here are
those calculated with no correcticn for background oxidation. The
lower values are those obtained after subtracting an assumed back-
ground value of 0.7 cal/g.

R T

R
S R
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Fig. 7. Stored energy in gamma or electron irradiated salt at 0.2
to 7000 megarads/hr and at temperatures in the range of 30
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reported the amount of oxidation of o-tolidine. Epstein!* reported the
amounts of oxidation of I” or o-tolidine which occurred upon dissolution
of irradiated specimens. ‘e calculated the amounts of stored energy
corresponding to their reported values using 4.25 eV per defect pair in
the salt.

The results show that stored energy accumulation in the Lyons bedded
salt was negligible at these low temperatures. The stored energy in the
Harshaw salt increased slowly after an initial period of more rapid
growth. The E vs D relationship for these Harshaw data (using the higher
values of E for 125a and 125k) and for the previously reported lower
dose data of others can be expressed,

E=1.95(1 - exp-K,D) + 3.0 x 107!! D, (3)

where the value of K, is 7.0 x 107!° rad~!. The general form of

Eq. (3) can be explained by assuming that a small fraction, F, of the
generated defects assume forms in the salt that are stable against
annealing, while the remaining, major fraction is formed and annealed,
as expressed by Eq. (1). With this intefpretation, the rate expressions
corresponding to Eq. (3) are:

E=E' +E", (4)
dE"/dD = FK,, (5)
and .
dEL _ (1 - F)K, - KeE (6)
g = (1 - )i - KeE'.

The value of K; is abou*t the same as its value at higher temperatures,
that is, 1.4 x 10”2 cal g~! rad~!, and the value of F is 0.0214. The
amounts o7 stored energy shown by the data in Table 4 and by Eq. (3) are
much less than those found at higher exposure temperatures (95° < temp
<144°C) apparently because the back reaction (annealing) is relatively
more important at the low temperature,
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6.3. Stored Energy in Harshaw and Lyons Salt
Irradiated at 160 to 173°C and 1.6 to 66 Megarads/hr
(Drop Calorimeter Measurements)

The exposure conditions employed in these experiments, the results
of the calorimetric measurements, and the interpretation of the results
were described and/or discussed previously.! It was concluded that the
value of K, for these exposures was probably the same or lower than its
value at lower temperatures. Howaver, additional annealing processes,
including thermally activated annealing, came intc play during exposures
at these higher temperatures, and, as a result of these processes, the
stored energy accumulated during a given dose was dependent on the dose
rate during the exposure. The data obtained at these exposure temperatures,
together with other data relevant to the rates of the thermally activated
annealing process (see Sect. 7), i‘dicated that thermally activated
annealing would be sufficient to make the accumuiation of stored energy
negligible at saii temperatures >150°C at the relatively low dose rates
prevailing in salt in a waste repository. ’

7. RESULTS OF MEASUREMENTS OF POSTIRRADIATION,
THERMALLY ACTIVATED ANNEALING OF STORED ENERGY

Thermally activated annealing characteristics were investigated by
exposing portions of some irradiated samples to elevated temperatures
prior to measuring the stored energy. This work was presented and dis-
cussed in a previous report; most of this previous presentation is in-
cluded in Appendix VII. A brief summary is given below.

The Harshaw salt that had been irradiated at 95°C showed rapid
annealing to a maximum value in the range of 2 to 3 cal/g in the tempera-
ture range of 115 to 120°C. The remainder annealed at measurable rates
only at temperatures above ~180°C. Most of our quantitative measurements
dealt with the higher temperature stage of the annealing. Specimens
that had been irradiated at temperatures >126°C exhibited only the
higher temperature staga.
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The results of annealing experiments in the temperature range of
195 to 230°C, which were designed to determine the effects of time at a
constant temperature and the effects of the amount of stored energy in a

specimen on the rate of annealing, showed that the annealing process is
of zero-kinetic order:

dE/dt = K. , (7)

That is, the rate of annealing is independent of the amount of stored
energy in a specima2n. This is a very rare type of rate process, but it
can be explained by assuming that a rapid equilibrium exists between
different types of defects in which the types that are reacting to
produce the arnealing remain at, essentially, a constant concentration
throughout the annealing period. It is known that an equilibrium exists
between F centers and colloidal sodium in NaCl and that the concentration
of F centers in this equilibrium depends upon temperature but is inde-
pendent of the amount of colloidal sodium in the salt crystal.!®,1® It
can be speculated that this or a comparable equilibrium acccunts for the
zero-order kinetics. @

The results of other annealing experiments in the temperature range
of 185 to 260°C showad that the temperature dependence of the zero-order
rate constant can be expressed by an Arrhenius-type relationship, although
the pre-exponential factor may depend upon the exposure history of a
specimen and upon the tyspe of salt, that is, Harshaw or bedded. Equa-
tion (8) shows the most conservative relationship between the rate

constant and the temperature for Lyons salt which was indicated by our
data:

K=1.92 x 10'® exp-1.96 x 10“/T cal g~! hr~?!, (8)
vValues of K in the temperature range of 158 tc 170°C, which are found

from this equction, are in near agreement with those deduced from informa-
tion we obtained with samples of Lyons salt which were irradiated in
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situ in PSV at ~158°C (maximum) and those irradiated in the range of 160
to 173°C in our laboratory experments (see Sects. 6.1.9 and 6.2).

The relationship between the rate constant and the temperature for
Harshaw salt that was indicated by the annealing experiments was:

K =4.97 x 10'° exp-1.96 x 10*/T cal g~! hr-t. (9)

The v>lue of the pre-exponential factor in Eq. (9) is 2% times greater
than that given for the Lyons salt by Eq. (8).

8. MISCELLANEQUS OBSERVATIONS
8.1. Color

Most of the irradiated specimens were very black. Some specimens
of bedded salt contained white specks which showed clearly against the
black background. The specimen of New Mexico salt which was used in
HFIR exposure No. X had the 1érgest amount of this white material;
visual inspection indicated that 1 or 2% of the sample was white.

The white material was probably gypsum.

Upon thermal annealing of irradiated specimens in the drop calori-
meter, the black color disappeared, and the specimens became more or
less clear. Specimens that had the largest amount of stored energy
became cloudy, whereas specimens with the smaller amounts of stored
energy became clear. Additional high-temperature measurements of the
cloudy specimens showed negligible amounts of stored energy associated
with this appearance.

Numerous small negative crystals could be seen in the heavily irra-
diated Harshaw salt after annealing.

8.2. Chlorine Odor

An odor of chlorine was emitted during the cleaving or crushing of
samples of heavily irradiated salt. The source of this odor may have
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been the aggregates of trapped holes (C1,”) on the grain boundaries
which were exposed t¢ air by the cleaving or crushing.

8.3. Cleaving

Salt with large amounts of stored energy, 10 to 20 cal/g, was dif-
ficult to cleave.

8.4. The pH of Solutions of Irradiated,
Unirradiated, and Annealed Salt

A few measurements of the pH of solutions of different salt samples
were made. The results of the most careful measurements are given in
Table 5. :

The set of measurements on the Ha shaw salt showéd that the pH of
the solution of the irradiated salt was substantially greater than the
pH of the unirradiated and thermally annealed salt solutions. However,
the pH of the irradiated salt was significantly less than that predicted?

by calculation, assuming equal nunbers of trapped electron and trapped

hole defects were undergoing the dissolution reactions,

Nate™ + H,0 » H, + Na* + OH, (10)
and '
€17yt + 1,0 > 4017 + 3HT + gHOCT,

Hocl S WY + 0017 (K = 3 x 107%). (11)

Several other pH measurements, not shown, on samples of Harshaw salt,
also irradiated at 95°C and at 11 megarads/hr, showed comparable dif-
ferences between observed and predicted values of the pH.

The difference between the observed and predicted values indicates
that about 10% of the trapped electron defects (Na+e') did not contribute
an OH™ to the solution during dissolution. Several different explanations
can be postulated: (1) the salt may have absorbed some nitrogen acid or
some carbonic acid during the cobalt irradiations (the specimens were
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Table 5. The pH of solutions of irradiated, unirradiated,
and annealed salt

Samp]g a Solution pH of
description Sample weight volume solution
{g) (cm?*)

QObserved Predicted

Harshaw unirradiated 0.003
o0 5.0 6.25+ 0.05°
0.30
Harshaw irradiated
sample C-2, exposed
(-3
at 95°C and 11 0.0425 5.0 8.05? 8.96

megarads/hr; Ha
evolution measured
by method 3 was 31.5
unole/g

Harshaw irradiated
sample C-2 after
thermal annealing G.1011 5.0 5.907
at 500°C; clear
specimen

Core from Project
Salt Vault Hole 6

Unirradiated c
sample 0.351 10 5.40

Sample from highest

dose region after

thermal annealing o
for 5 min at 450°C; 0.131 10 5.60
clear specimen

Sample located 16 in.

from tip of core o
amealed at 250°C 0.076 10 5.59
for 1 hr; clear

specimen

Sample taken from

highest dose region; H: e

evolution measured by 0.300 . 5.0 7.80 8.99
method 3 was 4.8 pmole/g

“These samples are fully described in ref. 1.

bSo]vent was demineralized and boiled in water in an open beaker.
A glass electrcde was used for the measurement, :

“The soivent was demineralized water. The pH was equal to 6.0 with
" reagent salt added. A glass electrode in an open beaker was used for
the pH measurement.
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wrapped in alumihum_foi} but were not completely sealed during irradia-
tion); (2) the solution formed by dissolving the salt may have absorbed
CO; very rapidly from the air during the dissolution and measurement
steps to neutralize some of the OH™; (3).part-of the trapped electron
defects may have undergone some unrecognized reaction with water or
HOC1-0C1™ during dissolution in which either OH™ was not produced or ™
was not consumed. We believe that the first and second of the above
explanations are more likely than the third. '

The results for the bedded salt specimens from Project Salt Vault
again showed that the pH of the solution of irradiated salt was less
than the value predicted, assuming Eqs. (10) and (11). However, in this
case, the difference was explained by the acid properties shown by the
unirradiated and the annealed bedded salt. These acid reactions probably
resulted from the presence of traces of hydrolyzable impurity cation in
the bedded salt. '

8.5. Loss of Water from Bedded Salt Specimens
Juring Gamma Irradiation

Several specimens of bedded salt from the Lyons mine and one Harshaw
salt specimen, which were irradiated in previous HFIR-y exposures 2 and
3, were examined for changes in weight that took place during the radia-

_ tion exposures. The measurements and the results are presented and

discussed in Appendix VIiI.

8.6. Gases in Unirradiated and Irradiated
Specimens of Bedded Salt

Two samples of Lyons bedded salt which had been gamma irradiated
and one that had not been irradiated were analyzed for contained amounts
of Hz, 0., and N» + CO. The measurements and the results are described

and discussed in Appendix IX.
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9. SUMMARY AND DISCUSSION OF INFORMATION ON THE FORMATION
AND ANNEALING OF STORED ENERGY IN SODIUM CHLORIDE

9.1. Initial Kate of Formation of Stored Energy in NaCl*

Our experimental data for irradiation temperatures <145°C (30 to
144°C) showed that the rate of formation of stored radiation energy in
NaCl could be expressed:

dE/dt = K1, (12)

with K; = 1.4 x 107° cal/g-! rad~!. The dose rate had no effect on the
value of K; in the range investigated [1.6 to ~100 megarads/hr in labora-
tory experiments and 0.007 to 0.07 megarads/hr in salt irradiated in
Project Salt Vault (see Table 1)]. We also deduced the same value of K;
from the reported results of others for dose rates in the range of 0.2
to 2000 megarads/hr (see Sects. 6.2 and 10). The source of the salt had
no effect on the K; value. The value of K, at temperatures >145°C (160
to 173°C) was about the same or slightly less than its value at the
Jower temperatures (see Sect. 6.3). )
Our considerations of theory, our experimentél results, and the
reported experimental results of others led us to conclude that the
plastic strain in the salt has no significant effects on the value of K,

P

at the temperatures, dose rates, and doses of interest in a high-level

waste repository. These considerations are suimarized in the following:
1. Theory - As discussed in Sect. 5, any effects of plastic

strain on the late-stage accumulation of radiation defects in alkali

halides probably results from the effects of the strain on the defect

reactions which take place after the defects are formed.

*The defect concentrations in our samples and in the samgles of
others which we consider here were generally greater than ~10'%/cm?
(10*%/cm® corresponds to ~0.08 cal/g in salt at 4.25 eV per defect
pair). Accordingly, we were generally dealing with late-stage radiation
effects (see Sect. 5).
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2. Our indirect experimental evidence - Harshe': synthet ¢ crystals
are quite free from strain, as indicated by the low yield stress (less
than 15 kg/cm?).1743® Bedded and dome salt have usually undergone
considerable deformation in situ (tectonic deformation) and during
mining, and it is 1ikely thit our samples of natural salt retained some
of the effects of this strain.!®s* That is, it is 1ikely that removal ;
by the recrystallization of all dislocations, etc., that werc =roduced
during the strafning was incomplete. Also, those sample of bedded salt
which were exposed at temperatures greater than ~130°C probably underwent
some plastic strain as a result of the thermal expansion of brine inclu-
sions within the salt.?® Despite these probable differences in the
residual effects of plastic strain, there were no differences between
the values of K, for the different salt samples.

e 3. Experimental results of others - Nowick?! reported that both

: the =arly- and late-stage coloration (F-center formation) in Harshaw
crystals under gamma irradiation at room temperature were increased by
prior plastic strain. Later workers® suggested that Nowick's apparent
late stage was, in fact, part of the early stage (Nowick's maximum F-
center concentration was 2.5 x 10!7 ecm~?) and that most of the evidence
indicates no significant effects of prior strain on late-stage coloration.
In any case, the F-center formation rate for Nowick's 4.3 and 8.5%

~ strained specimens in his later stages was somewhat less than the rate-

" that corresponds to our K, value (1.4 x 10~ cal g~! rad~!) with our
value of 4.25 eV per defect pair in the salt.

R B B P et I G T T AR RS I Ao 5 B A S

g.2. Stabilization and Annealing of Stored Energy

Most of our experimental results showed that an annealing (or
effective annealing) of the radiation defects was taking place during
irradiation.

*Bulk samples of bedded and dome salt are usually comprised of
aggregates of small irregularly shaped crystals. The yield stress of
unannealed samples of these aggregates ranges from about 150 to 200

cm?.'%,1? -yla do not have yield stress information for annealed
samples of the aggregates. - .
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For the temperature range of 30 to 144°C during irradiation, and
for stored energies less than ~20 cal/g, the appropriate kinetic
expression for the formation and annealing of stored energy was:*

de/dt = K31 - K:IE. (M

The form of the annealing term, -K,IE, can be explained by assuming
that a fraction of the radiation defects produced in the primary process
react, during formation, with existing defects to reform undamaged NaCl
and that the fraction which reacts is proportional to the number of
defects already in the crystal, as given by E.

A list of values of K, determined from our experimental data for
this temperature range is included in Table 2. In the temperature range
of 126 to 144°C, the value of K, for the Harshaw salt increased with
increasing temperature, and this increase c..responds to an activation
energy of 134.0 kcal/mole. However, the K; value for 95°C is triple that
predicted by extrapolation of the 126 to 144°C values, and the value for
the temperature range of 30 to 55°C is severa1'hundred times the extra-
polated value. The K;'s for the bedded salt evaluated at 130 and 144°C
were less than those for Harshaw salt by ~45%. Above 20 cal/g at 126
and 130°C, the amounts of stored energy deviated from those predicted bty -
extrapolation from the lower E values at these temperatures. Presumably,
these deviations. resulted from alterations in the rates of annealing
when the stored energy in a sample exceeded certain amounts.

The effects of temperature on the values of the annealing constant,
K2, were quaititatively explained by assuming: (1) that the probability
of back reaction between freshly formed defects and those already present
depended upon the states of aggregation of the defects already present
and (2) that the states of aggregation for exposures in the temperature

*At 30 to 55°C, the expression differed slightly from this [see
Eqs. (3) to (6), Sect. 6.2]. The rate of formation in the primary
process is given by K;I, as discussed above in Sect. 8.1.
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range above A125°C differed from those for the temperature range of 30
to 50° and, to a lesser degree, from those for the 95°C exposures.*

Both of these assumptions are consistent with the available experimental
and theoretical information (see Sect. 5): This informatior suggests
that most of the anion vacancy defects may be present as aggregates of
colloidal sodium during irradiatior in the higher temperature range but
that they may be present as individual F centers and in clusters of a
few F centers at the lower temperature;. This difference could result
from differences between the mobility of the F and/or F* centers in the
two temperature ranges. The trapped hole defects would probably be
present as aggregates (probably as Cl.~) in both temperature ranges.

The differences between the values of K, for the two different tempera-
ture ranges would then be a result of differences between the reactivity
of aggregates of colloidal sodium and of the smaller cluster of anion
vacancy (2fects with newly formed defacts. The increase in the value of
K2 with temperature above ~125°C could be a result of the increase with
temperature of the concentration of F centers that are in equilibrium
with colloidal sodium in NaCl.

The differences between the values of K, for Harshaw and bedded
salt and the changes in the apparent value of K, at stored energies
above ~20 cal/g at 126 and 130°C can be qualitatively explained on the
basis of assumptions similar to those described above. For example, the
agglomerates of colloidal sodium and of Cl1,  presumably form on grain
boundaries, dislocations, and other crystal defects, and it is very
likely that the numbers and types of these agglomerates are different
for the two types of salt. Accordingly, the distribution and sizes of
the agglomerates and their reactivities could be different for the two
types of salt. Similarly, the very accumulation of large numbers of-
radiation defects within a crystal could lead to the formation of

*The occurrence of two-stage, thermally activated annealing for the
specimens irradiated at 95°C (see Sect. 7) supports the idea that defects
were present in two different states of aggregation during the 95°C
exposure.
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additional crystal defects (e.g., plastic strain dislocations) that
would provide new trapping and agglomeration sites and thus alter the
overall reactivities between freshly formed and accumulated defects.

The difference tetween the stored energy results for the 95°C expo-
sures at 10 megarads/hr and those for the 80°C exposures at 2000 mega-
rads/hr (see Sect. 6.2) can also be explained along lines similar to
those described above. Thus, at the high dose rate used in the 80°C
exposures and at the possible low mobility of the anion vacancy defects
in this range of temperatures, it can be assumed that most of these
defects remained as F centers and clusters of a few F centers, so that
the value of K, was approximately the same as its value for the exposures
in the temperature range of 30 to 55°C. On the other haﬁd, at the much
lower dose rate used with 95°C exposures and at the correspondingly
Tonger exposure times, most of the anion vacancy defects were probably
able to move into aggregates of colloidal sodium. At higher temperatures,
where the movement of anion vacancy is more rapid, there would be less
1ikelihood of a dose rate effect on K;. The datum of Sonder and
Lindenbaum'® for an exposure at 140°C and 5000 megarads/hr included in
Fig. 4 confirms this expectaticn.

For the temperature range above ~150°C and at low dose rates such
as those found in a repository (0.1 megarad/hr, maximum), the appropriate
kinetic expression is:

dd/dt = K1 - K2IE - K, {13)

where K is the rate of thermally activated annealing and is given con-
servatively by:

K=1.92 x 10® exp-1.96 x 10*/T cal g~} hr-!, (8)

The value of K, in this temperature range was not firmly established.
However, this was unimportant from the practical standpoint of predicting
the amounts of stored energy in salt in a waste repository since the
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predicted K value at temperatures >150°C exceeds the predicted value of
KiI at the relatively low values of I that w il prevail in salt in a
waste repository.
A possihble explanation for the occurfence of zero-order kinetics in
the thermally activated annealing process was described in Sect. 7.

10. RETENTION OF RADIATION CEFECTS WITHIN
SODIUM CHLORIDE CRYSTALS

The fact that our irradiated crystals were entirely or essentially
entirely bleachaed upon heating indicated that no trapped electron defects
(i.e., colloidal sodium, F centers, etc.) remained after annealing and thus
indicated that nn chlorine had escaped from the crystals during irradiation
or during annealing. The possibility that some trapped electron defects
(i.e., sodium) had escaped could not be ruled out by the bleaching
results since we could not be sure that the excess chlorine defects , ¥
would produce color centers in the annealed crystals. However, the
results of pH measurcment (Sect. 8.4) indicated that no significant
amount of chlorine remained in crystals after thermal annealing.

11. COMPARISONS BETWEZN RESULTS OF OUR EXPERIMENTS
AND CORRELATIONS TG THOSE REPORTED PREVIOUSLY

We previously reporied! correlations of experimental data in which
values of K, and Kz at certain temperatures differed by small amounts
from values in this report. The present values are based on correlations
of additional experimental data and on additional theoretical con-
siderations, » ,

Earlier workers!? who used very high dose rates (>10° rads/hr) at
exposure temperatures of 80°C and below reported saturation of stored
energy i1 Harshaw salt at ~ 1 to 2 cal/g. The results of this previous
work are included in Sect. 6.2. As discussed in Sect. 9, the difference
between our present results at 95°C and the previously reported data ob-
tained at a higher dose rate and at temperatures of 80°C and below is

TR AL BT LW RTINS
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probably associated with the effects of the dose rate on the fraction of
the trapped-electron defects that diffuse into _table agglomerates
before these defects react with trapped-hole defects in an annealing
"reaction.’

Some results obtained at high dose rates and high temperatures have
been reported for Lyons salt,?? but the temperatures in that study were
either poorly established or were greater than those used in our work.
The maximum amount of stored energy found in the earlier work was ~ 20
cal/g. ,

Previous workers reported” that collcids of sodium were formed from

F centers upon heating previously irradiated NaCl in the temperature

range of 150 to 200°C. The colloids were thermally annealed during ccn-
tinued heating in this temperature range. Plots of the absorbance of the
colloids vs heating time at 200°C were presented, but no comments were made
concerning ‘he kinetics or rate constants. However, we concluded from
these plots that a «: -aight-line relationship existed between the absorb-
ance and time and that, therefore, the annealing process was zero order;
this is in agreement with our findings.

Dreschhioff and Zeller reported?? measurements of stored erergy in PSV
specimens that were irradiated in salt mine locations in near proximity
to our PSV specimens. Thay used a differential thermal analysis (DTA)
device to measure the stcred energy. Their values for stored energy at
given doses (or locations) were greater than ours by amounts ranging up
to factors of ~ 4. We do not have a firm explanation for this diffcrence.
Howaver, we believe that we have established the accuracy of the results
for our specimens, which had a stored energy of ~ 1 cal/g, by checking
our Hp evolution measurements with our measurements of the amount of
heat released in the drop calorimeter.

Dreschhoff and Zeller also reported®? that, in a plot of stored
energy vs distance up the 45°C sample core, a discontinuity occurred at
about 8 in. sucn that the amount of stored energy in the specimen at §
in., was greater than that in the preceding specimen at 6 in. They suggested
that stress within the in situv salt at this location may have caused
this discontinuity. Our analysis of their data showed that specimens
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located at distances of 8 in. or more were exposed to temperatures of
less than ~110°C for the first 400 days and temperatures less than 136°C
for the final 80 days when the temperatures were at the maxima. Also,
average dose rates (<10 rads/hr) and doses (<1G° rads) were very low at
distances of 8 in. or more _

We previously suggested! that the discontinuity and relatively
higher amounts of stored erergy at distances > 8 in. were associated with
temperature and dose rate effects rather than with stress and that the
value of K, at temperatures less than A120°C might be greater than the
K; values at higher temperatures by a factor of ~3. We now agree that
stress may have been a factor and that the discontinuity may have been a
result of differences between plastic strain effects at the two locations.
As discussed in Sect. 9, we found that the value of K; is indenendent of
the several different exposure variables that were considered, including
temperatu. e and plastic strain. However, the accumulation of early
stage-type radiation damage is affected by the plastic strain, and it is
Tikely that the discontinuities observed by Dreschhoff and Zeller?? were
part of early-stage effects.

Previcus workers reported® that NaCl which was exposed to high
doses of fast electrons at either room or elevated temperatures was
completely bleached upon heating to 250°C and that equal numbers of
oxidizing and reducing species were observed during aqueous dissolution. .
These results are in agreement with our findings.

Various workers have reported sputtering of chlorine, sodium, and
sodium chlorine from the surface of NaCl crystals during exposure to
low-energy electrons in a highiy evacuated environment.2®>2* However,
investigators who exposed NaCl to high doses of fast electrons or to
gamma rays while the NaCl was sealed within evacvated ampoules could not
detect chlorine by sensitive mass spectrometry upon opening the irradiated
ampoules.25»2% No explanation has been offered for the apparent differ-
ence between the results of the two types of experiments.
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12; 'PREDICTED AMOUNTS OF STORED ENERGY
IN SALT IN A WASTE REPOSITORY

The experimental data and correlations showed that the maximum rate
of formation of stored energy in salt in a waste repository will be
1.4 x 1077 cal ¢g~! rad~!. This rate will be independent of temperature,
dose rate (at <10% rads/hr), dose, and the type of salt. Then, the
maximum amount of stored energy that will accumulate in the salt adjacent
to a waste canister is given by the product of the maximum formation
rate, 1.4 x 10°% cal g-! rad~!, and the dose in the salt. As stated
above, the maximum gamma dose in salt immediately adjacent to a waste
canister will be ~ 2.8 x 10'° rads, 3.1 x 10!° rads, and 4.3 x 10!° rads
after 50, 1000, and 107 years of burial. The corresponding maximum
values of stored energy are 39, 43, and 60 cal/g, respectively.

Some annealing of the stored energy will take place during exposure
in the repository, depending on the temperature and other factors. At
temperatures >150°C, thermally activated annea]ing will be the dominant
process and will 1imit the accumulation of stored energy to negligible
amounts. The rates of this thermally activated annealing inc¢crease with
temperature but are independent of the amounts of stored energy in the
irvadiated salt. Iitustrative values for the annealing rates indicated
by the experimental cata are 1.4 x 10 to 9 x 10™*, 0.019 to 0.12, and
5.6 to 34 cal g=! hr-! at 150, 200, and 275°C, respectively.

The rates of thermally activated annealing or annealing by other
processes at temperatures <150°C in a repository could not be predicted
reliably from the results of the experimental studies. For the purposes
- of assessing hazards resulting from stored energy accumulations in the
salt, it was assumed that the maximum amounts of Stored energy at tempera-
tures <150°C will be those calculated from the maximum formation rates and
the maximum gamma doses in the preceding paragraph.

The salt that is located within 6 to 7 in. of a waste canister and
receives significant gamma-ray doses will normally have maximum tempera-
tures >200°C, and the maxima will occur 10 to 20 years following the burial
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of 10-year-oid-wastes. The temperatures will exceed 150°C after

1 to 2 years of burial and will remain above 150°C for more than 50
years. Accordingly, energy storage in salt in the normal burial area
will be negligible for more than 50 years following the burial of 10-
year-old wastes.

Some canisters on the periphery of the repository will have salt
temperatures less than those within the normal burial area because of
their semi-isolation from thermal effects of other canisters. A rare
canister may be isolated from the thermal efiects of other canisters
and, accordingly, have still lcwer temperatures. At times, significant
concantrations of stored energy might accumulate in the salt around
these canisters in less than 50 years following burial.

13. CONCLUSIONS REGARDING HAZARDS ASSOCIATED WITH THE
STORAGE OF RADIATICN ENERGY IN SALT IN A WASTE REPOSITORY

A principal concern of stored energy in the salt around a waste
canister is the excessive temperatures and/or the release of hazardous
amounts of mechanical energy that could result from the rapid release of
very large amounts of the stored energy. No conditions that would
promote a sudden release of stored energy in repository salt or in the
contained waste are apparent other than rapid heating of the salt or
waste to a AT of a few hundred degrees by a source other than the contained
stored energy. No such source of external heat is known. However, if a
sudden release of the entire amounts of stored energy in the waste
within a canister and within the surrounding salt occurs in some unforeseen
way, it is estimated that there would be no serious adverse e?fects on
waste containment, and safe operation of the repository would result.

Thus, with a reference 12-in.-ID canister containing 3.65 kW of 5-
year-old UQ,-fueled PWR high-level waste at burial (2.25 kW when aged 10
years), the maximum temperature rise from the release of stored energy
after 55 years of burial in salt would be ~130 and 9°C near the edge of
the canister and at 7 in. from the edge, respectively (Fig. 8). If the
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salt column undergoing these ATs 1is 8 ft high, the mechanical energy
release ranges T.um V10" cal, when the overburden pressure is 2000 psi,
to ~10° cal, depending upon the rate of the release. For the maximum
stored energy at 100 years, the respective values are ~ 1.3 x 10* cal

and 2.4 x 10° cal. The larger amounts result when the temperature rise
~ is so rapid that no immediate expansion of the salt takes piace; instead,
the local pressure increases by an amount determined by the com-
pressibility of the salt (Appendix X). The explosive effects of the
1.3 x 10° cal of mechanical energy would be practically negligible
(4.9 x 10° cal correspond to heat of detonation of 1 1b of heavily
confined TNT). The maximum amount of mechanical energy that would be
released in the wastes within the 12-in.-1D canister as a result of the
release of the saturation amount of stored energy (<50 cal/g) would be
~ 0.8 x 10° cal, assuming that the heat capacity and compressibility of
the wastes are the same as those for Pyrex glass.?’»* The sum of the
explosive energies from tha mechanical energy released in the wastes and
in the surrounding salt would also be practically negligible.

After 1000 years of burial of the above-described waste, the maximum
stored energies in salt and the other salt-related variables considered
would all be increased by a factor of ~1.6. The explosive energies from
the assumed rapid release of the stored energies would remain negligible.

If appreciable thermal expansion of the salt accompanies the transient
temperature rise resulting from the sudden release of stored energy, the
"~ contraction of the salt upon cooling to the pre-release temperature
would leave some crevices and cracks in the temperature-affected salt,
probably along crystal boundaries. These would disappear with time as
the salt reconsclidates under the pressure of the overburden. Small
amounts of brine, whicﬁ might be located on the crystals' boundaries,
would be fres to move about through the temperature-affected region
around the canister while the cracks remained open. The brine would be
retrapped during the reconsolidation. It is conceivable, although
unlikely, that the cracks would extend to the room above the canister
and that some of the brine (<40 liters) would escape into the room. An
analysis of the fate of water within the room will be made by others

*The value of 1.7 x 10° cal quoted in ref. 27 is too high by a
factor of 2; see Appendix X.



47

and will be reported elsewhere. The situation postulated above will be
included in this analysis.

Finally, H, is yenerated upon agueous dissolution of the irradiated
salt. The experimental results showed that the amount of H, is 5.2 x 10-°
mole/cal. At 40 cal/g, the salt that dissolves to saturation in 1 ml of
water would generate and release 1.7 cm® of H, at STP. It was also
found that the irradiated salt may dissolve much more rapidly than
unirradiated salt. Normally, there will be no occasion to introduce
water into the spaces around a waste can, and there will be no H, evolution
hazard. If a need to bring water into contact with salt should arise
during the development work in a repository, the possibility of an H,
hazard can be eliminated by using an air sweep or by using saturated
brine rather than freshwater.
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14.1. Appendix I: Reference Concept for 2
High-Level Waste Repository in Salt

The final-phase concept that will most 1ikely be used with any
future salt mine repository for high-level waste was developed at ORNL
and was testad in the Carey Salt Company Mine at Lyons, Kansas, in Project
Salt Vault. In this concept, the solidified radioactive wastes are
sealed within metal canisters, and the seaied canisters are lowered into
vertical holes beneath the floors of rooms within a salt formation (Fig.
9). The space around each waste package is backfilled with crushed
salt, and the room is alsoc backfilled with crushed salt after the
specified number of packages have been buried. Deformation of the solid
salt throughout the burial area takes place as a result of overburden
pressure and elevated temperatures, and this deformation causes the
reconsolidation and recrystallization of the crushed salt backfills.
After several decades, when this process is complete, the waste materials
are contained within a solid-salt formation and are permanently isolated.

This final-phase disposal concept will be preceded by restricted
operations (initial phase) during which the retrievability of the waste
canisters and their contents will be maintained. This will entail the
use of a sleeve or a large air gap between a canister and the salt
formation. It may alsg include the enclosure of each canister within a
second container (an overpack). The room will not be backfilled under
the retrfevability mode of operation.

The dimensions of the high-level! waste canisters, rooms, etc., have
not been firmly established. The canister reference dimensions that are
presently in use are: 1D, 12.0 in.; 0D, 12.75 in.; height, 10 ft; fill
height, 8 ft; and waste volume, 6.3 ft®. The reference room dimensions
are 18 ft by 18 ft. The hole in the floor would be 18 ft deep, and the
hole diameter would accommodate a waste package with ~1-in. radial
clearance. Reference sleeves would have an 0D of ~19 in.
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14.2. Ahpendix I1: Temperatures in Salt Surrounding
: High-Level Waste Packages

In general, HLW waste packages in a repository will be spaced such
that, regardless of the amount of waste in each, most of the salt in the
vicinity of a package will reach peak temperatures >200°C. The salt
that is immediately adjacent to a package may reach peak temperatures
exceeding 250°C.* Of course, there will be exceptions in which lower
temperatures will occur, for example, in the salt near isolated canisters
and canisters‘cohtaining very small amounts of waste. Also, the tempera-
tures will approach the initial ambient temperatures after a burial
period of a few hundred years. :

Table 6 shows a list of some thermal-power characteristics of high-
level wastes generated in the reprocessing of spent fuel elements from a
UO,-fueled pressurized water reactor (PWR).3% Relatively rapid decay of
the heat generation rate occurs during the first 5 to 10 years after
discharge from the reactor. A decay factor of ~20 in the first 10 years
and a factor of ~10 in the next 90 years are shown by these numbers.

The volume of this PKR waste after solidification is expected to be ~3
ft? per metric ton of heavy metal (MTHM).3'»32 Accordingly, we will
have 10.35 kW/ft? in the 10-year-old waste and ~ 1.6 times this in 5-
year-0ld waste. The high-level wastes that are placed in a repository
will have been aged for 5 to 10 yecars.28,3%! :

The 10-year-old waste from PWR mixed oxide (Pu recycle) fuel will
geherate about four times more heat per MTHM than that from the enriched
U0, fuel because of the additional actinides in the mixed oxide (MOX)
wastes.?® The MOX waste will be mixed with at least 2 parts U0,-fuel
wastes during processing;®® so the maximum difference will be a factor
of v2 in 10-year-old waste (the maximum factor is ~1.7 in 5-year-old
waste).

*Design criteria that have been established state that less than
25% of the salt contained in a unit cell exceeds 200°C and less than 1%
exceeds 250°C.2% These c¢riteria limit the thermal-loading of 10-year-
old waste to 180 kW per acre.2%»?°




Table 6. Thermal characteristics of high-level was®e from the reprocessing
of spent fuel elements from a UD,-fueled presurized water reactor (Power = 30 MW/MTHM,
Burnup = 33,000 MWd/MTHM).

Power from waste from(ong metric ton Total
of uranium (kW power per unit volume
Time since a of solidified
reprocessing b o waste (kw/ft’)d
(years) Fission products Actinides” Total
0 19.2 0.72 19.9 6.6
3 2.93 0.091 3.02 1.0
5 1.3 0.080 1.76 0.59
10 1.01 0.067 1.08 0.36
100 0.105 - 0.0097 0.115 0.038

1000 0.0255 x 1072 0.0022 0.0022 0.0C07

3

%Fuel is reprocessed 150 days after its discharge from the reactor.

bIt is assumed that all of the tritium and roble gases and 99.9% of the halogen fission
p~:ducts in the spent fuel are separated front the high-level waste during reprocessing.

A1) the actinides remaining after the removal of the 99.5% of the uranium and
plutonium during reprocessing.

dAssumes 3.0 ft3 of high-level solid wastes per metric ton of uranium.

12
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High-level wastes from UQ,-fueled BWRs and from LMFBRs are expected
to have thermal and radiation properties that are similar to, but somewhat
below, those for PWRs.30»33

Temperatures that will prevail in a salt mine repository with high-
Tevel waste are illustrated in the plots in Figs. 10 to 12. Calculatad
temperatures vs distance from the center of a 6-in. waste canister are
plotted for several different tines after burial of 10-year-old PWR
waste.'»2%,3% The height is the reference (8 ft), and the thermal powers
at burial are 0.95 and 3.2 kW. Good thermal contact between the salt
and the canister wall is assumed. It can be estimated that with packages
of larger diameter and with the sime total power, the temperatures at
the canister-salt interface would be approximately equal to those in the
salt, at the given radius, around the 6-in. canister. Thus, the tempera-
tures at the surface of the 12-in. reference canister loaded with 3.2 kW
of 10-year-old wastes from UO,-fueled LWRs would be near those at 0.5 ft
in the graph (Fig. 12). As indicated, the temperatures around this
reference canister would rise rapidiy to over 300°F and would reach a
maximum of about 550°F (290°C) after about 20 yeers of burial. After 50
years, the temperatures would still be above 200°C out to distances
exceeding 1.5 ft from the center of the canister. After 70 to 80 years,
the temperatures probably would drop below about 150°C.2% The tempera-
ture-time characteristics in the salt around a reference-size canister
containing 0.96 kW of 10-year-old waste from UQ,-fueled LWRs are similar
to those around the 3.2-kW canister. In particular, it is notable that
the 50-year temperatures around the lower power canister would still be
above 200°C at distances exceeding 1.5 ft from the center of the canister.

The local temperatures are influenced by the presence of other
strong heat sources in the repository. If a package is isolated from
other packates (i.e., its temperature is not affected by the presence of
other packages), the temperature of the salt adjacent to the isolated
package will pe much lower than that around packages within the ma.n
portion of the repository. Figure 13 shows plots of the calculated
temperatures around a 12-in.-diam, 10-ft-high, isolated waste package.
The package contains 5 kW of 10-year-old waste at burial. The temperatures
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Fig. 10. Salt temperature vs distance from the center of a waste package
for several different times after burial (midplane of canister).
Canister dimensions: 6-in. ID, 8 ft high; age of waste at
burial: 10 years; radioactive decay heat: 0.96 kW (0.61 kW/ft?)
at burial; conditions: 18-ft room, 3-ft pitch, 183 kW/acre,
2000-ft-deep mine, 60-ft pillars,
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Fig. 11. Salt temperature vs distance from the center of a waste
package for several different times after burial (top of
canister). Canister dimensions: 6-in. 1D, 8 ft high; age
of waste at burial: 10 years; radioactive decay heat: 0.96
W (0.61 kW/fL®) at burial; conditions: 18-ft room, 3-ft
pitch, 183 kW/acre, 2000-ft-deep mine, 60-ft pillars.
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Fig. 12. Salt temperature vs distance from the center of a waste package

for several different times after burial (midplane of canister).
Canister dimensions: 6-in. ID, 8 ft high; age of waste at
burial: 10 years; radioactive decay heat: 3.2 kW at burial;
conditions: 18-ft room, 10-ft pitch, 183 kW/acre, 2000-ft-
deep mine, 60-ft pillars.
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i{
are those at tune surface and at a radius of 1 ft at the horizontal
‘ midplane and at a horizontal plene through the top of the rackage. The
calculated temperature rise is nearly proportiona’ to the heat output of
the package (assuming that thermal conductivity of the salt is constant),
and if, for example, this package contained 2 kW rather than 5 kW of 10-
year-old waste at burval, the maximum temperature at the midplare surface
would be ~170°F, The information plotted in Fig. 13 was obtained by
Cheverton,?s2%:2% ysing two-dimensional calculations.
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Fig. 13. Temperature rise vs time after burial of an isolated waste
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year-old waste at burial.
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14.3. Appendix III: Gamma-Ray Dose Rates and Doses
in Salt Around High-Level Waste Packages

Detiziled calculations of dose rates and doses in salt surrounding a
6-in. carister (6.065-in. ID, 0.28-in. wall, 8 ft of cctive length)
loaded with PWR (U0.-fuel) wastes were reported by Blomeke et al.!?

More racart calculations by others®® for canisters of 6-, 12-, and 24-
in. ID with 8 ft of active length fully loaded with UO,-fueled PWR high-
level waste of the same power density (relative thermal powers of 1, 4, and
16 in the 6-, 12-, and 24-in. canisters, respectively) indicated that
the dose rates and doses in surrounding salt are not strongly dependent
on the diameter of the loaded canister because of self-shielding and
changing surfece areas. Specifically, the relative dose rates at the
midplane surfaces were 1, 1.19, and 1.30 for the 6-, 12-, and 24-in.
canisters, respectively, when the canisters contained solidified (glass
form, 3 g/cm?®) 10-year-old waste f-om a UD,-fueled PWR. The relative
values for older wastes were not significantly different from these
values. ‘

The gamma doses around a 12-in. canister evaluated from the calculated
values of Blomeke et ai.,>® and the ratio values for different canister
diameters discussed above are illustrated in Fig. 14. Dose vs time
after burial are plotted for several distances from the edge of the
canister. The solidified waste assumed in these plots is from UO2-
fueled PWRs and is aged 10 years at burial, and the radioactive decay -
neat at burial is 1.7 k4.

From the information in Fig. 14 and from long decay time calculatiors
of Claiborne,?® we estimated that the maximum doses at the surface of a
~eference 2.25-kW canister (10-year-old UQ,-fuel waste) after 100, 1000,
and 10 million years of burial are 2.3 x 10!°, 2.6 x 1¢'°, and 3.8 x 10*°
rads, respectively. The maximum dose rate occurs at the time of emplace-
ment, and this maximum rate at the surface of the 12-in., 2.25-kW canister
is 8.8 x 10" rads/hr. If this same waste had beea emplaced 5 years
earlier, the maximum dose rate at the surface at emplacement would have
been 1.80 x 10° rads/hr, but the maximum doses accumulated in the salt
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would have been increased only ~ 0.5 x 10'° rads above those values for
the 10-year-old waste.

As shown in Fig. 14, the dose received by the salc drops off rapidly
with increasing distance from the canister; for example, the dose
decreases by more than a factor of 10 at a distance of 6 in. from the
surface of the 12-in. canister.

Waste of the same age from MOX-fueled PWRs wculd give rise to
nearly the same gamma-ray doses and dose rates, although the radioactive
decay heat would exceed the decay heat in waste fr.m UQ,-fueled PWRs
(see Appendix Ii).
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14.4. Appendix IV: Drop Calorimeter Measurements of Salt
Specimens After Irradiation at 130°C;
v-Exposures 7, 8, 9, X and 11 + 12

14.4.1., Equipment and procedure The calorimeter used in the earlier
measurements® was modified to facilitate the dropping and retrieving of
the sample container., The method of dropping the sample container is
shown in Fig. 15. The tool used in retrieving is shown in Fiy. 18. The
Towered tool initially contacted the top rim of the container, since the
container rests in a tilted position with its top rim against the drop
tube. Hokever, rotating the tool caused it to slip past the rim of the
container and grip the container. A spring-like gripping action resulted
since the seam of the tapered nickel cylinder was left unwelded, and the
cylinder was free to expand when it was forced around the container.

A nickel sample container was used instead of the p1atinum ccntainer
used in the earlier work in order to achieve the rigidity necessary to
withstand the gripping pressure from the tool. The nickel container was
fabricated by bending 10-mil nickel sheets to form two cylinders. One
end of each was closed by crimping. The seams of the cylinders were
left unwelded, and thus, their diameters could be altered by bending so
that one cylinder could be fitted tightly into the other. An inner
container with closer tolerances was made of a 2-mil-thick platinum
sheet to retain fine-particle samples.

The nickel container was not as favorable as the platinum container
used in the earlier work from the standpoint that its heat capacity was
pigher than that of the platinum, and, therefore, higher precision of
temperature measurements was required to determine the heat content of
the container within a given accuracy. However, temperature measurements
could be made witn sufficient accuracy, and the use of nickel did not
increase the error in the stored energy measurements.

Convection currents in the predrop oven were stifled by adjusting
the temperature gradients in such a way that the top was hotter than the
bottom.

»
d
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Fig. 15. Schematic drawing of the drop calorimeter.
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14.4.2. Effects from the release of the occluded connate brine Pre-
Timinary experiments showed that, for most of the samples from natural
deposits, reproducible stored energy measurements could be obtaired by
crushing to a sufficiently small particle size. With iarger particle
sizes, there was interference from the rupture of brine occlusions and the
vaporization of brine in the calorimeter. Crushing destroyed the

larger occlusions that were most susceptible to rupture.

We believe that the particle size required to make brine release
effects negligible was determined largely by the mechanical strength of
the polycrystalline salt matrix. We found that a finer particle size
was required for salt from New Mexico (5,000 to 20,000 particles/gram)

han from Lyons, Kansas (v 500 particles/gram), in order to avoid decre-
pitation of the salt sample. The properties of the New Mexico salt were
not uniform over the core from which we took samples since, in the case
of a few samples, it was necessary to crush these samples to a finer
particle size (10,000 to 20,000 particles/gram) than that which was
adequate for most of the samples (5,000 to 10,000 particles/gram). In
this report, we have listed only the results for which we obtained
nearly the same value for more than one particle size (usually for both
5,000- and 10,000-particle/gram sizes in the case of the New Mexico
salt).

Measurements were also made on four different dome salt deposits
using 5,000- to 20,000-particle/gram sizes. The results were independant
of particle size in the case of the Weeks Island and Winfield Mine
deposits. However, a dependence on particle size was found with the
Grand Saline and Asse deposits, which indicates effects from either
residual brine or surface-sorbed moisture.

14.4.3. Surface-sorbed moisture We found that it was necessary to use

more stringent drying than in the earlier work.! Probable reasons for
this are: (1) the samples were stored longer (several months) prior to
measurement, (2) the humidity of the laboratory atmosphere might have
been higher (ranging from 40 to 90%), and (3) smaller particle sizes
were used in the case of the natural deposits, as explained above. The
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samples were dried in the predrop oven (Fig. 15) at a temperature usually
in the range of 150 to 185°C for usually ~80 min., although several
hours were needed in a few measurements with smaller particle sizes. In
most cases, duplicate salt samples were measured using different predrop
oven temperatures or different times. This served to test for the
adequacy of moisture removal and to check for possible annealing of
defects at the predrop oven temperature. Such comparisons showed that
there was no defect annealing below ~185°C. These results agreed with
our earlier annealing studies.! [The defect annealing stage in tire
range of ~ 105 to 115°C was not observed in the present work bééause of
the higher temperature of irradiation (130°C).]

Moisture could not be removed to the required extent from the
cpecimens of bedded salt which were exposed to the highest gamma dose
(4.5 x 10! rads). Accordingly, no determinations of stored energy
could be made on these specimens. Measurements with such samples would
be possible if the .amples werw: crushed, hot-cutgassed, and sealed in

~airtight containers prior to irradiation. In this case, measurements
could be made without removing the samples from the containers.?’ (Of
course the larger brine ccclusions would have been removed during crushing
and would not be present during irradiation.)

In all cases crushing was done withir ~30 min before placing the

specimen in the predrop oven. The finer fraction (usually ~ 20 to 50%)
was discarded.

12.4.4. Accuracy of measurements A method of correction for drift in

the thermopiie zero that is based un the calorimeter time constant?®?
resulted in increased sensitivity as compared with the earlicr work with
salt.! This made it possible to use smaller samples (20 to 40 mg) and,
thus, facilitated crushing and sizing serples from natural deposits.

The effects of t.e sorbed moisture and brine release described above

were the dominant factors limiting the accuracy. In order to obtain an
estimate of the scatter, duplicate samples were measured by using different
predrop oven temperatures or by varying the time in the oven. We assumed
that agreement within 5% between these measurements indicated that
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moisture adsorption effects were absent. We believe that the scatter
between the results reflects the accuracy of the measurements.

The estimated standard error in our reported results for the stored
energy in a given sample of salt is *5%. However, in the case of bedded
salt, the results obtained with samples from different parts of a core
differed by more than 5%. Presumably, this scatter resulted from non-
uniformity of impurity contents or other properties between samples from
different locations. Based on the observed scatter, our estimate for
the standard error in the reported value for stored energy in a giveh
aggregate sample of Lyons salt which was not sampled representatively is
~v £10%. Our estimate for the New Mexico sait is ~ +20%.
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14.5 Appendix V: Results of H, and OC1~ Measurements
on Specimans of Harshaw Salt Irradiated at 95 and 126°C

These measurements employed methods 3 and 5. The stored energy
values that were determined from these results were presented and described
in the text (Sects. 6.1.1 and 6.1.3 and Figs. 2 and 3).

Tabulations of the data are presented in Tables 7 and 8, together
with data on the sample weights and solution volumes employed in the
measurements. The procedural information is of interest in considering
possible reactions between the radiation defects during sample dissolution
with concomitant decreases in the amounts of H, and HOC1 + OC1~ that
were formed. It can be noted in Table 8 that there were no significant
differences between the amounts of HOC1 + OC1™ per calorie of stored
energy in the dissolved salt, although the amount of stored energy in
the samples ranged from 3.2 to 29 cal/g, and the quantity, EW/V, ranged
from 0.19 to 1.16 cal/ml. These results then indicated that negligible
intz-action between defects took place during dissclution in these
experiments. The smaller number of results in Table 7 supports this
conclusion,



Table 7. Hydrogen evolved during dissolution of irradiated sodium chloride®
(Harshaw salt irradiated at §5°C and 10 megarads/hr)

Samp1eb Dose Stored energy, £ Wt of salt, W Solution vol, V EW Observed amount of H,
(10° rads) {cal/qg) (mg) (m1) v

(cal/ml) (zmole/g) (zmole/cal)

c-2 4.1 5,2° 94,5 1.3 0.38 34.4 6.6
c-2 4.1 5.2° 88.9 1.5 0.31 28.7 5.5 >
c-3 10.3 12.0 130.7 1.5 1.05 57.0 4.75
c-8 7.7 29.0 1. 1.5 0.21 139.3 4.20

aHydrogen evolutinn was measured using mass spectrometer method (method 3).
bThese samples were fully described in ref. 1.
®The stored energy was read from the upper curve in Fig. 3.
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Table 8. Amount of HOC + OC1™ formed during dissolution of irrediated sodium chloride®
(H2rshaw salt irradiated at 126 or 95°C and 10 megarads/hr) b

Observeu amount of HOC1

+0C17°¢

Sample Dose Stored energy, £ Wt of salt, W Solution of vol, EW

(10% rads) (cal/g) (mg) ¥ (m1) v {ymole/g) {umole/cal)
(cal/ml) _

c-20 3.2 3.4 119.9 2.0 0.19 19.8 5.0
c-21 7.6 p 229.9 3.1 0.64 43.9 5.1

8.6
c-21 7.6 93.3 2.0 0.40 a1.3 4.8
c-22 13.1 13.07 136.8 2.0 0.89 n 5.4 -
c-23 19.5 16.69 §12.3 35.0 0.15 88 5.2 ~
c-24 26.5 131.€ 2.0 1.07 83 A

16.3°
c-24 26.5 118.4 2.0 0.96 85 5.2
c-25 27.5 16.7° 122.5 2.0 1.02 87 5.2
c-8” 47.7 29.0 0.0602 1.5 1.16 133 4.6

%The amount of OC1~ was measured using an absorption spectrophotometer (method 5).

bA]l samples were irradiated at 126°C except c-8, which was irradiated at 35°C. Samples are fully described in ref. 1.

®The amount of OC1~ was measured after dilution and addition of enough NaOH to increase the pH tec 9,
d5tored energy (E) was read from curve in Fig. 2.

€Stored energy (E) was read from dotted iine in Fig. 2.

fﬁee Table 10 for H, measurements on this spacimen.
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14.6. Appendix VI: Hydrogen Evolution Measurements on
Specimens of Harshaw and Natural Salt Irradiated at 130°C

The results of the hydrogen evolution measurements, which were
obtainecd by method 4, are shown in Table 9. Method 4 is briefly described
in the_footnote.9 Figure 17 shows a plet of the amount of H, evolution
observed with a given specimen vs the stored energy determined by drop
calorimetry.

The amount of H,, which was observed fcr a given specimen using
method 4, was below the amount expected; the difference between the
observed and expected values increased with increasing amounts of stored
energy in the specimens (Fig. 17). These differences indicated that
some interaction between defects, which reduced the yield of H;, was
taking place during sample dissolution and <hat the fraction of the
defects which interacted in this way increased as the amount of stored
energy in a specimen increased. The fraction of defects that interacted
also increased as the number of defects dissolved per unit volume o7
solution increased, since the ratio of sample weight to solution volume
was the same in all cases. No differences of this type were observed in
the previous masurements of H; and 0C1~, which were conducted using
methods 3 and 5. However, the values of EW/V, which are representative
of the number of defects dissolved per unit volume of solution, in the
previous measurements [maxmium = 1.16 (see Appendix V)] were significantly
lower than those in method 4 measurements [1.5 to 5.6 (see Table 10)],
and it appeared likely that the method 4 discrepancies could be avoided
by using larger volumes of solution and/or smaller samples of salt.

A few experiments were made to verify this idea. The sample weights,
solution volumes, and results of these experiments are presented in
Table 10. Methods 4A and 4B differed from method 4 and from each other
only with respect to the solution volumes and/or sample weights employed
in the dissolutions. The results obtained using method 4A (150-mg
sample with 3 ml of solution) are plotted in Fig. 17. These results
appeared to confirm the expected effects of reducing the values of EW/EV
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Table 9. Results of H. measurements using method 4% on specimens
of Harshaw and natural salt irradiated at 130°C

£W
Dose Stored enerqy, E = Observed amount of H,

Sample (10? rads) \cal/g) ol (CQQ/ml) (umole/g)b lumole/cat)
Harshaw

9 9.78 10.2 1.5 41.9 amn

X 12.5 40.5 .

7-8 21.8 16 2.4 58.0 " 3.65

g-X 22.3 16.5 2.5 69.0 4.18

7-8-9 31.5 21 3.2 69.3 3.30

7-8-9-X 44.0 37 5.6 73.3 1.98
New Mexico

9 9.7¢8 13.0 2.0 39.9 3.07

X 12.5 12 1.8 41.3 3.44
99X 22.3 23.5 3.5 75.1 3.20

7-8 21.8 22.0 3.3 65.2 2.96

7-8-¢ 31.5 31.0 4.7 87.4 2.82

7-8-9-X 44.0 100.3

11-12 22.6 4.0 2.1 € 64.1 4.58

13 9.75 40.4

11-12-13 32.4 77.4
Lyons

] 9.78 13.3 2.0 41.3 3.11

7-8-9 31.5 33.5 5.0 96.3 2.7G
Weeks Island

9 3.78 10.8 1.6 47,2 4.37
Winfield Mine

9 9.78 11.5 1.7 46.7 3.54

%4, measurements made in ORNL Analytical Chemistry Division by dissolving ~0.15 g of
sample in 1 ml of boiled water in a 16-ml, rubber stoppered vial, collecting an aliquot
of the gas using a syringe and needle, and measuring the amount of H: in the aliquot using
gas chromotography with aryon carrier gas.

bA]l analyses were made in duplicate. The listed value is the average of the two

results.



Table 10. Results of H, measurements using several different ratios of
sample weight to solution volume

Sample Method Stored energy, £ Wt of sample, W Yol of solution %# Observed amount of H.
(cal/g) (mg) (m) {cal/ml) (umole/g¥®  (umole/cal)
Harshaw
9 & 10.2 150 1 1.5 41.9 4.
aA 10.2 150 3 0.51 48.9 4.79
48 10.2 100 5 0.20 41.6 4.08
New Mexico
9 & 13.0 150 1 2.0 39.9 3.07
aA 13.0 150 3 0.65 §7.3 4.41
4B 13.0 100 5 0.26 4.0 3.15
X & 12 150 1 1.8 41.3 3.44
aA 12 150 3 0.60 63.6 5.30
a8 12 100 5 0.24 45.3 3.78
7-8 & 22 150 1 3.3 65.2 2.96
4A 22 150 3 1.1 97.1 4.4
48 22 100 5 0.44 81.3 3.70
9 @ 10.8 150 1 1.6 47.2 4,37
aA 10.8 150 3 0.54 49.9 4.62
48 10.8 100 5 0.22 48.2 4.46

aa1 analyses were made in duplicate. The listed value is the average of the two results.
bThe results for these samples were presented in Table 9.
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to the range of values employed in the method 3 and 5 measurements.
However, upon increasing the sotution volume still further and, at the
"same time, by reducing the sample weight (160-mg sample with 5 nl of
solution, method 4B), the amounts of H, that were cbserved were apparently
less than those with method 4A (although higher than those with method

4),

Additional experimental measurements would be required tc establish
an explanation for the difference between the results of methods 4A and
48, We did not pursue these additional measu.-ements since we did nct
require the H, evolution data to establish the stored energies in our
130°C irradiated specimens. We did use method 4 results to help esteblish
the stored energy in specimens which were irradiated at a temperature
range of 30 to 50°C (Sect. 6.2). However, the stored energy in these
specimens w-s <5 cal/g, and, accordingly, we could assume that the
amounts of H, which were observed corvesponded to the amounts of stored
energy in the specimen within ~20% (see Fig. 17).
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14.7. Appendix VII: Results of Measurements of Postirradiation
Thermally Activated Annealing of Stored Energy

Thermally activated annealiny characteristics were investigated by
exposing portions of some of the irradiated samples to elevated tempera-
tures prior to measuring the stored energy. This work was presented and
discussed in a previous report.! Most of this previous data presentation
is reviewed in this section.

The Harshaw salt that had been irradiated at 95°C showed rapid an-
neaiing to a maximum value of 2 to 3 cal/g in the temperature range of
115 to 120°C. The remainder annealed {at measurable rates) only at
temperatures above ~180°C. Host of our quantitative measurements dealt
with the higher temperature stage of the annealing. Specimené that had
been irradiated at temperatures >126°C exhibited only the higher tempera-

’

ture stage.

14.7.1. The effects of time at a given temperature on the amount of

anncaling - kinetic order of the annealing process. The results of

experiments conducted to determine the kinetic order of the thermally
activaved annealing process are presented in Figs. 18 and 19. The
anneaiing témperature for the experiments summarized in Fig. 18 ranged
from 228 to 233°C. We normalized the experimental data to 228°C in
order to evaluate the eflects of time without interference from the
effects due to differences in temperature, assuming that the annealing
reaction was zero order and the activation energy was 39 kcal/mcle. The
nlots of the observed as well as the plots of the normalized daté show
that the annealing process was zero order in these experiments. The basis
for the assumption of the 39-kcal/mole activation energy is presented in
the nex* section.

’ The results of other experiments that were made to further test for
the existence of zaro-order kinetics are plotted in Fig. 19. Samples

of both Harshaw and Lyons salt irradiated at 160°C were studied. Again,
the data were temperature-normalized, where appropriate, assuming zero-
order kinetics and an activation energy of 39 kcaT/mo]e. The normalized
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/

values are shown Ey arrows, and the normalization temperatires are given
in parentheses. The data, as plotted in Fig. 19, coenfirm the occurrence
of zero-order kinetics for the sample materials, radiation exposure
conditions, and annealing conditions that’were tested.

14.7.2. The effects of temperature on the amcunts of annealing -

activation energy for the annealing process Test conditions and results
for experiments aimed at establishing the effects of temperature on the
rates of thermally activated annealing are presented in Table 11. 1In
these «.periments, the measurements of stored energy were conducted by
the standard method using a preheating temperature of 125°C.}

The zeru-order rate constant values which were calculated from the
data are plotted vs the reciprocal temperature in Fig. 20. The plots
show that the rate constant at a given temperature may depend on the
radiation exposure history of the specime~ and, possibly, on the type of
salt (i.e., Harshaw synthetic crystal or Lyons salt). |

The indicated activation energy is 9.8 kcal/mole and is the same
for all types of salt.

The lines through the data obtained with a given irradiated
specimen were drawn using the following criteria:

1. 7he slopes should be equal.

2. Lines through the data obtained with specimen portions from
a given irradiated specimen should give reasonahly good
"eyeball" fits to the data.

3. Extrapolations of the 1ines should pass near zero-order
rate constant values for the thermal annealing of Lyons
salt (at ~158°C) that were interred from correlations of
the stored energy data for salt irradiated in Project Salt
Vault (Sect. 6.1.9) and for salt irradiated in our labora-
tory experiments in the temperature range of 160 to 173°C
(Sect. 6.3). This criterion was best satisfied for the

Lyons salt by the lower line in Fig. 20.
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Tabie 11. Effects of temperature and time on the thermal annealing
of Harshaw and Lyons salt

OGRS NI Ay e o

Initial Annealing treatment Zero-order
Sample Ref. No. stored - Decrease in rate
and description” enerqy Temperature Time stored energy - constant
{cal/g) (=c) (hr) {cal/g) (cal g7 hr-?)
L
g v-2-4; Harshaw
: (f) 8.5+ 0.1 185.0 278.3 5.7 = 0.3 (2) 0.020
: (c) 225.2 15.8 6.3 % 0.4 (2) 0.40
£ (d) 227.4 6.8 2.9« 0.6 (2) 0.42
% y-2-1; Lyons
b (a) 13.1 £ 0.3 192.7 70.5 4.9 £ 0.3 (2) 0.070
,3 (b) 195.2 134.3 8.3 ¢ 0.1 (2) 0.062
{ (c) 212.5 4.8 6.6+ 0.6 (2) 1.4
5 (o) 217.6 9.4 5.310.5(2) 2.56
i (e) 218.3 2.0 6.6 ¢ 9.4 (2) 0.55
% (f) 226.2 5.65 6.6+ 0.9 (2) 1.2
% v-1-1; Lyons
4 (i) 7.5+ 0.2 220.C 47.8 4.9 4} 0.102
< (a) 238.8 2.4 3.8+0.2(2) 1.6
% (e) 244.8 2.8 2.2 M 0.79
H (d) 258.4 3.6 4.2+ 0.5 (2) 1.2
% () 262.6 1.0 4.2 £ 0.6 (2) 4.2
B v-6-2; Harshaw
(b) 7.4 + 0.4  228.9 4.5 4.7 +0.8 (2) 1.05

aExposure ~anditions for the salt samples are as follows:

Exposure conditions

Tem "~ Dose rate Dose
Salt (°C {megarads/hr)  (10° rads)

y-2-4 Harshaw 160 61 13
yv-6-2 Harshaw 144 40 9.8

v-2-1 Lyons 160 61 13
y-1-1 Lyons 160 36 7.6

bThe number «f neasurements on the annealed sample is shown in
pareatheses. The spread of the results of two measurements is shown as
a plus-minus value.
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With respect to correlations between our other postirradiation an-
nealing data and those in Fig. 20, it can be noted that the value of
0.33 cal g~! hr-! at a temperature of 228°C for the Harshaw salt data in
Fig. 18 falls very close to the line representing the Harshaw salt data
in Fig. 20. Since the specimens represented in Fig. 18 were irradiated
at 10 megarads/hr and at a temperature of 95°C, this agreement indicates
that changing the irradiation conditions for Harshaw salt did not
appreciably affect the second-stage thermal annealing.
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14.8. Appendix VIII: Loss of Water from Bedded
Salt Specimens During Gamma Irradiation3®

Several }-in. cube specimens of bedded salt tfrom the Lyons mine and
one sample of Harshaw salt, which were irradiated in previously reported’
HFIR-gamma. exposures 2 and 3, were examined for changes in weight during
exposure. It was known that bedded salt from the Lyons mine contained
<0.25 wt % water, which was held in small brine cavities within crystals
and on crystal boundaries.®% It wis expected that some of the water
would be lost during the HFIR-gamma irradiations due to the thermal-
gradient-induced migration of brine cavities and/or the expulsion of
brine or steam along crystal boundaries. Table 12 provides information
on the specimens and shows the results of weight measurements. The
surfaces of the irradiated specimens were examined for deposits which
vwould result from eQaporation of brine at a surface, and none were
detected. ‘

Pertinent information concerning the sample identification symbols
and exposure conditions for the tests on Lyons salt is given ir refs. 1
and 36. The B sample was located at the centerline of the HFIR spent
fuel element. The Bm and Bu sampies were located at 2-3/4 and 6 in,,
respectively, above the centerline. Ail specimens were in contact with
aluminum conductors on two opposite faces. The other sides were in
contact with thick layers of gas (helium) and, thus, were effectively
insulated. Accordingly, the highast temperature was at the midplane of
the specimen.

The listed values for migration distance are those values calculated
using Fig. 6.4 of ref. 34 and apply to brine-filled cavities within a
crystal. These values move up a temperature gradient. Cavities having
both a gas and a liquid phase would move down a temperature gradient,
and the rate of movement would exceed that of brine fill~d cavities.?*

The results indicated that a significant fraction of the original
water was lost from the Lyons specimens during HFIR-gamma irradiation.
The insignificant loss of weight observed for the Harshaw specimen
sﬁpported the assumption that the weight loss of the Lyons specimens




Tabie 12. Change in specimen weight during radiation exposure with
exposure conditions, calculated brine migration distances,
and observed weight changes

Calculated
Average dose Average migration Observed
_ Sampie rate Average temp temp gradient distance weight change
identification® (107 rads/hr) (°c) (°C/cm) (cm) (mg) @)
v-2-5; L2-B, 6.0 160 3.4 0.21 . -6.1 0.16
y-2-6; L-Bu 3.4 160 3.8 0.24 ~22.4 0.22
v-3-7; L-Bu 3.7 173 4.1 0.32 -17.2 0.15
v-3-3,4; H-B 6.6 173 3.7 0.29 -0.6 0.01

4 and L, indicate Lyons salt. H indicates Harshaw salt.
description of specimens and irradiation conditions,

See refs, 1 and 36 for full

98



87
resulted from water loss; the Harshaw salt had no brine inclusions. The
absence of deposits on the surfaces of the irradiated Lyons specimens and
the possibility that brine migration distances were less than sample thick-
nesses jndicate that the water was lost as vapor, which diffused out

along crystal boundaries.
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14.9. Appendix IX: Gases in Unirradiated and
Irradiated Specimens of Bedded Salt?®

A mixture of gases and water were extracted from caveral samples of
Lyons bedded salt, and quantitative analyses were made of the molecular
constituents in the off-gas (Table 13). These data were obtained using
a crystal-crusher device that was attached to a mass spectrometer through
a gas handling system.* The sample was placed within the metal crystal
crusher, outgassed at about 100°C, and then crushed by hammering on the
crystal through a metal rod which was bellows-sealed into the crusher.
The released water was trapped at liquid nitrogen temperature and was
subsequently weighed. The gases were analyzed in the mass spectrumeter
making use of a known amount of an Ne tracer, which was mixed with the
gases within the gas handling system. Most of the salt particles vere
tess than 0.5 mm after crushing. A few larger particles had dimensions
ranging up to a maximum of ~2.8 mm,

The PSV-2 sample consisted of salt that had been irradiated in Pro-
ject Salt Vault.!? Thé max imum temperature attained in the specimen was
estimated to be 150 to 155°C. Brine migraticon took place both during
and following irradiation exposure. The migration following irradiation
occurred because the salt remained at high temperature for an appreciable
period after electrical and radiation heating was terminated. Cooling
of the brine cavities must have produced gas-vapor phases, and the
resulting two-phase droplets very likely migrated rapidly down a temperature
gradient toward the elge of the hole for several days during which air
was passed through the hole.!

The v-2-5; Lz-Bm specimen was described previoust.”+ Brine
droplet migration in this sample took place only during irradiation.

The unirradiated specimen, L, was a sample of the Lyons salt used in the
irradiation experiments,

*Analytical work performed by J. R. Walton of the CRNL Analytical
.Chemistry DBivision.

+See Appendix VIII.
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Table 13. Gases in irradiated and unirradiated samples of Lyons salt with
calrulated values of G-H, :

p—

PSV-2

G-H, Quantity of gas
Salt sample? w?sht Gar?_r.}:dgc))se (No. molecules/100 eV) H,0 H, N, + CO 0,
' (mg) (em? (em?) (em?)
2.403 5x 1908 0.26 0.8 2.19 x 10°? 4.53 x 10°% 1,71 x 10-*
v-2-5; Lz-Bm 2.524 1.3 x 10!° 0.016 2.0 9.9 x 10" 2,02 x 107% 2,17 x 1073
2,224 0 0 0.8 0 8.9 x 107 1.3 x 10°%

L

2 and L2 indicate Lyons salt. PSV indicates selt irradiaced in Project Salt vault. See Refs. 1 and 36

for full description of specimens and irradiation corditions,

S

68
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The amount of H, found with the PSV-2 and y-2-5 specimens corresponds
to C.13 and 0.22 M, respectively, within the brine that remained in the
salt. The low value of G-H, for y-2-5 clearly indicated that the amount
of H, in this sample wzs near a limiting value. A previously reported
analysis®* based on known radiation chemistry led to the prediction that
the steady-state amount of H; would exceed 0.05 M, but the actual value '
could not be predicted because of the lack of information on rate con-
stants for pertinent reactions at elevated temperatures. The available
experimental values indicate that the estimates were approximately
correct. '

The ratio of 0, to H, in specimen y-2-5 was somewhat less than 0.5,
and this indicated that other oxidized species such as C10; were radioly-
sis products. In specimen PSV-2, the ratic of 0, to H, was very ruch
less than 0.5. This behavior may have heen associated with the migration
of brine after termination of irradiation and the concomitant dissolution
of irradiated salt within brine droplets. As described elsewrare,?
dissolution of irradiated salt, subsequent to irradiation, produces K;
but very little 0,. Presumably, H,0, and/or C10;  are the oxidized
species that balance the H,. »

The amounts of air, indicated by the amounts of N, + CO, exceed
those precant in the gas butbles within the brine cavities.®” Accordingly,
most of the air must have been trapped on crystal boundaries.
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14.10. Appendix X: Procedure for Estimatiag Mechanical Energy
Released Upon The Abrupt Release of Stored Fnergy in Salt

The symbols used in this appendix are exnlained in the following
table:

Symbol Definicion and unit Assumed value
E Stored energy, cal/g
d Density, g/cm? 2.15
W Weight of sample, g
c Heat capacit,, cal/g-°C 0.22
T Temperature, °C
P Overburden pressure on ,
salt, atm 136 Case 1
LV/V Zquals oAT
a Coefficient cubical _
thermal expsnsion, °C7? 2 x 107
K Converts atm-cm’® to cal,
cal/atm-cm?® 0.0242
v Volume, cm® .
1 . 1 \
p Average pressure required to

provent expansicn of salt
by asount, P' = V'/2Vp

LN The mal expansion of salt > Case 2
thac would occur without
pressure restraint and .:
numerically equal to aAT

[ _ Compressibility, atm™* 4 x 10”°
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14.10.1. General Procedure It is assumed that all stored energy is
dissipated in raising the temperature of the salt which contains the
stored energy and in doing pressure-volume work. In Case 1, the thermal
expansion of the salt takes place against the overburden-pressure on the
salt. In Case 2, the temperature rise caused by the release of stored
energy is so rapid that the surrounding salt does not move; accordingly,
the temperature rise produces a local increase in pressure the amount of
which can be calculatad from the compressibility of the salt and the
thermal expansion that would occur without any overpressure.

The estimated .mounts of mechanical energy released from the waste
package and salt are then compared to the heat of detonation of TNT.
For heavily confined charges of TNT, the reported heat of detonation is
4.9 x 10° cal/1b.3® |

14.10.2. Case 1 For this case, the energy relationship per cubic
centimeter of salt is:

Ed=card+ By, (1)
but
aT = §L - @

Substituting Eq. (2) in Eq. (1) and rearranging:

- S o
Solving for E%! K,
pav . _Ed . (4)
v Tt
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lcd,
Introducing values for 55k
%&K - (0.22) (2.15) = 1.2 x 100,
(136) (1.2 x 10°%) (2.42 x 1072)
We have,
PAV cal; (5)

-k
—V—K 8.3 x 10 Ed’aﬁT

that is. 0.083% of the energy released is converted to mechanical work.

14.10.3 Case 2 The energy relationship in this case is analogous to
that for Case 1,

*,
Ed=carg+ 40K (6)
Selving Eq. (6) for P! Ag R
P'AV'K . Ed . (7)
v Cd
aPTK +1

To solve for the value of P' in Eq. (7), first let

\
aTEE - (&

(It can be shown that this approximation is valid within 5% at E = 60
cal/g and <5% at smaller values of E.)

Since

Ve {9

>

e

|

e
-«
o0
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and
é%——'-=aATE%E’ (10)
then
v = 1aE . ' (11)
708

Substituting Eu. (11) in Eq. (7) yields Eq. (12):

p.é¥fK = 5 d . (12)
20 d B
a’KE +1

Now, evaluating

2c2 d 8 _ (2) (0.22)% (2.15) (4 x 10-%) _
a“KE ( L2 X ]0-4)1 (0 0242) E = 2.38 X ]03/5 .

and substituting Eq. (13) in Eq. (12) and rearranging we have:

Pk
_E_d_ = 4,19 x ]O_I'E

The term on the left side of Eq. (14) represents the fractional
amount of the stored energy release that is converted to mechanical
work. Equation (14) shows that the vaiue of this fraction depends upon
the value of E. If E equals 60 cal/g, then 2.5% of the released energy
appears as mechanical energy. If E equals 10 cal/g, then 0.4% appears
as mechanical energy, approximately 5 times that found for Case 1 for
all values of E.

!

(13)

(14)
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