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EFFECTS OF TEMPERATURE, TEMPERATURE GRADIENTS, STRESS, AND IRRADIATION
ON MIGRATION OF BRINE INCLUSIONS IN A SALT REPOSITORY

G. H. Jenks

ABSTRACT

This report reviews and analyzes available experimental and theo-
retical information on brine migration in bedded salt. The effects of
temperature, thermal gradients, stress, irradiation, and pressure in a
salt repository are among the factors considered.

The theoretical and experimental (with KC1) results of Anthony and
Cline were used to correlate and explain the available data for rates of
brine migration at temperatures up to 250°C in naturally occurring
crystals of bedded salt from Lyons and Hutchinson, Kaunsas. It was
concluded that the following empirical equation for V/G_ (migration
velocity of brine inclusion per unit temperature gradient in the salt)
represents the maximum values for this parameter which would result from
thermal gradients in the bedded salt crystals in a repository:

log V/Gs = (0.00656T - 0.6036,

where T is the temperature of the salt (°C), and V/G has the units
(em? year“l °C‘1). s

Considerations of the effects of stressing crystals of bedded salt
on the migration properties of brine inclusions within the crystals led
to the conclusion that the most probable effects are a small fractional
increase in the solubility of the salt within the liquid and a concomi-
tant and equal fractional increase in the rate of the thermal gradient-
induced migration of the brine. The application of high pressure could
reduce the value of the kinetic potential from that prevailing in the
absence of the pressure, but this would not affect the maximum rates
predicted by the equation shown above.

The presence of stored radiation energy within a salt crystal could
affect the rate of brine migration within the crystal if the stored
energy causes an increase in the solubility of the salt. However,
results obtained in Project Salt Vault suggested that stored radiation
energy had little, if any, influence on the rate of brine flow into the
emplacement cavities in the salt. No direct information regarding the
effect of stored energy on the solubility of salt is available; thus 1
recommend that experiments be undertaken to provide such information.



The greatest uncertainty relative to the prediction of rates of
migration of brine into a waste emplacement cavity in bedded salt is
associated with questions concerning the effects of the grain boundaries
(within the aggregates of single crystals which comprise a bedded salt
deposit) on brine migration through the deposit., It is likely that the
grain boundary trapping will tend to retard brine migration under the
conditions expected to prevail with probable repository designs (viz.,
GS < 2°C maximum, impurities present on grain boundaries, and boundaries
compressed by thermal expansion of the salt).

The results of some of the estimates of rates and total amounts of
brine inflow to HLW and SURF waste packages emplaced in bedded salt were
included to illustrate the inflow volumes which might occur in a repository.
These estimates, which are based on the results of temperature calculations
reported by others, employed the assumptions that (1) the salt contained
0.5 vol % brine inclusions, (2) these inclusions migrated at the maximum
rates shown by the equation presented earlier, and (3) grain boundaries
had no effect on the migration.

The results of the brine inflow estimates for 10-year-old HLW
emplaced at 150 kW/acre indicated inflow rates starting at 0.7 liter/
yvear and totaling 12 liters at 30 years after emplacement. (Temperature
calculations did not extend beyond 35 years.)

The results of the estimates for 10-year—old PWR SURF emplaced at
60 kW/acre indicated a constant inflow of 0,035 liter/year for the first
35 years after emplacement. (Temperature calculations did not extend
beyond 35 years.)

1. INTRODUCTION

Bedded salt usually contains a small volume fraction of brine
inclusions, some of which are located within the small crystals that
comprise the salt deposits. These inclusions can migrate through the
salt under conditions where a sufficiently large gradient exists in the
chemical potential of the salt around the inclusions. Both theoretical
considerations and experimental results have established that temperature
gradients cause brine-filled cavities within the salt to migrate up the
temperature gradient. No comparable theoretical or experimental infor-
mation has been reported for the other factors that might affect chemical

potentials in the salt.



Data relative to the rates and total amounts of brine migration to
a waste package within a salt repository are, of course, needed in
evaluating the feasibility and suitability of a given disposal concept.
The quantitative, as well as the qualitative, effects of brine migration
on the repository are now under discussion in the scientific community.
Questions have been raised as to what influence stress, plastic flow,
and other factors may have on the rates and amounts of migrating brine.

Available experimental and theoretical information on thermal
gradient~induced brine migration in bedded salt has been reviewed, and
the results are presented here. - Available information bearing on the
effects of other parameters on brine migration has alsc been reviewed
and analyzed. The thermal-gradient information has been used as an aid
and criterion in estimating the effects of the other parameters on brine

migration in a repository.

2., DESCRIPTION OF BRINE INCLUSIONS

Bedded salt from the Lyons, Kansas, area* is comprised of closely
bound aggregates of irregularly shaped single crystals. The character-
istic dimensions of these crystals range from V(.3 to 3 cm.l#B Brine
inclusions (droplets) can be observed within the single crystals in hand
spe:c::i.mem;.z_4 The dimensions of these droplets range from very small to
>1 mm.Z—4 Most of the brine volume is probably contained within the
larger droplets (i.e., those greater than 0.5 mm). Cursory examinations
of hand specimens of bedded salt from Detroit, Michigan, and from AEC
Cores 7 and 8 from New Mexico have indicated that the crystal sizes and
the aggregates are similar to those from Lyons. Also, brine inclusions
were present in these specimens from other salt deposits.

Many of the larger droplets in the Lyons salt exhibit a low-pressure
gas vapor bubble when examined at temperatures near those which prevailed

c
in the salt formation, N25°C at a depth of V1000 ft.” These bubbles,

*Carey and American Salt Company Mines are located at Lyons, Kansas.
Carey and other mines are located at Hutchinson, Kansas.



which generally occupied a few percent of the inclusion volume,4 disap-
peared on heating the crystal to 80 to lOO°C.4 Low-pressure bubbles
were also reported in samples of New Mexico salt obtained from ERDA

Core 9 at depths of 1800 to 2800 ft, but they disappeared on heating to
temperatures between 20.4 and 45.5°C.6 The occurrence of those bubbles
in New Mexico salt that disappeared below 30 to 35°C can probably be
explained on the basis of the maximum temperatures prevailing in the
undisturbed geologic formation at the depths from which the cores were
taken. However, the occurrence of those bubbles that persisted to
higher temperaures in the samples from New Mexico and from Lyons has not
been explained. It seems uvnlikely the low-pressure bubbles could exist
under natural in-place conditions because of the plastic creep of the
salt at the high overburden pressures (V1000 psi at Lyons and up to 2800
psi at New Mexico) over very long times. The possibility that the
bubbles were formed after the salt was extracted from the formation has
not been completely ruled out.

Chemical analyse55’7 of encapsulated brine in bedded salt from
Lyouns, Kansas, and from nearby (V20 miles) Hutchinson, Kansas, showed
2.1 M MgCl, and V1.9 M NaCl. Small amounts of calcium, bromine, 5042"
and, probably, potassium were also present. No direct analyses of
encapsulated brine from other salt deposits have been reported. However,
analytical results for salt samples taken from cores AEC 7 and 8, from
locations near the WIPP site in New Mexico, indicate that the composition
of any encapsulated brine within the samples was similar to that of
brine in the Kansas salt. The composition of encapsulated brine in

bedded salt is discussed in Appendix A,

3. THERMAL GRADIENT-INDUCED BRINE MIGRATION IN BEDDED SALT

3.1 Theoretical

Wilcox8’9 was the first to report a theoretical analysis of brine
migration in NaCl. His work included a study of the influence of temper-

1
ature on the rate of migration. Shortly afterward, Bradshaw and Sanchez,



working independently, also reported a theoretical analysis of brine
migration in NaCl induced by the thermal gradient. A theoretical relation~
ship was developed for the migration rate of a brine inclusion as a
function of the temperature gradient and temperature. More recently,
Anthony and Cline.ll”16 published éeveral papers dealing with their
experimental and theoretical work on brine migration in KC1l. Wilcox

et al. 17,18

also published other work dealing with brine migration in
NaCl. The theoretical analysis of Anthony and Cline, which is more
complete than that of either Bradshaw and Sanchez or Wilcox et al., is
also applicable to NaCl. Accordingly, the work of Anthony and Cline was
of primary interest In the present study.

The thermomigration of a brine droplet up a temperature gradient
results from an increase in the solubility of the salt with increased
temperature and/or from thermal diffusion effects within the brine
(i.e., from the Soret effect). The velocity of droplet migration
depends on droplet size, as well as on several other parameters (including
those just mentioned). The migration can also be affected by grain
boundaries.13 |

The theoretical expression of Anthony and Clinell’13

for the migra-
tion velocity of droplets within the body of a crystal is given by the
first three terms in Eq. (1): ‘

1 3C 4yv

C
_ 4D ‘ E _ ) _ K _ 8
V= C_ KT (Cz 5t " 9)SRT -1 - x| (1)

where
V = migration velocity, cm/sec;
C, = concentration of salt in brine droplet, moles/liter;

= equilibrium concentration of salt in brine in contact with

@}
<> B S

salt, moles/liter;
C_ = concentration of salt in solid salt, moles/liter;
= diffusivity of salt in brine, cm?/sec;
= gas constant, ergs mole™! °C~!;
absolute temperature, °K;

= kinetic potential, ergs/mole;

< ®" H = oOmn
i

= grain boundary tension, ergs/cmz;



I, = dimension of droplet parallel to thermal gradieant, cm;
X = dimension of droplet perpendicular to thermal gradient, cm;

V_ = molar volume of solid salt, cm®/mole;

temperature gradient in the brine droplet, °C/cm;

¢ = Soret coefficient of salt in brine, °C~!.*

The final term in this equation involves grain boundary tension, vy, and
applies ouly at grain boundaries.

The temperature gradient within the solution, Gl’ at a central
location, was related by Anthony and Clinell to the gradient within the
salt, Gs’ as shown in Eq. (2):
kSGS

L a- F)kS + sz

G (2)
where kq and k% are the thermal conductivities of the solid and liquid,
respectively, and ¥ is analogous to a demagnetization factor, described

and tabulated by Stoner}l’l9

which depends only on the aspect ratio of
the droplet. The value of ¥, which is 0.333 at X/L = 1 (cube and
sphere), incresases to a value of 1 at X/L >> 1 (i.e., for a slab).
Intermediate values of F are 0.53, 0.64, and 0.70 at X/L = 2.0, 3.0,
and 4.0, respectively. Tiller20 also reported theoretical relationships
between GQ and GS for spheres, cylinders, and slabs of one material
embedded io another. His relationships for the sphere and slab are the
same as those shown by Eq. (2) using Stoner's values for F. The value
of ks/kl for brine inclusions within NaCl ranges downward with increasing
temperature from "8 at 50°C to V4,5 at 200°C. Corresponding calculated
values of GQ/GS at X/L = 1.0 range from 1.41 at 50°C to 1.35 at 200°C.
At X/L = 2.0, the values of GQ/GS range from 1.86 at 50°C to 1.71 at
200°C; at X/L >> 1, they range from 7.9 at 50°C to 4.6 at 200°C.

These calculated values illustrate that the walue cof GQ//GS in NaCl

changes markedly with the aspect ratio of a brine inclusion and, at high

values of X/L, also with temperature.

*The sign-conveation for the Soret coefficient used by Anthony and
Cline was the opposite of that commonly used. Therefore, the sign in
their equation has been changed to correspond to the common usage.



The last twe terms in Eg. (1) are functions of the size of the
brine inclusion and other factors which are discussed later. If the
last two terms are ignored for the present, and Gg is replaced with 1.4
Gs’ Eq. (1) becoues:

A c 5¢
v/G = 1.4 I n(l _E o). (3)

Cs LQ AT

This expression is somewhat similar to that of Bradshaw and Sanchez,lo
The remaining differences are shown by the following ratio:

1
V(Anthony, Cline) _ “2

V(Bradshaw, Sanchez) Ez:

1 - CQG/(dCE/dT) .
where the primes indicate molal concentrations.
As indicated above, the theoretical basis for Egq. (3) was discussed

11,13

by Anthony and Cline. I will not review their derivation except

to note that Eq. (3) can be derived from Eqs. (4) and (5),
V= J/C (4)
s
J = »DVCK + DOCQVTQ, (5)

if it is assumed that the concentrations of salt in solution at the hot
and cold interfaces are equal to the equilibrium concentrations at the
respective temperatures. Equation (4), in which J is the flux of salt
through the brine in‘a direction parallel to the temperature gradient,
VTZ’ results from material balsnce considerations. Equation (5) states
the relationship between the flux and the gradients of concentration,
VGR’ and of tempsrature, VTQ; Do is the thermal diffusion coefficient.
Table 1 lists the wvalues of V/GS for brine inclusions in Kansas
salt which were estimated for the temperature range 50 to 200°C using
Eq. (3). The values for the varicus parameters used in making these
eatimates are also included, and thelr sources are identified in the

footnotes. No pressure effects other than saturation vapor pressures



Table 1. Theoretical and experimental values for rates of thermal gradient-induced
brine migration at 50 to 200°C, and values for parameters
in #q. {3) used in theoretical calculations?

Values of V/Gs

3¢ (107% cm? sec™! °C™H) {cm? year™! °c~11
i " E Calculated using assumed values
Temperature ¢ /c b C£ oT D for o as shown
°cy 2 s (°c-13° (cmz/sec)d 0 -0.002 -0.003 -0.004 Experimentalf
50 0.0549 3.23 x 1078 3.2 x 1075 0.80 1.28 1.53 1.77 1.68
[0.25} [0.47] [0.49] [0.56] [0.53]
100 0.0634 3.36 x 1073 7.1 x 1073 2.12 3.38 4,01 4,64 3.56
[0.67] {1.06] [1.26] [1.46] [1.12]
150 0.0732 3.85 x 107° 12,5 x 1075 4,93 7.49 8.77 10.1 7.62
{1.55] [2.36] {2.76] {3.19] [2.40G]
200 0.0836 3.78 x 1073 19.9 x 107° 8.80 13.5 15.8 18.1 16.2
[2.77] {4.24] {4.97] [5.71] [5.10]
a, _
G2 = 1.4 GS.
bAs discussed and iisted in Appendix C.
®As discussed and listed in Appendix B. It is assumed that CE = Cl'

CZEstimated using the relationship DT/n = constant. The viscosity, n, of the solutions was
assumed to be directly proportional to the viscosity of water. Calculations were made starting
with values for D and for n in NaCl solutions near room temperature.

®The regorted experimental value of ¢ in concentrated NaCl solutions at 30 to 50°C is about
-0.002°¢c"1.21-23 o reported experimental or theoretical values were found either for higher
temperatures in NaCl solutions or for the MgCl,-rich solutions that occur as brine inclusions.

7 , .
YValues given by the relationship between V/G_ and T which was deduced by Jenks?4 as a
conservative representation of the experimental values of Bradshaw and Sanchez.t



were considered in the calculations. Pressure and stress effects are
discussed in Sect. 4.

The values calculated for V/GS are compared with those determined
experimentally in Sect. 3.3. However, it is worth noting here that a
principal factor in the increase in the calculated value with temperature
is the increase in the value of the diffusion coefficient., Also, plausible
values for the Soret coefficient, 0, indicate that the effects of
thermal diffusion on brine migration rates might be roughly equivalent
to those resulting from solubility changes with temperature.

The final two terms in Eq. (1) will now be considered. According

to Anthony and Cline,ls’16

a frictional force represented by K/L can
significantly affect the migration in salt of all droplets. The term K,
which designates the kinetic potential, represents the change in chemical
potential generated by irreversible processes associated with the
transfer of ions between the solid and liquid phases.

The values of K are representative of the undersaturation and
supersaturation required at the dissolving and depositing interfaces,
respectively, in order for these processes to occur at rates sufficient
to support the rate of migration of the droplet. Values of K as a
function of brine droplet velocity in KCl1l at room temperature were
reported by Cline and Anthony15 for accelerational as well as thermal
fields. The values of K and V were linearly related, at least up to

1 x 10-7 em/sec, according to the general equation
K = BV + b. (6)

For their reported results in accelerational fields (V ranged up to

5 x 10~® em/sec), calculations show that B = 1.85 x 10" erg-sec mole™!
cm~! and b = 2.0 x 10° ergs/mole. Approximately the same values are
found for their thermal field results at V up to V1 x 10~7 cm/sec.
Above "1 x 1077 cm/séc, the values of K were increasing but at less
than the rate predicted by the linear relationship. These experimental

values in the thermal fields extended to velocities of V5 x 1077 cm/sec.
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The maximum theoretical velocity, Vmax’ for the rate of brine
migration within a crystal is the velocity prevailing when K/L is much
less than the sum of the other quantities within brackets inm Egq. (1).
[Ta this report, the grain boundary term in Kq. (1) is omitted from the
considerations of brine migration within a crystal.] With this under-
standing, Fag. (7) is used to evaluate the ratio V/Vmax and Eg. (8) gives

another relationship between K and the ratio V/VmaK:

V/Vmax T (%) Yo : 7
(L5 Yo
and
aC
K = L (1 - \‘;ma\)(]ag aTE - U)GQRT. (8)

These equations will be used in subsequent discussions of available
experimental information on migration of brine inclusions in Kaunsas
salt,

Lt can be noted here that the influence of the kinetic potential
can lead to a flattening of a migrating droplet perpendicular to the
thermal gradient, This flattening results in an increase in the ratio
of GQ/GS and a decrease in the value of L. Both of these changes
affect the velocity of the droplet at a given value of Gs' Experimental
evidence bearing on effects of the kinetic potential with migration of
brinme inclusions in Kansas salt is discussed inm Sect. 3.3.

The breakup of large droplets im KC1l in the presence of a thermal
gradient at room temperature was also reported by Anthony and Cline.16
This breakup was a result of differences between the thermal gradients
in the center and at the edges of a droplet. Droplets with a velocity-
to~thermal-gradient ratio less than 9.4 x 107% cm®/sec+°C were stable,
while those with a greater ratio were unstable. Experimental evidence
bearing on this effect in Kansas salt will be examined in Sect. 3.3.

Another force affecting the motlon of swmall droplets occurs at

grain boundaries. As pointed out by Anthony aand Cline,13 droplets on
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grain boundaries are in positions of minimum energy; therefore, the
thermal-gradient driving force required to propel a droplet across a
grain boundary exceeds that for motion through the body of a crystal,
Thelr theoretical expression for the effects of the grain boundary
tension force is given by the final term in Eq. (1) (see Sect. 3.1).

No direct information is available on the value for the grain
boundary tension prevailing in bédded salt aggregates. However, it will
probably be in the neighborhood of 30% of the surface energy for the
tilt and twist boundaries which exist between the crystals, assuming

that the boundaries are free of impurities,13’2S

The theoretically
calculated surface energy of NaCl is a minimum (V150 ergs/cm?) on the
100 surfaces and a maximum (400 ergs/cmz) onn the 110 surfaces.26
Accordingly, it is likely that the grain boundary temsion in the bedded
salt will range between about 50'and 150 ergs/cm® for clean boundaries.
The possible importance of this grain boundary term can be judged
by comparisons between values for this term and that for the sum of the
first two terms within brackets in Eq. (1). When the sum of these three
terms is zero or negative, the droplet would be trapped on the grain
boundary regardless of the value of K/L. The expression that results
from setting the sum of these three terms equal to zero and solving

for the product, GQ-X°L, is as follows:

4st
GR'X- L= G . (D
(- - O)RT
C oT

2

Values for the several different guantities appearing on the right side
of Eq. (9) are known or have been estimated for temperatures of interest;
thus we can obtain estimates of the value of G£X'I“ This term, of
course, represents the relationship between the dimensions of a droplet
on a grain boundary and the minimum temperature gradient required to
move the droplet across the grain boundary.

For illustrative purposes, let us evaluate the right side of Eq.

(9) at 100°C by letting [(L/C)RCL/3T)] = 3.5 x 10-% °¢™! (as listed
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in Table 1), vy = 150 ergs/cm® (discussed in a preceding paragraph), and
o = ~0.002/°C (discussed earlier in this section and also in Sect.
3.3.2). The molar volume of the solid salt, VS, is equal to 27.0 em3/

mole (Appendix D). Substituting these values into Eq. (9) yields:

o (4) (150) 27) _ P
CpXl = 5.5%x 10°9)(8.31 x 107) (373) ~ 2-> x 1077, “Ceem. (10)

When G2 = 1°C/cm, the value of XL in Eq. (10) is 9.5 x 107> cm® and the

droplet (assumed to be cubical) would have an edge dimension of 9.7 x 10-%
cm., Then, according to the discussion and assumptions made thus far, a
cubical droplet with edge < 9.7 x 1073 cm would be trapped on a grain

boundary unless the value of G, exceeds 1°C/cm (or, since the droplet

is cubical, unless GS exceeds g.7°C/cm). The value of Gl required to
propel a cubical droplet across a grain boundary is inversely propor-
tional to the square of its edge dimension; in the above example, the
required value of G, would exceed 3.5°C/cm when the edge dimension is

"5 x 107° em.

)

. . 2,3
There is some evidence™’

that droplets undergo a change in shape
and, possibly, size when they reach a grain boundary in bedded salt.

Such changes could alter the brine trapping effects on the grain boundary.
Also, the presence of impurities on a grain boundary could affect the
trapping. Relatively insoluble impurities could prohibit movement

across or along grain boundaries; on the other hand, they could also
cause the temperature gradient across the boundary to be greater than
that within the adjacent crystal and thus promote movement of a droplet
across the boundary.

It is evident that a great deal of uncertainty is associated with
attempts to theoretically predict the effects of grain boundaries on
brine migration in a waste repository in bedded salt. However, it is
conceivable that grain boundary trapping will tend to retard brine
migration under the conditions expected to prevail with probable repos-—
itory designs (viz., G < 2°C/cem maximum,27 impurities present on grain
boundaries, and boundaries compressed by thermal expansion of the salt).

It is also conceivable that the effects of grain boundaries will be
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opposite to those suggested above under some circumstances (e.g., when

salt which has been heated is allowed to cool).

3.2 Experimental

3.2.1 Project Salt Vault

Project Salt Vault28 was conducted in the Carey Mine at Lyons,
Kansas. The experiment included twe different arrays of seven heated
canisters; one was located in Room 1 and the other in Room 4. Each
canister in Room 1 was supplied with a radiation source consisting of
spent fuel elements from the ETR. Part of the heat to a given canister
was supplied by the radioactive decay heat of the elements; the remainder
was obtained from electrical heaters. The array in Room 4 was regarded
as an unirradiated control, and electrical heat was supplied to each
canister to match the total in the irradiation canisters.

Each canister was arranged in the salt in such a manner that an air
gap existed between the canister sleeve and the salt wall. During
normal operations, mine air was pulled successively through this gap and
a condenser which was cooled to mine air temperature. Provisions were
made to collect and measure any liquid water formed within the condenser.
{A common condenser was used for the seven heated canisters within an
array in a given room.) It was observed that water was collected only
during or immediately after a failure of electrical power during which
salt adjacent to a canister cooled to some extent. The amount of water
collected during the first 2 days after shutdown of the heaters at the
end of the experiment was about ten times greater than that collected
during the entire prior period of operation, 580 days.

Details of the complete experiment, along with the results and
conclusions are presented in ref. 28. However, for convenience, infor-
mation which is available,or which can be inferred from ref. 28, and
has a possible bearing on brine migration considerations is assembled in
Table 2. (It should be added that estimates28 of the amounts of brine
irflow during heater operations which could have passed undetected
through the collection system ranged up to “10 liters for each array of

seven canisters).



14

Table 2. Brine migration data obtained in the

Project Salt Vault Experiment

Room
1 4 Reference

Diameter of hole in salt, cm 30 30 28
Heated length of canister, cm 185 185 28
Water content of salt adjacent 0.50 0.50 28

to canister prior to

experiment, vol %
Heater power, kW/array Ranged from 11 initially 28

to 15 during final 150
days

Maximuym temperature gradients <2 at V156 <2 at V156 29¢

in salt, °C/em at temper-—

ature, °C
Maximum temperature in salt, °C 200 200 28
Volume water collected prior

to shutdown, liters/array 1.7 0.8 28
Volume water collected after

shutdown, liters/array 9.0 12.8 28
Total water collected, liters/array 10.7 13.6 28
Maximum gamma dose to salt, rads 9.2 x 10° 0 29%
Maximum stored radiation energy 1.0 0 29

in salt, cal/g

Tgstimated from information presented in ref, 28.
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The explanation28 offered for the marked release of brine during
cooling of the salt was that the tangential stresses created by thermal
expansion of the salt during heating were released upon cooling, allowing
the trapped water in the salt to break free and enter the air gap space.
This explanation seems substantially plausible to the author. A further
suggestion might be that the brine was trapped on grain boundaries
during heating and that release of tangential stresses allowed the grain
boundaries to open sufficiently for the brine to escape to the air gap
space. In support of these ideas, it should be noted that the thermal
contraction of the salt at the surface of a cylindrical hole comparable
in size to those in Rooms 1 and 4 of Project Salt Vault (Table 2) produces
a decrease in area of 1.5 em?/°C.

,3

Holdoway2 conducted and reported petrofabric examinations of salt
samples from a region adjacent to Array Hole 2 in Room 1. This region
was located in a direction outward from the periphery of the array of
waste canisters. FEvidence for brine migration within crystals was
observed, but only a few trails crossed crystai boundaries. There was
some evidence that droplets were spreading on grain boundaries. These
observational results appear to be in support of the postulation

that brine was trapped on grain boundaries during the heating phases of

the Project Salt Vault Experiment.

3.2.2 Laboratory experiments of Bradshaw and Sanchez

Bradshaw and Saﬁchezlo reported measurements of the rate of migration
vs temperature of brine inclusions within natural single crystals
obtained from the Carey mine at Hutchinson, Kansas. The temperatures
employed ranged up to Vv250°C. The reported results of their rate mea~
surements are reproduced in Fig. 1. The data scattered appreéiably, and
Jenks24 assumed that the curve shown in Fig. 1 represents the maximum
rates indicated by the data. The relationship between V and GS along

this curve is shown by Eq. (11)24 (in other units):

log V/G_ = 0.00656 T - 0.6036, (11)
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where T is the temperature of the salt (°C) and V/Gs has the units

2 year—l OC_I)-

(cm
Other relevant data that were reported by Bradshaw and Sanchez or
can be inferred from their report10 are summarized below:
1. Each of the single crystal samples employed was of the same
size, V2.5 cm on a side.
2. The included brine cavities measured > 2 mm but < 10 mm
on an edge.
3. Brine migration rates observed at temperatures >100°C
were in the order of a few millimeters over a period of 1

or 2 days. These values are equivalent to rates >50 cm/

year and to temperature gradients in the salt greater than

v7°C/em.

4, No brine migration rates were reported for temperatures
<100°C.

5. The shape of inclusions was initially cubical but changed

to oval during migration. WNo breakup was reported.

3.2.3 JLaboratory experiments of Shor and Baes

Shor and Baes30 have recently reported experimental observatious
of naturally occurring brine inclusions within a single crystal
of salt from the Carey mine at Lyons, Kamsas. One inclusion measured
150 x 100 ym; the other measured 65 x 65 um. With a temperature of
100°C in the salt around the inclusions and with GS = 35°C/cm, the
former and latter inclusions migrated at rates, V, of 3.5 x 10~7 cm/sec
and 2.0 x 107 cm/sec respectively. These results are compared with

theoretical predictions in Sect. 3.3.1.

3.3 Comparisons Between Experimentally Determined and
Theoretically Calculated Migration Rates

3.3.1 Data of Shor and Baes

I calculated V/Vmax and K values [using Eqs. (11) and (8) and the

concepts discussed in Sect. 3.1] for the experimental results and
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conditions of Shor and Baes given in Sect. 3.2.3. Parameter values
listed in coluwns 2, 3, 4, and 6 of Table 1 were used along with the
experimental data in these calculations. For the larger and smaller
droplets, respectively, values of 0.25 and 0.16 were found for the
V/Vmax ratio and 7.2 x 107 and 4.4 x 107 ergs/mole for K.

Values of K were also calculated for the experimental conditions of
Shor and Baes, using Eq. (6), and the values for f and b that express
the data for KCl reported by Cline and Anthony (i.e., B = 1.85 x 10%*
erg-sec mole”! ecm™! and b = 2.0 x 10° ergs/mole). The results,
K =6.5x 107 and 4.0 x 107 ergs/mole for the larger and smaller droplets
respectively, are in very near agreement with those calculated from the
experimental data. Overall consistency between theory and experiment is
indicated, assuming that the relationship between K and V in naturally
occurring NaCl crystals is approximately the same as that reported by

Cline and Anthony for KCl1 at somewhat lower values of T and V.

3.3.2 Data of Bradshaw and Sanchez

Values for V/Gs at 50, 100, 150, and 200°C which were calculated

using Eq. (11) (the Jenks fit to the experimental data of Bradshaw and
Sanchez) are listed in the final column of Table 1, where they can be
compared with the previously discussed theoretical values. In all
cases, the theoretical values that were calculated with ¢ = 0 (Soret
coefficient = 0) are lower than the results obtained experimentally;
they range from "487 of experimental at 50°C to V65% of experimental at
150°C. The apparently low theoretical values might be a result, in part
at least, of appreclable effects of thermal diffusion. This is very
likely the case at 50°C since data available in the literature21_23
indicate a 0 value of -0.002°C™! in concentrated NaCl solutions at this
temperature. There is no known theoretical or experimental information
which would enable reliable estimates of 0 to be made at higher temper-
atures in the brine-inclusion solutions. However, it seems plausible to
assume that they were equal to or greater than these at 50°C in the

brine solutiouns.
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Another possible explanation for the apparently low calculated
values for V/GS is that the estimated values for the diffusivity of NaCl
in the brines solutions are too low by a small factor. 5till another
conceivable explanation is that the assumed value of 1.4 for GQ/GS was
too low, which would be the case if the aspect ratioc of the droplets had
changed appreciably during migration. However, since Bradshaw and
Sanchez report10 only a small change (from cubical to oval), it is
unlikely that the wvalue of GQ/GS became significantly different from
that for cubical droplets.

The comparisons between experimental and theoretical values of V/Gs
indicate that there were no significant effects of kinetic potential (a
rate-retarding potential discussed earlier) on the migration rates in
those experiments where the rate values fell near the Jenks curve in
Fig. 1. However, the results from the different experiments showed
considerable scatter, with many of the points falling well below the
Jenks curve. The occurrence of an appreciable kinetic potential seems
to be the most reasonable explanation for the data scatter and the
apparently low rate values. It is very likely that the value of thisg
potential would depend strongly on the degree of perfection of the
crystal and that the perfection varied appreciably from cne experiment
to another in the work of Bradshaw and Sanchez.lo {(Here, erystal
perfection refers to the number and type of disiccations, number and
type of dmpurities, and any prevailing stress within the crystal.)

These properties could vary from one experiment to another, depanding on
the source, handling, rate of heating, size of the brine inclusion, and
size of the crystal. In support of the idea that the kinetiec potential
was of importance in some of these experiments, it should be noted that

values for the ratio, V/Vma » of 0.5 and 0.25 for the smallest {(0,2-cm)

droplets at G, = 7°C/em andxat T = 150°C can be accounted for by K
values of 2.2 x 10® and 3.3 x 10% ergs/mole respectively [see Eq. (8)
and Tabl> 1}. For comparison, the value of K that was calculated using
Eq. (6) with V = 1.6 x 107°% cm/sec (equivalent to 50 em/year, the
lowest value of V observed), and with values of £ and b the same asm

those used previously in Sect. 3.3.1, was 2.9 x 108 ergs/mole,
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In summary, the Jenks curve probably represents the maximum values
of V/Gs that are likely to occur in the temperature range 50 to 200°C in
crystals of bedded salt which are not subject to radiation or to externally
imposed stresses during thermally induced migration. Effects of these

parameters are discussed in Sects. 4 and 5.

4. EFFECTS OF STRESS ON BRINE MIGRATION IN SALT

4.1 Introduction

Botli theoretical calculations and experimental results show that
the solubility of NaCl in water increases with increasing pressure.
Since brine migration within salt crystals is affected by solubility and
solubility gradients (see Sect., 3), the possibilities of significant
effects of stress (pressure) and stress gradients on brine migration in
a repository need to be considered., Imn this section, as well as in
Appendixes D-~F, the theoretical information concerning pressure effects
on the solubility of NaCl is reviewed and conceivable resulting effects
on brine migration in a bedded salt repository are discussed. Three
different cases with different effects of pressure are recegnized and
discussed separately. Brief descriptions of these are given in the
paragraphs below.

Case 1. The solution within the cavity and the contacting salt are
pressurized equally (e.g., when the inclusion that is completely filled
with solution undergoes thermal expansion to pressurize the surrounding
salt).

Case 2. The solid salt is stressed fo a much greatfer extent than
the contacting solution. One example of this case involves a situation
in which an inclusion contains a low-pressure gas vapor bubble and the
surrounding salt is subjected to a shear stress.Bl Another example,
suggested by Boydell,32 is one in which an externally stressed block of
salt contains an open hole filled with solution.

Case 3. The salt surrounding a completely filled brine inclusion
is subjected to a stress gradient. 1In practice in a repository, this

case may not differ from Case 1.
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4.2 FEffects of Stress-Induced
Changes in NaCl Solubility on Brine Migration

4.2.1 Case 1l: Equal pressure on solution and salt

Considerations of the theorétical information on brine migration
presented in Sect. 3.1 indicate that the principal effects of an increase
in solubility on the maximum rate of thermal gradient-induced brine
migration within a NaCl crystal will occur through an increase in the
value of CZ/CS in Eq. (1). Thus, the indicated percentage increase in
the migration rate would be equal to the percentage increase in the
solubility of NaCl in the brine solution at the given temperature. The
pressure-stress might also reduce the value of the kinetic potential, K,
in Eq. (1); however, as discussed in Sect. 3.1, this reduction should
have no significant effect on the maximum rate of brine migration.

Conceivably, a high pressure might also affect the value of the
Soret coefficient, but no information on this is available. A pressure-
induced increase in Case 1 solubility should have no significant effect
on brine migration in the absence of a thermal gradient.

Appendix D shows that the theoretically predicted fractional
increase in the Case 1 solubility of NaCl in NaCl solutions is small
(e.g., <1.5 to 27 at a pressure of 500 atm and temperatures from 25 to
200°C). Experimental data on pressure effects on NaCl solubility at
25°C are available; the predicted and experimental results show good
agreement (see Appendix D).

No comparable theoretical evaluations have been made of Case 1
pressure effects on NaCl solubility in the MgCl;~NaCl brine solutions.
These evaluations would require additional theoretical considerations
and calculations in order to obtain estimates of the thermodynamic
properties of these solutions of mixed electrolytes over the temperature
and pressure range of interest. It is believed that the pressure effects
would not be significantly greater than those in pure NaCl solutions,
and that, at the extreme, the velocity of migration of droplets within
crystals of bedded salt would not be increased by more than 5 to 10% by

Case 1 pressure effects.
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4,2.2 Case 2: Pressure on solid only

As described briefly in Sect. 4.1, the Case 2 pressure effect occurs
in systems where the solid salt is stressed (pressurized) while the con-
tacting fluid is edither umpressurized or pressurized to a significantly
lower value. As shown in Appendix E. the theoretically calculated value
for the fractional increase in solubility of NaCl with increasing pressure
is more than ten times that calculated for the systems in which the
solution and contacting salt are pressurized equally (i.=2., Case 1).

The effects of increased solubility in the Case 2 systems can be
visualized as producing a solution adjacent to the stressed surface
which is supersaturated in NaCl with respect to equilibrium solubility
at the lower pressure prevailing over the solution. The supersaturated
solution near the surface would lose salt by diffusion into the body of
the solution as well as by precipitation on the nearest unstressed
surfaces. These surfaces could be crystallites of NaCl formed and
suspended within the solution.

Such Case 2 effects might occur with brine inclusions within salt
crystals when the inclusions contain low-pressure gas vapor bubbles, and
these effects could influence wmigration of the inclusions when there are
gradients in the stresses in the salt arocund the inclusions. However,
as stated below, it appears unlikely that low-pressure gas vapor bubbles
will occur within brine inclusions which are located within the body of
the salt. They might occur in salt located at the edge of an HLW or
SURF emplacement cavity in the event that a portion of the liquid should
escape into the cavity through temporary fractures or small blowouts
which might develop when an inclusion approaches the surface of the
cavity.8’14’l7

Insufficient information is available to permit confident predictions
regarding the fates of these two-phase inclusions after they are formed
near the surface. However, it is known that the gas vapor phase will
move down the temperature gradient as a result of reflux action.8’14’l7
At the same time, the liquid phase is moving up the temperature gradient.
Depending on relative sizes of the two phases and other factors (such as
the presence or absence of permanent gases, temperature gradients, and

total size of the inclusion), either the gas vapor or liquid movement
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may dominate and pull the other phase along or the two phases may

. ; : ] . 7
separate and move in opposite d1rect10us~14’l

Also, as indicated by
recently reported observations,Bl the gas space within a two-phase
droplet may be quickly shrunk and repressurized to a value near that on
the surrounding salt. The process of movement to a free surface of the
salt with loss of liquid and possible formation of a two-phase droplet
could then be repeated until essentially all of the 1liquid has been
released. While it would be interesting to have detailed information on
the fates and behavior of brine inclusions at free surfaces, especially
heated omes, it seems likely that' the overall rates of migration of
brine within a repository will not be significantly affected by this
behavior.

As stated in Sect. 2, the fact that samples of bedded salt contain
low-pressure gas vapor bubbles which persist to temperatures in excess
of those prevailing within the undisturbed salt formation has not
been satisfactorily explained. I believe that such bubbles do not
indtially exist in the undisturbed salt but are formed in some way,
unspecified at present, after the lithostatic pressure on the salt has
been relieved or during or after removal of the sample for examination.
Yermakov33 maintained that gas vapor bubbles form within laboratory
specimens as & result of leakage of a portion of the included brine
through the walls of the crystal, possibly through minute fracturss.
Additional experimental work is needed to satisfactorily explain the
existence of such bubbles in samples and to determine whether they will
occur in a repository.

Case 2 systems (not associated with brine inclusions) might ccecur
in a salt repository in postulated accident situations in Whiéh the
repository is flooded and when the pressures that develop on the
flood liquid are less than those oun the solid salt in contact with the
liquid. Additional experimental information on the existence, nature,
and action of surface stress will be needed in order to confidently
predict the effects of stress, if any, on the behavior of the flooded

system.



24

4.2.3 Case 3: Salt subject to a stress gradient

The pressure effects in this case will depend on the particular
stress states that prevall around and within a brine inclusion. As
implied in the introduction above, it seems likely that, for most
conditions which can be visualized within the salt around a waste
package, the thermal expansion®* of the brine droplet will cause the
stresses at the brine-salt interfaces to be directed from the solution
into the salt. The Case 1 relationship would prevail under such condi-
tions.

In the event that a large stress gradient exists in the salt
around an inclusion and thermal expansion of the brine is not pressur—
izing the contacting salt, the stress effects on solubility may possibly
be similar to those represented by Case 2. However, it seems more
likely that no differences will exist among the stresses affecting
solubility at the different brine-salt interfaces within a droplet
because the hydraulic pressure exerted by the fluid on these interfaces

cannot differ from one face to another.

5. EFFECTS OF STORED RADIATION ENERGY IN SALT ON BRINE MIGRATION

Gamma-ray energy can be stored in salt surrounding an emplaced
waste package when the temperature of the salt is less than %150°C.35
The amount stored can be equivalent to several calories per gram after a
period of several years following emplacement of the waste, 37

Thus, it is conceivable that this stored energy will have some effect on
the solubility of the salt and, in turn, influence the migration rate of

brine inclusions within the drradiated salt,*%

#As an illustration of the large effects of thermal expansion of the
droplet, please note that the pressure within the completely filled drop-
let increases by 12 to 13 bars per °C increase in the temperature range
50 to 100°C, assuming that the salt walls are rigid and do not undergo
deformation.-

*%A large gradient of stored emergy could exist across a migrating
inclusion since the salt that crystallizes on the cool side of the
inclusion would be completely amnealed with respect to stored energy.
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The available experimental evidence from Project Salt Vault suggests
that irradiation had no significant effects since the total amounts of
brine collected from the irradiated and control arrays were approximately
the same (see Sect. 3.2.1).

Experiments to determine the effects of stored energy on NaCl
solubility should be performed as a means of establishing whether any

appreciable radiation effects are likely to be encountered in a repository.

6. ESTIMATES OF RATES AND TOTAL AMOUNTS OF BRINE INFLOW
TO WASTE EMPLACED IN BEDDED SALT

The amounts of brine that might migrate to HLW and SURF waste
packages emplaced in bedded salt have been estimated by employing the
emplacement models and results of temperature calculations reported by
Llewellyn.27 Three assumptions were made: (1) the salt contained 0.5
vol 7% brine inclusions, (2) the inclusions migrated at the maximum rates
shown by Eq. (11), and (3) grain boundaries had no effect on the migration.
The results of these estimates are mentioned here in order to illustrate
the inflow volumes that might occur.

For HLW, the Llewellyn27 mode]l assumed 2.1 kW of 10~year-old waste
contained within an 8~ft-high cylinder. The 17.7-in.~0D waste packages
were emplaced at 150 kW/acre in a single row, on a 7.8-ft pitch, in the
center of an open 18-ft room. The results of the present brine inflow
estimates, in which the emplacement hole was assumed to be 2 ft in
diameter and unbackfilled, indicated inflow rates of about 0.7 liter per
year per package during the first 10 years following emplacement. The
inflow rates then decreased, and the total inflow after 30 years was 12
liters.* The rate at 30 years was 0.18 liter/year.

The SURF model of Llewellyn assumed that 10-year-old PWR assemblies
(550 W of thermal power over a 12-ft length) were emplaced at 60 kW/acre

in a single row, on 5.1-ft centers, in the center of an open, 18-ft-wide

*No temperature calculations were made for more than 35 years
following emplacement.
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room. Each of the waste packages had an outside diameter of 17.7 in.

The results of the estimates of brime inflow, in which the emplacement
hole was again assumed to be 2 ft in diameter and unbackfilled, indicated
a constant inflow rate of 0.035 liter per year per package for the first

35 years following emplacement.*

7. SUMMARY AND CONCLUSIONS

The available experimental and theorvetical information on thermal
gradient-induced brine migration in bedded salt was reviewed and amalyzed.
Data pertinent to the effects of stress and radiation in the solid salt
and of pressure of the contacting brine on brine migration were also
reviewed. The thermal-gradient information was then used as an aid and
criterion in estimating the effects of other parameters on brine migration
in a radioactive waste repository.

The thermal gradient-induced migration of brine droplets through
solid KCl was studied in detail, both experimentally and theoretically,
by Anthony and Cline at the General Electric Corporate Research Labora-~
tories. They showed that the velocity of migration of a droplet rhrough
the solid KC1 at a given temperature is dependent on several factors,
including the concentration of salt in brinme, the concentration gradient,
the diffusivity of the salt within the liquid, and the undersaturation
and supersaturation required at the dissolving and depositing interfaces
respectively. The effects of these latter factors on brine migration
are represented quantitatively in terms of a kinmetic potential, K,
which acts as a retardant to brine migration. The value of K is directly
proportional to the velocity of migration, and the effect of a given K
is inversely proportional to the dimension, L, of the droplet parallel
to the thermal gradient.

The theoretical and experimental (with KCl) results of Anthony and

Cline were used to correlate and explain the experimental results reported

*No temperature calculations were wade for more than 35 years
following emplacement.
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by Shor and Baes for rates of brine migration at 100°C in naturally
occurring crystals of bedded salt from Lyons, Kansas, and also the
experimental results reported by Bradshaw and Sanchez for rates of
migration of naturally occurring brine inclusions in crystals of bedded
salt from Hutchinson, Kansas. The latter experiments employed temper—
atures ranging up to 250°C; however, only the data for temperatures

< 200°C are considered here.

It was concluded that the kinetic potential was of little importance
in many of the experiments of Bradshaw and Sanchez and that a curve
passing near the maximum of the observed values of V/GS {migration
velocity per unit temperature gradient) represents the maximum V/GS
values that result from thermal gradients in the bedded salt in a

repository. This curve has the equation
log V/GS = 0.00656 T - 0.6036,

where T is the temperature of the salt (°C) and the term V/GS has the

2 year~! °¢c™hy,

units (cm
It was also concluded that the retarding kinetic potential had
considerable importance in many of the experiments of Bradshaw and
Sanchez, and that differences between the values of the kinetic potential
in these experiments accounted for most of the scatter observed in the
V/'GS values. The kinetic potential was also found to be important in the
experiments of Shor and Baes. Its significance in these cases was
explained in terms of one or more of the following: the small sizes of
the brine inclusions which were being investigated, the high témperature
gradients and concomitant high migration velocities which were being
employed, and the relatively high degree of perfection of the crystals
that were being studied. As indicated above, the equation in the preceding
paragraph is believed to represent the values of V/GS when there are no
appreciable effects of the retarding potential. Accordingly, this
equation represents the maximum expected values of V/Gs, and the effect

of a kinetic potential would be to reduce these values.
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Consideration of the effects of stressing crystals of bedded salt
on the migration properties of the brine inclusions within the crystals
led to the conclusion that the most likely effects are a small fractional
increase in the solubility of the salt within the liquid and a concomitant
(and equal) fractional increase in the rate of the thermal gradient-
induced migration of the brine. The application of high pressure could
have the effect of reducing the value of the kinetic potential from that
prevailing in the absence of the pressure, but this would have no effect
on the maximum rates predicted by the equation shown earlier.

Estimates made by using theoretical and experimental information
relative to pressure effects on solubility indicated that the fractional
increase in the solubility of NaCl within aqueocus solutions of NaCl
would be in the range of 2 to 3% at a pressure of 1000 atm at 25°C, and
less than this at higher temperatures (50, 100, 150, and 200°C) as well
as at lower pressures. No comparable theoretical evaluations were made
of the pressure effects on NaCl solubility in the MgCl,-rich solutions
known to comprise the brine that is included in bedded salt. Additional
theoretical considerations and calculations would be required in order
to obtain estimates of the thermodynamic properties of the solutions of
mixed electrolytes over the temperature and pressure ranges of interest.
The pressure effects would not be expected to be significantly greater
than those encountered in the pure NaCl solutions; and, at the extreme,
the rate of migration of the droplets within crystals of bedded salt
would probably not be increased by more than 5 to 107 by pressure effects.

The presence of stored radiation energy withio a salt crystal could
affect the rate of brine migration within the crystal if the stored
energy causes an increase in the solubility of the salt. However,
results obtained in Project Salt Vault suggested that stored radiation
energy had little, if any, effect on the rate of brine flow into the
emplacement cavities in the salt. Since no direct information is
available regarding the effects of stored energy on solubility of salt,
experiments should be undertaken to obtain such information.

The greatest uncertainty associated with the prediction of rates of
migration of brine into a waste emplacement cavity in bedded salt involves

questions regarding the effects of the grain boundaries (within the
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aggregates of single crystals which comprise a bedded salt deposit) on
brine migration through the deposit. It is likely that grain boundary
trapping will have important retarding effects on brine migration under
the conditions which are expected to prevail with probable repository
designs (viz., GS < 2°C maximum, impurities present on grain boundaries,
and boundaries compressed by thermal expansion of the salt). It is also
conceivable that the effects of grain boundaries will be opposite to
those suggested above under some circumstances (e.g., when salt which
has been heated is allowed to cool). Experimental results on brine
migration obtained in Project Salt Vault suggested that most of the
migrating brine Wés, in fact, trapped on grain boundaries during heating
and was released during cooling when power failures occurred and after
the heating had been terminated at the conclusion of the experiments.

Of course, no comparable rapid cooling of the salt would occur in a
waste repository in which the waste remains emplaced.

The results of some estimates of rates and total amounts of brine
inflow to HLW and SURF waste packages emplaced in bedded salt were
included in order to illustrate the inflow volumes that might occur in
a repository., These estimates were made by using the results of temper-
ature calculations reported by other527 and by assuming that (1) the
salt contained 0.5 vol % brine inclusions, (2) these inclusions migrated
at the maximum rates shown by the equation presented in a preceding
paragraph; and (3) that grain boundaries had no effect on the migration.

The results of the brine inflow estimates made in this study for
10-year-old HLW emplaced at 150 kW/acre indicated inflow rates starting
at 0.7 liter/year and totaling 12 liters at 30 years after emplacement.
(Temperature calculations did not extend beyond 35 years.) The estimates
for 10~year-old PWR SURF emplaced at 60 kW/acre indicated a constant
inflow rate of 0.035 liter/year for the first 35 years after emplacement.

{Temperature calculations did not extend beyond 35 years.)
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8. APPENDIXES
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Appendix A: Composition of FEncapsulated Brine in Bedded Salt

A.l1 Kansas Bedded Salt

Holser7 reported experimental values (Table A.l) for the ratios of
weights of Ca, Mg, Br, and SOy to Cl in the brine inclusions in salt
samples taken from the mine at Hutchinson, Kansas, and also from a core
from the Naval Air Station at the same location.* Ionic concentrations
were not reported. He concluded that the brine inclusions were formed
by the evaporation of seawater and that the concentration factor was

about 60.%%

- a . .
Table A.1. Reported  concentration ratios
in brine inclusions

Weight Moleb
Ratio basis basis
Ca/Cl 0.000 0.000
Mg/C1 0.231 0.337
Br/Cl 0.015 0.0067
S0, /C1 0.034 0.012
a

W. T. Holser.7

bDerived from Holser's
data.

Jenks and Bopp5 reported (see Table A.2) concentrations for Na, Mg,
Ca, and Br in briume collected from inclusions from samples of salt from
the Carey Mine at Lyons, Kansas. The samples were obtained in each case

by cleaving a NaCl crystal to expose a brine inclusion, collecting the

*These deposits, which are located about 20 miles from Lyons, Kansas,
are thought to have substantially the same composition as those at Lyons.

*%Holser further stated that the brine inclusions ave probably
unchanged samples of bitterns left behind in Permian time.



Table A.2. Results of analyses of samples of encapsulated brine from Lyons mine

Amount of ion in sample

Ug M (25°C) ;
Average of
Element No. la No. Zb No. 3C’d No. 1 No. 2 No. 1 and No. 2 No. 3d
Na 44 19 - 1.89 1.92 1.905 -
Mg 50 23 31 2.03 2.21 2.12 1.6
Ca 1.3 0.7 - 0.03 0.03 0.03 -
Br - - 1.7 - - - 0.03 o
(0.04)
aSample volume = 0.00101 cm?.

0.000428 cm®.

bSample volume

[

®sample volume = 0.000774 cm®.
d .
Early sample.

®after adjustment for possible loss of sample, as indicated by results for
magnesium.

e
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brine in a calibrated capillary via capillary action,and immediately
transferring the sample into an HC1 solution in a small flask. Earlier
samples that had been allowed to stand within the capillaries for long
periods ("1 day) gave nonreproducible and inconsistent results.

The data in Tables A.l and A.2 can be used to estimate the concen-
trations of each of the jons, including K, which are listed in the
tables, if it is assumed that the ratios in Table A.l apply to the samples
in Table A.2 and that other elements were present in only trace concen-
trations. The procedure is described below.

The following relationship between the molar concentratiomns of
cations and anions in the brines can be obtained from charge balance

considerations:
2 2 - - 2.
g™+ Nt 4 kT + 202" = 017+ BT + 2504 . (A.1)

But, from the molar ratios in Table A.1,

c1” = 2.967Mg" T,
Br = 0.020Mg2+,
50477 = 0.0037Mg>".

Introducing these values into Egq. (A.1l) and rearranging gives:
2 2
Na+ + K+ + 2Ca * o 1.061Mg + (molar concentrations). (A.2)

2 2.
Now, substituting average values for Mg + and Ca t from Table A.2 (2.12

and 0.03 M, respectively) into Eq. (A.2) yields:
+ .
Na + K = 2.19 (molar concentrations). (A.3)

Since the average of the analytical value for Na+ was 1.91, the value
for K+ was 0.28 M.

Values for molal concentratious were needed for use in considerations
of solution properties at elevated temperatures. These were estimated
by using the values for molar concentrations summarized in Table A.3,
together with results of literature information for the molal concen-

trations of NaCl in NaCl-saturated MgCl; solutions at 25°C (shown in the
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Table A.3. Summary of analytical and deduced values for
concentrations in brine encapsulated in Kansas salt

, . . a
Concentration in brine

M at 25°C m
Mg 2.12 2.41
Na 1.91 2.16
K 0,28 0.32
Ca 0.03 0.034
cl 6.29 7.15
Br 0.04 0.045
S0y 0.078 0.089

a
See text.

plot in Fig. A.1) and considerations of the probable density of the
brine solution. Overall consistency between the various factors cccurred
when the density of the solution was assumed to be 1.22 (near the wvalue
which can be estimated for this solution)36 and when the effects of the
relatively small amounts of K, Ca, S04, and Br on the solubility of NaCl
were assumed to be negligible in comparison with the effects of the
larger amount of MgClz. The validity of the latter assumption is unknown,
but it appears to be necessary in order to obtain consistency between
the several factors mentioned above. Accordingly, the value of 1.22
{mentioned above) for the solution density at 25°C was used to determine
the ratio of molal to molar concentrations in the brine solution.

Molal concentrations that were found using this ratio (i.e., 1.14)

are listed in Table A.3.

A.2 New Mexico Bedded Salt

The brines included within the bedded salt at other potential sites

for HLW or spent fuel have not been analyzed directly. The composition
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of the WIPP Brine A" (Table A.4) reported by Molecke38 was based on the
analyses of several brines from the McNutt potash~bearing region of the
Salado. Not surprisingly, these brines were rich in potassium; the
concentration in Brine A was 0.77 M at 25°C. The concentrations of Na,
Mg, and Ca given for Brine A correspond to 1.8, 1.44, and 0.015 M at
25°C. These concentrations of Na and Ca are comparable to those found

in the Kansas brines mentioned above; the Mg concentration is appreciably
smaller.

Results of cheﬁical analyses of core samples of salt from near the
WIPP area have been reported by Beane and Popp39 and by Molecke,38 and
information on brine compositionkcan be inferred from their data.

The following is a summary of information given by Beane and Popp39
for samples of salt taken from AEC Core 8 at nine different locations
between depths of 2615 and 2821 ft. In general, the results showed that
NaCl was the major constituent and anhydrite was a minor constituent of
the samples.. The results also indicated trace amounts of one or more of
the following: polyhalite, iron oxide, K~feldspar, talc, chlorite,
carnallite, bloedite, and quartz. The results of elemental analyses for
K, Mg, and Ca were as follows: K, 0.03 wt 7% average, with maximum and
minimum values of 0.09 and 0.01 wt %, respectively; Mg, 0.05 wt 7
average, with maximum values of 0.006 and 0.13 wt % in the soluble and
insoluble portions of the samples, respectively; Ca, 0.62 wt % average,
with maximum and minimum values of 1.3 and 0.14 wt %, respectively. The
average weight losses on heating finely ground samples to 70, 200, and
>400°C were 0.17, 0.18, and 0.47 wt % respectively. The three largest
weight losses among the samples that were heated to >400°C were 1.66,
0.77, and 0.48 wt %. Samples from the same locations as these three
also had appreciable amounts of insoluble material: 1.25, 0.92, and
0.91% respectively.

The results reported by Beane and Popp39 for AEC Core 7 samples
were in substantial agreement with those summarized above for Core 8

samples.
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Table A.4. Compositions of WIPP grines A and B
reported by Molecke
Concentration [(mg/liter) + 3%]
Ton Solution A Solution B
Na© 42,000 115,000
' 30, 000 15
Mgt 35,000 10
ca’t 600 900
Fe3+ 2 2
se?t 5 15
it 20 -
RbH 20 1
Cs+ 1 1
c1 190, 000 175,000
S0,%" 3,500 3,500
B(803%7) 1,200 10
HCO3 700 10
NO;~ - -
Br 400 400
T 10 10
pH (ad;;sted) 6.5 ) 6.5
Specific gravity 1.2 1.2

aData derived from ref. 38.
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Pertinent inferences which can be drawn from the analytical results
summarized above and from those presented in the Beane and Popp report39
are:

1. The samples contained very little potassium, 0.032 wt 7

average.

2. The magnesium content of the samples was very low,

averaging 0.006 wt 7% in the soluble portions. If the
brine inclusions within the crystal boundaries of the
salt contained MgCl, at a concentration of 2 M, the
average amount of water within the inclusions was
0.13 wt Z.

3. All of the calcium (average, 0.62 wt %) was in the form

of anhydrite. WNo calcium was present as CaCl,.

The WIPP Brine B which was reported by Molecke38 (Table A.4) was
based on the analysis of brine obtained by dissolving a portion of AEC
Core 8 taken at a depth of 2725 ft. The reported composition is in
substantial agreement with that expected on the basis of the results for
Core 8 summarized above. In particular, it can be mnoted that the molar
concentration of SOy exceeded that of calcium by about 60%, indicating

that all of the calcium was present as CaSOy.

A.3 Composition of White Material on Surfaces of Array Hole
in Project Salt Vault
I have reviewed my notebook (46580) records of October 3 to Novem-
ber 1, 1972, and find the following information relevant to this subject:
Scrapings of the surface of Hole 1 in PSV Room 1 at depths of 7.5,
9, and 10.5 ft were taken by Carey Salt personnel on September 24, 1972,
These scrapings were analyzed at ORNL for Mg and Na by flame photometry

and for other metals by spectrographic analysis. The results were as

follows:
Wt 7 of element
Depth (ft) Mg Na K Ca Other metals
7.5 8.7 20.5 1 0.35 Each <0.1
9.0 7.4 25.5 1 0.56 Each <0.1
10.5 7.4 24.5 0.07 0.39 Each <0.1
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A portion of the 9-ft sample was analyzed for 504. The result showed
3.11%.

The Mg/Na ratio in each case is less than that measured for encapsu-
lated brine. This suggests that some of the brine which entered the
emplacement hole originated in dehydration of gypsum or other hydrated

mineral.
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Appendix B: Evaluation of the Quantity (l/Cz)(BCF/BT)

in the Temperature Range 25 to 200°C in 2.41 m MgCl, Solutions

Values for the quantity (l/CR)(SCE/BT) were needed in evaluations

of the rates of brine migration in Kansas salt using Eq. (1):

oC 4yV
2—~(—1-—-—§-—0>GRT-5~ 2.
. RT [ \C, T % L~ XL

<
i
Q}Fp

As set forth in the text (see Sect. 3.1), C, represents the saturation

A
concentration of NaCl in the encapsulated brine in moles per liter of
brine. However, the quantity (l/CZ)(BCE/BT) can also be written as
(l/CE')(BCZ’/BT), where the prime sign indicates molal concentrations,
since the concentration unit cancels out.

C ac,’ 4yV
V=_..&P__ (.;.L..T...__’_Q.’._._ O)GRT-—I-(--—'-——-——S—

¢ RT C £ L XL
s L

The procedure followed was to first evaluate CZ' in 2.41 m MgCl,
solutions (see Appendix A) using literature data for the solubility of
NaCl in MgCl, solutions of given concentrations over a range of MgCl,
concentrations from V1 to 5 m and over a range of solution témperatures

to 200°C. These values of Cl' in 2.41 m MgCl; solutions were then

'
plotted vs temperature, and the values of 2; were determined from the:
plot.
aC, " 1 Bcg'
The resulting values for Cz', P and E;Thgfm* are listed in

Table B.1l.

(1)

(B.1)
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aC,"'

Table B.1. Results of evaluation of the guantity %?7»§i§?~

Concentration of BCQ' 1 SCQ’

Solution NaCl in 2,41 m 3T 5T
temperature MgCl: solution, C,° . . A -
(°c) (moles/kg H20) [mole (kg H»0) °c 1 °c )

25 2.16 6.3 x 1073 2.92 x 1073

50 2.32 7.5 x 1073 3.23 x 1073

100 2.76 9.0 x 107° 3.36 x 107°

150 3.30 12.7 x 1073 3.85 x 1073

200 4.02 15.2 x 1073 3.78 x 1073
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Appendix C: Evaluation of the Quantity CR/CS in the
Temperature Range 25 to 200°C in 2.41 m MgCl, Selutions

Values for the quantity CR/Cs were needed in evaluations of the
rates of brine migration in Kansas salt using Eq. (1) of the text (see
Sect. 3.1):

D

RT

S

ac 4yV
(

1 "k ) _k _
¢ 37 " 9JGRT - T - xp

")

2

As stated previously, Cl is the saturation concentration of NaCl in the
encapsulated brine and CS is the concentration of NaCl in the solid
salt, both in the units of moles per liter.

The evaluation procedure that was followed started with the values
for CZ’ listed in Appendix B for the brine composition and temperatures
of interest.

The relationship between molal and molar saturation concentrations
of NaCl at 25°C in the Kansas brine solution was discussed in Appendix
A. The relationships at higher temperatures were estimated by using the
relationship at 25°C and assuming that the volumes of the solution
increased with temperature due to thermal expansion and to the increases
in the amount of salt in solution. The thermal expansion was assumed to
be directly proportional to the thermal expansion of 5.5 m NaCl solution
at saturation preSSure.40 The expansion resulting from the additional
salt in solution was estimated by using a value of 24.5 em®/mole for the
partial molal volume of NaCl in the brine solutions. Table C.1 lists
the resulting values of Cz, together with pertinent data used in evalu-
ations of CR' The resulting values of C, were combined with the listed

L
values of Cs to evaluate CR/Cs at temperatures of interest.



Table C.1. Results of evaluation of the quantity CQ/Cs

Fractional increase

in volume of solution Relative density c©

Temperature CQ’ due to increasgd of 5.5 m NaCl Co s ¢ /c
{(°c) (m) amount of salt solutions ™) M) ' "s

25 2.16 1 i 1.91d 36.95 0.0517

50 2.32 1.003 0.989 2.02 36.82 0.0549

i00 2,76 1.011 0.963 2.32 36.59 0.0634

1590 3.30 1.020 0.931 2.6% 36.36 0.0732

200 4.02 1.031 0.896 3.02 36.13 0.0836

%fncrease with increasing temperature above 25°C, assuming that the partial molal volume at
saturation is 24.5 mi per mole of NaCl.

1

P¥rom values reported in ref. 40.
®Thermal expansion coefficient was assumed to have the value 1.30 x 10™"* °c/cm.

dFrom Appendix A.

7y
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Appendix D: Theoretical and Experimental Relationships Between
Aqueous Solubility of NaCl and Pressure in Systems Having

Equal Pressure on Solution and Solid, Case 1

D.1 Theoretical Relationship

The differential thermodynamic equation expressing the solubility-

2,41,42
pressure relationship for this case is3 ?
_ din a
v dP = v 4P + RI‘( - ) dm , (b.1)
T,P
where

m = molality of salt in solution, moles/kg H20;
P = pressure, atm;

v, = molal volume of the solid salt, em®/mole;

v = partial molal volume of the dissolved salt at saturation, em®/
mole;

a = activity of the dissolved salt;

T = temperature, °K;

R = gas constant (82.06 atmecm®/mole-°K).

Estimates of the effects of pressure on solubility of NaCl were

made by using the integral of Eq. (D.l) as derived by Baes and Gable:43

v -v)

mp _ s - gy, 1 (dv b
n o = 2RT (PZ Pi) ( Sm )+ LRT (dm) (PZ P3) (m2 - ml)s (D.

P

where Y represents the mean activity coefficient of the dissolved salt
and the subscripts 1 and 2 refer to the lower- and higher-pressure
conditions, respectively. The Baes and Gable derivation of this equation
is reproduced in Appendix F. The principal assumptions were that each
of the quantities (85/8m)P and (vS - v) is approximately constant at
a given temperature.

The more approximate form of Eq. (D.2), shown in Eq. (D.3), was
used forkmaking estimates of the change in solubility of NaCl with
pressure at temperatures of 25, 100, 150, and 200°C and at pressures of 1,
250, 500, and 1000 bars:



zuﬂémmi—(m;MG)(mm M(QL) (my ~ mp)

my 2RT YAm
P,
1 (Av . v
- Zﬁi’(zai) (m2 - m) AP . (D.3)
Pi

The values for the variable quantities that were used in making
these estimates are described and discussed in the subsections that

follow,

D.2 Values for v , v, él_) and éX"Used in Making
s YAm Am

Estimates of Pressure~Solubility Effects

D.2.1 Evaluation of v at room temperature and 1 atm pressure

The evaluation of v, at room temperature (25°C) and 1 atm pressure

is straightforward:

58.443 g/mole
2.165 g/cm

= 26,99 cm®/mole.

The compressibility ccefficient of solid NaCl is small
(4.20 x 10-*? and 4.15 x 10~*? cm?/dyne at 0 and 2 kbar, respectively),’3»%*
and v, can be regarded as approximately pressure independent, for present
purposes, without intreducing significant ervor into evaluations of
pressure~solubility effects.

The volumetric thermal expaunsion coefficient, o, of solid Nall is
1.175 % 10~* and 1.425 x 107" °C™! at zero pressure and 300 and 550°K,
respectively.43 Calculations using the average of these values
(1.300 x 107" °Cc~!) show that the solid salt will expand by 0.33, 0.98,
1.63, and 2.28% on heating from 25°C to 50, 100, 150, and 200°C respec-
tively. The corresponding values of v, are 27.08, 27.25, 27.43, and
27.61 ecm®/mole. The values of o at 2 kbar are only slightly less at the

above temperatures (300 and 55°K) than those at zero pressure,43



47

D.2.2 Evaluation of v in saturated NaCl solutions

At room temperature and 1 atm pressure. Klotz45 gives the following

relationship for v at 25°C and 1 atm pressure:
7 = 16.6253 + 2.6607m° + 0.2388m, (D.4)

where m is the molality of the solution in question. At saturation at

25°C and 1 atm, m = 6.146.46 Then,

Vv = 24.69 cm®/mole at 1 atm.

At 100, 150, and 200°C and saturation pressure. Haas47 reported

calculated values of v in NaCl solutions at temperatures between 80 and
325°C and at several different concentrations ranging up to saturation.
The pressure over the saturated solutions was equal to the saturation
vapor pressure at the given temperature. His values for saturated
solutions at 100, 150, and 200°C were 24.52, 26.23, and 28.53 cm’/mole.
These values, along with the value at 25°C, are listed in Table D.1.

At elevated pressures. Values of v at elevated pressures can be

calculated from density data, when available, by using Eq. (D.S);48
s - % _ £1000 + xcrlmzd)(adlam) , (D.5)

where
m = concentration of solute, moles/kg H20;
M = molecular weight of NaCl, g/mole;
d = density of solution at temperature and pressure under
evaluation, g/cm®.
However, the accuracy of the available data40 was not sufficient to
determine whether an increase in the pressure above saturation pressure

causes any significant change in the value of v from that prevailing at

saturation pressure.



Table D.1. Values of v in saturated NaCl solution at several temperatures and
at saturation pressure, and estimated values for Av/Am at concentrations near saturation

NaCl concentration
Temperature in saturated solution Pressure

Value of v in satu-
rated NaCl solution

Value of Av/Am (and range of
m used in evaluation)

(°C) (m) (atm) (cm®/mole)

25 6.146 1 24.69% 0.775(6.146%)
100 6.65 0.744 24,52 0.62(6.00-6.50)
150 7.22 3. 44 26.23 2.94(6.50-7.00)
200 8.01 11.55 28.53° 1.66(7.50-8.00)

Ygyvaluated using Eq. (D.4). A1l values at other temperatures were obtained irom

values calculated and reported by Haas.47

4 . . ,
Haas 7 states that this value was calculated by extrapolation of the functious

beyond their range.

8%
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D.2.3 Values of Ay/yAm in NaCl solutions near saturation concentration

and at saturation pressure

Values for Ay/Am were obtained using y values for 5.5 and 6.0 m
NaCl solutions reported by Silvester and Pitzer49 (see Table D.2).
Approximately the same values were assumed to prevail up to saturation
at the given temperature. The values of Y in saturated solutions which

6
were used have also been reported by Silvester and Pitzer.4

Table D.2. Values for Ay/vAm in saturated NaCl
solutions at 25, 50, 100, 150, and 200°C

NaCl o
concentration Temperature (7C)
Parameter (m) 25 50 100 150 200
¥ 5.5 0.929 0.935 0.830 0.661 0.483
6.0 0.989 0.990 0.865 0.680 0.491
Saturation 1.008 1.022 1.915 0.724 0.515
Ay /yhm ‘ 0.119 0.108 0.0765 0.0525 0.0311

D.2.4 Values of Av/Am in saturated NaCl solutions

Values of vA/Am at NaCl concentrations near saturation and at
saturation pressure are listed in Table D.1. The sources of the data
used in obtaining these values are included. As stated previously, the
value of this quantity is assumed to be approximately independent of

pressure in the range of pressures under consideration.

D.3 Calculated Values of the Ratio, mp/m;, of Equilibrium
Concentrations of NaCl in Solution at Pressures Py and Py
The results of calculations of mp/m; using Eq. (D.3) are listed in
Table D.3. The values for the several different factors used in making
the caléulations are also included. The my/m; values indicate that the
solubility changes caused by high pressure on the solution and solid are

less than “1.5% and less than V2.67% at 500 and 1000 atm respectively.



Table D.3. Calculated values of the ratio of equilibrium concentrations of NaCl im solution, mz/mi,
at pressures P, and P, and values for factors used in the calculations

Initial Initial bifference
‘ . between vg and -a
pressure, concentration v (v -9 Ay Av
Temperature Pya of NaCl? AP v, Wg = Vs yAm b Am
°cy {atm) (m) (atm) (cm®/mole) (Efl) (cma-kg/molez) mp [1m
25 1 6.146 250 2.30 0.119 6.775 1.0066
25 1 6.146 500 2.30 0.119 0.775 1.0131
25 i 6.146 1000 2.30 0.119 0.775 1.0259
100 0.74 6.65 2590 2.55 0.0765 0.62 1.00686
100 0.74 6.65 500 2.55 0.0765 0.62 1.0124
100 0.74 6.65 1660 2.55 0.0765 0.62 1.0226
150 3.4 7.22 247 1.20 0.0525 2.94 1.00301
150 3.4 7.22 497 1.20 0.0525 2.94 1.005%0
150 3.4 7.22 997 1.20 0.0525 2.94 1.00812
200 1.6 8.01 238 -0.52 $.0311 1.66 0.9977
200 11.6 8.01 438 -0.92 0.0311 1.66 0.9955
200 11.6 8.01 988 -0.92 0.0311 1.66 0.9911

aFrom Table D.1.

OFrom Table D.2.

0¢s
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D.4 Comparison Between Experimental and Theoretical Values
for mp/m; vs P at 25°C
Several investigators have reported measurements of the changes in
the solubility of NaCl at 25°C resulting from overpressures at >250

m.SO’Sl The results, as summarized by Kaufmann,so showed mp/m; egual

at
to 1.0088, 1.0165, and 1.0305 at 250, 500, and 1000 atm respectively.
These values are in near agreement with those obtained via theoretical
calculations {listed in Table D.3). This agreement lends support to the
validity of the calculation and estimation methods used in the present

study.
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Appendix E. Relationships Between Aqueous Solubility of NaCl
and Pressure in Systems in Which Only the Solid Is Pressurized, Case 2

The thermodynamic equation expressing the solubility-pressure

relationship in this case is:

P2

f v dP = RT n aax/ai, (E.1)
P,

where the symbols are defined as noted previously in Appendix D. As
before, subscripts 1 and 2 refer to the values of the parameters at the
lower— and higher-pressure conditions respectively.

Since v is essentially independent of pressure, Fq. (E.1) can be

rewritten as follows:
VS(PZ -~ P1) = RT fn as/a;. (E.2)

The activity in the NaCl solution is related to the mean activity
coefficient, vy, and the concentration, m, by the eguation

%
my = a-. (E.3)

Values for the ratio of activities, a,/a;, at several different
temperatures and pressures were calculated using Egq. (E.2).% These
calculated values are listed in Table K.l, along with values of
Yomy/y1m; which were calculated using Eq. (E.3).

These values, together with other information listed in the table,

were used to calculate the corresponding values for mp/m; using Eq. (E.4):

*Corren553 reported a pressure—solubility relationship similar to
the one shown in Eq. (E.2), except that Correns' equation is based on
the ratio of concentrations rather than on the ratio of activities.

As Table E.l shows, there is a large difference between those two
different quantities for NaCl solutions.



Table E.1. Calculated values for ratio of concentrations of Nall in solution, my/my,
when contacting salt is pressurized at P, starting at P,
Ratio of Calculated ratio of
Inirial a a Molar volume of activity of o NaCl concentrations
Temperature  pressure m) Y1 AP solid salt, v seolutions, Yomz Ay in solution,
(°C) (atm) (atm) (cm® fmole) asfa; Yimy yidm my /m1
25 1 6.146 1,008 250 26.98 1.32 1.15 0.119 1.08
25 1 6.146 1.008 500 26.97 1.74 1.32 0.119 1.17
25 1 6.146 1.008 1000 26.385 3.01 1.74 0.119 1.37
50 1 6.274 1,022 250 27.07 1.29 1.14 0.108 1.11
50 1 6.274 1.022 500 27.06 1.67 1.29 0.108 1.19
50 1 6.274 1.022 1000 27.03 2.77 1.67 0.108 1.38
100 1 6.680 0.915 250 27.24 1.25 1.12 0.077 1.08
100 1 6.680 0.915 500 27.34 1.56 1.25 0.077 1.16
100 1 6.680 0.915 1000 27.19 2,43 1.56 0.077 1.33
150 3.4 7.198 0.724 247 27.42 1.22 1.10 0.053 1.07
150 3.4 7.198 0.724 497 27.4% 1.48 1.22 0.053 1.15
150 3.4 7.198 0.724 997 27.39 2,20 1.48 0.053 1.32
200 11,6 7.973 0.515 238 27.60 1.19 1.09 0.031 1.07
200 11.6 7.973 0.515 488 27.60 1.43 1.19 0.031 1.15
200 11.6 7.973  0.515 388 27.57 2.03 1.43 0.031 1.32

Yalues taken from ref. 46.

Reference information available in Appendix D.

C.Values obtained from Table D.2.

€S
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’ +(E3)(1 - m1Y), (E.4)

y = A (E.5)

and the assumed values of ;%%5~are those listed in Table D.2. These

values are listed for convenience in Table E.1.
Equation {(E.4) was derived by making use of the identities shown in

Eqs. (E.6) and (E.7):

A
Yalyy = 1 + =L (E.6)
Y1
and
Am = (2? b l)m1. (E'7)

As can be seen in Table E.1l, the values for the concentration
ratios are much greater than those calculated previously in Appeadix D
for systems in which the solution and solid are pressurized equally. An
unpressurized solution at concentrvation, mp, would obviously be unstable
with respect to an unpressurized scolid salt surface., Precipitation
would probably occur rapidly on such a surface; however, as discussed
previously (Sect. 4.2.2), this dissolution on a stressed surface and
subsequent precipitation might affect brine movewment in a salt repository
in the unlikely situation where a Case 2 system 1s presumed to be

present.



Appendix F: Derivation of Relationship for Effects of
Pressure on the Solubility of NaCl

C. F. Baes, Jr., and R, W. Gable*

The condition for equilibrium is:

dGs = dG, (F.1)

where Gq is the molar free energy of crystalline NaCl and G is the
partial molal free energy of NaCl in the solution.

At constant temperature, one can write

(gg—i)dp = (g% )mdP + (%%)Pdm, (F.2)

since GS depends only on the pressure (P), while G depends on both the
pressure and the molality (m) of NaCl in the solution.

The relationship of G to m is given by the following equation:
G = G° + 2RT &n (my), (F.3)

where G° is the free energy of NaCl in the standard state {a hypothetical
ideal 1 molal solution) at the same temperature and pressure and 7y
is the mean activity coefficient. Here G° depends only on P, while Y

depends on both P and m. Appropriate differentiation of Eq. (F.3) gives

(%22, = 2RT %-&(%X)P (F.4)
and
(-g—g-) =7 =9+ 2RT(§~$§—X~) : (F.5)
m m

*Aggsociate Professor of Chemistry, Davidson College, Davidson,
North Carolina; presently 2 visiting member of the ORNL Chemistry Division.
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where v and v° are partial molal volumes of NaCl in the real solution

and in the standard state. Also,

e
_ 85 _
a Vs’ (F.6)

where v is the molar volume of crystalline NaCl.

Substitution of Egqs. (F.4)-(¥F.6) into Eq. (F.2) yields

v, dP = ¥ dP + 2RT %4—(%31—) dm,

om P
which may be rearranged to give
Vs T v 9fn vy
d fn m =(-~‘2—R—,ir“>dP —( o ) dm. (F.7)

P

While the derivative (Q%%;I) can be evaluated at P = 1 atm below 100°C
P

and near the saturation pressure of water above 100°C, an expression is
needed for estimating this quantity at higher pressures. Since vy, like
G, depends on only P and m, it is possible to make use of the cross—

differentiation condition:

3%4n vy _ 3% y
3Pom - dmap (F.8)

From Eq. (F.5),

(gﬁn j)m - ;2§TVO 3 (F.9)

and, since the partial molal volume in the the standard state does not

depend on m, the combination of Egs. (F.8) and (F.9) gives

3 () i) (+.10)
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Integrating,
P i
dn v\ _ {[94n vy 1 v
( om ) - ( om ) + 2RT om p dP. (F.11)
P Py

1

Here, P; is the reference pressure at which <§%£~1l> is known. Equation

P
(F.11) is the desired expression for(i%%;£>in.terms of P and v.
P
Combining Eqs. (F.7) and (F.1ll) gives
—_ P2
Vg =V 24n vy 1 v
d fnm= TR dP-—-'Bm - dm—éﬁ _B-IH> dP dm |. (r.12)
P, P, P
. . . ov , dv
Introducing the approximation that (ﬁﬁﬂ) is a constant, proi
P
v -V -~
o5 _(2%n Y 1 (v _
d ¢nm —( SRT )dP ( S ) dm SRT (dm (r Pi) dmn. (F.13)
P
Integrating,
Py
mp 1 = _(3in ¥y
n my ~ 7RT (vs v) dP ( N (my - my)
Py P,
1 dv
- Eﬁf'(aa) o/ﬂ P dm - Pi(mz ~ m) (F.14)

m»
The :'Lntegralc/o P dm can be estimated satisfactorily by making
my

the approximation that m varies linearly with P over the small range
of m involved. Then,
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o

P dn = gggii?gil‘(mg - 1) (F.15)

my

Substitution of Eg. (F.1l5) dinteo Eq. (F.14) yields

P2
v, - .
my s 7 " 9fn v\, 1 (dv _ B .
n - -d/o 5RT dp ( A ) v T (dm) (P2 ~ P1) |(mz - m). (F.16)
Py Py

Neglecting any change of v_ - v with P, one obtains:

v -V -
ofn vy 1 d ) .
Qn%ﬁw ﬁ(%)(?z - P1) - (—*B'I%—‘l) + iRT (d—;)(l’g - Py)l(mz ~ m).(F.17)

Py

With (vS -~ v), (3%n Yy/dm), and (dv/dm) known at T and the reference
pressura, P;, this equation caun be solved by iteration for m at amother

pressure P.
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