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Ve made a detalled reviev and ajlysis of literature inforzation
bearing on the radiation and thermal cheaistries of the salt and brines
vithin the vicinity of a buried wvasta can in a salt-mine, high-level,
wvagte repository. The objectives vere to identify the final randiolysis-
and thereal reaction-products and to estimto the anounts formed and
relensed (nto the spaces around & can.

Izportant radiolysis products inclwds fiy, O; and posaibly C10y°,
and BrOy~. Most of the C10;3~ and fr0y will decospcse to halides and
0; at the high temperstures around a can; Mg(BrO;); if present may glve
rise to sooe Bra. Nearly all of the Hy, and the acco=panying oxidized
species, are formed vwithin the migrating brine inclusions by the redia-
ticns absorbed within the dbrine and by dissolution of the interstitial
chlorine and trapped electrons froa the irradiated solid salt. Th§ brine
18 rich in MgClz (2.3 to 3N), ani hydrolysis of the MgC.; around a car
vill produce HCl.

No possibly-serious probleas arising froa radiolytic or thermal
effects in the repository vere recognized vhich couldn't be counteractrd
by some modification of the design or operation of the repository.
Hovever, the possible effects bave not been coapletely evaluated. The
repository project is planning or is presently conducting additional
vork in a number of additional mreas including work in brine aigration
end radiolysis and radiation damage in the salt. The reaults c¢f this
vork will help in evaluating the amounts and the effects of radiolysis,
hydrolysis and corrosion products.




1.

Radiolysis and Hydrolysis in
Balt-Nine-Brines

G. B. Jenks

Introduction
8alt deposits of the type to be used for rsdicactive vaste disposal

contain a sm=all volume-fraction of brine-inclusions (~ 0.54). 8oce
brine froa these inclusions will de on the surfaces of the crushed ult.n
around a can at the time of burial, Fig. 1. Additional brine will enter
the open and unconfined spaces in the crushed salt region after durial
due to the migration of the inclusions vhich takes place in the presence
of therzal gredients in the salt, and due to the salt-fracture vhich
takes place at high texperatures stasting at about 250"(:.‘b

The brine, vapors and any salts precipitated froa the dbrine viil dbe
exposed to high y-ray intensities and to high texperatures, Tadble 1.
Accordingly, they vill be subject to redistion deco=position and to
changes in composition brought about thru thermally-induced reactioas.

I have revieved and analyzed pertinent theoretical and expericental
information with the objectives of identifying possibly bothersmme
decoposition products ani of nbtaining estirates of rates of formation
of these vithin the spaces aroun. the can. Results of this wvork are
su=sarired belov and are preseated in detail in Appendixes l-7. The
arrangeact of the presentation is set forth in the Table of Contents.

Therm) and Radiation Cheaistries of Exposure Systen
2.1 Co=position of Encapeulated Brind®

Bolser® reported experinental values (Table 1.1) for the ratics
of Mg, Br, 50, and Ca to Cl in the brine inclusfons in salt from the

- 8Brine is releasod froa the cavities by crushing the salt.

fracture of the salt at high texpersture fe thought to be a result
of the high vapor pressury of vater vithin the burine inclusioa anl of

strain due to the therrr.l expansion of liquid vithin cavities.
£See Appendix 1.
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TABLE 1.1

Ilustrative Values for Dose Rates, Doses and
Temperatures for Waste Cans Containin%
10-Year Aged Wastes; Midplane Values

2 kW 5 kW
Initial dose rate
Edge of can, Rad/hr 2X10°% 5% 10%
Edge of hole, Rad/hr 108 2.5X 108

Dose at edge of can
30 years after burial, Rad  4X 10'° 10'!
300 years after burial, Rad 8 X 10'° 2 Xx10'!

Maximum temperature

Edge of can, °C >250 >340
@5y) (y)
Edge of hole, °C 240 >280

&prom information in Refs. 2 and 3.

- o- -




Carey Mine at Hutchinson, Kansas, and froa a core from the Naval Afr
Station at the same locat.ion.“ He did not report any ionic concentra-
tions, but he stated that his results shoved that the drine inclusions
vere formed by the evaporation c¢f sea water and that the concentration
factor was about 60. .

Using Holser's data and interpretations together with data on the
concentration of K in asea vater after c:oncemt.rtnt.ion5 by 60X and on the
solubility of NaCl in MgCla solutions,®’” I deduced that the composition
of the brine is within the following range of coapositions.

Ion Molerity
Ng 2.3 to 3

X 0.4

Na 2to 1
c1 7 to 7.5
Br 0.05

pl 811ghtly basic™

4 J 3
2.2 G-Value for Hy in Brine
The only knovn reaction by vhich radiolytic H; is removed from
vater or from chloride solution is,

O + Hy — H + Hy0 (2.17)
k= 4.5 x 107 N°Y, sec™® at 25°C in vater.

The rate of buildup of dissolved Hy in the brine as wvell as the steady
state concentration will also depend importantly upon values of g'(OH)
and 8'(52)'{. They will also depend izportantly upon the occurrence of

SThese deposits are thought to be substantially the same as those at
lLyons, Kansas,

Liolser further stated that the brine inclusions are probably uncharged
sarples of bitterns left behind in Permian tinme,

LAt room temperature, Ref. 8. The (E*) at elevated te=peratures vi%i
be several hundred g molar due to hydrolysis of MgCly in solution.

e number of a species vhich appear as a final product per 100 ev of

absorbed energy is symbolized in this paper by G(H;), G(0;), etc.

£See Appendix 2.

IThe number of a species vhich appears i{n bosogeneous distributios in the

initial radiation-deeouposition per 100 ev of absorbed energy is symbolized
in this paper by g'(0H), g'(Hy). etec.




ocavenger-type rcactions in vhich Cfl 1s removed froa solution before

it can react with Ha, and upon vhether Hy; escapes froa the irradiated
solution and thus escapen the radiation-induced back reaction vithin

the solution.

2.1.1 Value of g'(Hjz)

Reported information on G(Hz) in chloride solutiocas indicates ttat
g'(Hz) will be about 2.1 in the brine at 25°C. On the basis of certain
theoretical considerations and on the basis of experimental information
rélnt.ing to the effects of changing temperature cn g'-values in water,

I believe that g'(Hz) in the brine will not change substantially with
temperatures to 250°c. '

Some additional generation of H. within the encapsulated brine mmy
result froa the dissolution of irradiated salt vhich -ukea place during
migration of the brine. It is possible that at certain texperatures
the amount of H, from this eource will exceed that generated by direct
absorption of radiation at G(H;) equal to 2.1 (S8ection 4).

2.2.2 Value for g'(0H)

The radiation chemistries of water and aqueous solutioans are usually
described in terms of the spur diffusion model. 8everal peirs of radicals
or fons (primarily e”p., OH and Hy0' in pure vater) are foroed in s=nll,
isolated volume elements (spurs) in the initiel rediation process. Species
vithin the spurs interact as they diffuse into homogeneous distributioa,
and these interactions result in the reformation of wvater and in the
formation of other molecular products. In pure vat.cr.undcr r-irradiation,
the decomposition products which appear i3 homogeneous distribution are

. principally,

e-aq, w’ Bz, t!'ﬂ 3303.

The Hy0; and Hy; are formed, primarily, by the folloving reactions,

€ aq* e-'q + 2H;0 — Hy « 208", (2.4)

O + OH — H,;0,. (2.5)




Important vater-reformation reactions are,

e'nq + Ha0; — OH + O (2.6)
e-‘q + O — OH (2.7)
o8 + Hy0t — 21,0, (2.8)

Reactive solutes et high concentrations can react vith radicals vithin
the spurs and thus cause changes in g'-values from those in pure vater
and, at the same time, cause the formation of additional g'-specles.
It 18 knovn that Cly~ is formed during y-irradiation of concentrated,

neutral, chloride solutions. According to the spur diffusion nodel,
most of the Cly~ 18 formed froa C1° which is formed within spurs by
reaction 2.13,

O + C1™ + HBy0' — €10 ¢ 2H;0 . (2.13)

X = 1.7 x 10 K2, gec™? at 25°C

The rexoval of OH from the spur by reaction 2.13 wvould presumably cause
reductions in g'(0CH) and g'(Hz0;) froa those in pure water. It wvould
also promote increases in s'(e'aq) and g'(H;) providing that the nev
products of the spur reactfons (i.e., Cl;  and possibly Cla) do not
react as readily vith e-‘q as do OH and H;0; in the pure vater systen.
Increascs in g'(H;) in chloride solutions have been indicated by experi-
mental data as discussed under, a, above.“ Decreases in g'(B,0;) bhave
also been observed, Fig. 2.2. It is likely that g'(0H) in chloride
solution: 1s substantially belov that in pure wvater.

2.2.3 BScavenger Reactions

It is wvell kmm'n that Br~ is a scavenger for OH radicals. The
scavenger reactions are cocprised of reaction 2.18 folloved by a reaction
betveen some form of Br® and a reducing radical to reforn Br .

G + Br- — Br° + o” (2.18)
k=1x 10° N2, sec™® at 25°C

‘Bﬁovcver, the extent of the increasse in g'(H;) is not resdily explained
on the basis of the spur diffusion model (Sectiou 2-2).
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Chloride ion is also an effective scavenger in acid solutions.
Thus at 10”2 N H*, for example, reaction 2.13 has an equivalent
bimolecular rate constant for reaction between C1” and OH of 1.7 x 107
vl nec"".'e'

On the sole basis of the expected scavenger action of .05 M Br ,
it can be confidently assumed that little recombination of Hy within
the brine vill take place until (H;) exceeds about .05 M.

2.2.4 Escape of Radiolytic Gases from Encapsulated Brine

Radiolytic gases will escape froa the brine into a gas-vapor
phase vhen the pressure of dissolved gases plus water vapor exceeds
the over-pressure. Most of the brine cavities are completely filled
vith liquid so that no gas-vapor phase can form unless cavity-expansion
takes place. In this contained environment, the pressure from dissolved
radiolytic gases could be substantial. For example, with 1M Hy the
vater vapor-dissolved gas pressures couid exceed 19,000, 13,000 end
9,000 psi at 150, 200 and 250°C, respectively.) The bedded ealt will
undergo plastic deformation (creep) under stress, and the ease of
deformation increases vith temperaturc.n’u Also, the salt at the
edge of the hole will be unsupported until consolidation takes place.
After consolidation is complete (including that of the salt in the
roon above the hole) the pressure on the salt will be about 1000 pai.
Considerations of these several factors led me to postulate that
cavity~-expansion will take place before the concentration of dissolved
Hy reaches IM. Recently-reported mformtionu on cavity expansion in
NaCl and XC1 lends support to this postulate.

It can be shown that radiation induced reccmbination of Hy; and O;
in the gas-vapor phase would be slov compared with the rate at vhich
the gases are formed in solution at G(Hz;) equal o 2.1. Accordingly,
the escape of gases into a gas pbase vould effectively remove them
from any recombination-action.

BThe (") within encapcu&ated brine at elevated temperatures will be
several hundred u molar” and scavenging of Ol by C1™ will be of
significance. -

assuned that gas solubility in the brine is the sane as that in \fatcr.l2
Also, I assumed that the rodiolytic E; is balanced by radiolytic Oz.




S8ince this report wvas drafted, I learned of rcportedls

and thcorotical evidence that bubdbles vhich contain both gas and liquid
phases vill migrate in a reverse direction, i.e., dovn a temperature
gradient. The possible sigaificance of this effect in the wvaste reposi-
tory vill be investigated and reported in a later paper.

2.2.5 Conclusions

I concluded that g'(Hz) may be as high as 2.1 in the brine at all
temperatures up to 250°C. The value of G(Hp) will, of course, be equal
to that of g'(H;) unless recombination of the H; takes place.

On the sole basis of the expected scavenger action of .05K Br,
it can be confidently assumed that little recombination of By within
the brine will take place until (Hz) exceeds 0.05M. In addition to
this Br -effect, it is possible that a lov value of g'(0H) would
contribute to an inhibition of recomdination. Also, it is conceivadble
that C1  4is an effective scavenger for O in neutral solutions at high
tezperatures. Escape of radiolytic gases from encapsulated brine (and
from any significant recombination antion) probedbly will take place at
(Hz) lees than about IM. Taking all possible effects into account, I
concluded that G(H;) could equal g'(H;) at all exposure times and
temperatures both in the unconfined drines and in the encapsulated
brine. The concentration of Hy within the encepsulated droplets
reaching the open spaces around a can would be linited to < IN if
formation of twvo-phase droplets takes place at (Hz) <IN; droplets
containing the gas phase wvould migrate avay from the can.
2.3 Identities and G-Values of the Oxidized Species formed Radiolytically

Within the Brine®

2.3.1 Theory

Formation of reduced ctpecies in the radiolysis process must be
balanced by formation of a stoichiometrically equivalent mmber of
oxidized species. Hydrogen, Hz, is the only reduced species vhich
would appear ss a finmal product in the brine solutions. The possibdle
oxidized species include Oz, Hy0;, and chlorine species wvith oxidation

experimental

8gece Appendix 4.




numbers > -l. These statemnents are expressed by the following
relationship betwveen G-values vhen it is assumed that Cl; and C105 "
ar= the only final chlorine species,

G(Hz) = 26(0;) + G(H202) + G(Cla2) + 3G(C1057). (4.1)

The g'-products would include radicals and Cly; as set forth in the
follovwing oxidation-reduction balance relationship,

2g' (z) + g'(e"pq) + g'(H) = g'(0H) +
2g'(H202) + g'(Cly7) + 2g'(C13) (4£.2)

2.3.2 Experimental Information Regarding ldentities

a. Neutral Chloride S8olutions; < 35°C; < 5K C1~

Oxygen was the only oxidized species which appeared as a final
product (See Fig. 2.3).

Considerations of the known g'-values for Cly~, Hy and H30; led
me to conclude that the ctsence of Cl; and the presence of O; among
the final products must be accounted for by assusing the occurrence
of reactions betveen Clz or HC1O and Hy0 in vhich H0 is oxidized to
0, and the chlor’ne species are reduced to Cl1-. The probable reactions

are of the types which have been proposed by others to explain
photolytic behavior of chlorine solutions,

012 + 830 = CI- + H“ + BClO (4.6)
Cl;” + HC10 — H™ + 2C1™ + C10° (4.7)
C10° + HC10 — H* + Cl3~ + O (4.8)

b. pH 11 Chloride SBolutions; < 35°C; < 5N €1~

Values of G(Clz) in solutions of XCl, MaCl and BaCl;, Fig. 2.11,
vere only slightly less than the expected values on the basis of the
values of G(Hz) in Pig. 2.3.

The occurrence of appreciable values of G(H;), at this high pH
might be explained by assuming that Cl; is quickly hydrolyzed to Cl0~
and that this negatively charged species does not react with Cl. in
the chain-step reaction comperable to reaction 4.7.
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c. Acid Chloride Solution; < 35°C; up to 1IM C1~

The occurrence of some Cly as a final product has been reported.
Also, it can be inferred from reported data that C103  1s formed in
10M LiCl, zero to 0.4M HCl, under a-irradiation.

The occurrence of Cly in acid solution might be explained by
assuning that chain reactions analogous to reactions 4.7 and 4.8 are
required to effect reduction of Cl; by H,O in acid solutions, and that
these reactions are increasingly inhibited with increasing concentra-
tions of acid and of chlorides,

Cly~ + Clz + Ha0 — 2H' + 3C1™ + c10° (4.13)
C10° + Cly + Ha0 — 2H' + 217 + C1° + O, (4.14)

Chlorate can be formed from Clyz thru reactions involving radicals;
it can also be formed from Cly by hydrolysis, e.g.,

2010° — €10,” + C1°  (4.21a)
Cl0,” + C10” — Cl03 + C1~ (4.21b)

16

Chlorate formation by hydrolysis in chlorine solutions 2ccurs et
appreciable rates at temperatures above s0°c.

2.3.3 Predicted Identities of Oxidized Species in
Encapsulated Brine

I concluded that it {sg very likely that the only oxidized species
vill be O; and/or C10y~ and BrOy . The reactions betveen Cly; (and Bry)
vith vater would limit the concentration of Cl; ard Bry to lov values.
Reaction 4.21 would be of some importance in the conversion of Bry to

BrO; ,
Bra + 2C103° — 2Br0y + Cl (4.21)
2.3.4 Predicted Identities and Amounts of Oxidired 8pecies
in Brine Around Can at Start of Exposure

The products of radiolysis of unconfined bdbrine around the can may
differ from those of the encapsul=zted brine because any gascous
1adiolytic products will readily escape froa solution. I concluded
that the possible radiolytic products under these conditions include
Clz, Bra, C10°, Br03”, C10z, C10;  and C10;  alorg with H; end O;.
The Cl; would react radiolytically to form HECl within the vapor phase.
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The Cl10, would decompose thermally or by reaction with reducing
agents including the metal can. .

It cau be shown that the amounts of these products which will
be generaced before brine-boiling-temperatures are reached will be
negligibly small with & 5 Kv can. With a 2 Kv can, it is possible
that the rate of Hy generation would be .8 mole per year for & period
of about 0.1 year after burial and then .3 mole per year or less for
a period of 0.5 years or less. These production rates are much less
than the maximum rate at which H; may appear around a can as a result
of migration of brine to the can (Teble 4). The maximum amounts of
05, €105, BrOs~ and C1(HC1) would also be well belov those associated
with the migrating brine.

2.4 Hydrolysis of MgCl, to Form ECL®
Magnesium chloride reacts with water (including wvater of hydration)
or steam at high temperature to form HCl. The probable reactions are,

MgCl, + Hy0 == MgOHC1 + HC1 (5.1)

2MgOHC1 = MgCl, + Mg0 + Hy0 (5.2)

From the available fragmentary data on equilibria in these
reactions, I concluded that 50 to 654 of the MgCl; around the waste
can will react sooner or later to form HCl providing that the location
of the MgCly is such that the HCl moves avay from the MgCl,.

Rates of Introduction of Migrating Brine Into Open Spaces Around Caﬁh

I made estimates of the brine inflow to three different waste
can systems which are presently under consideration and for which
temperature-time-position information was available. The reference
dimensions for these cans are shown in Fig. 1. Other characteristics
of these systems are summarized belov. |

B3ee Appendix 5.
ee Appendix 6.
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. A
Case C-1 Case B-2 Case C-2
Heat output at burial 2 Kw 5 Kw 5 Kw
Age of waste at burial 10 years 10 years 10 y-ars
layout in mine Cans on 22 ft  Cans on 27 Cans in one
centers. Two ft centers. rov in middle
rows of cans of 30 ft rooam;
per room. 42 ft between
" cans.

Temperatures for Cases C-1 and C-2 vere available for times out
to 50 years— three dimensional calculationa.z

Temperatures for Case B-2 were available for times out to 5 years
and for the horizontal midplane only— tvo dimensional line source
calculations. 17

The method which 1 employed in making the estimates of brine inflow
wvas basically the same as that of Bradshaw _g&_a_;.‘m'm’
method differed in two important respects; (1) I used the more conserva-
tive estimates of r('r)'g vhich are showvn in Pig. 6.1, and (2) I assuned
that the salt fractured and released brine at high temperatures starting
at 250"0,2o and that the edge of the open spaces around the can folloved
the 250°C front within the salt. In the eveat that the salt did not
reach 250°C as in Case C-1, I assumed that the edge of the open spaces
remained at the original distance of 5 inches from the center of the

Hovever, my

can.

I also assurmed that the inflow at midplane conditions is reprecenta-
tive of that at all elevations of the can. This assumption made the
estimated values of total dbrine inflov too high because of the lover
temperatures and migration rates at the exis of the cans. However, for
Case C-1, I could shov that the error introduced in this amounted

to only 5 to 10%.

SThe results of temperature calculations for this case becane available
after this report vas drafted.

Dpradshav et al., 8lso used the can dimensions shovn in Fig. 1.

££(T) represents the migration rate per unit temperature gradient
at the site of the cavity.
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Plots of estimated total brine inflow vs time after buriel sre
shown in Figs. 6.13, 6.14, and 6.17 for Cases C-1, B-2 and C-2,
respectively. Inflow rateé ve time are shown in Figs. 6.15 and 6.15.
Total brine inflows at some representative times were: 0.6, 8,.16,

22 and 30 liters at 1, 10, 20, 30 and 50 years after burial for Case
C-1, and 7, 16, 24, 39 and < 53 liters at 1, 6, 10, 20 and 50 years,
respcctively, for Case C-2. The differences between results for
Cases C-1 and C-2 stemmed from the differences between temperature and
temperature gradients and salt fracturing in the two systems.

The results of my estimaves of brine inflow differ from the
commonly-quoted estimates of Bradshaw et al., (3 to 30 liters over a
period of 20 to 30 years with zero inflov thereafter). The difference
between the present and previous results can be ascribed, in part, to
my more conservative estimates of f(T) and to my accounting for brine
release by salt fracture. Also, it is probable that part of the
differences is due to differences between the precision and appro-
priateness of the calculated temperatures wvhich were employed. Thus,
the previous estimates vere based on considerations of a ssstem of
cans loaded with ).56 Xv of 3 1/3 year aged wastes and spaced on 0 ft
centers. The pzak temperature between cans with this system wvas 380°C.
The -esults of these considerations were extrapolited %o the systems of
interest vhich wcre those in vhich the distance between cans ves _
increased so that the peak temperatures vas oaly 200°C. Ko accounting
for brine released by salt fracture was made in the previous estimates.
Effects of Migration of Brine Filled Cavities on Radiolysis of
Brine and on Amounts of Radiatiop Damage in Salt
4.1 Introduction

Radiation damage produced by y-rays in NaCl (and in other alkal{
halides) is cocprised of displaced atoms and of trapped electrons and
holes. Chemically, the trapped electrons and holes are reducing and
oxidizing agents, respectively, and dissolution of radiation-damaged
NaCl results in the injection of oxidizing and reduction agents into
the aqueous eolution.?1™2 he oxidizing agent entering solution
corresponds to Clz  and/or Cly while the reducing agent can be trcated
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as & hydrated electron, e"aq.‘n The thermal-gradient-induced migration
of brine-filled cavities thru salt takes place by dissolution of salt
at the higher temperature face of a cavity and precipitation of salt
at the lower temperature racc.G'l, Accordingly, the migration of these
cavities thru radiation-damaged salt will result in the injection of
Cl,” and/or Cl3  and e"&q into the brine, and the radiochemical results
of the dissolution is qualitatively the same as the results of absorp-
tion of rediation by chloride ions in solution (Appendix 2). "Also,
the migration will accomplish some annealing of the -radiation damage
dince the precipitated salt should be more or less free of Me.

The rate, §, of introduction of trapped electrons and holes into
a migrating brine droplet will depend upon several parameters as shown

approximately by the relationship, Eqn. 1},
{ = 2000 3 (mole, 173, yr™3) o)

vhere
m = velocity of migration of droplet (cm, yr~%),
X = dimension of droplet | to thermal gradient (cm),
C = concentration of pairs of trapped electrone
and holes in that salt lying in front of the

migrating droplet (mole, g~ %).

A radiation annealing constant, k, can be vritten as in Eqn. 2
if it is assumed that the cavities are uniformly dispersed as cubes
of dimension, X, and that the amounts and uniformity of this
hetzrogeneous annealing suffice to approximate a homogeneous process,

mb -
k= '_x— (yr 1)) (2)
vhere b is the fraction of the salt which is occupied by brine.

el
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‘gTbe reducing agent might be thought ot ag Na®. Hovever, reaction of
Ha® vith Hz0 would probably produce e po“" a8 an intermediate which
could then react to form E; and OH™ or undergo other reactions depending

upon the solution composition.
He® + H,0 — Kat + e aq (8.1) .

eaq+ecq-nz + 20H (2.4)

e -
LA STUTN,
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Discussions are presented below of infortntion beuring on these
parameters and of estimates of the rates of injection of trapped
electrons and holes into migrating brine.

4.2 Concentration of Trepped Electrons and Holes in Salt

The radiation behavior, with respect to accumulation of trapped
electrons and holes, of NauCl at the high tegperatures and doses which
will prevail in the waste repository has not been completely estab-
lished. It has been suggeated that the conceutrations of defects
wvhich can be accumulated at certain high temperatures exceed those
vhich can be accumulated 2t normal temperaturea.22 Also, it is believed
that colloids, rather than F-centers, are the predominuant trapped-
electron-defects which are present in HaCl after-irradiation at
certain high temperatures.23

Bome of the available quantitive data relating stored energy
(or concentration of defects) and ¢-ray or electron dose at high
temperatures are plotted in Fig. 2.“"32 Other high temperature data
obtained with samples of salt which were irradiated in the Project
Salt Vault experiment are listed in Table 2. Some of the available
data from lover temperature studies (< 100°C) are included in Fig. 2.
Ordinate scales show values both for stored energy and for concentra-
tion of pairs of trapped electrons and Loles. The values for defect
concentrations were obtained from those for stored emergy, or vice
versa, using a conVersion factor of 5.5 ev per derectJQ Information

Bpers. 3, 21, 23, 25.

bThe rock salt sample which gave 14 calfg (Fig. 2) by solutién 26
calorimetry gave 21 + 6 cal/g by scanning differential calorimetry.

SRecent theoretical considerations by Schweinler<6 indicated that the
stored energy per defect (displaced atom and vacancy pair) in NaCl is
unlikely to exceed 5.5 to 6 ev. Experimental values of 9.2 and 12.4
ev per F center have been reported, respectively, by Phelps and
Pearlstein2? and by Bunch and Pearlstein.28 fThe former workers
employed solution calorimetry, and they added 3.6 ev to the measured
value of 5.6 ev on the unverified assumption that @; and OC1l™ were
formed upon dissolution of the defects. The latter workers heated
the irrsdiated samples to 400 C and measured the heat released by
calorimetry. They employed a plot of stored energy vs Np + 2dy in
evaluations of their data, and they fitted the data with a straight :
line. Howvever, they mentioned that the data could have been fitted also
vith a curve concave upward. In the latter case, their energy per F
center could be substantially less than the reported 12.4 ev.
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Table 2, BRored Energy ia Salt Irrediatsd is Froject Balt Yeult

Basple Source m m‘ S~ ! gl i Nettod Refereace
e Ot red/rr) Ot red) (Od/s (e mole/p)
Bole 2 Core 1% 0.080 «0 .67 ant .28 3.0 Sola. Cal. Mastrotasat et ar.®
Bole 2 Core Wy 0.063 4% .62 and .58 Py Sola. Cal. Mastrotasat ot 1!
Role & Sore 1% 0.080 00 1.2 ant 1.6% 10.5 Sola. Cal. Mestrotamt ot a2t
Bols & Core 13 0.01 ) 1.1 8.5 Sola. Cal. Mastrotami et al.*
Bele & ~ercping-11 1t 380 0.0% 70 s 7y pea Zellsr ot al.
Bole & Beraping-9.9 to 11 N 143200 0.08 600 0 0.2 — Sola. Cal. BSoader ot a2.*
Bedo 4 Servping-11 N o’ 0.0 0 0.0.2 - Sola. Cal. Sonter ot oL’
“Calrulated from stored anergy veing 5.3 ov por sefoct.
Zeller, 010038 Dreschhof? asd Berold Targer, “Tnergy Btorge aod Radiatios Dasmge Effects 1a Rocksalt,® ia fisal M'W
Site, Compilat by E. K. Angino and V. V. Beabletos, Dalversity of Kassss, Cester for Ressarch, Iac., M . . pe 100,

%3, 0. Bicmene, B. Bonter, 0t A, ORIL-DE-3400, June 1971, Aversge sespls.

&.J.Mnu-!ulc.b.h”.Mnueo-usuth-.M.nwlov. 8, 1971. The 1lieted stored saergy Wilses vere evalmted from the 4ifferemce betvesn the
beats of selutice of the irredisted sesples and of pure wairrsiisted Nell. Average sesple.

bhmmmammmb’ummrmurw-tmunr. 19, 1) Total time st tesperetwre was adowt 370 days; 2) Tumperstures at the edge

of & Mole at X0 Vo ays vere 40 to 30°C belov those st 370 days, Brtvess 400 snd 490 days the Lamperstures ware istermetiste betvess Lhcee at 400 and Y70 days,
N1l lover tampersture yrovallst prioe to 300 dayn; ))huuwontm-wﬁmthdaoru-bhunwummmm‘mmmm
prodadly vere scmsvint 1oes thna thoss st the edge of the hole. .

| 4
.?"f““no’ uq:m-wmunuus-:ao‘c. Novever, from informatics ia Ref, 19, 1t can be iaferred Lhat 130 maximm tamperstwre ot the edge
of the M3ls vas MO°C. .

Snplicate sespiss.
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on the sample form, radiation exposure conditions, and methods of

”~

measurements are set forth in the legend in Fig. 2 and are listed
in Table 2.

Consideration of these various data and of other information
including that mentioned above led to the following conclusions
regarding possible maximum concentrations of pairs of trapped

electrons and holes in the waste repository salt.

The amounts of stored energy in the Project Salt
Vault samples exceeded, by large factors, those
expected for NaCl irradiated at comparadble dose
rates and doses but at lover temperatures (less

than about 60°C). There are unexplained differences
between the results cf DTA and solution calorimeter
measurements. There are also unexplained differences
betveen the results of solution calorimeter measure-
mants on samples exposed to presumably comparable
conditions. The maximum experimental values for the
Salt Vault samplos are adequately represented by
Eqn. 3,

c = 1073 p, (3)
where D is the radiation dose, rad; and C wvas defined
above.

There arc some theoretical reasons for expecting that at
saturation the number of daofects will not exceed a few
percent of the number of atoms in the salt cx-,yat,al.a’n
The assumptions that saturation occurs at 1% defects

(22 cal/g) and that Eqn. 3 18 valid in the dose range

belov about 10° rads leads to Eqn. 4,

- -6.0 x 10~3°p
C= 1.7 x 10°¢ (Q1-e ). %)

aBovcver, additional) experimental information is needed to estab-
lish the actual defect concentration at saturation at the dose
rates and temperatures vhich will obtain in the waste repository.
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c. The radiation and/or thermal annealing required to bring
about the saturation indicated by Eqn. 4 would be greater
than the migration annealing constant (Eqn. 2) unless the
value of X is appreciably less than 1 mm. To be conserva-
tive, and for simplicity, I assumed that the droplets are
about 1 mm in dimension and that migration annealing will
be negligible. _

d. The data in Table 2 and the one 250°C datum point of
Kubota's in Fig. 2 indicate that themmal annealing will
1imit the amount of energy storasge in the salt mine to a
fev cal/g or less vhen the exposure temperature exceeds
some value in the range 200 to 250°C.‘n

¢. My earlier estimates of amounts of migration annealing and
of the radiolysis caused by dissolution of trapped electrons
and holes were based on the folloving assumed relationship
between defect concentration and dose in the absence of
migration annealing,

C = 3.2 x 20730 B, (5)

The recent data and the interpretations discussed above

indicate that this was not a conservative assumption for

salt exposed within certain temperature ranges (say 130

to 160°C).
4.3 Values of Brine Migration Vclocity

Brine inflow considerations (Section 3) for the 2 Xv can,

Case C-1, indicated that the brine-migration-velocity, m, remains
approximately .constant over long pericds of exposure; the velocity
is about 6 cm per year after 1.7 year exposure, and 7.5 to 10 em
per year between exposure intervals of 3 and 30 years. Also, the
volume of brine at the edge of the burial hole remains approximately
constant at the initial value, 0.5 Vol ¥ over long periods of
exposure (50 years).

2Howvever, additional experimental information is needed to estab-
lish this for salt mine salt irradiated under wvaste repository
conditions including conditions of light and moisture.
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The similarly estimated values of m for the 5 Kwv cans, Caere
C-2, are 15 cm/y during the first 20 years after burial and 6 ca/y
between 20 and 30 years after burial.
4.4 Estimates of Rates of Injection of Defects into Rigrating

Brine

The steady state value of C from EqQn. 4 is 170 u mole/g.
Substituting this value in Eqn. 1,

C-2xm’-% (1)

vith m and X equal to 6 cn/y and 0.1 cu, respectively, ve have,
-4
(.07 x1009 L ©

or
{ = 20 (mole, 271, yr71),

For comparison with the rates at wvhich chlorine is formed by
direct absorption of radistion in the brine, I calculate that with

2g'(Hz) = g'(Cl37) + 2g'(Cly”) = 4.2, and with dose rate = 8.8 x 108

rad/yr (2 Xv can), the rate of formation of chlorine is 4.6 mole/4/yr
(measured as C1°). Accordingly, the contribution from the salt could
be several times that from direct absorption of rsdiation if it is
assumed that all of the trapped electrons (or Xa®) react to fom
H, upon dissolution. '
Anounts of MgCla and Radiolytic Hz Entering Open Spaces Around
Can With Migrating Brix:f.e‘l

Estimated rates at vhich MgCla is introduced into the open
spaces around a can vith migrating brine in Cases C-)l and C-2 are
plotted in Figs. 3 and 4. As indicated in the figures, the concen-
tration of MgCl, in the brine vas assumed to be 3 molar. Additiocnal
amounts of MgClaz, about 1l mole in each system, vould be associated
vith the crushed salt at the start and wvould be in the open spaces
shortly after burial.

83ee Appendix 7.
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Fig. 3 - Rates of Flov of Radiolytic H; and MgCly; Into Open
Speces Around Can Along with Brine, Case C-l,
2 Kw Can; Assume G(Hy) = 2.1, (MgClz) =
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Fig. 4 - Rate of Inflow of MgCly Into Open Spaces Around Can with
Brine, Case C-2, 5 Kv Can; Assume (MgCl,) = 3M
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As discussed above, it is probable that the concentration of
radiolytic Hy within the brine will not exceed 1l molar. Assuming that
this ic the case, the rate of inflow of H; would not exceed one-third
of that for MgCla. The plot for Hy; in Fig. 3 was made before this
probable 1 molar limit for H; was recognized. The high initial rate
of inflov of MgCl, thown in Fig. 4 resulted from the assumption that
brine was released by high-temperature fracture of the salt (S8ection 3).
The estimated rates of inflowv of radiolytic Hy 4n this case vere less
than 200 g mole/hr during the first five years after burial. After
this time, the estimted rates for Hy would be about one-third of those
for the MgCla.

Fates of Chlorates and Bromates in Spaces Around (:ann

Sodium and magnesium chlorates and sodium bromate decompose into
perchlorates, balides, and oxygen at elevated temperatures. "I'be
perchlorates in turn, decompose into chlorides and oxygen. The temper-
atures around a can may be a little below those at vhich some of the
puare compounds would decompose. BHovever, the mixtures of salt which
would be present around a vaste can probadbly vould decompose at the
temperatures which prevail around a can. No chlorine would be expected
from the decomposition.

Magnesium bromate decomposes into the oxide, oxygen and brmuine.
Accordingly, some bromine might be formed in the spaces around a can
if bromates are, in fact, formed vithin the migrating brine. The
maximun amount of Bra which could form at an assumed high brine inflov
rate of 5£/y would be about 0.1 mole/y.

Radiolysis of Vapors Around Can

Formation of O, takes place in dry or moist air at normal tempera-
tures. However, at low partial pressures of air, its rate of formation
vould be very 1.09.29 At high temperatures, any 0Oy vhich might be formed
radiolytically vould be quickly lost by thermal deccmpcsition and/or
by reactions with other species vhich might be present. Accordingly,

I believe that Oy-formation will not be a prodblem in these systems.

85ee Appendix 5.
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Ritric acid is formed by irrsdiation of moist air, and its forma-
tion might continue in gas mixtures containing low partial pressures
of O and Ky at clevated tcmpemturea.m.az The presence of HCl vapor
might affect the radiolysis of the moist air, but there is no informa-
tion on this. .

Assumed values of G(0;) and G(HNO,) are listed in Table 3 together
with calculated values for the corresponding rates of formation of these
species. The G-values refer to energy absorption in the gas-wvater vapor
nixture. Texperatures > 100°C will be reached within a few hours after

burial of the 5 Kv cans.

Table 3. Rates of Formation of HNO; and Oy in
Crushcd Balt at 5 x 10° Rad per Hour

At Temp. >100°C

L
Initisal Conditions with P(gir) <.l atnm
Rate of " Rate of
Formation !‘ormti:on
G-value (i mole/hr) G-value {1 mole/nr)
05 7 200 < 0.2 <X
HNOy 1 to 3 15 to 40 1 15

Bixtures of vater vapor and air,
ne is thermally unstable as wvell as reactive at

high temperatures. It is unlikely that Oy will
accumlate.
£Initial void voiume about 30 liters.
Significance of the Results of the Work Reported in this Paper to the
Design and Operation of the High-Level Waste Repository
8.1 Introduction
Presented in Table 4 is a summary of my conclusions rega.rding the

identities of the species vhich will enter the open spaces around a wvaste
can and also rega.rding the maximum rates of introduction of these species.
Active and/or noxjous chemicals are included among the species, and '
their presence iy influence the final design and operating procedures
for the vaste repository. Avenues of possible influence which should be
or have been considered are discussed below.




Table 4. Summary of Conclusions Regarding Identities of Species Appearing
Around a Waste Can and Regarding Vaximm Rate of Appearance

Max. rate of
appearance and max. Balancing oxidized

Bpecies Bource period after burial species Resarks

foolefm)  Lm)

Ha Radiolysis product <1 02, chlorates, broeates Comparable rates for 2 and

vithin encapsulated 5 Kv cans.
brine

Hy Radiolysis of solu- .8 .1 0, Clz, Bry, C10,, For 2 Xv cans. Insignificant

tion around can folloved C105°, BrCy period of time with 5 Kv cans
by .3 5 because of rapid heat up.

Ha Corrosion of can 400 <1 Assumed brine inflow rate of 7 - n

(50 mils/yr) fr vith all Hy0 reacting vith
can, .

HCl Hydrolysis of MgCly 20 <1 Assume drine inflov rate of 7
fyr, 3M MgCly vithin trine,
and 50§ hydrolysis of MgClj.

HNOy Radfolysis of moist .50 <1 Likely that all N3 vill imve

aixtures of ¥; and 0, been expelled at < .1yr after
burial

02 and other Radiolysis To balance radiolytic Hj.
oxidized .

species
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It can be noted here thit the effects of the species in Table 4
on the design and operation of the waste repository have not been
completely evaluated. However, we haven't yet recognized any possibly
serious detrimental effect which couldn't be counteracted by some
moditication of the design or operation of the repository. Also, the
repository project is planning or is presently conducting additional
vork in a number of differcnt areas including work in brine migration,
radiolysis and stored energy. The results of this work will help in
evaluating the amount and the effects of the radiolysis, hydrolysis
and corrosion products.

It should be emphasized that the rate values in the table are
maximm values. The analyses in this report wvere aimed at providing
conservative estimates. The actual rates of formation of a species
are expected to be equal to or less than the value indicated in Table 4
and elsevhere in this report.

8.2 Reference Information

The following reference material is presented here for convenience
in the following discussion.

According to present tentative plans, a burial room will dbe venti-
lated with air flowing at 20,000 scfn during operations within the
room. These operations will require a period of time no longer than 3
months.:_w

Each room will be backfilled with crushed salt after completion of
burial operations (backfilling of a section of a room after completion
of burial operations in that sectios could also be done if desired).t’

With 5 Xv cans, a total of 10 cans will dbe buried below a single
room. The room volume per 5 Kv hole vill be about 10° f£t3.

The fraction of open spaces in the crushed salt backfill, as
charged, is expected to range from about .27 for mixtures of fine
and medium salt to about .37 for medium salt.>> Diffusion thru beds
of as-charged medium salt is expected to be about three times slower
than thru free spacc.33 Consolidation of the crushed salt backfill
will take place with accompanying dimunition of the fraction of open
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spaces and possibly of the gas transport capabilities. The times
after burial at which the backfill within a hole will have been
consolidated have not been established.

The lower ignition limit for mixtures of H; in air or oxygen is
about 4 vol $.34 In mixtures of water vapor and H and O;, the lover
limit is about 15 to 20 vol % Hy plus 02.35 The size of the container
affects the ignition limit in the latter mixtures under at least some
conditiona;n’36 at 200°C the explosive limit increases from about.

15 vol % of 2 H; + O, to about 50 vol $ as the ratio of surface area
to gas volume increases from about 1 to 10 in.'i.36 The ratio of
surface area to gas volume in the crushed salt will be about 200 or
more per in., and it is likely that the lower ignition limits will
exceed the 4 vol $ mentioned above by substantial factors. However,
experimental verification of this hypothesis would be required before
use could be made of a given ignition limit in an engineering design.
The upper limit of inflammability of Hp-air mixture is 754 H,. That
for Hy-0, mixture is 94% 32.34

The permissible concentration of HCl in the air within working
areas is 5 ppm.

The corrosion of stainless steel at high tempersture by vapors
containing HC1 or Clz is likely to be apprecituble (several tens of
mils per ytar)38 wvhereas the rate of corrosion by water vapor alone
likely would be negligible. The accelerating effects of HCl and Cl,
on corrosion probably are canparable.38 There 1s no information as
to wvhether either {lz; or HCl catalyzes the reaciion betveen water
vapor and stainless steeli, i.e. as to wvhether the chlorine species
would form stable metal halides and whether corrosion would stop
vhen the chlorine species were consumed.

8.3 Formaticu of Explosive Gas Mixtures With Hydrogen Gas
8.3.1 With Ges Trensport Propertles of Salt Beds Above Can
Coompersable to Those of Medium Crushed Salt

a. Within wvaste disposal hole

My estimates of the transport of Hy thru bedssiof medium crushed
salt indicate that the maximum concestration of H, at any elevation atove

BThe size 9f the container also affects the ignition limits in other gas
mixtures.- .
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the can would be < 3 vol % at the maximum rates of generation of H;
listed in Table 4. Thermal and other bouyancy effects would play
important parts in transferring the Hy up thru the 8 ft deep beds
and into the room. However, diffusion alone would suffice to hold
the H, at < 3 vol € vhen radiolysis is the only scurce of H,.

The situation below the top of the can is lese obvious. However,
for several reasnns, it seems unlikely that an explosive composition
vould form. In general, gases will tend to be swept out and the
remaining gases diluted by any steam which escapes reaction with the
can. Any Ha which is generated by reaction between the can and water
vill exercise similar swveeping and dilution effects. In addltion it
is likely that O, as well as water vapor would react with the can so
that wvhen diluent HyO is removed from the gas-vapcr phase, the 0,
vouldl also be removed.

b. Room above'waste disposal can T~

It can be shown that introduction of Hy into a burial room at
the maximum rates listed in Table 4 would present no problem from the
standpoint of explosive gas-mixtures. Thus, introduction of H; at a
rate of 4 x 10° mole/y (7.6 x 1073 mole/min) frvm 10 5 Xw cans buried
belov a room would result in a maximm concentration of Hz of 3 x 1072
vol $ within the ventilation-air. Even with no ventilation, the-
uniform concentration of Hy within the volume of air associated with
a burial hole would be only 3 vol % at the end of one year. If the
room aboic a can is backfilled immediately after burial of the can,
the uniform concentration of Hy within the crushed salt would be 9 vol %
after one year providing Hy escapes the hole at the maximum rate listed
in Table 4. As mentioned in Section 8.2, 3 vol % Hy is at the lover
limit for reeaction in large containers. The lover ignition limit for
gas mixtures within the crushed salt is unknown, but it is likely to
be in excess of 9 vol % Ha.

8.3.2 With Burial Hole Sealed |

In the event that a gas tight seal develops or is imposed within
e salt bed above a wvaste can, there are possibilities that an explosive
mixture of gases would collect below the plug. Thus for example,
assume that a plug forms at an elevation of 2 ft above a can, and
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assume also that the temperature of the 2 £t length of bed is still
belovw that at which the vaper pressure of water is appreciable. Then
gases would tend to accumulate in thre 2 ft -lcngth of bed, and the
maximum rate of increase of the partial pressure of radiolytic Ha '
would be about .03 atm per day. The rate of partial pressure increase
vhen H, is generated by corrosion at the maximum rate of 400 mole/y
is about 4 atm per day. In order that the gas mixtures be combustible
they must contain O;. Oxygen is generated along with the radiolytic
H2, and providing this O; does not react with the can, it would
eccumulste along with radiolytic Hy in the gas mixture. Atmospheric
oxygen at a partial pressure of ~ 0.2 atm might be trapped belov a 1
Plug and this limited amount miéht be available for reaction with
corrosion Hy.

Considerations to date have mdicntedn that an explosion below a
Plug after the space in the room above the can has been backfilled
would not lead to ejection of the can from the hole. Also, an explosion
at that time would not lead to serious dispersal of radioactivity even
though the can is open for some reason at the time of the explosion.
This latter conclusion follows from consideration of the maximum amounts
of gaseha which would be available for expulsion from the hole and froa
the reasonable assumption that the expelled gases will quickly reach
an apprcximate thermal equilibrium with the crushed salt in the rooa
above the can. Thus, say 400 moles of 'Bz (320 rt3, 8TP) accumulate
vithin the space around a can for some unforseen reason, and say also
that all of the 400 moles are expelled by an explosion. This amount
of gas would occupy the gas space associated with a 4 ft length of
‘room holding 5 Kv cans. The length of room associated with each can
vill be at least 40 ft, and it is very unlikely that any expelled gas
would reach the room opening.

The considc;ationa made to date have not led to any definite

conclusions as to whether an explosion prior to backfilling would be {-

of any concern.

ZR. D. Cheverton and G. H. Jenks, unpublished analyses, July 1971.
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8.4 Introduction of Roxious Gases Other Than Radiocactive Species

Into Working Area

It can be shown that introduction of HC1l into the 10-can rocm at
the maximm rate listed in Table 4 is of no concern from the standpoint
of exceelding acceptable concentrations. With ventilation at 20,C00
scfm and with HC) injection at 20 mole per year per can, the maximum
HCl concentration in the ventilation air would be 0.015 ppm. Without
ventilation the tolerance concentration of 5 ppm could be reached after
one day. Prolonged loss of ventilation would be precluded by the
cperational design.

Other species such as Brp and HNOy would be injected at much lover
rates and would reach much lover concentrations in the working areas.
8.5 Effects of HCl end Other Active 8pecies on Transport of Fission

Product Activities

Experts in this area have not ruled out the possibilities of
forming volatile oxychlorides and they are investigating these
possibilities.

8.6 Effects of HCl and Other Active Chemical Species on Corrosion

of Waste Can

As mentioned in Section 8.2, it is likely that the corrosion rate
of stainless steel is appreciadble (several tens mpy) in contact with
wvater vapor containing HCl or Cl; at high temperatures. The corrosion
of carbon steel is also likely to be substantisl. At a maximm, the
average rate of corrosion could correspond to that at vhich the rates
of inflov of water and of reaction of water vith the can are equal.
(Ass'ming maximum rates and uniform corrosiom, the 1/4 in. walls on a
5 Kv can would be completely converted to oxide at 15 years after
burial.)

8.7 Bffects of Explosive Reactioas of Chlorates and Perchlorates

Chlorates and perchlorates are explosives vhen they are in contact

vith oxidizable materials. However, it can be inferred that the explosive

energy vhich could be developed fram these materials vithin a vaste
bole would be tolersble after the burial room bas been backtilled.?

The bases for this inference are the folloving.
85io analysis has been made of the situation prior to backfilling.
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a. An explosive force equivalent to 1 1b of TNT within a burial
hole is considered t.olcrable.3 _

b. The maximm rate of formation of chlorate is about 1.3 mole/y,
Table 4. (The equivalent maxirmm rate of formation of perchlorate from
chlorate is about 1.0 mole per year.) As stated in Section 6, it is
believed that these compounds would dccqu:pou thermally to form 02 and
halides.

c. The explosive efficiency of the chlorates and/or perchlorates
vhich might be present within a burial hole are unkoown. It is conser-
vative to assume that the =aterial has an explosive efficiency equiva-
lent to that of THT nd that the material has an atomic weight of 150.<C
Thus, the explosive force vhich could be developed from the maximmnm aounts
of chlorates vhich could accumulate during one year, without any thermal
decomposition during the year, would be equivalent to about 0.35 -lbs
of TNT. '

d. The situation with respect to dispersal of radiocectivity is
the analogous to that discussed in Section 8.3.
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APPEXDIX 1
Composition of Brine

Bolaerl' reported experimental values (Table l.1) for the ratios
of Mg, Br, 80, and Ca to Cl in the brine inclusions in salt froa'the
mine at Hutchinson, Kansas, and froa a core from the Kaval Air Station
at the same looation.s He did not report any ionic concentrations,
but he stated that his results shoved that the brine inclusions vere
formed by the evaporation of sea vater and that the concentraticn factor
vas about 60.

Yalues for the concentrations of Mg, Ma, K, Cl and Br vhich I
deluced from Holser's results and/or dnterpretations are listed in
Table 1.2. The concentrations of Ng and Na in columns 2 and J vere
obtained using the 25°C solubility data®? in Pig. 1.1 and also using
the material balance relationships,

(Cl) = 2(4g) + (Ka) + (X) (1.1)
and
0%) = (Ma) + 00, (1.2)

with (X) equal to 0.3 mole/kg. Eqn. 1.2 vas deduced from Eqn. 1.1
using Bolser's data for (Mg)/(Cl). Bolser did not report oa (X), and
the above value is that reported by vugno’ for sea vater vhich vas
concentrated by 60X. In using Fig. l.l, it vas assumed that tvo KC1
vere the equivalent of one MgCly with respect to the effects of these
solutes on the solubility of MaCl. Concentration values vere selected
to give a best fit to Eqn. l.2 vhile, at the sane time, giving best
agreenent with the assumed equivalence betwveen effects of MgCly; and KL,
The value of 1.28 for the density is that reported for 60X sce vater.l-!
The value for (Mg) in column 5 vas established using Usiglio's
value for (Mg) in sea wvater after concentration by 60X. The value for

8These dcpoaitc are thought to be substantially tbe same as those at
Lyons, Kansas.

DAEolser further stated that the brine 1nc1miom are probably unchanged
sarples of bitterns left behind in Permian time
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TABLE 1.1

Reported? Ratios of Concentration
of lons in Brine Inclusions

Weight Mole
Basis Basis®
Mg/Cl 231 333
Br/Cl 015 0067
S0, /Ci 009 003
Ca/Cl 0 0
Mg/Br® 15.6 49.6
°W. T. Holser.

®Derived from Holser’s data.




Table 1.2. Composition of Brine Inclusions

From Bolubility Data and

Froa Solubility Data and

Species From Holser's Rat . for From Usiglio's Value for
: Mg/C1 (Mg) in 60X Sea Water
mole/xg mole/s mole/kg mole/2
(d = 1.28) (d = 1,28)
Mg 1.9 2.4 2.3 2.9
Na 1.6 2.0 .8 1.0 w
X Eh “ o .
cl 5.6 7.2 5.6 7.2
Br --- 048R - o8

‘Fron datz reported by Uaiglio’ for sea water after concentration by 60X.
value for (Cl) and from Holser's value of (Br)/(C1).
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(X) vas found as described above. The value for (Na) wvas then
estabiished using the solubility data in Fig. l.1l vith an effective
concentration of Mg, ©
(Hs)en.‘ (Mg) + < (1.4)
The concentrations of Mg, Na, Br, and Cl derived using these two

different approaches are in reasonable agreement. I concluded thatl the
composition of the brine is within the following range of compositions.

‘Ion Molarity

Mg 2.3 to 3

X 0.4

Ka 2 tol

c1 7 to 7.5

Br 0.05

pH 8lightly basic

BRef. 8. Encapsulated brine solutions at elevateg temperatures
would be Blightly acid (several hundred umolar H ) due to hydrolysis
of MgCla.
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APPENDIX 2

Review and Discussion of Reported Information on
g'-\lnl\.\,\esn in Chloride Solutions;
B-y-Irradiations

2-1. Experimsntal Information

2-1.1 Neutral Chloride Solutions

2-1.1.1 g'(Cl;’)

Anbar and Thomas<'® observed formation of Clz” in neutral NaCl
and they reported relative yields over a range of (NaCl) up to 3M. ,
Savai ond Eami1®*? reported that the experimental results of Anbar
and Thomas are expressed by the relationship shown in Eqn. 2.1,

2.8 (C17) .
c1”) + 2.63 ° (2.1

g'(C1;”) =

Values corresponding to this relationship are plotted in Fig. 2.1.
2-1.1.2 g'(H202)
Matsuyama and Namiki®*> measured g'(Hz02) in FaCl solution
at concentrations up to 4.0M. The values of g'(H;02) decreased in
proportion to (Cl")l'/3 starting at 0.14M C17; at 3.4M C1™ g'(H30;)

vas about 0.18 of that in pure vater.
2.2

Savai and Hamil reported the folloving experimental relation-

ship between g'(H;0;) and (KaCl) fn neutral solution,

' - __0.83 (c17)
g'(H20;) = 0.64 ©1-) + 2.52 ° (2.2)

Their experimental data extended to 3M NaCl. Valucs corresponding
to Eqn. 2.2 are plotted in Fig. 2.2.
I find that the data of Matsuyama and Namiki and of 8Saiail ani

Hamil are in near agreement.

8In this paper, the g'-valuc for a species refers %o the mumber of
the species per 100 ev which eppears in homogenecus distribution
in the initial radiastion process. The number of a spscics vhich
eppears as a final product of the rudiolysis is refarred to as the
G-value. )
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2-1.1.3 g'(H,)

Brusentseva and Doli 24 gtudied o rudiolysis of neutral KCl
solutions at concentrations up to saturation. Evolution of Hy and O;
took place in amounts which increased with increasing (KCl). The
ratio of (Hy) to (0z) was close to 2. Their data are represented in
a plot of G(Hz)® and G(0z) vs (KC1) in Fig. 2.3. Additional infor-
mation on their work is included in Table 3.1l.

It may be noted here that the values of G(H;) which vere reported
by Brusentseva and Dolin for (KCl) > .07M exceeded that of g'(H2) in
pure water; at 4M KCl the factor was about 4. Evidence in support of
the high G(H;) values of Brusentseva and Dolin 1s included in the
discussion Section, 2-2.2.4.

Information on g'{(H;) values mentioned by S8awai and Hami)
appears to conflict vith that of Bruszntseva and Dolin.?*® The former
investigators stated that g'(Hz) is nearly uncbangcdh in 2M C1™ with
0.002M NO3~ and 0.02M isopropyl alcohol. However, Bnybarzz°5 found
that a small amount of methanol, < 3 vol %, in 10M LiCl with O.05M
HC1 reduced G(Hz) under a irratiation (6 x 10* rad/min) from 2.36 to
a negligible value.s' This reduction has not been explained. However,
the results of Baybarz suggest that isopiopyl alcohol might have
affected the results ol Sawail and Hamil. Accordingly, I discounted
their results in the present considerations.

The above mentionad work of Baybarzz'5 wos done with 6.1 Mev
a-particles (Table 3.2). It can be assumed that his experimental
values of G(H,) vere less than or equal to g'(H;) in the same experi-
ments (See Section 2-2). In pure water the value of g'(H;) for 6 Mev
a's is about 1.5.2'6 Accordingly, the experimental v-lues for g'(Hy)
in the 10M LiCl solution are substantially greater than in pure wvater.

2.2

Bps discussed in a later Section, 2-2.2.4, it is very likely that
these experimental valuer of 'G(H;) were less than or equal to valuee
of g'(Hy) in the same experiment.

bPresumably from that in water although this was not stated.

Sg'(-HCIJ was also reduced to & negligible value.
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2-1.1.4 g'(C1,)

No direct experimontal information is available. Indirect and
thecretical information is discussed ir Section 2-2.

2-1.1.5 s'(e'aq) and g*(0H) -

No applicable experimental values for either g'(e'aq), g' () or
g'(CH) have been reported.
2-1.2 g'(Cly") in Basic Solutions

Anbar and Thomas®" L measured relative Cly~ ylelds in 2M KaCl over
the pH range 7 to l4. Between pE 7 and 11 there vas no change in
g'(Cl,”). Eovever at pH 12 and above the values of g'(Cly”) were
less than those at pH 7 (Fig. 2.1).
2-1.3 Acid Bolutions

2-1.3.1 g'(C1")

Ko values for g'(Cl;”) in acid solutions have been reported.

Anbar and Thomas®'! showed that Cl;” s formed in acid solutions
by reaction in the bulk of the solution between OH, C1” and H'. The

overall reaction and the rate constant vere,

- c1 - ' '
O + C1” + H* — Cl, +Bgo;k23-l.66x101°

M2, gec™t. (2.3)
Presumably, some Cl,  was formed in the initial radiolysis process as
in neutral solution (Section 2-2), but the concentrations of NaCl
vhich vere studied were below those at which g'(Cly”) was expected to
be detectable.

2-1.3.2 g'(H;0;)

Values of g'(H,02) in solutions containing up to 0.1M XC1 along
with 0.4M H,80; were determined by Sworski®*’. The values decreased
in proportion to (KCl)1/3 and vere equivalent to 0.78 and 0.53 at
0.0 and 0.1M KC1, respectively.

I note that this rate of decrease exceeds that reported for
neutral chloride solutions.
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Discussion
2-2.1 Spur Diffueion Model of Radiation Chemistries of Water
and Aqueous 8olutions

The =adiation chemistries of water and aqueous solutions are
usually described in terms of the spur diffusion mde1.2'8’2'9
Several pairs of radicals or ions (primarily e-aq, 0 and Hy0" 4n
pure water) are formed in small, isolated volume elements (spurs)
in the initial radiation process. S8pecies within the spurs interact
as they diffuse into homogeneous distribution, and these interactions
result in the reformation of water and in the formation of other
molecular products. In pure water under -irradiation, the decomposition
products which appear in homogeneous distribtuion are principally,

e o Oy Ha and E205.

The H20; and Hy are formed, primarily, by the following reactions,

€ pqt °-aq_ + 2H,0 — H; + 2047, (2.4)

OH + OH — H,0,. (2.5)

Important water-reformation reactions are,

e-aq + H,0, — OH + OH", (2.6)
e-aq + OH — w-, (2.7)
o8~ + By0' — 2m,0. (2.8)

Reactive solutes at high concentrations can react with radicals

within the spurs and thus cause changes in g'-values from those in
pure water and, at.the same tiwes, cause the formation of additional
g'-opecies. For example, a solute such es C1l~ which presumably can
react with OH within the spur vould cause reductions in g'(OH) and
g'(H202) from those in pure wvater. This solute would also promote
increases in_g'(e-aq) and g'(H;) providing that the new products of
the spur reactions (i.e. Clz ard possibly Clz), do not remove

c-aq as rapidly as do OH and H;0; in the pure-wvater system.
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Bolutes at high concentrations can also be affected by direct
action of radistions, e.g., reaction 2.9 may o2cur in chloride solu-

ticns,

ci” X 104, (2.9)
The yields for reactions such as 2.9 ~Jequently quite high; say 5
to 10 product-spacies per 100 ev of w2.4,2.9 absorbed by the

parent species (C1™ in this case)
Reactions which result in tic formation of O, e ,o and Cl;~ are
summarized dbelow.
8et 1 - Action of radiation on vater followed by reaction detwveen
OH, C1” and H30* to fom C1°

5,0 2 5,0° ¢ o (2.10)
Ha0% + H;0 — O + HyoO' (2.1
H 0 -
o + Hy0' + C1™ — 21° + 28,0 (3.13)
c1®° + C1° — Cly” (2.14)
Set 2 - Direct actior of rediation on C1” to form C1°
cr” & cl° + e (2.9)
c1® + C1” — Cc1;” (2.14)
Ha0
e - B-‘q (2012)

Reactions 2.10 thru 2.12 in Set 1 are those resulting in the
formation of OH, e, q 2 Hy0% vithin a spur in the initial radiation
processes of the spur diffusion model. An OH and an Hy0% are consumed
in the reaction with C1° to form C1°.

Keither OH nor HyO0' are removed during forma‘ion of Cli by
direct action of radiation on Cl”, Set 2. Hovever, radiation energy
vhich is dissipated in this vay is not available for reaction vltfx
wvater, Set 1, and 80 the initial yields of OH and Hy0* ere reduced
by ths formation of Clz by direst action.

AFor coamparison, the yield of OH in Reastéona 2.10 and 2.11 [s°(o)]
in pure Hy0 is thought to be near 5.7.<°
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2-2.2 Discussion of g!-Valuet in Neutral Chloride 8oclutions

2-2.2.1 g'(C1")

There are no apparent reasons to question the reported experi-
pental values. Extrapolations to concentrations greater than the
paximmm experimental concentration (3M) are, of course, uncertain.

2-2.2.2 g'(C1y)

It is reasonable to assume that some interaction of C1° to form
Cl; takes place within spurs. In comparison with the yleld of H;0;
in pure vater, the value of g'(Cly) might exceed 0.5 at (C17) > 3.
Experimental results vhich have been reported to date do not preclude
the occurrence of appreciable initial yields of Cla.

2-2.2.3 g'(H302)

The observed reductions in g'(Hz0;) from those in pure wvater are
explained as discussed in Secction 2-2.1.

2-2.2.4 g'(Hy)

Oxygen and possidly Ha0; were present during the times that H,-
evolution took place in the experiments of Brusentseva and Dolin.2’4
Accordingly, it is very likely that all °-aq and X reacted vith 0; cr
H20; (Reactions 2.6, 2.15, and 2.16) so that no Ha-formation took
place outside the spurs.

a'wl + 03— (7, k= 1.9 x 1030 K2, gec-?. (2.15)
H+ 03 — 80; (== H* + 0;7), x = 1.9 x 1010 M=%, gec™?., (2.16)
The only known reaction by which Hy is removed from water or chloride
solution is,
OH + Hy —H + 430, k = 4.5 x 107 N}, sec™?, (2.17)
Reaction 2.17 is relatively slov and it is suppressed by certain
other solutes vhich react more i1eadily vwith OH. Bromide jon is such
a solute and it was probadly present as & contaminant in the experiments
of Brusentseva and Dolinz" as vell as in experiments of others vhere

no special purifications vere made to remove bromide from the chloride
solution (Table 3.1 and 3.2).

Of « Br- — Br° + OH™, X = 1 x 10° N}, gec™?. (2.18)
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In order to illustrate OH-removal by Br~, assume that Br~ was present
at 100 ppa (9.3 x 10°? moles per mole KC1) in the experiments of
Brusentaseva and Dolin, and assume also that the rate constants for
reactions 2.17 and 2.18 were the same as those in pure water. Then

it can be shown that 9.3 OH reacted with Br~ for each O vhich reacted
vith H; vhen (XC1) vas 3M and (H;) wac at saturation; about 10 cx’/S.

On the basis of the above considerations, I concluded that G(Hj)
equaled g'(x:) oc high (X1) in the experiments of Brusentseva and
Dolin.z"

As mentioned previously, the G(H;) values of these vorkers are
very high compared with the g'(Hz) in water. It can also be noted
that the high values are rnot readily explained on the basis of the
spur 4iffusion nodcl.n However, the high values are supported by the
experimental values for G(Clz) at pH 11 reported by Kabakeht et al.,2"
and by tbe'reportedz°ll values of G(Hz) in iodide solutions:!

The reported results of Kabakchi et al., are listed in Table 3.1
and illustrated in Fig. 2.4. Note that very high values of G(Cl;)
vere reported and note also that G(Hz) in these experiments must have
equaled or cxceeded 0(Cl;). Explanations for the occurrence of
appreciable values of G(C);) at pH 11 are discussed in Appendix 4.

SThe initial yleld of reduced species within & spur in pure vater is
thougbt to be 5.72 (neaaurcd as e~ . ), vhile the values of g'(H;)
ard g'(e” are 0.43 and 2.7.2.8 Bos at g'(H;) equal to 2, as
indicated ?or chloride solutions, the maximun possidle value of

g'(e"pq) would de 1.7 providing that the yleld of reduced species
vith!n a spur does not exceed 5,7, 1n addition, an increese
in the value nf g'(e” ) vould be expected to accompany an increase
in the value of a'(ﬂa’ providing that the rate constant for inter-
action of e, . to form Hy does not change and also providing that
the lifetime *8r spur does not change. It can be speculated that
increased values of g'(Hz) in chloride solutions result from effacts
of chloride ions on one or more of the paramecterz vhich have been
mentioned, i{.¢., inftisl yield of e, ., rate constant for inter-
actions betveen cqq, and lifetime of 3 Hovever, additional
experimental and theoretical wvork vould bc needed to Verlry effects
of chloride on any of these parameters.

-bo(l!a) o ) at (I7) = 4N,
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Fig. 2.4 - G(Cl3) in Solutions of KCl, of NaCl, and of BaCl;
at pH 11 (Xabakchi, Gramolin, and Evokhin)
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2-2.3 Expected Effects of Elevated Texaperatures on g'-Values
in Chloride Solutions

Increasing temperatures (to at least 250°C) have negligible
effects on g'-values in pure water.7’2°12 This temperature insensi-
tivity can be explained qualitatively in terms of a balance between
the increase in the rates of diffusion-limited thermal reactions
within a spur and the increase in the rates of diffusion into
homogeneous distribution. Assuming that this qualitutive explanation
is correct, I would expect that g'-values in Cl -solutions would also
be insensitive to increasing temperatures.
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APPENDIX 3

Summary of Reported Information on G(Clp),
G(Hz), and G(0z) in Chloride Solutions
and in Salt-Mine Erines®

1. Tubulated Information

Information pertaining to neutral and basic solutions is set forth

in Table 3.1; information on acid chloride solutions is in Table 3.2.
2. Evolution of Oxidant in 8alt-Vault-Experiment

As part of the salt-vault-experiment reported
air passing between the irradisted bedded salt and the hole-liner was
monitored for gaseous oxidants by means of commercial chloride detectors.
When oxidants were indicated, the gases were conducted through a cold
trap, and the contents then analyzed to determine the oxidizing species.
The gas sweep rate was about 7 liters per min. per hole, and the
residence time of air within the hole was about 8 min. at 170°C (~ 76 g
of air within hole at 170°C). The hole was kept more or less free of
liquid by the air-sweep. The irradiation intensity in the air was about
10° rads per hr. The salt within 6 in. of the edge of the hole was
exposed to 10° to 10% rads total.

The coammercial detector showed gaseous oxidants at 0.5 to 1 ppa.
after the temperature at the valls of a hole exceeded 175°C. The
indicated oxidant concentrations were roughly proportional to dose rate.
The concentrations decreased with exposure time, and vere in the range

3.7 by others, sweep-

0 to 0.3 ppm when the arrays were shutdown 5 months later.

No chlorine was found in the cold treps; presumadbly no bromine
was found either since the analytical methods iikely would have detected
bromine.>*) The experimenters suggested that the oxidant wvas an
organic peroxide wvhich wvas stable enough to react with the chlorine
detector but which decayed during the times required to collect it in

the cold trap and to anaiyze the contents.

24150 some information or radiolytic formation of bromine in XBr
solution.




Table 3.1, Sumsary of Scme Litersture Ilnformstion on c(cn,) and c(nz) for
Selutions of Actd Ohleride

Iyredjacton
Concentration Chloride Type Dese Deece Teny. c(c1y) c(ny) c(o,)
Iavestigaters 1 Lic Rate
" oh (t2d/nin) (Red) o)
Eubot 2 L | - Y 2» 10 te 10° 33-40% .0 - -
Eobote? . - Y 2 x 108 103 33-40 .07 - -
Tboto? . . Y 2210 10 33-40 .12 - .
Eubots® . . Y 2 210" 10} 3330 17 - -
Alles o a3 L - X-pile 108 1.3 2 10° %< - R -
A%
Alles ot s} 12 - X-pile 3 x 10 1.) = 20° < - YL - o
Sugssaks sad Merslevd L - X-ray (3} lo’ 3.3 10’ L% 8 .47 ’ - -
Bugsente amd Morslevh ) - X-tey 6210’ 2.3 » 10° LT, .9 . -
Bugseao smd Moralevh ) - X-roy ¢ x 100 2.3 » 10° T, o . -
Bugscnis and Meralevd b) - Zetoy [ 3 ] xo’ 2.‘5 N w’ 1.7. .9 - -
Bugseats sad Meralevd . - X-roy ¢ =103 2.3 » 10° 1.1, 1.19 - -
Rubotol 0.2 1.0 v 2210 I UL SV 0,12 - -
c(-4*) = . &
Seprarsl Bewtral 10 o RN - 2.3 c-a) e 1.0 298d 0.3
te 6.1 Mev te 14 x 104 €(n,0,) = 0

0.4
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Notes to Tnble 3.1

Ref. 3.4

The reported values of G(Cl;) increased linearly with increasing
(HC1) in this concentration range. I read these values froa the
reported plot of the data,

My estimate.
Ref. 3.3.

These values cocpare vith a value of 0.89 for g'(H,) in pure
wvater in the same irradiation facility. Ref. 3.5.

Reagent grade HCl.

Ref. 3.6.

Treated with KMnO4 and then distilled.
Ref. 2.5.

In pure water, the value of g'(H;) for 6 Mev a's in about 1.5
(See Sectior 1.1.3, Appendix 2).



Table ).2. Sumasry of Litersture Information on c(cxz). c(llz) and c(oz) ia
Neutral and Basic Chloride Solutions

Solution !nuutln-‘-
Investigators Salt Concentrstion pit Type Dose Dose c( .13) °"2) 0(02)
Mm/e) Rate

(Rad/Min) (xad)

Xubota> C)e up to set. Neutral Y Al x 10‘ to > 10’ 0 - -
Kubots'S w1 Sat. Neutral vy  ~2x10t - - 4 4
Brusentseva sad Dolln!' rcy? 0.02 Neutral Y - - 4] 0 o
Brusentseva and Dolin 1t 3. Beutral Y - - 0 1.8 .9 \fs
r
Brusentsevs and Dolfn !cl! <,01 to 4 Beutral - - - - 0 te 2.2£ 0to }.—
mum.‘in-am and e 1 1n Y - to 2 x 10° " - -
Rvokhi or 2 11 Y - to 2 x 108 .8 - -
: xaC1l 3 11 y - to 2 = 108 1.3 - -
or 4 1 Y - to 2 x 10* 1.6 - -
21,2
Alles ot o nc1 1 Noutral x-rtle 3 » 10 2.7 x 107 . a8t .
Allen ot s} xec12 1 eutral x-?t1e 3 x 10° 1.3 = 10° - et . -

Allen ot a} wscid 0.1 Keutral x-rile 3 x1ct ~ 10’ - 0 -
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Notes to Table 3.2

Ref. 3.10

I estimate that the temperature vas 30-40°C in each of these

experiments.
Rer. 3.2.

A steady-state pressure of about 10 atus was observed in gas phase
over the saturated solution; Ref. 3.2.

Reagent grade.

See Fig. 2.3. G(Hz) and G(O;) increased with increasing (Xc1)
starting from zero at (KC1) & .O1M.

Ref. 2.10. See Fig. 2.4.
Ref. 3.3.

This compares with a value of 0.89 for g'(H2) in pure vater in
the same ir:adiation facility.

Specially purified to remove broaiide ion.

Ref. 2.4.
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Radiolytic Formation of Br in XBr 8olutions
a. Brusentseva and Dolinz'l’ found that Bra was formed by

-irradiation of deaerated KBr solutions at (KBr) > 0.1M. The value
£ G(!:Br;;)n was 0.04 and .35 at (KBr) equal to 0.1 and 1.0M, respectively.
b. Rafi and Sutton”'° found G(ZBr2)® equal to 0.08 and 0.38 at
KBr) equal to 0.1 and 1.0M, respectively, in pH 2 solutions (pH
djusted wvith HE2804). G(IBry) vas zero at (KBr) < 0.1M.
C. Kubou::"l found no bromine formation during y-irradiation of
ieutral bromide solutions at concentrations up to about 1M,

85Br; signifies the sum of all bromine with oxidation aumber zero.
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APPENDIX 4

Identities of the Oxidized 8Specles Formed Radiolytically
Within Chloride Solutions and Salt-Mine-Brine

4-1. Introduction
Formation of reduvced species in the radiolysis process must be
halanced by formation of a stoichiometrically equivaleat number of
oxidized species. Yor chloride solutions, this balance is expressed
by the following relationship between G-values vhen it is assuxzed that
Cl, and C103~ are the only final chlorine apeciea,n
G(Ha) = 26(03) + G(Hz9;) + G(Cly) + 3G(CL0y7).  (4.1)

EqQn. 4.1 is valid regardless of the identity of the reduced species.
For example, it i{s valid if reduction of Oz to Hz0U takes place instead
of release of Ha. The sign of G(0z) would be negative in this case.
The g'-products could include radicals and Cl; as showvn in the folloving
oxidation-reduction balance relationship,
2g'(Ha) + 8'(°-aq) + g'(R) = g'(0H) + 2g'(H20:) + g'(C1;7) +
2g'(C12). (4.2)

Values of g'(H;) and G(Hz) in chloride solutions wvere discussed
previously, Appendixes 2 and 3. Information on the identities of the
balancing species is revieved and discussed dbelov.

4-2. Neutral Chloride Solutions

The experimental datdh showved that O, is formed along with Hy in
the spproximate ratio of one O; to two Ha (small excess of Hy;) and that
G(Cl;) is small or negligible out to saturation concentrations of KaCl
and KCl. Accordingly, reactions must occur in wvhich chlorine species
oxidize H;O0 to form Oz2. In amplification of this statement, it can be
rnoted that in the absence of reactions betwveen chlorine and Hy0, the

BThe salt mine brines contain Br , and accordingly, the oxidized species
include bromine species with oxidation nmumber > -1l.

Dsee Table 3.2 and Fig. 2.3.
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only source of O; is that H0; which is formed as a g'-product..n The
H,02 would releese O thru reactions of the following types,

Hy02 + Clp” ~ H' + 2017 + HO, (= H' + 0;7) (4.3)°
0,” + HO; — HO; ™ + O, 4.8)°¢
Overall,
HyO; + 2C13~ — 28 + 4C1” + 0, - (4.5)

and G(0z) would equal g'(H;0,) if H;0, were the only source of O;.

The experimental data at high (C17) where g'(H;0;) is < .12% ehov that
26(02) = G(Hy) > .24. It follows that O; must be formed by reactions
betveen C1” ~2 and Hz0.

The most likely recactions of chlorine species with water are of

the types which have been proposed by other54'3 to explain the photolytic

behavior of solutions of Cl; and/or HC10. With neutral solutions :;on-
taining C1™ at high concentrations, the likely reactions are,

Clz + Ha0 == C1™ + HY + HC10 (== H' + C207), (4.6)
Cl,” + EC10 — H' + 2C1 + C10°, (4.7)
cx0° + EC10 — E* + C1;” + 0,, (4.8)

Reaction 4.7 and 4.8 comprise a chain reaction. Reactions 4.6 to 4.8

give overall,

201, + 28,0 — 4B' + 4017 + o,. 4.9)

£The OH radical does rot contribute to G(02) because it reacts with
Br~ to form Br® (Appendix 2). Ir the absence of Br~, the OH would
react vith Hy; reaction 2.17.

Doet. 4.1,

£The rate constart for formation of O; and H;0; in solutions containing
HO2 and O; is pH-dependent (Ref. 4.2). Bome values for the rate
constant in wvater at 25 C are listed below.

pH k (M1, sec™?)
1 8.5 x 10
7 8.5 x 10°
5 2.1 x 107

<<5 6.7 x 10°

5ee Fig. 2.2.




Chloride Solutions at pH 11

The experimental data of Kabakchi et ul, tnken together with data
of others for g'(Cly") indicate that 26(Cl,) 2 g'(C1l2”) in chloride
solutions at pH 1.2 Their value of 1.6 for G(Cly) at 4M C1” is near
the value of 1.9 for G(Hz) reported by Brusentseva and Dolirih at the
same chloride concentrations. Accordingly, it can be inferred that
reactions in which chlorine species are reduced by Ha0 are inhibited
at pH 11. This might be explained by assuming that Cl; hydrolyzes
rapidly at pH 11 and that C10™5 does not react with Clp”; poesibly
because of like charges on the reactents.

HOC1 ~= E' + €10~ (4.10)
Cl,” + €10” +~ 2c1” + c10° (4.11)
Without reactions between chlorine and water, the relationship shown
in Eqn. 4.12 would be expected,
0 < G(H,) - G(CLx) < 2g'(H202). (4.12)

Tne various experimental data indicate that Eqn. 4.12 is approximately
valid st pH 11.

Asee Appendixes 2 and 3. See also Figs. 2.2 and 2.4.

bsee Fig. 2.3.

SFroc information on equilibrium constants, it can be shown that the
following valuea for concentration-ratioz obtain at equilibrium in
4M C1™ at 25°C and at PH 11 and 6.

PH 11 pH 6
,-((g—%)-)- 5.7 x 108 57
{g—él%o-} 3 x 10° 0.3
%}’- 1.7 x 100 1.7
©37) 0.8 0.8
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Acid Chloride Solutiuns

The data of Kubota® indicate that G(Clz) is negligible during
y-irradiation of aerated HC1l solutions at (HC1) < I1M. Above about
IM his values of G(Cly) increased linearly with increasing (HC1l) up
to about 8M where G(Cl;) equaled 0.10. Above 8M HC1l, G(C1l;) increased
more -apidly, and the value of G(Cl;) at 11M HCl was about 0.15.

The G(Cl;) values reported by Bugaenko et al.,n for a-irradiation
of deaerated solutiona of 1 to 6M HC)Y are much higher than those of
Kubota; G(Clp) was 1.1 at 6M HC1.

The negligible values of G(Clp) below 1M HCl might be explained
by assuming the occurrence of certain reactions between chlorine and
vater of the types discussed in Section 4-2. The occurrence of
significant values of G(Cly) above 1M HCl might then be explained by
assuming that these reactions are inhibited by hydrogen ions and that
the degree of inhibition becomes significant at IM H*. In acid
solutions, the chain reactions leading tn oxidation of H;0 must be,

C1,” + Cl, + H,0 — 28 + 3c1” + c10° (4.13)
C10° + C1; + H,0 — 28" + 2¢1” + c10° + o, (4.14)

to give the overall reaction 4.9. It is easy to speculate that
hydrogen ions inhibit one or both of these reactions (4.13 and 4.14).

Nio explanation is offered for the substantial difterencdg betveen
the reported results of Kubota and those of Buzaenko et al. Howvever,
it can be noted that oxidized speciea other than Cl; are possible
products of radiolysis (see belovw), and some difference between results
of different investigations might have resulted from the undetected

occurrence of some of these.

8gee Appendix 2 and 3.

hIt can be mentionel that little difference between the g'-species
and-g'-values of x- and y-rays would be predicted from theory.

L o N Salmiph S
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LA

Data reported by Beybarz'g'z.) for G(-H*), G(Hp), G(0z) and
G(H202) during a-irradiation of concentrated LiCl solutions which
also contained HCl at 0.4 to O molar are of interest because It can
be inferred that apprecisble amounts of Cl; and/or Clz were converted
into ClO;' during Baybarz's irradiations. Considerations which lead
to this inference are summarized below.

Eqn. 4.15 shows the oxidation-reduction balance relationship
vhich must prevail betweea G-values fcr oxidized and reduced gpecies
in this system when all conceivable oxidized species are included.

26(Hy) = 26(Cl2) + 5G(C102) + 23(C120) + 4G(02) +
2G(H202) + 6G(C1057) + 8G(C10; ) + 4G(C10;7) (4.15)

Charge balance requires the followirg relationship involving G(-Et),
26(C1,) + 56(C10;) + 26(C1;0) = G(-H') (4.16)

Hypochlorous acid and hypochlorite ions were omitted from Eqn. 4.15
because the amounts of these in equilibrium with Cl; is very small
in solutions containing a small amount of HCl. Chlorous acid, HC10,,
rather than C10,  would have been present in the acid solutions.
However, the acidity of the solution was measured by titratioa, and
the measured value would not have been affected by formation of either
C10,” or HC10, (the pK of HC10, is 2.0 at 25°C).

Now substituting from Eqn. 4.16 in Eqn. 4.15, wve have,

2G(Hy) = G(-H') + 4G(0;) + 2G(H;0,) + 6G(C1057) +
8G6(C10.7) + 4G(C10;7) (4.17)

The experimental G-values vere:

Species G-value
Ha 2.36
;o -1.0
02 0.38

Ha 02 0

2See Appendix 3.

.......
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Yatroducing these values into Eqn. 4.17 we find,
36(C1057) + 45(C10;47) + 20(C10,7) = 1.10 (4.18)
Chlorous acid and chlorites are fairly strong oxidizing agents.
Also, they are unstable with respect to decomposition to form chlorate

4
and chloride4' thru 1eactions such as reaction 4.19.

3HC10, — C1™ + 2C105~ + 3H'. (4.19)

Accordingly, it 1is unlikely that chlorous acid vas'preacnt at any
significant concentration. Ferchlorate is not formed by thermal
decomposition al 25°C of aqueous solutions of Clp, HC1l0, HC10, or
Cl02. These decouposition transformations stop at chlorate."‘ Also,
1t is unlikely that perchlorate was formed during irradiation since
it is not formed by photolysis of solutions containing Cl, or HCIO;
0, and Cl03 are the exclusive products of photolysis of these
aolutions."‘

On the basis of BEqn. 4.18 and the above arguments, I concluded
that the value of G(C103~) was 0.37 in the experiments of Baybarz.

The fraction of the G(H;) which was balanced by C105 was then 0.47.

Radiolytic reactions such as the following ) may have accounted for .
part of the formation of C103 ,
Cl,” + Cly + B,0 — 28Y + 3c1™ + caoP, (4.13)
HO, + C10° — E' + 105", (4.20)

These results and conclusions indicate that chlorate may be
formed in concentrated chloride solutions during -7y~ as well as
a-irradiations. In general, G(C103”) should be m=asured along with
other G-values for complete delineatiocn of a system.

+=5. Salt-Mine-Brine
4-5.1 Brine Inclusions

Because of the high temperatures and long irradiation times, it
is very likely that all Cl; and Bry vhich does not react with Ha0 or
with H;0; to form O will be converted into C10;  and BrOy~ before
the inclusions reach the hole around the can. The conversion-
reactions would include reactions 4.19-4.24 as well as radiolytic

and other therml.‘"“'6 reactions wentioned previously.
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3C100 — Cl03  + 2C1° {+.21)
210”2 ¢10,” + C1” (4.218)
c10,” + c10” B* c10,” 4 1" (4.21b)
*3C1, + 3H,0 — €103~ #+ 5C1° + 6H' .22)
Bry, + 20103  ~= 2BrOy + Cla (4.23)
3Br0” — BrOy~ + 2Br~ (4.24)

The maximum value of G(C103~ + Bry ) would be,

G(C103~ + Bro,’)max = ——G-(-g-l)— (4.25)

Taking G(Hz)pe, €qual to 2.1, G(C103~ + Br0;”) . would be 0.7.

As discussed in Appendix 5, the pyrolysis of chlorates and
bromates within the hot, dry orpen spaces sround a can would produce
halides, perchlorates and oxygen. Some bromine might te formed by
pyrolysis of Mg(BrO3)z. The indicated absence of Cl; and Brp in
sweep-gas of the salt-vault experiment (Appendix 3) supports the idea
that all Cl; and Brp within brine-inclusion will react with H,0 and
Hy0, to form O, and/or chlorates and bromates and that only very small
amounts of Cl; and Brp would be formad within the open spaces.

4-5.2 Acid Brine Around Waste Can

Tke products ~f radlolysis of any liquid brine in the open
spaces around a can may differ fruam those of encapsulated brine for
two reasons: (1) the liquid around the can may contain HC1 and also
some of the HNO4y which may be formed radiolytically within the gas-
vapor mfxture in contact with the liquid, and (2) rudiolytic gas=s
will readily escape from the unc ~fined hot liquids. I have concluded
that the possible radiolytic products under these conditions include
Cl,, Brz, Cl0y~, BrOy~, C10z2, C10; end C10;  along with H; and 0.
The Clp; would react radiolytically to form HCl within the vapor phase.
The C102 would decompose thermally or by reaction with'reducing agents
including the metal can.
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The possible importance of the radiolysis of brine around a
can will depend upon the residence time for the brine and this in
turn will depend upon the rate of heat up of can and surroundings.

With a 5 Kw can, the temperaturcs at the ends of the can will
exceed the beiling temperature of brine at times subsequent to about
14 hr after burial. Because of the short exposure time, 1t can be
assumed that radiolysis of liquid around a 5 XKw can will be of
negligible importance.

The temperatures at the ends of a 2 Kwv can do not exceed the
boilirg temperature of brine until after a period of about six months
follmeing dburial. If it is assumed that water vapor does not escape
from the can region for scae reason (e.g., plugs in the crushed salt
backfill) essentially all liquid which entered the can region during
this perfiod would remain as liquid. A conservative estimate is that
one-half of the amount (0.6 liters max) which entere the region
remains and is irradiated for the entire 6 month period. At 10°
rad/hr, the rate of production of Hz is 0.3 mole/yr at G(H;) equal
to 2.1, and the total production of H, is 1.5 moles during & 6 month
period. As shown in Table 4, the 0.3 mole/yr rate for H; is well
belovw the maximum rate at which radiolytic E; would appear around a
can as a reeult of the migration of brine to the can. The maximm
amounts of Oz, €103, Br03 and Clp(HC1l) would also be well below
those associated with the migrating brine.
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APPENDIX 5

Hydrolysis and Pyrolysis of Brine-Salts
Around Waste Can

Pyrolysis of Chlorates and Bromates

As discnecsed in Appendix 4, it is possible that chicrrtes and
bromates will be formed within the nmigrating brine inclusions.

Upon passage of the brine inclusions into the open spaces around
a can, the water vill veporize leaving precipitated salts wvhich include
any chlorates and bromates. Providing that the temperatires arcund
the can are high enough, the chlorates and broumates will undergo thermal
decomposition. Information bearing on themal decoaposition of
particular chlorates and bromates which may be present is summarized
below:

a. NeClO;

Decompoaitidn starts at temperatures sligntly above the melting
point;5°1 263°C. The decomposition at 300°C was reported to amount
to 0.5% during two days exposm.5‘2 The onset of rapid decomposition
took place at 465"’0.5'2 The temperature of decomposition is lovered
by many types of catalysts including sand and xc1.5°1’5’3

The decomposition products are NaCl, NaClO;, and Oa). The

perchlorate decomposes into NaCl and O; near the fusion temperatures
4820(: 5.1,502

b. Mg(Cl103),

Thermal decomposition of this compound yields MgCly, Mg(C10.)a
and 02.5°3 The hydrate, Mg(C103),°6H;0, melts at 35°C and decomposes
at 120°C.°*% The products of decomposition of Mg(Cl04)2 include,
under some conditions, Mg0 and Cly along with MgCla and O;. It has

5.5 that these products are in equilibrium,

5.1‘503

been suggested
MBO(B) + 012(8) - MgCl; + 1/2 02(8) .0
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I concluded that the formation of Cl; under the conditions prevail-
ing around a can would be unlikely.
The decomposition temperature for Mg(C10.)2 is 250°C.
c. FKRaBrQ;
Thermal decomposition produces NaBr and 0.
takes place roadily in the temperature range 300 to 368°C.
L. Hg(BX‘OJ)z
The principal products of thermal decomposition are Mg0, Bra

and 02.5'5 The decomposition temperatures are in the neighborhood

of 300°c.”*” |

It should be emphasized that decomposition temperatures within
the mixture of salts from the brine might be substantially below
those for the pure compounda.5‘3

It may be noted that it is unlikely that irradiation of any
oxygen-containing salts around a can will have important effects on
the stabilities of these salts. In order to 1llustrate this idea,

assume that the dose rate is 10° rad/hr and that the G-value for
5.6

Seb

Se3 Decomposition

5¢5

decomposition is 4. Then the fractional decomposition per year
is about 0.5. It seems likely that thermal effects will outweigh
radiation effects on decomposition.

5-2. Hydrolysis of MgCl, to form HCl
Magnesium chloride reacts with vater (including water of hydra-

tion) or steam at high temperatures to form 801.7° 7210 me overanl
reactions are usually represented aa,5'8’5'10
MgCl, + H0 = Mg(OH)C1 + HCl (5.2)
and
2Mg(OH)C1 == MgCl,; + Mg0 + Hy0 (5.3)

The availadble fragmentary information on these equilibria
indicate that reaction 5.2 will go to completion to the right at
temperatures above about 180°C (Table 5.1) providing that the HC1
noves ava& from the MgCl;. Coaplete hydrolysis through reaction
5.3 takes place only at temperatures over 520°C.5'10
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Table 5.1. Compositions of Stcam-HC1l Mixtures
Over Mixtures of MgCl; and the
Hydrolysis Product

Texp. HC1 H,0
c (vol %) (Vol %)
183h 0.8 99.2
213h 7.9 92.1
250h 21.0 79.0
3wh 66.5 33.5
350 69.4 30.3
400 62.15 37.85

84, Moldenhauer, Z. Anorg. Chem. 51, 369 (1907),
Refs. 5.8 and 5.9.

‘hSystan probably not at equilibrium.




66

APPENDIX 6
Brine Inflow by Cavity Migrat: ..

. JIntroduction

Theoretical calculations and experimental observations led
Bradshav and covorkcra6'1 tu conclude that the rate of migration of
a bdrine cavity is directly proportional to temperature gradient at
the site of the cavity and that the proportionality constant is
dependent upon temperature, Their conclusions can be expressed as

shovn in mno 601,

A :
xAt - £(T) (at) (6.1)

vhere xAt = migration distance of cavity during time interval At,
%Tx- = average temperature gradient at cavity, and
£(T) = cavity migration rate per unit temperature
gradient at average temperature, T.

Theoretical and experimental values of f£(T) presented by these
vorkcrae'l are reproduced in Fig. 6.1. These vorkers also rcported
estimates of brine inflow for the following particular system:
reference dimensions for vaste can as shown in Fig. 1 of text; 1.66 Kv
initial heat output with 3 1/3-year aged waste; cans positioned on
10-ft. centers; and temperatures and temperature gradients as showvn
in Fig. 6.2. They used their theoretical values of £(T), Fig. 6.1
in making these estimates. These particular characteristics of the
wvastes and of the temperatures and temperature distributions do not
confurm to those which are presently under coansideration.

I made estimates of brine inflov to tvo different wvaste can
systems which are presently under consideration and for vhich tempera-

ture-tine-position information was available. The reference dimensions
6.1,6.2

6.1,6.2

for these cans were the same as those used by Bradshav et al.,
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(Fig. 1 of text). Some other characteristics of these wvaste-can

systens are summarized bc.lov.

a
Case C-1 Case B-2 Case C-2
Heat output at burial 2 Kv 3 Kw 5 Kv
Age of wvaste at burial 10 years 10 years 10 years
layout in mine Cans on 22 ft Cans on 17 ft Cans in one
centers. 7Tvo centers., rov in middle
rovs of cans of 30 ft room;
per room. 42 ft betwveen
cans.

' Temperatures for Cases C-1 and C-2 were available for times out
to 50 yecars~—three dimensional culcuhtiona.z

Temperatures for Case B-2 vere availadble for times out to 5 years
and for the horizontal midplane only—two dimensional line source
calculations. 17 .

The method which I employed in making the estimates of brine
inflov was bacically the same as that of Bradshav et ay,6-1-6.3
However, my method differed in two important respects; (1) I used the
more conservative estimates of £(T) which are shown in Fig. 6.1 and
replotted in Figs. 6.3 and 6.4, and (2) I assumed that the salt
fractures at high temperatures starting at 250°C,2° and that the edge
of the open spaces around the can follows the 250°C front within the
salt.” 1In the event that the salt does not reach 250°C, I assumed
that the edge of the open spaces remains at the original distance of
5 inches from the center of the can.

Details of the estimation method are presented below together
vith results of: estimation for the two waste-systems, Case C-1 and

Case B-2.

£The results of temperature calculations for this case became avail-
able after this report wes drafted.

Dr, R. Anthony end H. E. Cline vorking at G. E. in Schencctady have
recently published several papers dealing with zhei experimeatal
and theoretical work on brine migration in KC1l. ¢7=6.11" Their
theoretical analyses is applicadble also to RaCl, and is more complete
than that of Bradshaw. We will discuss the possible applications of
their findings to waste repository in another peper.
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6-2. Bummary of Procedures for Accomplishing Estimates of Inflow of
Brine, and Summary of Data and Results for Cases C-1 and B-2.

My step-by-step px‘r:x:e:dureu'n for accomplishing estimates of
brine inflow at a given elevation are set forth below together with
results of estimates:

I. Make linear plot of T vs h'b at varicus times of interest. Values
of X go to maximum x‘u(iiua‘b of interest. Exsmmples; Case C-1,
cidplane, Fig. 6.5, Case B-1, midplane, Fig. 6.6. ,

II. Plot T vs time at various radii using plots from Ko. I. Examples;
Case C-1, midplane, Fig. 6.7, Case B-1, midplane, Fig. 6.8.

III. PFlot % vs time using plots from No. I. Examples; Case C-1,

midplane, Fig. 6.9 and B-1, midplane, Fig. 6.10. ,

Iv. Bstimate time required for cavity starting at given redias, X,
to reach edge of hole. The following steps are involved.

IV-l. 3elect value of X.

IVv-2., B8elect eppropriate time interval during which T amd % at

site of cavity does not change by too large a factor so

that graphical estimations of average T and ar is feasible.

X
IVv-3. Bstimate averesge T and %—XT during selected time interval

using plots from Nos. II and III.

IV-4., BEstimate average f£(T) during selected time interval using
average " from No. IV-3 and also using plots of £(T) vs T
(Figs. 6.3 and 6.4).

IV-5. Evaluate estimate of migration distances, AxAt’ during
selected time interval, At, using Eqn. 6.1.

IV-6. Repeat above steps IV-1 through IV-5 using new value of

X, equal X}

1
xo - X, - Axm

Ppagically the same as that of Bradehav. 3

'hﬂorizonta.l distance from the center of the can.
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IV-7. Repeat steps IV-1l through IV-6 until cavity vhich
started at X, recaches edge of open spaccs around can.

V. Make a plot of the estimated time, t, required for a cavity to
reach edge of hole vs the value, X,, of the radius at the initial
location of the cavity.

Plots for Cases B-2 and C-) are in Figs. 6.11 and 6.12.

vI. Make a 1ist of t and of V at given values of X, and then plot V
vs t. Values of t at the given values of Xo are obtained from
No. V. Values of V at the same values of X, are calculated
from Eqn. 6.2,

- 2 _y2
V « bl (xo X%) 6.2)
vhere

V is the voluzme of brine within a right cylindrical annulus
of height, h, and of rsdfi X, and X{. Tbe latter radius, X,, is the
distance betveen the center of the can and the edge of the hole. The
b in Eqn. 6.2 is the fractional volune of brine within the salt at
the time of burial (the value of b 1s taken as 0.5%).

Plots of V ys t for Cases C-1, B-2 and C-2 are set forth in Figs.
6.13, 6.4 and 6.17. The assumcd value of h 18‘. 10 ft in each case.
Kote that estimated values of inflov for Cases B-2 ood C-2 are in
fair agrecament at times up to about 2 yeers.
VII. Estimates of inflov rate vs time obtained from plots Fo. VI are
plotted in Fig. 6.15 and 6.16 for Cases C-1 ard B-2.
6-3. Comments and Discussion
6.3.1 Temperature Symmetry Around Can
Consideration of the calculated texperature values for Case C-l
shoved that temperatures sre distributed nearly symmetrically around
the center line of a can out to distances and times of at least
3 ft and 30 years, respectively. This despite the fact that the
separation betveen nearest-neighbor-cans is much greater in one
direction than in any of the other three directions—338 ft vs 22 ft.

8] d1d not consider longer times or a'eet.u; dl;t:ancea.
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Temperatures within the horizontal planes passing through the
top and bottom of a can are less than those in the midplane. The
planes which are midway between the end and midplanes are about
equivalent in temperature to the midplane.

6-3.2 Brine Inflov from Salt Above Top of Can,™ Case C-1.

I estimated that brine inflow to the top of the can from
hemispheres above the top would be about 22 during the first 25 years;
see Fig. 6.13. 8imilar. ¢, inflov to the bottom of the can from salt
below the bottom would be 22 during the same period of time.

6-3.3 Effective Values of h for Brine-Inflow Estimates, Case C-1

The estimated values of total dbrine inflow which correspond
to midplane conditions and to an assumed h-value of 10 ft are too
high because of the lover migration rates at the end-planes.
However, the middle one half or more of the can is at midplane
conditions (Section 6-3.1 above), and if it is assumed that the
inflow rates decreased linearly from this middle one-half to the
ends, it can be shown that the inflov values estimmted as stated
above are in error by only 5 to 10f. This is well within the overall
uncertainty of the estimates. .

6-3.4. Changes vith Time in the Brine Content of Salt at Edge of
Hole, Case C-l.

Estimates of the brine content of the salt at the edge of the

hole at exposure time, t, were made for Case C-1 using Eqn. 6.3,
(inflov rate),

b, = .
t (nigration ratc)t (6.3)

vhere (migration rnte)t is the value of this quantity at the edge of
the hole estimated as described in Bection IV-3 and IV-4 above, and
bt in the brine content of the salt at the edge of the hole at the
given time, t.

Values of inflov and migration rates end Of the resulting values
of bt at certain times ranging up to 50 years are listed in Tadble 6.1.

8And from below bottom of can.
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These values indicate that the bdrine conaentration within the
salt at the edge of the hole remains approximately coastant during
the exposure times considered (50 years).

Ko estimates vere made for Case B-2 because of the limited
times for which temperature data vere available and hecause the
diameter of the hole vas presumably changing with time. Values for
Case C-2 vere not avallable at the time these estimates vere made.
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Table 6.1. Lists of Migration Rates at Edge of
Hole, Brine Inflow Rates and Resulting
Yalues of Brine Concentrations in
Salt at Edge of Hole

Exposure Time Migration Rate Inflow Ratc'n b
(year) (ft/year) (4/year) (2/1¢)
‘0 .- - 3.66‘E
.73 17 ‘ .62 3.6
1.4 .19 62 3.3
3.3 .25 .76 3.0
3.8 .24 .80 3.4
7.6 .32 .88 2.8
13.4 + 26 .85 3.2
26.8 33 55 1.7
50.0 .036 «30 3.5

&cCalculated ror 0.5 vol $ brine; radius = 417 ft and h = 10 ft.

Spages for these values included the assumed values: radius of hole,

+417 ft; brine volume in salt, 0.5 vol $; h = 10 ft.




APPENDIX 7

Estimation of Dose to and Total Hydrogen
Generation in Migrating Brine;
Procedure and Rcault.sQ

7-1. Procedure '
Prepare a plot of dose rate vs position within salt over the

ranges of time which are of interest, Fig. 7.l.

Estimate the dose absorbed by bdbrine within a cavity starting at
given X, and moving through a small distance &X in time At. Use &X,
At relationships which were obtained as part of the estimates of
brine inflow which were discussed in Appendix 6. Repeat this process
until the cavity which started at X, reaches the particular radius
of interest. 8Sum the doses received by the migrating brine during
its migration between the given radial positions.

7-2. Results for Case C-1

A list of estimated values of dose vs X, for brine moving into
the open spaces around a can for Case C-1 is set forth in Table 7.1.
Figure 7.1 was employed in these estimates. It was assumed that the
dose rate remained constant during the 27 years exposure period.

The results show that the great majority of the dose is accumulated
at the high dose rates in the salt adjacent to the hole. Accordingly,
the dose to the brine is approximately independent of the value of xo.

Values for the concentration of radiolytic Hz which correspond
to the listed dose values when G(Hz) equals 2.1 and vhen all H, is
retained in the brine are listed in the final column of Table 7.1.

7-3. Results for Case B-2

A list of estimated values for dose to the migrating brine and
for the hydrogen concentration within the brine, calculated as described
above for Case C-1, is set. forth in Table 7.2.




N

OvR.~-0we N-4787

DISTANCE FROM CENTER OF CAN (f)

' o,0 0.12j O; 08 08 0 12 14 o
) EDGE _IN
3&&:« \
l %\
N i
TN o\ ’
N\
IR .
O\ !
£ L.
3 - \\ s
g . \\ \\ . g
\
z NAVE)
N\
10° \ \ o
L2 14 1.6 1.0 20 .2 24 28

Fiao 701 - m.c hte. m &lt at mdphu, c‘.c c-l, 2 w, 10 Y&x‘

OISTANCE FROM CENTER OF CAN (f1)

Aged Waste, 1 Year After Burial




92

Table 7.1. Llist of Doses Received by and Hydrogen Generated
in Brine Which Starts at Different Radial Positions,
X, and Migrates to Edge of Hole,
Case C-1 Midplan

X Time to Reach Dose Conc. of Hy at
(re) Edge of Hole (rads) G(Hz) = 2.1
: (year) x 108 (mole/4)

5 73 5.8 1.6

N ) 1.4 8.5 2.2

.8 3.3 10.9 2.9

1.2 7.6 8.8 2.4

1.6 13.4 9.2 2.5

1.2 26.8 7.9 2.1

Bpescribed in Appendix 6.
se rates illustrated in Fig. 7.1 vere assumed to remain constant

throughout the 27 year exposure period.
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Table 7.2. List of Doses Received by and Hydrogen Generated
in Migrating Brine Entering Edge of Open Spaces
Around Can, Case .‘B-Zn, Midplan

Time After Burial Dose Conc. Hy at
(year) (Rad x 108%) G(Hz) = 2.1
(mole/4)

25 2.0 54

75 1.9 «50

1.0 1.7 45

2.0 1.3 35

3.0 1.3 «35

4.0 1.3 35

&Apescribed in Appendix 6.

hDose rates were those in Fig. 7.1 multiplied by 2.5. Dose rates
assumed to remain constant with time.
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