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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, Kansas. It was 
concluded that the following empirical equation for V/G 
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: 

(migration 
S 

log V/Gs = 0.00656T - 0 .6036 ,  

where T is the temperature of the salt ( " C ) ,  and V/G has the units 
(cm2 year-' O C - ' ) .  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 s a l t  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,. N o  direct information regarding the 
effect of stored energy on the solubility of salt is available; thus I 
recommend that experiments be undertaken to provide such information. 
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The g r e a t e s t  u n c e r t a i n t y  r e l a t i v e  t o  t h e  p r e d i c t i o n  of rates of 
migra t ion  of b r i n e  i n t o  a w a s t e  emplacement c a v i t y  i n  bedded sal t  i s  
a s s o c i a t e d  wi th  ques t ions  concerning t h e  e f f e c t s  of  t h e  g r a i n  boundaries  
(wi th in  t h e  aggregates of s ingle  c r y s r a l s  which comprise a bedded salt 
d e p o s i t )  on b r i n e  mig ra t ion  through t h e  d e p o s i t .  It i s  1ik.el.y t h a t  t h e  
g r a i n  boundary t r app ing  w i l l  tend to  r e t a r d  bri .ne migra t ion  under t h e  
cond i t ions  expected t o  p r e v a i l  w i th  probable  repos i tory-  des igns  (v i z .  
G < 2 ° C  maximum, i m p u r i t i e s  p re sen t  on grain boundar ies ,  and boundaries  
c&uiressed by thermal  expansion of t h e  s a l t ) .  

The r e s u l t s  of some of t h e  estimates of rates and t o t a l  amounts of 
b r i n e  inf low t o  WLW and SURF w a s t e  packages empl.aced i n  bedded sa l t  w e r e  
inc luded  t o  i l l u s t r a t e  t h e  inf low volumes which might occur  i n  a repository. 
These estimates, which are based on Lhe r e s u l t s  of temperature  c a l c u l a t i o n s  
r epor t ed  by o t h e r s ,  emplloyed t h e  assumptions t h a t  (1) t h e  salt conta ined  
0.5 v o l  % b r i n e  i n c l u s i o n s ,  ( 2 )  t h e s e  i n c l u s i o n s  migrated a t  the  m a x i m u m  
rates shown by t h e  equa t ion  presented  earlier,  and (3) g r a i n  boundaries  
had no e f f e c t  on t h e  migra t ion .  

The r e s u l t s  of t h e  b r i n e  inf low estimates for 10-year-old HLW 
emplaced a t  150 kW/acre i n d i c a t e d  :i.nflow rates s t a r t i n g  a t  0 .7  l i t e r /  
year  and t o t a l i n g  1 2  l i ters  a t  30 yea r s  a f t e r  emplacement. 
c a l c u l a t i o n s  d i d  not  extend beyond 35  yea r s . )  

(Temperature 

The resu l t s  of t h e  estimates f o r  10-year-old PWR SURF emplaced af: 
60 kbd'/acre i n d i c a t e d  a cons t an t  in f low of 0.035 l i t e r / y e a r  for t h e  f i r s t  
35 y e a r s  a f t e r  emplacement. 
beyond 35 y e a r s . )  

(Temperature c a l c u l a t i o n s  d i d  n o t  extend 

1. INTRODUCTION 

Bedded sal t  u s u a l l y  c o n t a i n s  a small volume f r a c t i o n  of b r i n e  

i n c l u s i o n s ,  some of which are l o c a t e d  w i t h i n  t.he s m a l l  c r y s t a l s  t h a t  

comprise t h e  s a l t  d e p o s i t s .  These i n c l u s i o n s  can migrate t h rough  t h e  

salt under cond i t ions  where a s u f f i c i e n t l y  l a r g e  g r a d i e n t  e x i s t s  i n  the 

chemical p o t e n t i a l  of t h e  s a l t  around t h e  i n c l u s i o n s  a Bol.11 t h e o r e t l c a l  

cons ide ra t ions  and experimental. r e s u l t s  have esLabl i shed  t h a t  temperatirre 

g r a d i e n t s  cause b r i n e - f i l l e d  c a v i t i e s  w i t h i n  t h e  s a l t  t o  m i g r a t e  up t h e  

temperature  g r a d i e n t .  No comparable t h e o r e t i c a l  o r  experimental  i n f o r -  

mation has  been r epor t ed  f o r  t h e  o t h e r  f a c t o r s  t h a t  might a f f e c t  chemical 

p o t e n t i a l s  i n  t h e  salt. 



3 

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 dis~ussion in the scientifhc 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 also been reviewed 
and analyzed, 

and criterion in estimating the effects of the other parameters on brine 

migration in a repository. 

The thermal-gradient information has been used as an aid 

2 .  DESGKLPTION QF BRINE INCLUSIONS 

Bedded salt from the Lyons, Kansas, area* is comprised of closely 

bound aggregates of irregularly shaped single crystals. 

istic dimensions of these crystals range from 8b,0.3 to 3 cm. Brine 

inclusions (droplets) can be observed within the single crystals i.n hand 

specimens. 2-4 The dimensions of these droplets range from very small to 
>1 mm. 2-4 Most of the brine volume is probably contained within the 

larger droplets (i.e., those greater than W.5 mm). Cursory examinations 

of hand spechens  of bedded salt from Detroit, Michigan, and from BE@ 

Cores 7 and 8 from New Mexico have indicated that the crystal sizes and 
the aggregates are similar to those from Lyons. Also, brine incluskons 

were present in these specimens from other salt deposits. 

The character- 

Many of the larger droplets %n the Lyons S a l t  exhibit a low-pressure 

gas vapor bubble when examined at temperatures near those which prevailed 

in the salt formation, ~ 2 5 ° C  at a depth of %lOCIO ft. 
5 

These bubbles, 

*Carey and American Salt Company Mines are located at Lyons, Kansas. 
Carey and other mines are located at Hutchinson, Kansas. 
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which g e n e r a l l y  occupied a f e w  percent of t h e  i n c l u s i o n  volume 

peared on h e a t i n g  t h e  c r y s t a l  t o  80 to  100°C.4 

w e r e  a l s o  r e p o r t e d  i n  samples of New Mexico s a l t  ob ta ined  from EfEDA 

Core 9 a t  dep ths  o f  1800 t o  2800 f L ,  bu t  they  d isappeared  on h e a t i n g  t o  

tempera tures  between 20.4  and 45.5"C. The occurrence  of t hose  bubbles 

i n  New Mexico sa l t  t h a t  d i sappeared  below ".30 t o  35°C can probably be  

expla ined  on t h e  b a s i s  of  t h e  maximum tempera tures  p r e v a i l i n g  i n  t h e  

undis turbed  geo log ic  format ion  a t  t h e  depths  from which t h e  co res  were 

taken .  However, t h e  occurrence  of t hose  bubbles t h a t  p e r s i s t e d  t o  

h ighe r  temperaures i n  t h e  samples from New Mexico and from Lyons has  no t  

been expla ined .  It s e e m s  u n l i k e l y  t h e  low-pressure bubbles could exis t  

under n a t u r a l  in -p lace  c o n d i t i o n s  because of t h e  plastic creep  of t h e  

s a l t  a t  t h e  h igh  overburden p r e s s u r e s  (%1000 p s i  a t  Lyons and up t o  $2800 

p s i  a t  New Mexico) over ve ry  long  t imes.  The p o s s i b i l i t y  t h a t  t h e  

bubbles w e r e  formed a f t e r  t h e  s a l t  w a s  e x t r a c t e d  from t h e  format ion  has  

not been completely r u l e d  o u t .  

Chemical ana lyses5 '  

d i sap-  

Low-pressure bubbles 
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of encapsula ted  b r i n e  i n  bedded sa l t  from 

Lyons, Kansas, and from nearby (%20 miles)  Butchinson, Kansas, showed 

% 2 * l  MMgC12 and Ql.9 - M N a G l .  

and, probably,  potassium were a l s o  p r e s e n t .  No d i r e c t  ana lyses  of 

encapsula ted  b r i n e  from o t h e r  sa l t  d e p o s i t s  have been r e p o r t e d .  However, 

a n a l y t i c a l  r e s u l t s  f o r  s a l t  samples taken  from c ~ r e a  AEC 7 and 8, from 

l o c a t i o n s  nea r  t h e  WIPP s i t e  i n  New Mexico, i n d i c a t e  t h a t  t h e  composition 

of any encapsu la t ed  b r i n e  w i t h i n  t h e  s a m p l e s  was similar t o  t h a t  of 

b r i n e  i n  t h e  Kansas salt. The composition of encapsula ted  b r i n e  i n  

bedded sa l t  is  d i scussed  i n  Appendix A .  

S m a l l  amounts of calcium, bromine, S o b 2 -  

3 .  THERMAL GRADIENT-INDUCED BRINE M I G R A T I O N  I N  BEDDED SALT 

3 .1  T h e o r e t i c a l  

Wilcox8' 

iizigration i n  N a C 1 .  

a t u r e  011 t h e  rate of migra t ion .  

w a s  t h e  f i r s t  t o  r e p o r t  a t h e o r e t i c a l  a n a l y s i s  of b r i n e  

H i s  work inc luded  a s tudy  of t h e  i n f l u e n c e  05 temper- 

S h o r t l y  a f t e r w a r d ,  Rradshaw and Sanehez, 10  
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working independently, also reported a theoretical analysis of brine 

migration in NaCl induced by the thermal gradient. 

ship was developed for the migration rate of a brine inclusion as a 

function of the temperature gradient and temperature. More recently, 

Anthony and published several papers dealing with their 

experimental and theoretical work on brine migration in KCP. Wilcox 

et al. 

NaC1. 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 NaC1. Accordingly, the work of Anthony and Cline was 

A theoretical relation- 

also published other work dealing with brine migration in 
1 7 ,  i a  

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 w e l l  as on several other parameters (including 
those just mentioned). 

boundaries. 

The migration can also be affected by grain 
13 

The theoretical expression of Anthony and Cline" 'I3 for the migra- 
tion velocity of droplets within the body of a crystal is given by the 

first three terms in Eq. (1): 

where 

V = migration velocity, cm/sec; 

Ct = concentration of salt in brine droplet, moles/liter; 

CE = equilibrium concentration of salt in brine in contact with 

C = concentration of salt in solid salt, moles/liter; 
salt, moleslliter; 

S 
D = diffusivity of salt in brine, cm2/sec; 

R = gas constant, ergs mole-' 

T = absolute temperature, OK; 

K = kinetic potential, ergs/mole; 

y = grain boundary tension, ergslcm'; 



T., -" dimension o f  d r o p l e t  p a r a l l e l  t o  thermal g r a d i e n t ,  cn; 

X := dimension of d r o p l e t  perpendicular  t o  thermal g r a d i e n t  a cm; 
I 

V 

G = temperature  g rad ien t  i n  [:he b r ine  d r o p l e t ,  OC/cm; 

.-- molar volume o f  s o l i d  salt, cm3/moPe; 
5; 

R 
cf -.- S o r e t  c o e f f i c i e n t  of sa l t  i n  b r ine ,  OC-'.* 

The f i n a l  term. i n  this eqiiation involves  g r a i n  boundary t e n s i o n ,  y ,  and  

a p p l i e s  on ly  a t  g r a i n  boundaries  e 

The tempera ture  g r a d i e n t  w i t h i n  t h e  s o l u t f o n ,  G R ,  a t  a c e n t r a l  
11 l o c a t i o n ,  w a s  re la ted by Anthony and C l i n e  

sa l t ,  G s ,  as shown i n  E q .  (2 ) :  

t o  the g r a d i e n t  w i t h i n  t h e  

where k and kR are the thermal  c o n d u c t i v i t i e s  of t he  s o l i d  and l i q u i d ,  

r e s p e c t i v e l y ,  and P i s  analogous t o  a demagnet:ization fac tor ,  descr ibed  

and tabulaced  by Stoner ,  11yp9 which depends o n l y  on t h e  a s p e c t  r a t i o  of 

t h e  d r o p l e t .  The v a i u e  o f  F ,  which is  0 , 3 3 3  at X/L = 1 (cube and 

s p h e r e ) ,  i n c r e a s e s  to a val.aie of 1 ac  X/L >> 1 ( i . e e 9  f o r  a slab). 

I n t e r m e d i a t e  v a l u e s  of F are 0.5'3, 0.64 ,  and 0.70 a t  X / L  = 2 .0 ,  3.0, 

and 4 .0 ,  r e s p e c t i v e l y .  T i l l e r  a l s o  r e p o r t e d  t h e o r e t i c a l  r e l a t i o n s h i p s  

between G 

embedded i n  another. H i s  r e l a t i o n s h i p s  f o r  the  sphere and slab are t h e  

same as t h o s e  shown by Eq. ( 2 )  us ing  S t o n e r ' s  vd.ues f o r  P. The v a l u e  

of k /ka f o r  b r i n e  i n c l u s i o n s  w i t h i n  NaCl ranges downward w i t h  increasing 

temperature  from %\.8 a t  5 O o C  t o  Q4.5 a t  200OC. 

v a l u e s  of G /C, 

A t  X / L  = 2 .0 ,  the v a l u e s  of G /G 

2 0 0 ' ~ ;  a t  X/L  >> I., they range from 7 . 3  a t  SO'C to 4 , 6  at 200°C. 

S 

20 

and Gs f o r  spheres ,  c y l i n d e r s ,  and sl.abs cf one materl.al. R 

S 
Corresponding c a l c u l a t e d  

at X/L = 1 - 0  range from 1 .41  a t  50°C t o  1.35 a t  200°C. 
R s  

range  from 1..86 a t  SO°C t o  1 .71 a t  
R s  

These c a l c u l a t e d  values i l l u s t r a t e  t h a t  the v a l u e  cf GR/G,, i n  NaCl 

changes markedly w i t h  t h e  aspect r a t i o  of a b r i n c  i n c l u s i o n  and, a t  high 

v a l u e s  o f  X / L ,  a lso ~ i t h  temperature .  

?The sign-convention f o r  t h e  S o r e t  c o e f f i c i e n t  used by Anthony and 
Cl ine  w a s  t h e  o p p o s i t e  of t h a t  commonly used. Therefore, t h e  sign I n  
t h e i r  equat ion  has  been changed t o  correspond to t h e  common usage. 
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The las t  two terms i n  Ey. (1) are f u n c t i o n s  of the site of t h e  

brine i n c l u s i o n  arid o t h e r  f a c t o r s  which are d i scussed  la te r .  

l a s t  two t e r m s  are ignored f a r  t h e  p r e s e n t ,  and G, is rep laced  with l , 4  

G s ,  E q .  (I) becomes: 

T f  the 

V/Gs = 1 . 4  

This  expres s ion  i s  somewhat similar t o  t h a t  of Bra.dshaw and Sanchez. 10 

The remaining d i f f e r e n c e s  are s’hown by t h e  f o l lawing  r a t i o  

c; 
=------ V(Anthony, Cl ine)  

V(Bradshaw, Sanchez) C k  

where t h e  p r i m e s  i n d i c a t e  molal concen t r a t ions .  

A s  i n d i c a t e d  above, t h e  t h e o r e t i c a l  basis f o r  Eq.  ( 3 )  w a s  d i scussed  

by Anthony and Cline.  11pJ3 I w i l l  n o t  review t h e i r  d e r i v a t i o n  except  

to n o t e  t h a t  Eq. (3 )  can b e  der ived  from E q s .  ( 4 )  and (51, 

v = JIGs 

i f  it is assumed t h a t  t h e  concen t r a t ions  of salt  in s o l u t i o n  a t  t h e  h a t  

and co ld  i n t e r f a c e s  are equa l  t o  t h e  equ i l ib r ium concen t r a t ions  a t  the 

r e s p e c t i v e  tempera tures ,  Equation ( S ) ,  i n  which J i s  t h e  flux of salt 

through t h e  b r i n e  i n  a. d i r e c t i o n  p a r a l l e l  t o  t h e  tempera ture  g r a d i e n t ,  

VTRS r e s u l t s  from material balance  c o n s i d e r a t i o n s .  

t h e  r e l a t i o n s h i p  between t h e  flux and t h e  g r a d i e n t s  of eoncen t r a t ion ,  

VC,, and of temperature ,  V T R ;  DO i s  t h e  thermal  d i f E u s l m  coefficient. 

Equation ( 5 )  states 

Table 1 l is ts  t h e  va lues  of WIG f o r  b r i n e  i n c l u s i o n s  Fn Kansas 
8 

sa l t  which were es t ima ted  f o r  t h e  temperature  range SO t o  200°C us ing  

Eq. (3). The va lues  f o r  t h e  v a r i o u s  parameters  used in making t h e s e  
estimates are a l s o  inc luded ,  and t h e i r  sou rces  are i d e n t i f i e d  i n  t h e  

f o o t n o t e s ,  N o  p r e s s u r e  effects o t h e r  t han  s a t u r a t i o n  vapor p r e s s u r e s  



Table 1. Theoretical and experimental values f o r  rates of thermal gradient-induced 
brine migration at 50 to 200°C, and values for parameters 

in Eq. ( 3 )  used in theoretical calculations' 

Values of V/G 
S 

(IO-' .inz sec-' O C - ~ >  [cm2 year-' "c-'] 
Calculated using assumed values 

for a as shown e 
_ -  1 acE 

d 0 -0.002 -0.003 -0.004 Experimentalf ("0 C p S  ("c-lj' (cmZ/sec> 
D c a T  Temperature 5 1? 

50 0 .0549  3.23 x 3 . 2  x 0.80 
10.251 

100 0.0634 3.36 x 7 . 1  x 2.12 
[ 0 . 6 7 ]  

15G 0.0732 3.55 x lob3 12 .5  x 4.93 
i1.551 

2 00 0.0536 3.75 x 1 9 . 9  x 8.80 
t2 .771 

1 . 2 8  
10.471 

3.38 
[1.06] 

7.49 
[2.36] 

13.5 
14.241 

1.53 
[ 0 . 4 9 ]  

4 . 0 1  
[1.26] 

8.77 
12.761 

15.8 
I4.971 

1.77 
10.561 

4.64 
[ 1 . 4 6 ]  

10.1 
i3.191 

18.1 
[5 .71]  

1.68 
[ 0 . 5 3 ]  

3.56 
c1.121 

7.62  
[ 2 . 4 0 ]  

16.2 
15.151 

'GQ = 1.4 G s .  

'As discussed and listed Lrt Appendix C. 

A s  discussed and listed in Appendix B. It is assumed that C = C c 
E 2'  

'Estimated using the relationship DT/n = constant. The viscosity, n, of the solutions was 
Calculations were made starting assuned to be directly proportional io the viscosity of water. 

with values for I) and f o r  n in Sac1 solutions near room temperature. 

-O.O02"C-'. 2y-23 No reported experimental or theoretical values were found either for higher 
temperatures in NaCl solutions or f o r  the PlgClp-rich solutions that occur as brine inclusions. 

"The re orted experimental value of CJ in concentrated NaCl solutions at 30 t o  53°C is about  

c 
"Values given by the relationship between V/G and T which was deduced by J e n k g 4  as a 

conservacive representation o f  the experimental vaaues of Bradshaw and Sanchez, lo 
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were considered in the calculations. Pressure and stress effects are 

discussed in Sect. 4 .  

The values calculated for V/G are compared with those determined 
S 

experimentally in Sect. 3 . 3 .  However, it is worth noting here that a 

principal factor in the increase i n  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. 

to Anthony and Cline,15716 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 final two terms in E q .  (1) will now be considered. According 

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 K C 1  at room temperature were 

reported by Cline and Anthony” for accelerational as well as thermal 

fields. The values of K and V were linearly related, at least up to 

1 x cm/sec, according to the general equation 

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

5 x 

cm-I and b = 2.0 x lo6 ergs/mole. 

found for their thermal field results at V up to ‘1.1 x 

Above %1 x cm/sec, the values of K were increasing but at less 

than the rate predicted by the linear relationship. 

values in the thermal fields extended to velocities of %L5 x cm/sec. 

cm/sec), calculations show that 13 = 1.85 x 1014 erg-sec mole-’ 

Approximately the same values are 

cm/sec. 

These experimental 
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f o r  the rate of b r i n e  vmaxy 
The maximum t h e o r e t i c a l  v e l o c i t y ,  

migra t ion  w i t h i n  a c r y s t a l  2 s  thc- v e l o c i t y  p r e v a i l i n g  when R / L  i s  mrlrh 

less that1 t h e  sum of t h e  o t h e r  q u a n t i t i e s  w i t h i n  b r a c k e t s  i n  Eq.  (1). 
[ l n  t h i s  r e p o r t ,  t h e  g r a i n  boundary term i n  K q ,  (1) i s  omit ted from t h e  

c o n s i d e r a t i o n s  o f  b r i n e  migra t ion  w i t h i n  a c r y s t a l .  3 
s t a n d i n g ,  Ey. (7 )  i s  used t o  e v a l u a t e  t h e  r a t i o  V/V and E q .  (8) gives 

another  r e l a t i o n s h i p  between K and The r a t i o  V/V : 

Wjth t h i s  ~mder - -  

max 

n1as 

and 

These equat ions  w i l l  be  used i n  subsequent; d i s c u s s i o n s  of a v a i l a b l e  

e x p e r h ~ e n t a l  in format ion  on migra t ion  of b r i n e  i n c l u s i o n s  i n  Kansas 

s a l t ,  

I t  r a n  be noted he re  t h a t  t h e  i n f l u e n c e  05 t h e  k i n e t i c  p o t e n t f a 1  

can l e a d  t o  a f l a t t e n i n g  of a migra t ing  d r o p l e t  perpendicular  t o  the 

thermal g r a d i e n t ,  This  f l a t t e n i n g  r e s u l t s  in an i n c r e a s e  i n  the r a t i o  

of G 2 / G ,  and a d e c r e a s e  i n  the v a l u e  of E. 

a f f e c t  t h e  v e l o c i t y  of t h e  d r o p l e t  a h  a given value of G . 
evidence b e a r i n g  on eFf ec ts  of t h e  k i n e t i c  potcnf. ial  wi rh  migra t ion  of 

b r i n e  i n c l u s i o n s  i n  Kansas salt i s  discussed i n  Sec t ,  3.3. 

bo th  o€ t h e s e  changes 

Experimental  
§ 

The breakup of large d r o p l e t s  i n  K C 1  i n  t h e  presence of a thermal 
16  g r a d i e n t  at room temperature  w a s  a l s o  r epor t ed  by Anthony and Cline.  

This  breakup w a s  a r e s u l t  of d i f r e r e n c r s  between t h e  thermal  g r a d i e n t s  

i n  the center and a t  the edges of a dropleL. 

to-thermal-gnadient r a t i o  less than  9.4 li, IO-' cm2/sec*'C w e r e  stable, 

whi le  those w i t h  a gseater r a t i o  were unsta3le. Experimental  evidence 

bear ing  on t h i s  effecL i n  Kansas s a l t  w i l l  be  examined i n  Sect .  3 . 3 .  

I J rop le t s  w i t h  a v e l o c i t y -  

Another force a f f e c t i n g  t h e  mot ion  of sma1. l  d r o p l e t s  occurs  a t  

g r a i n  boundaries .  A s  poin ted  out by Anthony and d r o p l e t s  on 



grain boundaries are in positions of minimum energy; therefore, the 

thermal-gradient driving force required ta propel a droplet across a 

grain boundary exceeds that for motion through the body of a crystal. 

Their theoretical expression for the effects of the grain boundary 

tension force is given by the final term in Eq. (1) (see Sect. 3.1). 

N a  direct information is available on the value for the grain 

boundary tension prevailing in bedded 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 25 The theoretically 

calculated surface energy of NaCl is a minimum ('L150 ergs/cm2) on the 

108 surfaces and a maximum (%A00 ergs/cm2) on the 110 surfaces, 

Accordingly, it is likely that the grain boundary tension in t h e  bedded 

salt w i l l  range between about  50 and 150 ergs/cm2 €or clean boundaries. 

26 

Tlie possible importance of this grain boundary term can be judged 

by comparisons between values far this term and that for the sum of the  

first two terms within brackets in E q . ( l ) .  When the sum of these three 

terns 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 salving 

€or  the product, GI1=X*L, is as follows: 

Values for the several different quantities appearing on the right side 

of Eq. (9) are known or have been estimated f o r  temperatures of interest; 

thus we can obtain estimates of the value of G - X * Z .  This term, of 

course, represents the relationship between the dimensions of  a d r o p l e t  

en 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 s ide  of Eq.  

( 9 )  at 100°C by letting [(l/C,>/@C,/aT)] = 3.5 x lCr3 'c-l (as listed 

R 
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i n  Table I), y = 150 ergs/cm2 (d iscussed  i n  a preceding paragraph) ,  and 

o = -O.O02/"C (d iscussed  earlier i n  t h i s  s e c t i o n  and a l s o  i n  S e c t .  

3 . 3 . 2 ) .  The molar volume o f  t h e  s o l i d  s a l t ,  

mole (Appendix D) .  S u b s t i t u t i n g  t h e s e  v a l u e s  i n t o  Eq. (9)  y i e l d s :  

- 
is  equal  t o  27.0 c m 3 /  

vS , 

%L5 x 

and 

Such 

When GR = 1 ° C / c m ,  t h e  v a l u e  of XL i n  Eq. (10) i s  9.5 x l o w 5  cm2 and t h e  

d r o p l e t  (assumed t o  be  c u b i c a l )  would have an edge dimension of 9.7 x 

c m .  Then, accord ing  t o  t h e  d i s c u s s i o n  and assumptions made t h u s  f a r ,  a 

c u b i c a l  d r o p l e t  w i t h  edge - < 9.7 x lop3 c m  wou1.d be t rapped on a g r a i n  

boundary u n l e s s  t h e  v a l u e  of G exceeds 1 " C / c m  (or, s i n c e  t h e  d r o p l e t  

is  c u b i c a l ,  u n l e s s  G exceeds 0.7'C/cm). The v a l u e  of G r e q u i r e d  t o  

propel  a c u b i c a l  d r o p l e t  a c r o s s  a g r a i n  boundary i s  i n v e r s e l y  propor- 

t i o n a l  t o  t h e  square  of i t s  edge dimension; i n  t h e  above example, t h e  

r e q u i r e d  v a l u e  of G wau1.d exceed 3.5"C/cm when t h e  edge dimension i s  

R 
S R 

R 
10-~ cm. 

There i s  some t h a t  d r o p l e t s  undergo a change i n  shape 

p o s s i b l y ,  s i z e  when they  rent-h a g r a i n  boundary i n  bedded s a l t .  

changes could a l ter  t h e  b r i n e  t r a p p i n g  e f f e c t s  on t h e  g r a i n  boundary. 

Also,  t h e  presence of i m p u r i t i e s  011 a g r a i n  boundary could a f f e c t  t h e  

t r a p p i n g .  R e l a t i v e l y  i n s o l u b l e  i m p u r i t i e s  could p r o h i b i t  movement 

a c r o s s  or a long  g r a i n  boundaries;  on t h e  o t h e r  hand, they  could a l s o  

cause  t h e  temperature  g r a d i e n t  a c r o s s  t h e  boimdary t o  be  g r e a t e r  than  

t h a t  w i t h i n  t h e  a d j a c e n t  c r y s t a l  and t h u s  promote movement of a d r o p l e t  

a c r o s s  t h e  boundary. 

It is  e v i d e n t  t h a t  a g r e a t  d e a l  of u n c e r t a i n t y  i s  a s s o c i a t e d  w i t h  

a t t e m p t s  t o  t h e o r e t i c a l l y  p r e d i c t  t h e  e f f e c t s  of g r a i n  boundaries  on 

b r i n e  m i g r a t i o n  i n  a waste r e p o s i t o r y  i n  bedded salt" 

conce ivable  t h a t  g r a i n  boundary t rapping  w i l l  tend t o  r e t a r d  b r i n e  

migra t ion  under t h e  c o n d i t i o n s  expected t o  p r e v a i l  w i t h  probable  repos- 

i t o r y  des igns  ( v i z . ,  G < 2"C/cm maximum,27 i m p u r i t i e s  p r e s e n t  on g r a i n  

boundaries ,  and boundaries  compressed by thermal  expansion of t h e  s a l t ) .  

It i s  a l s o  conce ivable  t h a t  t h e  e f f e c t s  of g r a i n  boundaries  w i l l  be 

However, i t  i s  

s -  
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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 rhe Carey Mine at Lyons, 

Kansas. The experiment included two 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. 

was supplied by the radioactive decay heat af the elements; the remainder 

was obtained from electrical heaters. 

as an unirradiated control, and electrical heat was supplied to each 

canister to match the total in the irradiation canisters. 

Part of the heat to a given canister 

The array in Room 4 was regarded 

Each canister was arranged in t h e  salt in such a manner that an air 

gap existed between the canister sleeve and the salt wall. 

normal operations, mine air was pulled successively through this gap and 

a condenser which was cooled t o  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 amounc 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. 

During 

Details of the complete experiment, along with the results and 

concl.usions are presented In ref. 23. However, for convenience, infor- 

mation which is avaflable,or which can be inferret1 from ref. 28, and 

has a possible bearing on brine migration considerations is assembled in 

Table 2. (It should be added that estimates of  the amounts of brine 
irflow during heater operations which could have passed undetected 

through the collection system ranged UP to S I 0  liters for each array of 

seven canisters). 

28 
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Table 2. Brine m i g r a t h n  data obtained i n  the 
P r o j e c t  S a l t  Vaul t  Experiment 

~ . . .  ... --___II- ... 

Room 

1 4 R e f  e renee 
_l_l.._l .....__I I_..-- __ ...... ....... _II- 

Diameter of ho le  i n  sal t :  c m  30 30 28 

Heated l eng th  o f  canister, c i  185 185 28 

Water content  of salt adjacenit 0. sa 0.50 28 
t o  canister p r i o r  t o  
experiment, vol. X 

Heater power, k!J/array Ranged f rom 11 initially 28 
t o  15 du r ing  f i n a l  I S 0  
days 

<2 at: 'bl.56 < 2  at %I56 2 9" Maximum temperature gradients - - 
in sa l t ,  '~/crn at temper-- 
ature,  OC 

Maximum temperature in salt, O C  200 200 28 

Volume water c o l l e c t e d  g r i m  
t l z  shutdownp literslarray 1 . 7  0.8 28 

Total water collected., l i t i x s / a r r ay  10.9 13.6 28 

Maximum g a m  dose t o  s a l t  rads 9.2 x 1.0* 0 

Maximum s t o r e d  radiation energy 1.0 0 29 
in salt, e a l / g  

....... .___ _..__ll_______l_p ..... 1_1.... ~ . _ .  

Estimated from information presented i n  r e f ,  28. a 
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The explanation2* 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. I n  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 ROONS 1 and 4 of Project Salt Vault (Table 2) produces 
a decrease in area of %1.5 cm2/"C. 

Holdoway*' conducted and reported petrofabric examinations of salt 

samples from a region adjacent to Array Hole 2 in Room 1. 

was located in a direction outward from the periphery of the array of 

waste canisters. 

observed, b u t  only a few trails crossed crystal boundaries. 

some evidence that droplets were spreading on grain boundaries. 

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. 

This region 

Evidence for brine migration within crystals was 

There was 

These 

3 . 2 . 2  Laboratory experiments of Bradshaw and Sanchez 

Bradshaw and Sanchez'' reported measurements of the rate of migratton 

vs temperature of brine inclusions within natural single crystals 

obtained from the Carey mine at Hutchinson, Kansas. The temperatures 

employed ranged up to %2SOoC. The reported results of their rate mea- 

surements are reproduced in Fig. l. The data scattered appreciably, and 

J e n k ~ ~ ~  assumed that the curve shown in Fig. 1 represents the maximum 

rates indicated by the data. The relationship between V and G along 

this curve i s  shown by Eq. ( l l f 4  (in other units): 
S 

log V/Gs = 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 

(cm2 year-' OC-'). 

can be inferred from their report'' are summarized below: 

Other relevant data that were reported by Bradshaw and Sanchez or 

1. 

2. 

3 .  

4 .  

5. 

Each of the single crystal samples employed was of the same 

size, Q2.5 c m  on a side. 

The included brine cavities measured - > 2 mm but I < 10 mm 

on an edge. 

Brine migration rates observed at temperatures > l O O ° C  

were in the order of a few millimeters over a period of 1 

or 2 days. 

year and to temperature gradients in the salt greater than 

~7 O C/cm. 

No brine migration rates were reported for temperatures 

<loooc. 

The shape of inclusions was initially cubical but changed 

to oval during migration. 

These values are equivalent to rates >50 cm/ 

N o  breakup was reported. 

3 . 2 . 3  Laboratory experiments of Shor and Baes 

Shor and Baes3O have recently reported experimental observations 

of naturally occrzrring brine inclusions within a single crystal 

of salt from the Carey mine at Lyons, Kansas. 

150 x 100 pm; the other measured 65 x 65 pm. 

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 
and 2.0 x l o w 7  cm/sec respectively. 

One inclusion measured 

With a temperature of 

cm/sec 

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 E q s .  (11) and ( 8 )  and the 

concepts discussed in Sect. 3.11 for the experimental results and 
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c o n d i t i o n s  o f  Shor and Baes g iven  i n  Sect .  3.2.3. Parameter v a l u e s  

l i s t e d  i n  columns 2, 3 ,  4 ,  and 6 of Table 1 were 11sed a long  wit.h t h e  

experimental  d a t a  i n  t h e s e  c a l c u l a t i o n s .  For  t h e  l a r g e r  and smaller 

d r o p l e t s ,  r e s p e c t i v e l y ,  v a l u e s  o f  0.25 and 0.16 w e r e  found f o r  t h e  

v/vmaX r a t i o  

Shor and Baes, u s i n g  E q *  (6) ,  and the v a l u e s  f o r  f? and b t h a t  e~press 

t h e  d a t a  €or  K C l  r e p o r t e d  by Cline and Anthony (i.ea E B = l . 8 5  x 1 0 l 4  

erg-sec mole-l em-' and 3 = 2 - 0  x IO6 ergs/mole) . 
K = 6.5 x lo7 and 4.0 x l.07 args/rnole f o r  t h e  larger  and sma1.l.e.r d r o p l e t s  

r e s p e c t i v e l y ,  are i n  v e r y  near  agreement w i t h  those  c a l c u l a t e d  from t h e  

experimental  d a t a .  

i n d i c a t e d ,  assuming t h a t  t h e  r d a t i o n s h i p  between R and Y i n  naturally 

occurr ing  NaCZ c r y s t a l s  i.s approximately t h e  same as t h a t  ~epor t :e t l  by 

C l i n e  and Anthony f o r  K C l  a t  somewhat lower values of T and V. 

and 7.2 x l o 7  and 4 + 4  x J - O ~  eargs/mole f o r  K. 

Values of K w e r e  a l s o  c a l c u l a t e d  f o r  the experimental  condi.t_ions of 

'The r e s u l t s ,  

Overall c o n s i s t e n c y  between theory  and experi.rrrent i s  

3 . 3 . 2  Data of ~ Bradshaw and Sanchez 

Values f o r  V/G a t  50, 100, 150, and 200°C which w e r e  c a l c u l a t e d  
S 

us ing  Eq .  (11) ( t h e  Jenks f i t  t o  t h e  exper imenta l  d a t a  of Bradshaw and 

Sanchez) are l i s t e d  i n  t h e  f i n a l  col.umm of Table 1, where they  can be  

compared with t h e  p r e v i o u s l y  d iscussed  t h e o r e t i c a l  v a l u e s .  In a l l  

cases, t h e  t h e o r e t i c a l  v a l u e s  t h a t  were c a l c u l a t e d  w i t h  (s 3_- 0 (Sore$ 

c o e f f i c i e n t  = 0) are lower than  t h e  r e s u l t s  obtained experimentally; 

they  range from %48% of  exper imenta l  a t  50°C t o  %65% of experimental  a t  

150°C. 

a t  least ,  of a p p r e c i a b l e  effects o f  thermal  d i f fus i -on .  

l i k e l y  t h e  case a t  5OoC stnce d a t a  a v a i l a b l e  i n  t h e  l i t e r a t u r e  

i n d i c a t e  a B v a l u e  'L-O.OO~OC-~ i n  concent ra ted  N ~ C I  s o l u t i o n s  a t  t h i s  

temperat.ure. 'There i s  no known t h e o r e t i c a l  o r  exper imenta l  information 

which would enable  r e l i a b l e  estimates oE ci t o  be made a t  highea temper- 

a t u r e s  i n  t h e  b r i n e - i n c l u s i o n  s o l u t i o n s .  However, i t  seems p l a u s i b l e  t o  

assume t h a t  they  we.re e q u a l  t o  o r  g r e a t e r  than  t h o s e  a t  50°C in t h e  

b r i n e  sol .ut ions.  

The a p p a r e n t l y  I.ow t h e o r e t i c a l  v a l u e s  might be a r e s u l t ,  i n  p a r t  

This  i s  very  
a. 1-23 



Another p o s s i b l e  exp lana t ion  f o r  the appa ren t ly  I s w  c a h ~ ~ h t e d  

v a l u e s  f o r  V / G  

i n  t h e  b r i n e s  s o l u t i o n s  a r e  too low by a s m a l l .  f a c t o r .  S t i l l  another 

conce ivable  exp lana t ion  i s  t h a t  t h e  assumed value of 1.4 fear c: t ~ a s  R s  
t o o  low, which would be  t h e  case i f  t h e  a spec t  r a t i o  of t h e  d r o p l e t s  had 

changed apprec iab ly  dur ing  migra t ion .  However, s i n c e  Bradshaw and 

Sanchez report"  on ly  a small change (from c u b i c a l  t o  oval), i t  Pa 

u n l i k e l y  t h a t  t h e  va lue  o f  G /G 

t h a t  f o r  c u b i c a l  d r o p l e t s .  

i s  t h a t  t h e  es t imated  va lues  fox t h e  d i f f u s i v i t y  of NaC1 
S 

became s i g n i f i c a n t l y  d i f f e r e n t  from R s  

The comparisons between experimental. and t h e o r e t i c a l  v a l u e s  of V/G 

i n d i c a t e  t h a t  t h e r e  w e r e  no s i g n i f i c a n t  e f f e c t s  of k i n e t i c  p o t e n t i a l  (a 
r a t e - r e t a r d i n g  p o t e n t i a l  d i scussed  earlier]  on t h e  mig ra r i an  ra tes  i n  

those  experiments  where t h e  rate v a l u e s  fell nea r  t h e  Jenks ciirve i n  

F ig .  3.. However, t h e  r e s u l t s  from t h e  d i f f e ren t -  experiments  showed 

cons ide rab le  scatter, with many of the p o i n t s  f a l l i n g  we11 below t h e  

Jenks curve.  The occurrence  of an a p p r e c i a b l e  k i n e t i c  p o t e n t i a l  seems 

t o  he  t h e  most r easonab le  exp lana t ion  f o r  t h e  d a t a  scatter and t h e  

appa ren t ly  l o w  rate va lues .  It i s  ve ry  l i k e l y  tha t  t h e  value of t h i s  

po ten t i a l .  would depend s t r o n g l y  on t h e  degree of p e r f e c t i o n  of the 

c r y s t a l  and t h a t  t h e  p e r f e c t i o n  v a r i e d  apprec i ab ly  from one experiment 

s 

EO ano the r  i n  t h e  work of Bradshaw and Sanchez. (Here, crystal 

p e r f e c t i o n  r e f e r s  t o  t h e  number and type  of d i s l o c a t i o n s ,  number and 

type of i m p u r i t i e s ,  and any prevailing stress w f t h i n  t h e  c rys ta l . )  

These p r o p e r t i e s  could va ry  from one experiment t o  ano the r ,  depmwjing 01p 

t h e  sou rce ,  handl ing ,  rate of h e a t i n g ,  s i z e  of the b r i n e  h c l u s l o n ,  and 

s i z e  of t h e  c r y s t a l .  In suppor t  of the idea t h a t  the kine t ic  gotentid. 

was of importance i n  some of t h e s e  experiments ,  it should b e  noted that- 

values f o r  t h e  r a t i o ,  V/Vmax3 of O a , 5  and 6.25 f o r  [:he smallest (O.2-cm) 

droplets a t  G 

values of 2.2  x 10" and 3 . 3  IZ 

and Tab12 11. 
Eq.  (6)  w i th  V = 11.6 x l o w 6  cm/sec ( equ iva len t  to 90 cmlyear, t h e  

lowest  value of V observed) ,  and wi th  values of B acd 'b t h e  same as 

those  used p rev ious ly  i n  S e c t .  3.3.1, w a s  2.53 %E E O 8  ergsgnaok, 

= 7"CBcm and a t  T = 1 5 O " C  can b e  accounted f o r  by K 
S 

ergs/mo~e r e s p e c t i v e l y  [ see  ~ q .  ($1 
For  comparisons t h e  value of K that  was calcerl~atcd ~ i n g  
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I n  summary, t h e  Jenks curve  probably r e p r e s e n t s  t h e  maximum v a l u e s  

of V/Gs  t h a t  are l i k e l y  t o  occur  i n  t h e  temperature  range 50 t o  200°C i n  

c r y s t a l s  of bedded s a l t  which are n o t  s u b j e c t  t o  r a d i a t i o n  o r  t o  e x t e r n a l l y  

imposed stresses d u r i n g  thermal ly  induced migra t ion .  E f f e c t s  of t h e s e  

parameters  are d iscussed  i n  Sects. 4 and 5. 

4 .  EFFECTS OF STRESS ON BRINE MIGRATION IN SALT 

4 . 1  I n t r o d u c t i o n  

Both t h e o r e t i c a l  c a l c u l a t i o n s  and experimental  r e s u l t s  show t h a t  

t h e  s o l u b i l i t y  of N a C l  i n  water i n c r e a s e s  w i t h  i n c r e a s i n g  p r e s s u r e .  

S ince  b r i n e  m i g r a t i o n  w i t h i n  sa l t  c r y s t a l s  is  a f f e c r e d  by s o l u b i l i t y  and 

s o l u b i l i t y  g r a d i e n t s  ( s e e  Sect. 3 ) ,  t h e  p o s s i b i l i t i e s  of s i g n i f i c a n t  

e f f e c t s  o f  stress ( p r e s s u r e )  and stress g r a d i e n t s  on b r i n e  migrati-on i n  

a r e p o s i t o r y  need t o  b e  considered.  I n  t h i s  s e c t i o n ,  as well as i n  

Appendixes D-F, t h e  t h e o r e t i c a l  in format ion  concerning p r e s s u r e  e f f e c t s  

on the s o l u b i l i t y  of N a C l  i s  reviewed and conceivable  r e s u l t i n g  e f f e c t s  

on b r i n e  migra t ion  i n  a bedded salt r e p o s i t o r y  a re  d iscussed .  Three 

d i f f e r e n t  cases w i t h  d i f f e r e n t  e f f e c t s  o f  p r e s s u r e  are recognized and 

d iscussed  s e p a r a t e l y .  Brief  d e s c r i p t i o n s  of t h e s e  are given i n  t h e  

paragraphs below. 

Case 1. 'The s o l u t i o n  w i t h i n  t h e  c a v i t y  and t h e  c o n t a c t i n g  sall: are 

p r e s s u r i z e d  e q u a l l y  (e.g. ,  when t h e  i n c l u s i o n  t h a t  i s  completely f i l l e d  

w i t h  s o l u t i o n  undergoes thermal  expansion t o  p r e s s u r i z e  t h e  surrounding 

s a l t ) .  

Case 2. The s o l i d  s a l t  i s  s t r e s s e d  t o  a much g r e a t e r  e x t e n t  than 

t h e  c o n t a c t i n g  s o l u t i o n .  One example o f  t h i s  case involves  a s i t u a t i o n  

i n  which an i n c l u s i o n  c o n t a i n s  a low-presstire gas  vapor bubble and t h e  

surrounding s a l t  i s  s u b j e c t e d  t o  a shear  stress.31 

suggested by S ~ y d e l l , ~ ~  Is one i n  which a n  e x t e r n a l l y  s t r e s s e d  block of 

s a l t  c o n t a i n s  atz open h o l e  f i l l e d  w i t h  s o l u t i o n .  

____...._ Case 3 .  

Another example, 

The s a l t  surrounding a completely f i l l e d  b r i n e  inc.l.usion 

i s  s u b j e c t e d  to  a stress g r a d i e n t .  I n  p rac t i ce  i n  a r e p o s i t o r y ,  t h i s  

case may n o t  d i f f e r  from Case 1. 
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4.2 Effects of Stress-Induced 
Changes in NaCl Solubility on Brine Migration 

4.2.1 Case 1: Equal pressure on solution and salt 

Considerations of the theoretical 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 Fn the 

value of CR/Cs in Eq. (1). 

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. 

Thus, the indicated percentage increase in 

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 2% at a pressure of 500 atm and temperatures from 25 to 

200OC). 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 MgCl2-NaC1 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. 



4 . 2 . 2  Case 2 :  P r e s s u r e  on s o l i d  only  
__-. _.___I 

4s descr ibed  b r i e f s -y  i n  Sect .  4 . 1 ,  t h e  Case 2 p r e s s u r e  effect  occiirs 

i n  systems where t h e  s o l i d  s a l t  i s  s t r e s s e d  ( p r e s s u r i z e d )  w h i l e  t h e  con- 

t a c t i n g  f l u i d  is  e i t h e r  unpressur ized  OK p r e s s u r i z e d  t o  a s i g n i f i c a n t l y  

lower va lue .  As shown i n  Appendix E ,  the t h e o r e t i c a l l y  c a l c u l a t e d  v a l u e  

f o r  t h e  f r a c t i o n a l  i n c r e a s e  i n  s o l u b i l i t y  of N a C l  w i t h  i n c r e a s i n g  p r e s s u r e  

i s  more than  t e n  t i m e s  t h a t  c a l c u l a t e d  f o r  the  systems i n  which t h e  

s o l u t i o n  and c o n t a c t i n g  sa l t  are p r e s s u r i z e d  eqiaal1.y (i.e., Case 1 ) .  

The e f f e c t s  o f  increased  s o l u b i l i t y  i n  t h e  Case 2 systems can be  

v i s u a l i z e d  as producing a s o l u t i o n  a d j a c e n t  t o  t h e  s t r e s s e d  s u r f a c e  

which is  s u p e r s a t u r a t e d  i n  NaCL w i t h  r e s p e c t  t o  e q u i l i b r i u m  s o l u b i l i t y  

at: the lower p r e s s u r e  p r e v a i l i n g  over t h e  s o l u t i o n .  The s u p e r s a t u r a t e d  

s o l u t i o n  n e a r  t h e  s u r f a c e  would l o s e  sa l t  by d i f f u s i o n  i n t o  t h e  body of 

[:lie s o l u t i o n  as well as by p r e c i p i t a t i o n  on t h e  n e a r e s t  u n s t r e s s e d  

s u r f a c e s .  These s u r f a c e s  could be c r y s t a l l i t e s  of NaCl farmed and 

suspended w i t h i n  t he  s o l u t i o n .  

Such Case 2 e f f e c t s  might occur with b r i n e  i n c l u s i o n s  w j t l i i n  s a l t  

c r y s t a l s  when t h e  incliusions c o n t a i n  low-pressure gas  vapor bubbles ,  and 

t h e s e  e f f e c t s  soi.il.d i n f l u e n c e  migra t ion  of che i n c l u s i o n s  when t h e r e  are 

g r a d i e n t s  i n  t h e  stresses i n  t h e  s a l t  around t h e  i n c l u s i o n s .  However, 

as s t a t e d  below, i t  appears  u n l i k e l y  t h a t  S o ~ - p r e s s u r e  gas  vapor bubbles  

w i l l  occur  w i t h i n  b r i n e  i n c l u s i o n s  which are l o c a t e d  w i t h i n  t h e  body of 

t h e  sa l t .  They might OCCIJ~:  i n  salt l o c a t e d  a t  t h e  edge of a n  HLW o r  

Sum emplacement. c a v i t y  i n  t h e  event  t h a t  a p o r t i o n  of t h e  l i q u i d  should 

escape  i n t o  t h e  c a v i t y  through txmporary f r a c t u r e s  o r  small blowouts 

which might develop when an i n c l u s i o n  approaches t h e  s u r f a c e  of the 
8,14,17 c a v i t y .  

I n s u f f i c i e n t  in format ion  i s  a v a i l a b l e  t o  permit  conf ident  predici; i .ons 

rega-rding t h e  fa tes  of t h e s e  tWQ-phase i n c l u s i o n s  a f t e r  they  are formed 

n e a r  t h e  s u r f a c e ,  However, i t  i s  known that. t h e  gas vapor phase w i l l .  
8 , 14,S.7 mve down t h e  temperature  g r a d i e n t  a s  a r e s u l t  of r e f l u x  a c t i o n .  

A t  t h e  s a m e  t i m e ,  t h e  l i q u i d  phase i s  iiioving up t h e  temperature  g r a d i e n t .  

Depending on re la t ive s i z e s  of t h e  two phases and o.t'ner f a c t o r s  (such as 

the  presence  o r  absence of perinanent gases ,  temperature  g r a d i e n t s  and 

to ta l .  s i z e  of t h e  i n c l u s i o n ) ,  e i t h e r  t h e  gas  vapor o r  l i q u i d  movement 
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may dominate and p u l l  the o t h e r  phase  a long  o r  the two phases may 

s e p a r a t e  and move i n  o p p o s i t e  d i r e c t i o n s .  I 4 * l 7  

r e c e n t l y  r epor t ed  obse rva t ions ,  

d r o p l e t  may be qu ick ly  shrunk and r e p r e s s u r i z e d  to  a v a l u e  near that on 

t h e  surrounding s a l t .  The process  of niuvement t o  a free s u r f a c e  of t h e  

salt  wi th  l o s s  of l i q u i d  and p o s s i b l e  formation of a two-phase d r o p l e t  

could then be  repea ted  u n t i l  e s s e n t i a l l y  a l l  of t h e  l i q u j d  has  been 

r e l e a s e d .  

the fates arid behavior  of brine i n c l u s i o n s  a t  free s u r f a c e s ,  e s p e c i a l l y  

heated ones, i t  seems likely t h a t  t h e  o v e r a l l  rates of mig ra t ion  of 

b r i n e  w i t h i n  a r e p o s i t o r y  w i l l  n o t  be s i g n i f i c a n t l y  a f f e c t e d  by t h i s  

behavior .  

A l s o ,  as i n d i c a t e d  by 
31 t h e  gas space  w i t h i n  a two-phase 

While i t  would b e  i n t e r e s t i n g  t o  have d e t a i l e d  informat ion  on 

As s t a t e d  i n  Sec t .  2 ,  t h e  f a c t  t h a t  samples af bedded salt c o n t a i n  

low-pressure gas vapor bubbles  which p e r s i s t  t o  tempera tures  in excess  

of those p r e v a i l i n g w i t h i n  t h e  undis turbed  sa l t  format ion  has n o t  

been s a t i s f a c t o r i l y  expla ined .  I b e l i e v e  t h a t  such bubbles  do n o t  

i n i t i a l l y  ex is t  i n  t h c  undis turbed  s a l t  b u t  are formed i n  some way, 

unspec i f i ed  a t  p r e s e n t ,  after t h e  X i t h o s t a t i c  p r e s s u r e  on t h e  salt  has 

been r e l i e v e d  or  during OF a f t e r  removal of the sample f o r  examination. 

Y e r r n a k ~ v ~ ~  maintained t h a t  gas  vapor bubbles  form w i t h i n  l a b o r a t o r y  

specimens as a r e s u l c  of leakage  of a p o r t i o n  of the included b r h e  

through t h e  w a l l s  of t h e  c r y s t a l ,  p o s s i b l y  through minute fractures, 

Addi t iona l  exper imenta l  work is needed t a  s a t i s f a c t o r i l y  e x p l a l n  t h e  

existence of such bubbles  i n  samples and t o  determine whether they  will 

occur I n  a r e p o s i t o r y ,  

Case 2 systems (not  a s s o c i a t e d  wi th  b r i n e  inclusions) might occur 

tn a salt r e p o s i t o r y  i n  p o s t u l a t e d  acc iden t  s i t u a t i o n s  i n  which xhe 

r e p o s i t o r y  i s  f looded and when t h e  pressures t h a t  develop on the 
f lood  l i q u i d  are less than  those on the s o l i d  s a l t  i n  con tac t  w i t h  the 

l i q u i d .  Addi t iona l  exper imenta l  in format ion  an. t h e  existence. nature, 
and a c t i o n  of s u r f a c e  stress w i l l  b e  needed i n  o rde r  t o  c o n f i d e n t l y  

p r e d i c t  t h e  effects of stress, i f  any, on t h e  behavior  of the f looded 

system. 



4 ,2 .3  Case 3 :  S a l t  s u b j e c t  t o  a stress g r a d i e n t  

The p r e s s u r e  e f f e c t s  i n  t h i s  case w i l l  depend on t h e  p a r t i c u l a r  

stress states t h a t  p r e v a i l  around and w i t h i n  a b r i n e  i n c l u s i o n .  A s  

impl ied  i n  t h e  i n t r o d u c t i o n  above, it seems l i k e l y  t h a t ,  f o r  most 

c o n d i t i o n s  which can be  v i s u a l i z e d  w i t h i n  t h e  s a l t  around a waste 

package, the  thermal expansion* of t h e  b r i n e  d r o p l e t  w:Lll cause  t h e  

stresses a t  t h e  b r i n e - s a l t  i n t e r f a c e s  t o  be  d i r e c t e d  from t h e  s o l u t i o n  

i n t o  t h e  sal t .  The Case 1 r e l a t i o n s h i p  would p r e v a i l  under such condi- 

t i o n s .  

In  t h e  event  t h a t  a l a r g e  stress g r a d i e n t  e x i s t s  i n  t h e  sa l t  

around an  i n c l u s i o n  and thermal expansion of t h e  b r i n e  is  n o t  p re s su r -  

i z i n g  t h e  c o n t a c t i n g  sa l t ,  the stress e f f e c t s  on s o l u b i l i t y  may p o s s i b l y  

be s imi la r  t o  those  r ep resen ted  by Case 2. ,However, :i.t s e e m s  more 

l i k e l y  t h a t  no d i f f e r e n c e s  w i l l  exis t  among t h e  stresses a f f e c t i n g  

s o l u b i l i t y  a t  t h e  d i f f e r e n t  b r i n e - s a l t  i n t e r f a c e s  w i t h i n  a d r o p l e t  

because t h e  h y d r a u l i c  p r e s s u r e  exe r t ed  by t h e  f l u i d  on t h e s e  i n t e r f a c e s  

cannot d i f f e r  from one f a c e  t o  ano the r .  

5. EFFECTS OF STORED RADIATION ENERGY I N  S A L T  ON BRINE MIGRATION 

Gamma-ray energy can be s t o r e d  i n  s a l t  sur rounding  a n  ernplaced 

waste package when t h e  tempera ture  of t h e  sa l t  i s  less than 'L150OC. 

The amount s t o r e d  can be  e q u i v a l e n t  t o  s e v e r a l  c a l o r i e s  p e r  grain a f t e r  a 

per iod  of several y e a r s  fo l lowing  emplacement of t h e  waste.35 

Thus, i t  i s  conce ivable  t h a t  t h i s  s t o r e d  energy w i l l  have some e f f e c t  on 

t h e  s o l u b i l i - t y  of t h e  salt and, i n  t u r n ,  i n f l u e n c e  che mig ra t ion  r a t e  of 

b r i n e  i n c l u s i o n s  w i t h i n  t h e  i r r a d i a t e d  salt.** 

35 

*As an i l l u s t r a t i o n  of t h e  l a r g e  e l f e c t s  of thermal expansion of t h e  
d r o p l e t ,  please n o t e  t h a t  t h e  p r e s s u r e  w i t h i n  t h e  completely f i l l e d  drop- 
l e t  i n c r e a s e s  by 1 2  t o  1 3  b a r s  per  O C  i n c r e a s e  i n  t h e  tempera ture  range  
50 t o  l O O " C ,  assuming that the sa l t  w a l l s  are r l g i d  and do n o t  undergo 
deformation. 34 

**A l a r g e  g r a d i e n t  of s t o r e d  energy could ex is t  a c r o s s  a mi-grating 
i n c l u s i o n  s i n c e  t h e  sa l t  t h a t  c r y s t a l l i z e s  on t h e  coo l  s i d e  O €  t h e  
i n c l u s i o n  would be  completely annealed with r e s p e c t  t o  s t o r e d  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 

Lle~ellyn.~’ Three assumptions were made: (1) the salt contained 0.5 

vol % brine inclusions, (2) the inclusions migrated at the maximum rates 

shown by Eq. (ll), 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 Llewellyn2’ model assumed 2.1 kW of 10-year-old waste 

contained within an 8-ft-high cylinder. The 17.7-in.-OD 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. 

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:. 

inflow rates then decreased, and the total inflow after 30 years was 12 

liters.* 

The results of the present brine inflow 

The 

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 €or more than 35 years 
following emplacement. 



room. Each o f  the waste packages had an o u t s i d e  diameter  of 17.7 i n .  

The results of t h e  estimates of b r i n e  i n f l o w ,  i n  which khr emplacemeal 

h o l e  was a g a i n  assumed t o  b e  2 f t  i n  diameter  and u n b a c k f i l l e d ,  i i idicatcd 

a cons tan t  in f low rate of 0.035 l i t e r  p e r  y m r  pel- package f o r  t h c  f i r s t  

35 years fo l lowing  emplacement,* 

7 .  SLJNYARY AND CONCLUSIONS 

The a v a i l a b l e  experimental  and t h e o r e t i c a l  in format ion  on thermal. 

gradient-induced b r h e  migra t ion  i n  bedded s a l t  w a s  reviewed and ansl:rzed 

Data p e r t i n e n t  to t h e  e f f e c t s  of stress and r a d i a t i o n  i.n the s o l i d  sa l t  

and of p r e s s u r e  o f  the c o n t a c t i n g  b r i n e  on b r i n e  migra t ion  were a l s o  

reviewed. The thermal-gradient  in format ion  w a s  then used  a s  an al.d and 

c r i t e r i o n  i n  e s t i m a t i n g  the e f f e c t s  of o t h e r  parameters  on bring. migra t ion  

i n  a r a d i o a c t i v e  ~7aste  r e p o s i t o r y .  

The thermal  gradient- induced migra t ion  of b r i n e  d r o p l e t s  through 

s o l i d  K C l  was s t u d i e d  i n  d e t a i l . ,  b o t h  exper imenta l ly  and t h e o r e t i c a l l y ,  

by Anthony and Cl ine  at: t h e  General E l e c t r i c  Corporate Research Labora- 

t o r i e s .  

t h e  s o l i d  K C l  a t  'a given temperature  i s  dependent 01-1 severa.1 f a c t o r s ,  

i .ncluding t h e  c o n c e n t r a t i o n  of sa l t  i n  b r i n e ,  t h e  Concentrat ion g r a d i e n t ,  

the d i f f u s i v i r y  of  t h e  s a l t  w i t h i n  the  l i q u i d ,  and the u n d e r s a t u r a t i o n  

and s u p e r s a t u r a t i o n  r e q u i r e d  a t  t h e  d i s s o l v i n g  and d e p o s i t i n g  i n t e r f a c e s  

r e s p e c t i v e l y .  The e f fec ts  o f  these l a t t e r  f a c t o r s  011 b r i n e  migra t ion  

are r e p r e s e n t e d  q u a n t i t a t i v e l y  i n  t e r m s  of a k i n e t i c  p o t e n t i a l ,  K ,  

which acts  as a r e t a r d a n t  t:o b r i n e  m i g r a t i o n .  The v a l u e  o f  K i s  d i r e c t l y  

p r o p o r t i o n a l  to the v e l o c i t y  of migration, and the e f f e c t  of a given K 

i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  dimension, L ,  o f  t h e  d r o p l e t  p a r a l l e l .  

t o  t h e  thermal  g rad ien t ,  

They showed t h a t  t h e  v e l o c i t y  of migra t ion  of a d r o p l e t  f:hrough 

The t h e o r e t i c a l  and experimental  (with KC1) r e s u l t s  o f  Anthony and 

Cline were used t o  c o r r e l a t e  and explain the experimental  resu l t s  r e p o r t e d  

*No temperature  c a l c u l a t i o n s  were made f o r  more than 35 years 
fo l lowing  emplacement a 
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by Shor and Baes for rates of brbe migration at 100°C in naturally 

occurring crystals of bedded sa l t  from Lyons, Kansas, and also the 

experimental results reported by Bradshaw and Sanchez f o r  rates oE 

migration of naturally occurring brine inclusions in crystals of bedded 
salt: from Hutchinson, Kansas. The latter experiments employed kemper- 

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/G (migration 

velocity per unit temperature gradient) represents the maximum V/C 

values that result from thermal gradients in the bedded salt in a 

repository. This curve has the equation 

S 

6 

l o g  V/Gs = 0.00656 T - 0.6036, 

where T is the temperature of the salt ("C) and the term V/G has the 

units (cm2 year-' " c - ' ) .  
S 

It was also concluded that the retarding kinetic potential had 

considerable importauce 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/G values. 

experiments of Shor and Baes. I ts  significance in these cases was 

The kinetic potential was a l so  found to be important in the 
S 

explained 

the brine 

gradients 

employed, 

that were 

paragraph 

in terms of  one or more of the following: the small sizes of 

inclusions which were being investigated, the high temperature 

and concomitant high migration velocities which were being 
and the relatively high degree of perfection of the crystals 

being studied. A s  indicated above, the equation in the preceding 

is believed to represent the values of V/G when there are no 
S 

appreciable effects of the retarding potential. Accordingly, trh.f.5 

equation represents the maximum expected values of V/G 

of a kinetic potential would be to reduce these values. 

and the effect 
S' 
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Considerat ion of t h e  e f f e c t s  of s t r e s s i n g  c r y s t a l s  of bedded sa l t  

on t h e  migra t ion  p r o p e r t i e s  of t h e  b r i n e  i n c l u s i o n s  w i t h i n  t h e  c r y s t a l s  

l e d  t o  t h e  conclus ion  t h a t  t h e  most l i k e l y  e f f e c t s  are a s m a l l  f r a c t i o n a l  

i n c r e a s e  i n  t h e  s o l u b i l i t y  of  t h e  sa l t  w i t h i n  t h e  l i q u i d  and a concomitant 

(and equal )  f r a c t i o n a l  i n c r e a s e  i n  t h e  ra te  of t h e  thermal  grad ien t -  

induced migrati-on of  t h e  b r i n e .  

have t h e  e f f e c t  of reducing t h e  v a l u e  of t h e  k i n e t i c  p o t e n t i a l  from t h a t  

p r e v a i l i n g  i.n t h e  absence of t h e  p r e s s u r e ,  b u t  t h i s  would have no e f f e c t  

on t h e  maximum rates p r e d i c t e d  by t h e  equat ion  shown earlier,  

The a p p l i c a t i o n  of high p r e s s u r e  could 

E s t i m a t e s  made by u s i n g  t h e o r e t i c a l  and experimental  in format ion  

re la t ive t o  p r e s s u r e  e f f e c t s  on s o l u b i l i t y  i n d i c a t e d  t h a t  t h e  f r a c t i o n a l  

i n c r e a s e  i n  t h e  s o l u b i l i t y  of N a C E  wi.th:in aqueous s o l u t i o n s  of NaCI. 

would be  i n  t h e  range of 2 t o  3% a t  a p r e s s u r e  of 1000 a t m  a t  2 5 O C ,  and 

less than  t h i s  a t  h i g h e r  tempera tures  (50, 100,  150, and 200°C) as w e l l  

as a t  lower p r e s s u r e s .  No comparable t h e o r e t i c a l  e v a l u a t i o n s  w e r e  made 

of the p r e s s u r e  e f f e c t s  on N a C l  s o l u b i l i t y  i n  t h e  MgC12-rich s o l u t i o n s  

known t o  comprise t h e  b r i n e  t h a t  i s  inc luded  i n  bedded s a l t .  Addi t iona l  

t heo re t i ca l .  c o n s i d e r a t i o n s  and c a l c u l a t i o n s  would b e  r e q u i r e d  i n  o r d e r  

t o  o b t a i n  estimates of t h e  thermodynamic p r o p e r t i e s  of t h e  s o l u t i o n s  of 

mixed e l e c t r o l y t e s  over  t h e  temperature  and p r e s s u r e  ranges o f  i n t e r e s t .  

The p r e s s u r e  e f f e c t s  would n o t  b e  expected t o  b e  s i g n i f i c a n t l y  g r e a t e r  

than  t h o s e  encountered i n  t h e  pure  N a C l  s o l u t i o n s ;  and ,  a t  t h e  extreme, 

t h e  ra te  of  migra t ion  of  t h e  d r o p l e t s  w i t h i n  c r y s t a l s  of  bedded sal t  

would probably n o t  b e  i n c r e a s e d  by more than  5 t o  10% by p r e s s u r e  e f f e c t s .  

The presence  of s t o r e d  r a d i a t i o n  energy w i t h i n  a s a l t  c r y s t a l  could 

a f f e c t  t h e  rate of b r i n e  m i g r a t i o n  w i t h i n  t h e  c r y s t a l  i f  t h e  s t o r e d  

energy causes  a n  i n c r e a s e  i n  t h e  s o l u b i l i t y  of t h e  sal t .  However, 

results obta ined  i n  P r o j e c t  S a l t  Vault  suggested t h a t  s t o r e d  r a d i a t i o n  

energy had l i t t l e ,  i f  any, e f f e c t  on t h e  ra te  of b r i n e  f low i n t o  t h e  

emplacement cavi t ies  i n  t h e  s a l t .  S ince  no d i r e c t  in format ion  is  

a v a i l a b l e  regard ing  t h e  e f f e c t s  of s t a r e d  energy on s o l u b i l i t y  of s a l t ,  

experiments should b e  undertaken t o  o b t a i n  such informat ion .  

The g r e a t e s t  u n c e r t a i n t y  a s s o c i a t e d  w i t h  t h e  p r e d i c t i o n  o f  rates of 

migra t ion  of b r i n e  i n t o  a waste ernplacement c a v i t y  i n  bedded s a l t  involves  

q u e s t i o n s  regard ing  t h e  e f f e c t s  of t h e  g r a i n  boundaries  (wi th in  t h e  
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aggrega te s  of s i n g l e  c r y s t a l s  which comprise a bedded sa l t  d e p o s i t )  on 

b r i n e  mig ra t ion  through t h e  d e p o s i t .  It i s  l i k e l y  t h a t  g r a i n  boundary 

t r app ing  w i l l  have important  r e t a r d i n g  e f f e c t s  on b r i n e  mig ra t ion  under 

t h e  cond i t ions  which are  expected t o  preva i l  w i th  probable  r e p o s i t o r y  

des igns  ( v i z . ,  G < 2'C maximum, i m p u r i t i e s  p r e s e n t  on g r a i n  boundar ies ,  

and boundaries  compressed by thermal  expansion of t h e  s a l t ) .  It is  a l s o  

conce ivable  t h a t  t h e  e f f e c t s  of g r a i n  boundaries  w i l l  be o p p o s i t e  t o  

those  suggested above under some c i rcumstances  ( e . g . ,  when sa l t  which 

has  been hea ted  is  allowed t o  c o o l ) .  Experimental  r e s u l t s  on b r i n e  

mig ra t ion  ob ta ined  i n  P r o j e c t  S a l t  Vaul t  suggested t h a t  most of t h e  

s -  

migra t ing  b r i n e  w a s ,  i n  f a c t ,  t rapped  on g r a i n  boundar ies  du r ing  hea t ing  

arid was r e l e a s e d  du r ing  c o o l i n g  when power f a i l u r e s  occurred  and a f t e r  

t h e  h e a t i n g  had been te rmina ted  a t  t h e  conclus ion  of t h e  experiments .  

O f  course ,  no comparable r a p i d  coo l ing  of t h e  sa l t  would occur  i n  a 

w a s t e  r e p o s i t o r y  i n  which t h e  waste remains emplaced. 

The r e s u l t s  of some estimates of rates and t o t a l  amounts of b r i n e  

inf low t o  HLW and SURF waste packages emplaced i n  bedded salt  w e r e  

included i n  o r d e r  t o  i l l u s t r a t e  t h e  inf low volumes t h a t  might occur  i n  

a r e p o s i t o r y ,  

a t u r e  c a l c u l a t i o n s  r epor t ed  by o t h e r s 2 7  and by assuming t h a t  (1) t h e  

salt  conta ined  0.5 v o l  % b r i n e  i n c l u s i o n s ,  (2)  t h e s e  i n c l u s i o n s  migrated 

a t  t h e  maximum rates shown by t h e  equa t ion  p resen ted  i n  a preceding  

paragraph,and ( 3 )  t h a t  g r a i n  boundar ies  had no e f f e c t  on t h e  migra t ion .  

These estimates were made by us ing  t h e  r e s u l t s  of temper-  

The results of t h e  b r i n e  inf low e s t i m a t e s  made i n  t h i s  s tudy  f o r  

10-year-old HLW emplaced a t  150 kW/acre i n d i c a t e d  inf low rates s t a r t i n g  

a t  0.7 l i t e r / y e a r  and t o t a l i n g  1 2  l i ters  a t  30 y e a r s  a f t e r  emplacement. 

(Temperature c a l c u l a t i o n s  d i d  no t  extend beyond 35 yea r s . )  The estimates 

f o r  10-year-old PWR SURF emplaced a t  60 kW/acre i n d i c a t e d  a cons t an t  

in f low r a t e  of 0.035 l i t e r l y e a r  f o r  t h e  f i r s t  35 y e a r s  a f t e r  emplacement. 

(Temperature c a l c u l a t i o n s  d i d  no t  extend beyond 35 y e a r s . )  
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8 .  APPENDIXES 
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Qpendix A: ..- Composition of Encapsula tes  Brine in Bedded S a l t  

A . 1  Kansas Bedded S a l t  

I Iolser7 r epor t ed  exper imenta l  v a l u e s  (Table A . l )  f o r  the r a t i o s  o f  

weights  of C a ,  Mg, Rr, and SO4 t o  C l  i n  t h e  b r i n e  i n c l u s i o n s  i n  sa l t  

samples taken from t h e  mine a t  Hutchinson, Kansas, and also from a core 

from t h e  Naval A i r  S t a t i o n  a t  t h e  same l o c a t i o n . *  I o n i c  concen t r a t ions  

were n o t  r epor t ed .  

by t h e  evapora t ion  of seawater and t h a t  t h e  concen t r a t ion  f a c t o r  w a s  

about 60.** 

H e  concluded t h a t  the b r i n e  i n c l u s i o n s  w e r e  formed 

a Table A . l .  Reported concen t r a t ion  r a t i o s  
i n  b r ine  i n c l u s i o n s  

b 
Weight Mole 

Rat io  b a s i s  b a s i s  

Ca/CS. 0.000 0.000 
M d C 1  0.231 0.337 

SOL+/Cl  0.034 0.012 
B r / C 1  0.015 0.0067 

a 7 W. ‘1. I lolser  . 
Derived from Holser  ’ s b 

d a t a .  

Jenks and Bopp5 r epor t ed  (see Table A . 2 )  concen t r a t ions  f o r  N a ,  Mg, 

C a ,  and B r  i n  b r i n e  c o l l e c t e d  from i n c l u s i a n s  from samples o f  s a l t  from 
t h e  Carey Mine a t  Lyons, Kansas. 

by c l eav ing  a N a C l  c r y s t a l  t o  expose a b r i n e  i n c l u s i o n ,  c o l l e c t i n g  t h e  

The samples w s r e  obta ined  i n  each case 

*These d e p o s i t s ,  which are  l o c a t e d  about  20 m i l e s  from Lyons, Kansas, 

“*Holser f u r t h e r  s t a t e d  t h a t  t h e  b r i n e  i n c l u s i o n s  are probably 

are thought t o  have s u b s t a n t i a l l y  the  same composition as those  a t  Lyons. 

unchanged samples o f  b i t t e r n s  l e f t  behind i n  Permian t i m e .  



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

Amount of ion in sample 
clg - M ( 2 5 O C )  

d 
Average of 

Element No. 1" No. 2 No. 3 No. I No. 2 No. 1 and No. 2 No. 3 b 

Na 

Mg 
Ca 

Br 

44 1 9  - 

50 2 3  31 
1.3 0.7 - 

- 1.7 

1.89 1 . 9 2  

2.03 2 . 2 1  

0.03 0.03 

1.905 

2 .12  

0.03 

- 
1 . 6  

0.03 e 
( 0 . 0 4 )  

a Sample volume = 0.00101 cm3 

bSampl.e volume = 0.000428 e m 3 .  
e Sample volume = 0.000774 em3. 

Early sample. d 

e A f t e r  adjustment for possible loss  of sample, as indicated by results for 
magnesium. 

w 
w 
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b r i n e  i n  a c a l i b r a t e d  c a p i l l a r y  v i a  c a p i l l a r y  ac t ion , and  immediately 

t r a n s f e r r i n g  t h e  sample i n t o  an R C 1  s o l u t i o n  i n  a sinall1 f l a s k .  Earlier 

samples t h a t  had bee.n allowed t o  s t and  w i t h i n  t h e  capi l lar ies  f o r  long 

pe r iods  (Q1 day) gave nonreproducib le  and i n c o n s i s t e n t  r e s u l t s .  

The d a t a  i n  Tables  A . l  and A . 2  can be used t o  estimate t h e  concen- 

t r a t i o n s  o f  each of t h e  i o n s ,  i nc lud ing  K,  which are l i s t e d  in t h e  

t a b l e s ,  i f  i t  i s  assumed t h a t  t h e  r a t i o s  i n  Table A . 1  apply t o  t he  samples 

i n  Table h.2 and t h a t  o the r  e lements  were p r e s e n t  i n  only  trace concen- 

t r a t i o n s .  The procedure i s  descr ibed  below. 

The fo l lowing  r e l a t i o n s h i p  between t h e  molar concen t r a t ions  o f  

c a t i o n s  and an ions  i n  t h e  b r i n e s  can be obta ined  f r o m  charge bdaACe 

c o n s i d e r a t i o n s :  

But, from the molar r a t i o s  I n  Table A . l ,  
2+ 

2+ 
C l -  = 2.967Mg , 
J3r- = 0.020Mg , 

0.0037Mg2-'. 

In t roducing  t h e s e  va lues  i n t o  Eq. (A.1) and r ea r r ang ing  g ives :  

Na' 1- K' + 2Ca2' = 1.061Mg2+ (molar c o n c e n t r a t i o n s ) .  

Now, s u b s t i t u t i n g  average  va lues  f o r  Mg2+ and Ca2$. From Table A . 2  ( 2 . 1 2  

and 0.03 M y  r e s p e c t i v e l y )  i n t o  Eq.  ( A . 2 )  y i e l d s :  

-I- N a  + K+ = 2.19 (molar c o n c e n t r a t i o n s ) .  (A. 3 )  

Since  t h e  average of t h e  a n a l y t i c a l  va lue  for Na' w a s  1 .91,  t h e  va lue  

f o r  K + 
Values f o r  molal concen t r a t ions  w e r e  needed f o r  u se  i n  cons ide ra t ions  

was 0.28 I M. 

of s o l u t i o n  p r o p e r t i e s  a t  e l eva ted  tempera tures .  

by us ing  t h e  v a l u e s  f o r  molar concen t r a t ions  summarized i n  Table A . 3 ,  

t oge the r  w j t h  r e s u l t s  of l i t e r a t u r e  informat ion  f o r  the molal. concen- 

t r a t i o n s  o f  N a C l  i n  NaC1-saturated MgC12  s o l u t i o n s  a t  2 5 O C  (shown i n  t h e  

These were es t imated  
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Table A . 3 .  Summary of analytical. and deduced values f o r  
concentrations in b r i n e  encapsulated i n  Kansas salt 

a Concentration in brine 
M at 25°C m 

m3 2.12 2.41 

Wa 1.. 91 2.16 

K 0.28 0.32 

Ca 0.03 0.034 

c1 6.29 7.15 

Br 0.04 0.045 

S O 4  0,078 0.089 __-- 
(z See text. 

plot in Fig. A . l )  and considerations of the probable density of the 

brine solution. Overall consistency between the various factors O C C . L I ~ K ~ ~  

when the density of  the solution was assumed to be 1.22 (near the value 

which can be estimated f o r  this ~olutionl~~ and when the effects of the 

relatively small amounts of  K, Ca, S04,  and B r  on the solubility taf Nacl 
were assumed to be negligible in comparison with the effects  of the 

larger amount of MgC12. 

but it appears to be necessary in order t o  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 salutian. 

The validity of the latter assumption i s  unknown, 

Molal concentrations that w e r e  found using tlifs r a t i o  (fee., l , 2 4 )  

are Listed in Table A.3. 

A.2 New Mexico Bedded Salt 

The brines included within the  bedded salt at other p o t e n t i a l  s i t e s  

f o r  HLW or spent f u e l  have not been analyzed directly. The composition 
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CONCENTRATION OF MgClz (E) 

Fig. A.1. Concentration of NaCl in NaC1-saturated M g C l 2  s o l u t i o l l s  
at 25°C.  
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of the WIPP Brine "A" (Table A . 4 )  reported by M01ecke~~ 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 at 25OC.  The concentrations of Na, 

Mg, and Ca given for Brine A correspond to 1.8, 1.44, and 0.015 - M at 
25OC.  These concentrations of  Na and Ca are comparable to those found 

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

smaller. 

WIPP area have been reported by Beane and Popp3' and by M ~ l e c k e , ~ ~  and 

information on brine composition can be inferred from their data. 

Results of chemical analyses of core samples of salt from near the 

39 The following is a summary of information given by Beane and Popp 

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 o r  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 % average, with maximum and 

minimum values of 0.09 and 0.01 wt %, respectively; Mg, 0.05 wt % 

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 t o  70, 200, and 

>4OO0C were 0.17, 0.18, and 0.47 wt % respectively. The three largest 

weight losses among the samples that were heated to >4OO0C 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 resul ts  reported by Beane and Popp3' 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 b r i n e s  A and R 
r epor t ed  by Molecke a 

Ion 
-I___.._ Concentration [ (mg/ l i tc r )  k 3x1 
Solu t ion  A Solu t ion  B 

$. N a  

K+ 

Mg2+ 

23- Ca 

34- Fe 

2.f S r  

3 L i  

Rb+ 

f 
CS 

CP- 

sob2- 

B (BO 3 '-) 

HCQ 3 
- 

- 
NO 3 

Br- 
- 
I 

42,000 

30,000 

35,000 

600 

2 

5 

20 

20 

1 

190,000 

3 , 500 

1,200 

700 

- 

400 

10 

115 , 000 

15  

10  

900 

2 

15 

- 

1 

1 

175,000 

3,500 

10 

1.0 

- 

400 

10 

Specif i.c gravity 1.2 1 . 2  
~ 

aData derived from ref. 38. 
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P e r t i n e n t  i n f e r e n c e s  which can be  drawn from t h e  a n a l y t i c a l  r e s u l t s  
39 summarized above and from those  p re sen ted  i n  t h e  Beane and Popp r e p o r t  

are: 

1. 

2 .  

3 .  

The samples conta ined  very l i t t l e  potassium, 0 

average. 

The magnesium coIitent of t h e  samples w a s  ve ry  

averaging  0.006 w t  % i n  t h e  s o l u b l e  p o r t i o n s ,  

b r i n e  i n c l u s i o n s  w i t h i n  t h e  crystal boundar ies  

032 wt % 

ow 2 

If  t h e  

of t h e  
sa l t  conta ined  MgC12 a t  a c o n c e n t r a t i o n  of  2 g, the 
average amount of  water w i t h i n  t h e  i n c l u s i o n s  was 

0.13 w t  %. 

A l l  of the c a l c i u m  (average,  0.62 wt X) was i n  t h e  f o r m  

of anhydr i t e .  No calcium was p r e s e n t  as  C a C l z .  

The WIPP Brine B which w a s  r epor t ed  by Molecke3* (Table A.4) w a s  

based on t h e  a n a l y s i s  of b r i n e  ob ta ined  by d i s s o l v i n g  a p o r t i o n  of AEC 

Core 8 taken  a t  a depth  of 2725 f t .  The r epor t ed  composition i s  i n  

s u b s t a n t i a l  agreement w i t h  t h a t  expected on t h e  b a s i s  of t h e  r e s u l t s  f o r  

Core 8 summarized above. 

concen t r a t ion  of SOZ, exceeded t h a t  of calcium by about  6 0 % ,  i n d i c a t i n g  

t h a t  a l l  of t h e  calcium was p r e s e n t  as CaSQ4. 

In p a r t i c u l a r ,  i t  can be  noted t h a t  t h e  molar 

A . 3  Composition of White Material an Sur faces  of Array Hole 
i n  P r o j e c t  S a l t  Vaul t  

I have reviewed my notebook (A6580) r e c o r d s  of October 3 t o  Novem- 

b e r  1, 1972, and f i n d  the fo l lowing  informat ion  r e l e v a n t  t o  t h i s  s u b j e c t :  

Scrapings  of t h e  s u r f a c e  of Hole 1 i n  PSV Room 1 a t  dep ths  of 7.5,  

9, and 10.5 f t  w e r e  t aken  by Carey S a l t  personnel  on September 24, 1972. 

These sc rap ings  were analyzed a t  OKNL f o r  Mg and Na by f lame photometry 

and f o r  o t h e r  metals by spec t rog raph ic  a n a l y s i s .  

fo l lows  : 

The r e s u l t s  were as 

W t  % of  element - 
Na - K - Ca Orher metals Depth ( f t )  % I 

7.5 8 .7  20.5 1 0.35 Each < O .  1 
9.0 7.4 25.5 1 0.56 Each <0.1  

10.5 7.4 24.5 0.07 0.39 Each cO.1 
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A portion of the 9-ft sample was analyzed f o r  SO$. The result showed 

3.11%. 

The Mg/Na ratio in each case i s  less than that measured f o r  encapsu- 

lated brine.  This suggests that some of the brine which entered the 

emplacement hole  originated in dehydration of gypsum o r  a t h e r  hydrated 

mineral. 
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Appendix B: Evaluation of the Quantity (l/CR)(aC,/aT) 
in the Temperature Range 25 to 200°C in 2.41 m MgC12 Solutions 

I 

Values f o r  the quantity (l/Ck)(aC,/aT) were needed in evaluations 

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

A s  set forth in the text (see Sect. 3.1)7 C represents the saturation 

concentration of NaCl in the encapsulated brine in moles per liter of 

brine. 

(l/C,')(aC,'/aT), where the prime sign indicates molal concentrations, 

since the concentration unit cancels out. 

R 

However, the quantity (l/CR)(aCE/aT) can also be written as 

The procedure followed was to first evaluate CRt in 2.41 - m MgC12 

solutions (see Appendix A) using literature data for the solubility of 

NaCl in MgC12 solutions of given concentrations over a range of MgC12 

concentrations from ~1 to 5 E and over a range of solution temperatures 
t o  200OC. These values of CR1 in 2.41 - m MgC12 solutions were then 

acRi 

9CR'  1 

plotted vs temperature, and the values of - were determined from the aT 
plot. 

aCRl 
are listed in , and - ~ CR' 8T The resulting values for CR1, 

Table B . l .  
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1 acRi 
C R 1  a T  Table  B . 1 .  Resul . t : s  o f  eval.uation of the quantity - _I--- 

- __ - ~ 

Concentration of acRl 1 acRI 
II- - 3T C R l  a T  

( " C )  (moles/kg H 2 0 )  [mole (kg I I20 ) - l  "C-']  (0C-l) 

NaCl i n  2 . 4 1  m S o l u t i o n  
temperature MgC12 solution, C R 1  

25 

50 

100 

150 

200 

2 .15  

2 .32  

2,76 

3.30 

4 02 

6.3 io-'  2.92 

7.5 x 3 .23  x 

9 .0  3 . 3 6  

1 2 . 7  x 3.8.5 

1 5 . 2  3 .78  
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Appendix C: Evaluation of the Quantity CR/Cs in the 
Temperature Range 25 to 200°C in 2.41 m MgClz Solutions -_ 

Values f o r  the quantity C / C  were needed in evaluations of the R s  
rates of brine migration in Kansas salt using Eq.  (1) of the text (see 

Sect. 3.1): 

As stated previously, C is the saturation concentration of NaCl in the 

encapsulated brine and C s  is the concentration of NaCl in the solid 

salt, both in the units of moles per liter. 

R 

The evaluation procedure that was followed started with the values 

for CR’ 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. 

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 

salt in solution was estimated by using a value of 24.5 cm3/rnole f o r  the 

The relationships at higher temperatures were estimated by using the 

- 
The expansion resulting from the additional 

partial molal volume of NaCl in the brine solutions. Table C.l lists 

the resulting values of C 

ations of C 

values of C 

together with pertinent data used in evalu- 

The resulting values of C were combined with the listed 
R’ 

R ’  R 
to evaluate C /c 

S R s  
at temperatures of interest. 
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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 I 

D.l Theoretical Relationship 

The differential thermodynamic equation expressing the solubility- 
32,41 ,42  

pressure relationship for this case is 

a h .  a 
v dP = ;; dP 4- R T ( x )  dm 

T,P 
S 

where 

m = molality of salt in solution, moles/kg H2O; 

P = pressure, atm; 

v = molal volume of the solid salt, cm3/mole; 
S - 
v = partial molal volume of the dissolved salt at saturation, cm3/ 

mole; 

a = activity of the dissolved salt; 

T = temperature, OK; 

K = gas constant (82.06 atm*cm3/mo1e* O K ) .  

Estimates of the effects of pressure on solubility of NaCl were 
43 

made by using the integral of Eq. ( D . 1 )  as derived by Baes and Gable: 

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. 

of the quantities (2;/3m), and (v - 5) is approximately constant at 
a given temperature. 

The more approximate form of Eq. (D.21, shown in Eq. ( D . 3 ) ,  was 

The principal assumptions were that each 

S 

used for  making 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: 
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- -+) (m2 - r n l >  AY , 
4RT Am 03-31 

P1 

The wiliaes f u r  the variable quantities that were used in making 

these estimates are described and discussed in the subsect: Loris that 

fallow 1 

- A’V Ay and Used  Pn Making y Am ’ Am 
s UT. e-S o luh i 1. i t y E f € e c t tj 

D.2 Values for vg, v, 
ICs r: i.mn t- e s a f Pr 

D . 2 . 1  Evaluation of vs at room temperatinre and 9 atrn pressure 

The evaluation of v at: toom temperature (2Fi”C) and 1 atm pres su re  
s 

Ps straightforward: 

= 26.99  cm3/mmole. 58.443 g/male 
2,165 g/cm 

The Compre8SibPlity @ o e f f i c i e n t  of solid NaCl i s  small 
4 3 , 4 4  

(4 .20  x and 4.15 x 

and v can ’ne regarded as approxinately pressure Independent, for present 

p u ~ p o s e s ~  vithamt ia t rvducing  s i g n i f k a n t  err01 i n t o  evaluations a f  

cm2/dyme at 0 and 2 kbar, respectively), 

8 

pressure-solubility effects. 

The volumetric therm1 expandon coefficient, as of solid NaCl is 
and 1.425 x l o m 4  ‘G-’ at zero pressu~e and 300 and 550’K, 1.17.5 K 

respectively. 43 

(1 .300 x low4 ‘C-’) show that the  solid salt w i l l  expand by 0.33, 0.98, 

1.43, and 2.28% on heating from 25’C to 50, 100, 150, and 2QO’C: respec- 

tively. The corresponding values of‘ v are 27.08, 27.25, 27.43, and 

27.61  cm3/mole. The values of c1 at 2 kbaor are only slightly less at the 

above temperature8 (300 and 55’K) than those  at zero pressure. 

Galculations using the average o f  these values 

B 

43 
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D.2 .2  Evaluation of 3 in saturated NaCl solutions 

At room temperature and 1 atm pressure. K l o t ~ ~ ~  gives the following 

relationship for at 25°C and 1 atm pressure: 

( D * 4 )  $ - 
v = 16.6253 + 2.6607m + 0.2388m, 

where m is the molality of the solution in question. 

25°C and 1 atm, m = 6 . 1 4 6 .  46 

At saturation at 

Then, 

I 

v = 24.69 em3/mole at 1 atm. 

At 100, 150, and 200°C and saturation pressure. H a a ~ ~ ~  reported 

calculated values of 5 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. 

solutions at 100, 150, and 200OC were 24.52, 26.23 ,  and 28.53 cm3/mole. 

These values, along with the value at 25"C, are listed in Table 10.1. 

His values for saturated 

At elevated pressures. Values of at elevated pressures can be 
48 

calculated from density data, when available, by using Eq. (D.5): 

v = - -  - M (1000 + mM) (ad/am) 
d d2 9 

where 

m = concentration of solute, moles/kg H20; 

M = molecular weight of NaC1, g/mole; 

d = density of solution at temperature and pressure under 

However, the accuracy of the available data4' was not sufficient t o  

determine whether an increase in the pressure above saturation pressure 

causes any significant change in the value of 3 from that prevailing at 
saturation pressure. 

evaluation, g/cm3. 

(D. 5) 



Table D.1. 'Values of in saturated NaCl solution at several temperatures and 
at saturation pressure, and estimated values f o r  A G l A m  at concenrrations near saturation 

NaCl concentration Value of v in satu- Value of Cvlhm (and range of 
Te~iiperature Ln saturated solution Pressure rated N a C 1  solution m used in evaluation) 
("0 (E> (atd (cm3/mole) 

25 6.146 1 24. 6ga 3.775 (6. 1 4 6 a )  

100 6.65 0.744 24.52 0.62 (6.00-6.50) 

150 7.22 3.44 24.23 2.94 (6.50-7.00) 

200 8.01 11.55 28.53' 1.66(7.50-3.00) 

a Evaluated using Eq.  ( D . 4 ) .  All valkes at other temperatures were obtained f rom 

Baas47 states that this value was calculated by extrapolation of the functions 

values calculated and reported by Baas. 47 

b 

beyond their range. 
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D.2.3 Values of AylyAm in NaCl solutions near saturation concentration 

and at saturation pressure 
I I 

Values for &/Am were obtained using y values for 5.5 and 6.0 m 
I 

NaCl solutions reported by Silvester and Pitzer4' (see Table D . 2 ) .  

Approximately the same values were assumed to prevaiJ up to saturation 

at the given temperature. 

were used have also been reported by Silvester and Pitzer. 

The values of y in saturated solutions which 
46 

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

Temperature ("C) NaCl 
concentration ___ 

Parameter (E) 25 50 100 150 200 
I 

Y 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 

nYlyAm 0.119 0.108 0.0745 0.0525 0.0311 
_I -_I__-- 

D.2.4 Values of AclAm in saturated NaCl solutions 
Values of $ A l A m  at N a C l  concentrations near saturation and at 

saturation pressure are listed in Table D . 1 .  The sources o f  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, m2/m1, of Equilibrium 
Concentrations of NaCl in Solution at Pressures P2 and P I  

The results of calculations of mJm1 using Eq. ( D . 3 )  are listed in 

Table D . 3 .  The values for the several different factors used in making 
the calculations are also included. The m2/m1 values indicate that the 

solubility changes caused by h igh  pressure on the solution and solid are 

less than q~1-.5% and less than %2.6% at 500 and 1000 atm respectively. 
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D . 4  Comparison Between lExperirnenta1 and Theoretical Values 
for mZ/ml vs P at 2 5 ' ~  

Severa l  investigators have reported measurements of the changes 3x1 

The results, as summarized by Kaaufmann,50 showed ann/rnl  equa l  

t h e  s o l u b i l i t y  of N a C l  a t  25°C resulting from overpressures at - >250 

atm. 50951 
to 1.0088, 1.0165, and 1.0305 at 250, 500, and 1000 atm respeceivelg.. 
These values are i n  near agreement w i t h  those obta ined  via theoretical 

calculations (fisted in Table D.3). This agreement lends support ta the 

validity of the calculation and es t ima t ion  methods used in the present 

s tudy.  
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Appendix E. Re la t ionsh ips  
and P res su re  i n  Systems i n  Which So l id  Is Pres su r i zed ,  Case 2 . .. .... ....._ -. 

The thermodynamic equat ion  
52 r e l a t i o n s h i p  i n  t h i s  ca se  is:  

express ing  t h e  sol-ubi l i ty-pressure 

where the symbols are def ined  as noted p rev ious ly  i n  Appendix D. 

be fo re ,  s u b s c r i p t s  1 and 2. r e f e r  t o  t h e  v a l u e s  o f  the parameters  a t  the  

lower- and h igher -pressure  cond i t ions  r e s p e c t i v e l y .  

As 

Since  v is  e s s e n t i a l l y  independent o f  p r e s s u r e ,  Eq.  ( E . l )  can b e  
S 

rewr i t ten  as Eol.lows : 

The a c t i v i t y  i n  the NaCI s o l u t i o n  i s  related t o  t he  mean ac t tv i - ty  

c o e f f i c i e n t ,  y, and the concen t r a t ion ,  rn, by Lhe equat ion  

s m y = a .  

Values f o r  t h e  r a t i o  of a c t i v i t i e s ,  a2/a1, at s e v e r a l  d i f f e r e n t  

tempera tures  and p r e s s u r e s  w e r e  c a l c u l a t e d  us ing  E q .  ( E . 2 ) , *  These 

c a l c u l a t e d  va lu@s  are l i s t e d  i n  Table E . 1 ,  a long wit-h v a l u e s  of 

y?mz /y 1ml which were cmlculared us ing  Eq . (E .  3 ) .  

These values ,  together with other in format ion  l i s t e d  i n  t h e  tab le ,  

were used t o  c a l c u l a t e  t h e  corresponding v a l u e s  for mp/ml us ing  E q .  ( E . 4 ) :  

*CorrcnsS3 r epor t ed  a p r e s s u r e - s o l u b f l i t y  r e l a t i o n s h i p  similar t o  
t h e  one shown i n  Eq.  (E .21 ,  except  t h a t  Correns'  equa t ion  i s  Sased on 
t h e  r a t i o  of concentrations r a t h e r  than on the  r a t i o  of a c t i v i t i e s .  
As Table E . l  shows, t h e r e  1.8 a l a r g e  d t f f e r e n c e  befxwera those two 
d i f f e r e n t  q u a n t i t i e s  f o r  NaCl s o l u t i o n s .  



Table E.l. Calculated values for ratio of concentrations of N a C l  in solution, mp/ml, 
when contacting salt is pressurized at P 2 ,  starting at P I  

~ ~~ ~ 

Ratio of Calculated ratio of 
Initial Molar volume 0.f activity of NaCl concentrations 

Temperature pressure m l  Y l a  AP solid salt, v/ solutions, aC in solution, U 

( " C >  (atd (am> (cm3/mole> a2/a1 Ylml ~ i A m  m 2 h 1  

25 
25 
25 

50 
50 
50 

100 
100 
100 

150 
150 
150 

200 
200 
200 

1 
1 
1 

1 
1 
1 

1 
1 
1 

3.4 
3.4 
3.4 

11.6 
11.6 
11.6 

6.146 
6.146 
6.146 

6.274 
6.274 
6.274 

6.680 
6.680 
6.680 

7.198 
7.198 
7.198 

7.973 
7 * 973 
7.973 

1.008 
1.008 
1.008 

1. 022 
1.022 
1.022 

0.915 
0.915 
0.915 

0.724 
0.724 
0.724 

0.515 
0.515 
0.515 

250 
500 
1000 

25 0 
500 
1000 

250 
500 
1000 

247 
497 
99 7 

238 
488 
988 

26.98 
26.97 
26.95 

27.07 
27.06 
27.03 

27.24 
27.34 
27.19 

27.42 
27.4: 
27.39 

27.60 
27.60 
27.57 

1.32 
1.74 
3.01 

1.29 
1.67 
2.77 

1.25 
1.55 
2.43 

1.22 
1.48 
2.20 

1.19 
1.43 
2.03 

1.15 
1.32 
1.74 

1.14 
1.29 
1.67 

1.12 
1.25 
1.56 

1.10 
1.22 
1.48 

1.09 
1.19 
1.43 

0.119 
0.119 
0.119 

0.108 
0.108 
0.108 

0.077 
0.077 
0.077 

0.053 
0,053 
0.053 

0.031 
0.031 
0.031 

1.08 
1.17 
1.37 

1.11 
1.19 
1.38 

1.08 
1.16 
1.33 

1.07 
1.15 
1.32 

1.07 
1.15 
1.32 

(I 

bReference information available in Appendix D. 

Values taken from ref. 46. 

c Values obtained from Table D.2. 



(E.4) 

and the assiined values of A are  those i i s t e d  in Table D.2. 

values are listed €or  convenience in Ti3bl.e F.1. 

These Y lam 

Equation ( E . 4 )  was cleri~ed by making use  of the i d e n t i t i e s  shown in 

E q s .  (E.6)  and ( E . 7 ) :  

Y 2 h 1  = 1 + LY Y1 

and 

(E .6)  

(E. 79 

As can be seen in Table E .1 ,  the va lues  for t h e  concentration 

ra t ios  are inucli greater than those  calculated p-fevfously in kppendlx B 

for systems i n  which the solution and s o l i d  are pressur ized  equa l ly .  An 

unpressurized solution at concentration fin:!, would obviously be uns tab le  

w i t h  respect ‘CO an unpressurizea s o l i d  salt: surface. Precipitation 

would probably occur r a p i d l y  on such a surface; however, as discussed 

previausly (Sect. 4.2 I 2) t h i s  dissol.ution on a stressed surf ace and 

subsequent p r e c i p i t a t i o n  mPght affect brine moveuneizt fn  a s a l t  repository 

in the unlikely s i t u a t i o n  w h e r e  a Case 2 system i s  prrsum~d to be 

present .. 
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Appendix P: Derivatip_n of Relationship for Effects of 
Pressure on the Solubility of NaCl 

C. F, Baes, $r., and R. W. Gable* 

The condition for equilibrium I s :  

dGs = dE, 

where G 

partial molal free energy of NaCl in the solution. 

is the molar free energy o f  crystall3ine NaCl and E is the 
S 

A t  constant temperature, one can write 

since G 

pressure and the molality (m) of NaCl in the solution. 

depends only on the pressure (PI, while 5 depends on both the 
S 

The relationship of G to m is given by the following equation: 

E = E" + ~ R T  lin (my), (F. 3)  

where Ea is the free energy of NaCl in the standard state (a hypothetical 

ideal L molal solution) at the same temperature and pressure and y 

is the mean activity coefficient. Were Eo depends only on P, while y 

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

(s) ai? = 2RT 

P 

and 

aRn y - -  
= v = va 4- 2RT( yp -) 

m m 

*Assa d a t e  
North Carolina; 

Professor of Chemistry, Davidson College, Davidson, 
presently a visiting member of the ORNL Chemistry Division. 
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where 

and in the standard state. Also, 

and Go are partial molal volumes of NaCl in the real solution 

S 
dG 
- .._ - v  dP S' 

where v is the molar volume of crystalline NaC1. 
S 

Substitution of E q s .  (F.4)-(P.6) i n t o  E q .  (F.2) yields 

which may be rearranged to give 

aRn y v - v  

d Rn m =( S 2RT )dP -( am ) dm. 
P 

aRn y While the derivative ( am ) can be evaluated at P _= 1 atm below 100°C 
P 

and near the. saturation pressure of water above 100°C, an expression i s  

needed for estimating this quantity at higher pressures. Since y, like 

E ,  depends on only P and m, it is possible to make m e  of the cross- 

differentiation condition: 

- -  
v - vo 

m 

and, since the partial molal volume in the the s tandard  state does not 

depend on rn, the combination s f  E q s .  (F.8) and (F.9) gives 

(F. 10) 
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Integrating, 

Here, P I  is the reference pressure at which (w) is known. Equation 

(F.ll) is the desired expression for (%) in terms of P and v. P 

P 
Combining Eqs. (F.7) and (F.ll) gives 

(F .11) 

Introducing the approximation that (j-) a; is a constant, - dv 

P 
dm ' 

- 
d Rn m =rs2kTv ) dP - (F) dm - ~ R T  (") dm (P - P I )  dm. 

P1 

Integrating, 

The integral P dm can be estimated satisfactorily by making 

ml 
the approximation that m varies linearly with P ober the small range 

of m involved. Then, 

(F. 13) 

(F. 14) 
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Substitution o f  Eq. (F.15) into Eq. (F.14) y i e l d s  

- 
Neglecting any change of v - v w i t h  P ,  one obta ins :  

s 

With (va - v ) ,  ( a h  y/afn), and (dv/drn) known at 'I? and the reference 

pressure, P I ,  this equation can be solved by i t e r a t i o n  for m at another 

pressure P. 



59 

9. REFERENCES 

1. W. A. Schnefder, H. Hughes, and E. C. Robertson, Thermal Conductivity 
to 300°C of Natural Salt, U.S. Geological Survey Technical Letter 
(April 1962). 

2. K. A, Holdoway, Petrofabric Changes in Heated and Irradiated S a l t  
from Project Salt Vault, Lyons, Kansas, ORNL/Sub-3484/4 (June 1972). 

3. K. A. Holdoway, "Behavior of Fluid Inclusions in Salt During Heating 
and Irradiation," pp. 303-12 in Fourth Symposium on Salt, Vol. 1, 
Northern Ohio Geol. SOC., Inc., Cleveland, Ohio (1974). 

4,  R. 61. Dreyer, R. N. Garrels, and A .  I,. Howland, "Liquid Inclusions 
in Halite as a Guide to Geologic Thermometry," Am, Mineral. 
- 54, 26 (1949) a 

5. G, H. Jenks and C. D. Bopp, "Composition of Encapsulated Brine in 
Salt," pp. 216-18 in Radioactive Waste Repository Project Annual 
Progress Report €or Period Ending September 30, 1972, - ORNL-4824 
(December 1972). 

6. D. W. Powers, S .  J. Lambert, S. E .  Shaffer, and L. R. Hill (Eds.), 
Draft Site Characterization Report for the Waste Isolation Pilot 
Plant (WIPP) Southeastern N e w  Mexico, SAND78-1596, V o l .  I1 (August 
19781, pp. 7-56 and Table 7.14. 

7. W. T. Holser, "Chemf.stry of Brine Inclusions in Permian Salt from 
Hutchlnson, Kansas," pp. 86-95 in Symposium on S a l t ,  Northern Ohio 
Geol. SOC., Inc., Cleveland, Ohio (1963).  

8.  W. R. Wilcox, Removal of Liquid Inclusions from Solution-Grown 
Crystals, Aerospace Report No. TR-1001 (9230-03)-5 (April 1967). 

9 .  W. R, Wilcox, "Removing Inclusions from Crystals by Gradient Tech- 
niques," Ind. Eng. Chem. - 60, 13-23 (1968). 

LO. R. L. Bradshaw and F .  Sanchez, "Brine Migration Studies," p .  32 in 
Health Phys. Div. Annu. Prog. Rep. July 31, 1968, O m - 4 3 1 6  (October 
1968). 

LZ. T. R. Anthony and H. E. Cline, "Thermal Migration of Liquid Droplets 
Through Solids," 3 .  Appl. Phys. - 42, 3380 (1971). 

12. B. E. Cline and T. R. Anthony, "Vaporization of Liquid Inelasioers in 
Solids," Phil. Mag. L 24, 1483 (1971). 

13.  H. E. Cline and T. R. Anthony, "The Thermornigration sf Liquid Droplets 
Through Grain Boundaries in Solids," Acta Metall. I 19, 491 (3971). 

14. T. R. Anthony and H. E. Cline, "The Thennomigration of Biphase 
Vapor-Liquid Droplets i n  Solids," Acta Metall. I 20, 247 (1972) e 



60 

15.  

16. 

1 9 .  

1 8  

19. 

20. 

21 

22. 

2 3 .  

24 a 

25 a 

26. 

27 e 

28, 

29"  

H. E. Cl ine  and T. R. Anthony, "Ef fec t s  of t h e  Magnitude and 
Crys t a l log raph ic  Di rec t ion  of a Thermal Gradient  on Droplet  
Migrat ion i n  S o l i d s , "  J .  Appl. Phys. 43, 10 (1972). - 
T. R. Anthony and H. E. Cl ine ,  "The S t a b i l i t y  of Migrat ing Drople ts  
i n  S o l i d s , "  Acta Metall. 2 l ,  1 1 7  (1973).  - 

W. R. Wilcox, "Anomalous Gas-Liquid Inc lus ion  Movement, I' Lnd. 
Eng. Chem. 61, 76-77 (1969). 

Kuo-Hung Chen and W. R. Wilcox, "Boil ing and Convection During 
Movement of Solvent  I n c l u s i o n s  i n  C r y s t a l s ,  " Lnd. Eng . Chem. 
11, 563-65 (1972). 

E. C.  S toner ,  "The Demagnetizing F a c t o r s  ~ O K  E l l i p s o i d s , "  P h i l .  
Mag. 36, 816 (1945). 

W. A. T i l l e r ,  "Migration of a L iqu id  Zone Through a S o l i d :  
J. Appl. Phys. - 3 4 ,  2759 (1963). 

P a r t  I ," 

C. C .  Tanner, "The Sore t  E f f e c t , "  Trans.  Faraday Soc. - 23, 75 
(1927). 

L. G. Longsworth, "The Temperature Dependence of t h e  Sore t  Coef f i c i en t  
of Aqueous Potassium Chlor ide ,"  J. Phys. Chem, - 69, 1559 (1959). 

H. J.  B. T y r r e l l ,  "Thermal-DiEfuslon Phenomena i n  E l e c t r o l y t e s  and 
t h e  Constants  Involved," i n  Elec t rochemica l  Constants ,  Nat iona l  
Bureau of S tandards  C i r c u l a r  5 2 4 ,  U.S. Department of Commerce 
(1953). 

G. H. Jenks ,  ____ R a d i a s i s  and Hydrolys is  i n  Salt-Mine-Brines, OWL-Tld- 
3717 (March 1972) .  

N.  A .  G j o s t e i n  and F. N. Rhines, "Absolute I n t e r f a c i a l  Energies  
of [OOl] T i l t  and Twist Grain Boundaries i n  Copper," Acta Metall. 
- 9, 319 (1959). 

F. S e i t z ,  ~ - - _ _ I  The Modern Theory of Sol-ids,  pp. 96-98, McGraw-Wi l l ,  
New York, 1940. 

Waste, ORNL/ENG/TM-7 (Apr i l  1978) .  

R. L .  Bradshaw and W. C .  McClain (Eds . ) ,  Project S a l t  Vaul t :  A 
Demonstration of t h e  Disposa l  of High Activ-LtT ~ Wastes i~?-.-$~kr- 
ground S a l t  Mines, ORNL-4555 (Apr i l  1971).  

G. 8. .Jerks and C. I). Bopp, Storage  and Release of Radia t ion  Ener 
~ _ I _  i n  S a l t  i n  Radioac t ive  Waste R e p o s i t o r i e s ,  ORNZ-TM-4449 (January g-74). 



61 

30. A. J. Shor and C. F. Baes, Jr., Letter to G .  H. Jenks, "Geological 
Disposal Technology Program Progress Report for October 1978," 
dated Nov. 1, 1978. 

31. D. W. Powers, S. J. Lambert, S. E. Shaffer, and L.  R. Hill (Eds.)  
Draft Site Characterization Report for the Waste Isolation Pilot Plant 
(WIPP) Southeastern New Mexico, SAND78-1596, V o l .  TI (August 1978), 
pp. 7-64 and Plate 7.40. 

32. H. C. Boydell, "A Discussion on Metasomatism and the Linear 
Force of Growing Crystals," Econ. Geol. I 21, 1-55 (1926). 

3 3 .  N. P. Yermakov, "Research on the Nature of Mineral-Forming Solutions," 
ed. by E. Roedder (transl, by V. P. Sokoloff), International Series 
of Monographs in Earth Sciences, Vol. 22, Chaps. 3, 6 ,  Pergamon, 
New York, 1965. 

3 4 .  R. W. Potter 11, "Pressure Corrections for Fluid-Inclusion 
Homogenization Temperatures Based on the Volumetric Properties of 
the System NaCl-H20," J. Res. U.S. Geog. Surv. - 5, 603-7 (1977). 

35.  G. H. Jenks and C. D. Bopp, Storage and Release of Radiation Energy 
in Salt, ORNL-5058 (October 1977). 

3 6 .  J. L. Haas, Jr., and K. W. Potter 11, "The Measurement and Evaluation 
of PVTX Properties of Geothermal Brines and the Derived Thermodynamic 
Properties," pp. 604-13 in Proceedings of the Seventh Symposium on 
Thermophysical Properties, ed. by Ared Cezairliyan, American Society 
of Mechanical Engineers, 1977. 

37,  W. F. Linke, Solubilities, Inorganic and Metal-Organic Compou9, 
Vol. 2, 4th ed. (A Revision and Continuation of the Compilation 
Originated by A. Seidell), p. 489, American Chemical Society, 
Washington, D.C., 1965. 

38. M. A, Molecke, Letter to Distribution, "Revised Representative 
Brines/Solutians f o r  WIP€' Experimentation," dated Oct. 8 ,  1976.  
[According to Molecke, these analyses are quoted by R. G. Dosch 
and A. W. Lynch, Interactions of Radionuclides with Geomedia 
Associated with the Waste Isolation Pilot Plant Site, SAND78-02-97 
(June 1978). M. A. Molecke, private communication to G. 8. Jenks, 
Nov. 15, 1978.1 

39. R. E. Beane and C. J. POPP, Chemical, 

40. R. W. Potter 11 and a.  L. Brown, The Volumetric Properties I of Aqueous 
Sodium Chloride Solutions from 0" to 500°C at Pressures up to 2000 
bars Based on a Regression of Available Data in the Literature, 
Geological Survey Bulletin 14214 (1977). 



44 D 

45 c 

46 a 

47 P 

48 

49  1 

50. 

51. ? 

52 

53. 

i. M. KEo"cl;, _. Chemical _.. Thermoclynamics, - pp. 253-54, Prentice-Hall, 
NEW York, 1953. 

C.  F. Hoes Jr., nud R. W. Gable, ORNL Chemistry Division, private 
conmanication (Novenhsr 2.978) ; see Appendix P. 

D.  W. Kaufmaim, Sodi.um Chloride, p .  591, Ltcitnhold, New York, 
1960, 

1 I$. Klo te  Chemical Therwodynanxics p. 195 , Prent ice-Hal l  
New Ynrk, 1955. 

L. P. Silves~er and K. S. Pftzer, "Them~odynam$cs of E l e c t r t r l . y t s s .  
8. High-Temperature Properties, Cncluding Enthalpy and H e a t  
Capacity, ~ d t h  Application t o  Sodium Chloride, l1 J.  Phys. Cheni. _._. 8 1  , 
1822- 28 ( 1 3 7 7 ) .  

5 .  L. Haas, Jr., ThChj-rnodymmic ._ E s p e r c i e s  of the  Coexiatin 
Pha 8 es and The rmomechan i @a1 Prop er t 1 es 8 f "'&e Wa C P C o m ~ o  .. . kit?% 

~~ in Roiling NaCl .  ..._....... Solutions ~ 
9 Geological Siarvey Bulletin 1423.-8 (1376).  

1. M. Klo tz ,  --. Chemical Themodynambes-, pp.  202-3, Prentice-Hall, 
New York, 1950. 

L. F .  Silvester-  arid K', S. P f t z e r ?  Thernody-namies oE Geothermal 
Brines, 1, Thermodynamic Tropertles of Vapor-Saturated .._ ..-- _____ N a C l ( a q )  
So lu t ions  .. .- .. . . ._ from O--POO°C,  LBI,-4656 (January 1976) e 

D. W. Kaufmann, S o d i m  Chloride, p .  617, Weinhold, New York, 1960. 

G .  F. Becke-r and ,A. I,. B a y ,  "Note on the Linear Force of Growing 
C r y s t a l s , "  J. Geo1. I 2 4 ,  313-33 (1915). 

C e P. Bags, Jr . , O R & L  Chemistry- Division, private communication 
(November 1978). 



ORNL-5 5 2 6 
D i s t .  Category UC-70 

INTERNAL DISTRIBUTION 

1. 
2. 
3 .  
4 .  
5. 
6 .  
7. 
8. 
9. 

20 e 

11-40 I 

41. 
42. 
43. 
44. 

45-64 * 
65 a 

66. 
67. 
6 8 .  
69 e 

70 
71-74.  

75. 
76-77. 

78. 
79 I 

C. F. Baes, Jr. 
R. E, BPanco 
S .  0. Blomeke 
G. D. Brunton 
W. D.  Burch 
H. @. Claiborne 
L. R. Dole 
R. B. F i t t s  
R. W. Gable 
R. W. Glass 
G .  H. Jenks 
R. K. Kibbe 
K. A. #ram ( c o n s u l t a n t )  
T. F. Lomenick 
A. I,. Lot t s  
W. C. McClain 
J. 6. Maore 
E. Newman 
K. J. Notz 
B. A. PEvderer 
A. S .  Quist 
A .  J .  Shor 
Labora tory  Records 
Laboratory Records,  R. C .  
C e n t r a l  Research L i b r a r y  
ORNL - Y-12  Technica l  L i b r  
OWL Pa ten t  Sec t ion  

ry Document Reference Sec 

EXTEKNAL DISTRIBUTION 

Argonne Nat iona l  Laboratory,  9700 South Cass Avenue, Argonne, 
80. A .  M. Friedman 
81. L. J. J a r d i n e  

ion  

TL 60439 

Associated U n i v e r s i t i e s ,  Tnc., Brookhaven Na t iona l  Laboratory,  Upton, 
M I  11973 

82. P.  W. Levy 

Atomic Energy of Canada Limited,  Whi teshe l l  Nuclear Research Es tab l i sh -  
ment, Pinawa, Manitoba, ROE 1LO CANADA 

83. P. Sargent  
84. H. Y. Tanmemagi 



64 

Rattel le  Memorial. I n s t i t u t e ,  O f f i c e  o f  Nuclear Waste I s o l a t i o n ,  505 King 
Avenue, Columbus, 011 43201 

85-89. N. E. Cartes 
90. W. A. Carbiener  
91. 9. 0. Duguid 
92. J. F. Kircher 
93. D.  P.  Moak 
94. G. E. Raines 
95. R. A .  Kobinson 

Batfelle Pacific N o r t h w e s t  Labora to r i e s ,  P.O. Box 999, Richland, WA 99352 
96. J. E. Mendel 
9 7 .  R. J. Scrne 
98. A. M. P l a t t  

Clark Unive r s i ty ,  Department of Government and Geography, Woschester, MA 
01610 

99. R. Kasperson 

CNEN-CSN CASACCLA, Labora tor io  R a f i t u i  R a d i o a t t i v i ,  e . p .  2400, 0010 Rome, 
ITALY 

100" w. Bocola 

Cornell Unive r s i ty ,  Department of Phys ics ,  Ithaca, hY 14835 
101.. R. 0 .  Pohl  

CSIRO, Divisi.nn of Environmental S t u d i e s ,  P.O. Box 821., Canberra C i ty ,  
AUSTRALIA 

102. J. R. P h i l i p  

Elkraft, Power Company Ltd . ,  P a r a l l e l v e j  18, OK-2800, Lyngby, DENMARK 
1-03. F. Hasted 

Florida S t a t e  Utiive-ssity, Department of  Oceanography, Tallahassee, FT, 
32306 

104 J. W. Winchester 

Geological Soc ie ty  of America, Inc., 3300 Penrose Place, Boulder, CO 
80301 

105. J. C. Frye 

Geologica l  Survey of Canada, Regional & Economic Geology Division, 601 
Booth Street, O t t a w a ,  K I A  QE8 CANADA 

106. R .  Sanford 

I n s t i t u t  fiir Tief lagerung,  Wissenseha f t l i che  Abteilung , 3392 Claus tha l -  
Zellerf eld , WEST GER??UNY 

107. K. Kiihn 
108. F. Oester1.e 



65 

Law Engineering Testing Company, 2749 Delk Road, S.E. Marietta, GA 30069 
109. J. G. LaBastie 

Louisiana State University, Institute for Environmental Studies, P.O. 
Drawer J.D., Baton Rouge, LA 70803 

110. J. D. Martinez 

National Research Council, Committee on Radioactive Waste Manage- 
ment JH826, 2101 Constitution Avenue, Washington, DC 20418 

111. J. T. Holloway 

Netherlands Energy Research Foundation, Technical Services Department, 
Westernduinweg 3 ,  Petten, NETHERLANDS 

112. J. Hamstra 

New York University Medical Center, Department of Environmental Medicine, 
New York, NY 10016 

113. M. Eisenbud 

Nuclear Regulatory Commission, Washington, DC 20555 
114. D. M. Roher 

Oak Ridge Associated Universities, Institute for Energy Analysis, Oak 
Ridge, TN 37830 

115. A. M. Weinberg 

OECD-Nuclear Energy Agency, 38 boulevard Suchet, Paris, FRANCE 
116. F. Gera 

Ohio State University, Department of Metallurgical Engineering, 
Columbus, OH 43210 

117. R. W. Staehle 

Pennsylvania State University, Department of Hydrogeology, University 
Park, PA 16802 

118. R. R. Parizek 

Pennsylvania State University, Materials Research Laboratory, University 
Park, PA 16802 

119. J. V. Biggers 
120. D. M. Roy 

PPG Industries, Inc., Glass Research Center, Box 11472, Pittsburgh, 
PA 11472 

121. F. M. Ernsberger 

RE/SPEC Inc., P.O. Box 725, Rapid City, SD 57701 
122. P. F. Gnirk 
123. W. B. Krause 



66 

Sandia Labora tor ies ,  Y.0.  Box 5800, Albuquerque, NM 875.85 
124- F. A .  Donatlo, o_ 5413 
125. L. R. 35.11 - 4511 
126. K. C. Lincoln - 5444 

128. A .  R. Satltler - 1141 
129. H. C.  Sche fe lb inc  - 4541 

127. 14. A. Molecke - 1141 

130. W. D. Weart - 1140 

233 V i r g i n i a ,  Ponea Citiy, OK 74601 
131. D. A, Shoek 

Stanford Univers i ty ,  Department of Geology, Stanford, CA 94305 
132. K. 13. Krauskopf 

Univers i ty  of  Arizona, Department of Hydrology and Water Resotarees 
Tucson, AZ 85721 

1.33. S .  N. Davis 

Un ive r s i ty  of C a l i f o r n i a ,  Berkeley, C a l i f o r n i a  94720 
1.34. Dr. Olander 

IJniversity of C a l i f o r n i a ,  Department of Nuclear Lngineerjng, Berkeley, 
CA 94728 

135. T. H. P i g t o r d  

Un ive r s i ty  of C a l i f o r n i a ,  Lawrence Livermore Laboratory,  P.O. BOX 8, 
Mail Stop L-90, Livermore, CA 94550 

136. B.  Davls 

Unive r s i ty  of C a l i f o r n i a ,  Lawrence  h,ivernmre Laboratory, I,ivelcmore, 
CA 94550 

137 .  H. C.  Heard 

UniVeKsity of C a l i f o r n i a ,  Los. Alamas Sc ien t i f i c .  Taboratory,  3.0. BOX 
1663, Los Alamos, NPl 87545 

138. G .  a. Cowan 

Unive r s i ty  o f  Flsr i .da,  ~ e p a r t m e n t  of  Nuclear Engineerlng, G a i n s v i l l e ,  
FL 32611. 

139. J. A. Yethington 

Unive r s i ty  of New Me-xico Department of Ga?l.ogy, Albuquerque, NM 871.31 
140. D, G .  Braokins 

Unive r s i ty  of P i t t s b u r g h ,  Department o f  Physics  and Astronomy, P i t t s b u r g h ,  
PA 15260 

146. B ,  L. Cohcn 



67 

Unive r s i ty  of Texas, Act ing Director, Marine Sc ience  I n s t i t u t i o n ,  
P.O. Box 799, Un ive r s i ty  S t a t i o n ,  Aus t in ,  TX 78712 

142. P. T. Plawn 

Unive r s i ty  o f  Texas a t  Aus t in ,  Col lege of Engineer ing,  Aus t in ,  'TX 78712 
143. E.  F. GSoyna 

U.S. Department of Energy, Oak Ridge Opera t ions ,  Radioac t ive  Waste 
Management Div i s ion ,  Oak Ridge, TN 37830 

144. D. E. Large 

U.S. Department of Energy, Oak Ridge Opera t ions ,  Energy Research and 
Development Div i s ion ,  Oak Ridge, TN 37830 

155. Off ice  of A s s i s t a n t  Manager 

U.S. Geologica l  Survey, 12201 S u n r i s e  Valley Drive, Reston, VA 22092 
146. 6. D. DeBuchananne 
147. E. W. Roedder 
148. D. B. S t e w a r t  

U.S. Geologica l  Survey, Experimental  GChem & Mineralogy, 345 Middle- 
field Road, MS 18, Menla Park,  CA 94025 

149. B. W. P o t t e r ,  I1 

Vanderbilt Unive r s i ty ,  Department of Environmental Engineer ing,  
Nashv i l l e ,  TN 37235 

150. F. L. Parker  

151-483. Given d i s t r i b u t i o n  a s  shown i n  TIP-4500 under Nuclear Waste 
Management Category 

%.S. GOVERNMENT PRINTING OFF ICE : 1979-640-079-1 03 


