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ABSTRACT 

The S e d i m e n t a r y Rock P r o g r a m at t h e Oak Ridge National L a b o r a t o r y is 
i n v e s t i g a t i n g sha l e to d e t e r m i n e i t s po t en t i a l s u i t a b i l i t y a s a h o s t 
rock f o r t h e d i s p o s a l of h i g h - l e v e l r a d i o a c t i v e w a s t e s (HLW). In 
s u p p o r t of t h i s p r o g r a m , p r e l i m i n a r y s t u d i e s w e r e c a r r i e d o u t on 
s o r p t i o n of ces ium, s t r o n t i u m , t e c h n e t i u m , n e p t u n i u m , a n d u r a n i u m o n t o 
Cha t t anooga ( U p p e r Dowelltown), P i e r r e , Green River Format ion , 
Nol ichucky, a n d P u m p k i n Vallev Sha l e s u n d e r oxic cond i t i ons (air 
p r e s e n t ) . T h r e e s imula ted g r o u n d w a t e r s w e r e u s e d . One of t h e 
g r o u n d w a t e r s was a s y n t h e t i c b r i n e made u p to s imula te h i g h l y sa l ine 
g r o u n d w a t e r s in t h e P u m p k i n Valley Shale . The s econd w a s a 100/1 
d i lu t ion of t h i s g r o u n d w a t e r a n d t h e t h i r d was 0.03 M NaHC03. Modera te 
to s i g n i f i c a n t s o r p t i o n was o b s e r v e d u n d e r most c o n d i t i o n s f o r all of 
t h e t e s t e d r a d i o n u c l i d e s excep t t e c h n e t i u m . Modera t e t e c h n e t i u m 
s o r p t i o n o c c u r r e d on U p p e r Dowelltown Shale , a n d a l t h o u g h t e c h n e t i u m 
s o r p t i o n was low on t h e o t h e r sha le s , i t was h i g h e r t h a n expec t ed f o r 
Tc(VII), p r e s e n t a s t h e an ion TcO«-. Li t t le s o r p t i o n of s t r o n t i u m on to 
t h e s h a l e s was o b s e r v e d f r o m t h e c o n c e n t r a t e d sa l ine g r o u n d w a t e r . 
These d a t a can be u s e d in a g e n e r i c f a s h i o n to he lp a s s e s s t h e s o r p t i o n 
c h a r a c t e r i s t i c s of s h a l e s in s u p p o r t of a na t iona l s u r v e y . 
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1. INTRODUCTION 

The Sed imen ta ry Rock P rog ram (SERP) a t t h e Oak Ridge National 
Labora to ry (ORNL) is i n v e s t i g a t i n g t h e u s e of s e d i m e n t a r y r o c k s (o ther 
t h a n sal t) a s p a r t of a na t iona l e f f o r t to b r o a d e n t h e r a n g e of choices 
of hydro log ic e n v i r o n m e n t s and rock t y p e s ava i lab le to t h e U. S. 
Depar tment of E n e r g y (DOE) a s a po ten t ia l s econd h o s t medium f o r a h i g h -
level waste r e p o s i t o r y . Recent geochemical i n v e s t i g a t i o n s a t ORNL have 
focused on sha les a s poss ib le hos t r o c k s f o r t h e d i sposa l of h igh - l eve l 
r ad ioac t ive w a s t e s (HLW). 

Sha les a r e among t h e most common and w i d e s p r e a d rock t y p e s in t h e 
United S t a t e s (Gonzales a n d J o h n s o n , 1984). Thick d e p o s i t s of sha le can 
be found in almost e v e r y s t a t e of t h e United S t a t e s , a n d t h e s e d e p o s i t s 
encompass a wide r a n g e of geologic t imes, front t h e P recambr i an , (0.6 -
3.0) x 109 y e a r s B.P. ( b e f o r e t h e p r e s e n t ) to t h e Miocene Epoch of t h e 
Cenozoic Era , (1.3 - 2.5) x 10* y e a r s B.P. Clast ic s e d i m e n t a r y r o c k s , 
e v e n those as f i n e - g r a i n e d a s sha les , may exh ib i t a g r e a t d i v e r s i t y in 
chemical composi t ion. For example, on t h e small scale of a h a n d 
specimen of shale f rom t h e Green River Format ion (Garfield County , 
Colorado), local f l u c t u a t i o n s in composit ion a r e v i s ib le a s laminae 
r e s u l t i n g f rom v a r i a t i o n s in t h e r a t e of s ed imen ta t ion a s the rock was 
fo rmed (Longwell e t al . , 1969). T h u s , it was expec t ed t h a t t h e v a r i o u s 
s h a l e s to be i n v e s t i g a t e d in t h e SERP would show a n u m b e r of i n t e r e s t i n g 
geochemical d i f f e r e n c e s , wi th impor t an t impl icat ions f o r nuc l ea r was t e 
r e p o s i t o r y p e r f o r m a n c e . 

The i n t e r a c t i o n s of r ad ionuc l ide s , g r o u n d w a t e r s , a n d hos t r o c k s p r o v i d e 
t h e dominant c o n t r o l s f o r l imiting t h e mobility of r ad ionuc l i de s t h a t 
will be r e l ea sed from t h e was te p a c k a g e s of a HLW r e p o s i t o r y . The ex t en t 
of t h e i n t e r a c t i o n s will be de te rmined by t h e geochemical cond i t ions of 
t h e r e p o s i t o r y e n v i r o n m e n t (e.g. , t e m p e r a t u r e , p r e s s u r e , g r o u n d w a t e r 
c h e m i s t r y , pH, r edox cond i t ions , h o s t - r o c k minera logy a n d c h e m i s t r y ) . 
The geochemicai cond i t i ons a s soc i a t ed with t h e s h a l e s be ing eva lua t ed in 
t h e SERP show a n u m b e r of d i f f e r e n c e s among t h e members of t h e g r o u p , 
and t h e sha les t h e m s e l v e s may p r o v e to have v a r y i n g capab i l i t i e s f o r t h e 
r e t e n t i o n of r ad ionuc l i de s . 

2. OBJECTIVE AND SCOPE 

The o b j e c t i v e of t h e work p r e s e n t e d h e r e is to a c q u i r e d a t a to b e g i n t h e 
c h a r a c t e r i z a t i o n of t h e s o r p t i o n p r o p e r t i e s of sha l e s . T h e r e f o r e , 
so rp t i on t e s t s a r e be ing p e r f o r m e d to i d e n t i f y some of t h e more 
impor t an t geochemical p a r a m e t e r s t h a t c o n t r i b u t e to t h e r e t e n t i o n of 
r ad ionuc l ides . By se l ec t ing sha les r e p r e s e n t a t i v e of composi t ional 
ex t remes and u s i n g a v a r i e t y of s y n t h e t i c g r o u n d w a t e r composi t ions , t h i s 
t y p e of s o r p t i o n in fo rmat ion can be u s e d to p l an f u r t h e r expe r imen t s 
de s igned to aid in a na t iona l s u r v e y to help se lec t t h e most su i t ab l e 
s h a l e s f o r de ta i led s i t e - s p e c i f i c cons ide ra t ion . 
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The f i r s t s e r i e s of t e s t s p e r f o r m e d was d e s i g n e d to b e g i n to 
e l u c i d a t e t h e s o r p t i o n b e h a v i o r of ces ium, Btront ium, t e c h n e t i u m , 
u r a n i u m , a n d n e p t u n i u m f rom a p p r o p r i a t e s y n t h e t i c g r o u n d w a t e r s o n t o 
montmori l loni te a n d i l l i te . T h e s e two c l ay mine ra l s a r e p r e s e n t in many 
s h a l e s a n d p r o b a b l y c o n s t i t u t e t h e p r i n c i p a l s o r b i n g p h a s e s in many 
s h a l e s . The second s e r i e s of s o r p t i o n t e s t s was made u s i n g t h e same 
e l e m e n t s with C h a t t a n o o g a (Upper Dowelltown) Sha le , P i e r r e Shale , s h a l e s 
f rom t h e Green River Format ion , a n d wi th Nol ichucky a n d Pumpkin Valley 
Sha l e s f r o m t h e C o n a s a u g a Group . The minera log ies of t h e s e s h a l e s , 
which a r e be ing d e t e r m i n e d in a companion s t u d y (Lee, e t al . , 1987), a r e 
r e p r e s e n t a t i v e of t h e composi t ional e x t r e m e s of s h a l e s ; a summary of t h e 
mine ra log ies is p r e s e n t e d below. A limited n u m b e r of t e s t s w e r e 
c o n d u c t e d wi th s h a l e s t h a t had b e e n h e a t e d i n a i r a t 250°C f o r six 
m o n t h s in an a t t e m p t to a c q u i r e p r e l i m i n a r y d a t a on t h e e f f e c t s of t h e 
h e a t i n g of sha le l ikely to o c c u r in a HLW r e p o s i t o r y . 

One of t h e most i m p o r t a n t p a r a m e t e r s to t h e r e t e n t i o n of r a d i o n u c l i d e s 
i s t h e ionic B t r e n g t h a n d chemical composi t ion of g r o u n d w a t e r . 
G r o u n d w a t e r s a s s o c i a t e d wi th s h a l e s a r e h i g h l y v a r i a b l e in composi t ion 
a n d r a n g e f rom d i l u t e b i c a r b o n a t e t y p e s t o c o n c e n t r a t e d NaCl b r i n e s (Von 
Damm, 1987). C o n s i d e r a b l e l i t e r a t u r e e x i s t s on t h e geochemica l b e h a v i o r 
of r a d i o n u c l i d e s in d i l u t e g r o u n d w a t e r s in c o n t a c t wi th t y p i c a l r o c k s 
b e i n g c o n s i d e r e d f o r HLW r e p o s i t o r i e s (e .g . , b a s a l t , g r a n i t e , t u f f ) . 
However , t h e r e i s r e l a t i v e l y l i t t le i n f o r m a t i o n on t h e i n t e r a c t i o n of 
s h a l e - r e l a t e d mine ra l s a n d r a d i o n u c l i d e s , e spec i a l l y in c o n c e n t r a t e d 
b r i n e s . The s y n t h e t i c g r o u n d w a t e r s s e l e c t e d f o r s t u d y w e r e d e s i g n e d to 
b e r e p r e s e n t a t i v e of t h e g r o u n d w a t e r s f o u n d in v a r i o u s s h a l e f o r m a t i o n s . 

Cesium a n d s t r o n t i u m , a l t h o u g h no t k e y e l e m e n t s f o r long t e r m s t o r a g e of 
HLW, w e r e c h o s e n f o r s t u d y b e c a u s e t h e y typ i ca l l y s o r b b y ion e x c h a n g e , 
a n d t h e i r s o r p t i o n b e h a v i o r i s t h e r e f o r e i n d i c a t i v e of t h e e x t e n t to 
which t h e sha l e s a c t a s ion e x c h a n g e s o r b e n t s . Also, ces ium is t h o u g h t 
to be p e r m a n e n t l y f ixed by t h e ill i t ic c l a y s p r e s e n t in many s h a l e s , 
whi le s t r o n t i u m is normal ly s o r b e d r e v e r s i b l y . Uran ium i s a k e y 
r a d i o n u c l i d e b e c a u s e s p e n t f u e l i s e x p e c t e d to be s t o r e d in t h e 
r e p o s i t o r i e s . T e c h n e t i u m normal ly e x i s t s a s a n an ion u n d e r ox id iz ing 
c o n d i t i o n s and was c h o s e n to model an ion b e h a v i o r . Nep tun ium, u r a n i u m , 
a n d t e c h n e t i u m a r e all s e n s i t i v e to r e d o x c o n d i t i o n s to some e x t e n t , a n d 
t h e i r b e h a v i o r c a n s e r v e to i n d i c a t e t h e ab i l i t y of s h a l e s to r e d u c e t h e 
v a l e n c e of t h e s e r a d i o n u c l i d e s a n d t h e r e b y d e c r e a s e t h e i r mobil i ty. 
From t h e r e s u l t s of t h e s e p r e l i m i n a r y t e s t s , i t will be p o s s i b l e t o 
d e s i g n more s o p h i s t i c a t e d t e s t s to m e a s u r e t h e ab i l i t y of s h a l e s to 
r e t a r d n u c l i d e s . S u c h t e s t s might i n c l u d e t e s t s in anoxic e n v i r o n m e n t s , 
m ig ra t i on of e l emen t s t h r o u g h co lumns of sha le , a n d s y s t e m a t i c v a r i a t i o n 
of g r o u n d w a t e r compos i t ion p a r a m e t e r s s u c h a s pH a n d c o n c e n t r a t i o n . As 
t h e s e d a t a a r e o b t a i n e d , o t h e r t y p e s of e x p e r i m e n t s may be f o u n d to b e 
h e l p f u l . 



3 

3. MATERIALS AND METHODS 

3.1 SHALES 

The f ive core samples of Cha t t anooga Shale , P i e r r e Shale , Green River 
Formation Shale , Nol ichucky Shale, and Pumpkin Valley Shale w e r e 
c h a r a c t e r i z e d b y Lee, e t al. (1987), and t h e d e s c r i p t i o n below 
summarizes t h e i r conc lus ions . 

The Cha t t anooga Sha le sample was f rom t h e U p p e r Dowelltown Member of 
t h e shale in F e n t r e s s County , T e n n e s s e e , a t a d e p t h of 141-142 m. This 
u n i t may be d e s c r i b e d a s i n t e r b e d d e d medium l igh t g r a y c l ays tone a n d 
d a r k g r a y sha le b e d s , v a r y i n g in t h i c k n e s s , b u t on ly 3 - 12 cm th ick . 

The samples of P i e r r e Shale were r e p r e s e n t a t i v e of t h e Mobridge Member 
of P i e r r e Shale in G r e g o r y Coun ty , Sou th Dakota a n d were r e t r i e v e d f rom 
a dr i l l hole a t a d e p t h of 88.2 to 88.9 m. Lee, e t al. (1987) h a v e 
d e s c r i b e d t h e c o r e s a s c l ays tone , t h i c k l y b e d d e d to massive, nonf i s s lo , 
s l igh t ly to modera te ly ca l ca reous , s o f t , moist , medium g r a y wi th s l i gh t 
olive t inge , d e n s e , solid, b e d d i n g a t low ang le , n o n w e a t h e r e d . 

The samples f rom t h e Green River Formation o r i g i n a t e d in Garf ie ld 
County , Colorado, a n d ware dr i l led f rom t h e roof of t h e Colony mine. 
The samples were d e s c r i b e d a s t h in ly b e d d e d c a l c a r e o u s marl, v e r y h a r d 
a n d compact . 

Samples of Nol ichucky a n d Pumpkin Valley Sha le s w e r e f rom t h e Joy 2 
well, in Oak Ridge, T e n n e s s e e , a t d e p t h s of 181 to 182 and 604 to 605 m, 
r e s p e c t i v e l y . Both s h a l e s a r e p a r t of t h e Conasauga Group, a complex 
s e q u e n c e of Middle to U p p e r Cambrian c las t i c a n d c a r b o n a t e s t r a t a . The 
Nolichucky sec t ion is d e s c r i b e d as a g r a y t o b rown sha l ey l imestone with 
d i s c o n t i n u o u s pa ra l l e l b e d d i n g . The Pumpkin Valley sec t ion i s maroon to 
g r a y , g lauconi t ic , laminated s i l ty muds tone . 

The approx imate minera logica l composi t ion of t h e f i v e who le - rock 
sampi tc i s g iven i n Table 3.1, f rom t h e summary b y Lee, e t al . (1987). 
All of t h e s h a l e s con ta in o r g a n i c ma t t e r ; t h e Green River Formation 
Shale a p p e a r s to have t h e most , while t h e r e p r e s e n t a t i v e s of t h e 
Conasauga Group, Nol ichucky a n d Pumpkin Valley Sha les , a p p e a r to h a v e 
t h e leas t . Some of t h e e x p e r i m e n t s t o be d e s c r i b e d w e r e c a r r i e d ou t 
with sha les t h a t had b e e n hea t ed to 250°C in a i r f o r six months . 
Analyses of t h e hea t ed s h a l e s a r e not y e t comple te , b u t such t r e a t m e n t 
should oxidize o r volat i l ize most of t h e o r g a n i c m a t t e r , pos s ib ly 
oxidize s u l f i d e s a n d o t h e r r e d u c e d material , a n d a l t e r t h e l a y e r - t y p e 
c lays . 
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Tab le 3 . 1 . E s t i m a t e d m i n e r a l o g i c a l compos i t i on o f who le - rock samples 8 . 

P e r c e n t by Weight15 

Component Green 
Cha t t anooga P i e r r e R i v e r Nol ichucky Pumpkin 

S h a l e S h a l e Format ion S h a l e V a l l e y 
S h a l e S h a l e 

Organ ic M a t t e r 11 5 13 t t 

C h l o r i t e / K a o l i n i t e 4 t t 14 15 

I l l i t e 49 t 10 43 57 

Micas t 4 t t t 

S m e c t i t e nd 59 nd nd nd 

Ca rbona t e s t 15 42 11 t 

Q u a r t z / F e l d s p a r s 25 11 28 29 22 

P y r i t e 6 2 t t t 

Weight Loss (105"C) 1 4 2 2 2 

a L e e , e t a l . (1987) 

t = t r a c e (< 2%), obse rved f rom t h i n s e c t i o n and e l e c t r o n m i c r o g r a p h s ; 
nd = n o t d e t e c t a b l e . 

3.2 GROUNDWATER 

A s y n t h e t i c b r i n e g r o u n d w a t e r w a s p r e p a r e d to s imula t e sa l ine 
g r o u n d w a t e r s f o u n d a t t h e 427-m d e p t h of t e s t wel ls in t h e P u m p k i n 
Valley Shale . The composi t ion of t h e s y n t h e t i c g r o u n d w a t e r i s g i v e n in 
Table 3.2. Th i s g r o u n d w a t e r h a s a d e n s i t y of a b o u t 1.13 a n d c a n b e 
c h a r a c t e r i z e d a s a n ac id ic , h i g h l y sa l ine g r o u n d w a t e r c o n t a i n i n g 
c o n s i d e r a b l e q u a n t i t i e s of a lka l ine e a r t h ions . The ionic s t r e n g t h of 
t h i s g r o u n d w a t e r i s 3.30 mol/L o r a b o u t 3.42 m o l / k g H2O. S o r p t i o n t e s t s 
w e r e made wi th t h i s g r o u n d w a t e r ( c o n c e n t r a t e d b r i n e ) a n d a 100-fold 
d i l u t i on (d i lu te b r i n e ) , e a c h a d j u s t e d in i t ia l ly to pH 5. To s imula te 
a lka l ine c a r b o n a t e cond i t i ons , m e a s u r e m e n t s w e r e a l s o made wi th 0.03 
mol/L NaHC03 ( b i c a r b o n a t e ) . A f e w s o r p t i o n m e a s u r e m e n t s wi th c l a y s w e r e 
made wi th a 10-fo ld d i lu t ion ( i n t e r m e d i a t e b r i n e ) of t h e c o n c e n t r a t e d 
b r i n e ; i t was a l so a d j u s t e d in i t i a l ly t o pH 5. 
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Table 3 . 2 . Composi t ion of s y n t h e t i c b r i n e groundwater 

C o n c e n t r a t i o n 
Component 

(eq/L) (g/L) 

Na 2 .00 46 .00 
K 0 .0089 0 .348 
Mg 0 .230 2 .79 
Ca 0 .599 12 .0 
S r a 0 .027 1 .20 
CI 2 .86 101.29 
Br 0 .009 0 . 7 1 

jnH a d j u s t e d t o 5 wi th HC1 

a I n some of t h e e x p e r i m e n t s t o measure s t r o n t i u m s o r p t i o n , t h e 
s t r o n t i u m was e l i m i n a t e d from t h e s y n t h e t i c groundwater so t h a t 
t r a c e l e v e l s of s t r o n t i u m c o u l d be s t u d i e d . 

3.3 NUCLIDES 

The t r a c e r s u s e d in t h i s s t u d y e.re l i s ted in Table 3.3, a long wi th some 
of t h e p e r t i n e n t d a t a on t h e i r r ad ioac t i ve d e c a y p r o p e r t i e s . 

C o n c e n t r a t i o n s of s t r o n t i u m , ces ium, a n d t e c h n e t i u m w e r e d e t e r m i n e d by 
m e a s u r i n g t h e gamma r a d i a t i o n of a l i q u o t s of t r a c e d s o l u t i o n s wi th a 
w e l l - t y p e Nal(Tl) sc in t i l l a t ion d e t e c t o r a n d c o m p a r i n g t h e c o u n t i n g 
r a t e s to t h o s e of r e f e r e n c e s t a n d a r d s o l u t i o n s of t h e same t r a c e r 
nuc l ide . The K - s e r i e s x - r a y s f rom t h e e l e c t r o n - c a p t u r e d e c a y of a 3 5Np 
were a l so d e t e r m i n e d wi th t h e w e l l - t y p e Nal(Tl) d e t e c t o r a n d compared to 
r e f e r e n c e s t a n d a r d s o l u t i o n s of t h i s nuc l ide . The c o n c e n t r a t i o n s of 
u r a n i u m so lu t ions w e r e d e t e r m i n e d by l iquid sc in t i l l a t ion a l p h a c o u n t i n g 
of t r a c e r 233TJ in s o l u t i o n s of n a t u r a l u r a n i u m . Limi ta t ions imposed b y 
d e t e c t i o n s e n s i t i v i t y a n d spec i f i c a c t i v i t y w e r e s u c h t h a t 
c o n c e n t r a t i o n s of Z33U less t h a n a b o u t 10-6 mol/L could no t be u s e d a s 
s t a r t i n g so lu t ions . 
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Table 3 . 3 . H a l f - l i v e s , decay modes, and r a d i a t i o n s e m i t t e d by t r a c e r s 
u sed i n t h i s s t u d y a 

Nuc l ide H a l f - L i f e P r i n c i p a l Decay Mode R a d i a t i o n s D e t e c t e d 

8 5 S r 64 .84 d E l e c t r o n c a p t u r e 514.0-keV gamna r a y 

13 7 C s 30.17 y Beta decay 661.6-ireV gamma r a y 
( i n decay of i ^ ' B a ) 

9 5 • T o 61 d E l e c t r o n c a p t u r e 204.1-keV ganana r a y 

2 3 5Np 396.2 d E l e c t r o n c a p t u r e No gamna; K - s e r i e s 
x - r a y s a t 9 4 . 7 , 9 8 . 4 , 
and 111 keV 

2 3 3\J 1.59 : X 105 y Alpha decay 4 . 8 2 4 - and 4.783-keV 
a l p h a p a r t i c l e s 

a D a t a f r o m Kocher (1981). 

3.4 EXPERIMENTAL PROCEDURES 

S o r p t i o n of t h e r a d i o n u c l i d e s w a s m e a s u r e d b y d e t e r m i n i n g t h e s o r p t i o n 
r a t i o a f t e r e x p o s u r e of t h e s o r b e n t t o t r a c e d g r o u n d w a t e r s . The 
s o r p t i o n r a t io , which i s h e r e d e s i g n a t e d RB, i s d e f i n e d a s t h e 
c o n c e n t r a t i o n of t h e n u c l i d e in t h e s o r b e n t d i v i d e d b y t h e c o n c e n t r a t i o n 
of t h e n u c l i d e in t h e g r o u n d w a t e r , e a c h d e t e r m i n e d a f t e r t h e t e s t . I n 
t h i s s t u d y , t h e u n i t f o r c o n c e n t r a t i o n in t h e s o r b e n t i s m o l e s / k g , a n d 
t h a t in t h e so lu t ion i s moles /L . T h u s , t h e u n i t s of Rs a r e L / k g . The 
amoun t a d s o r b e d is d e t e r m i n e d b y compar i son of t h e c o n c e n t r a t i o n s of t h e 
s o r b a t e ( a d s o r b i n g nuc l ide ) in t h e so lu t ion b e f o r e a n d a f t e r t h e t e s t . 
I t i s t h e n a s s u m e d t h a t a n y r e d u c t i o n in c o n c e n t r a t i o n in t h e so lu t ion 
is a r e s u l t of s o r p t i o n o n t o t h e s o r b e n t . Con t ro l e x p e r i m e n t s a r e 
c a r r i e d o u t s imu l t aneous ly wi th so lu t ions t h a t do no t c o n t a i n t h e solid 
s o r b e n t to S3e w h e t h e r t h e r e a r e o t h e r p r o c e s s e s s u c h a s s o r p t i o n on t h e 
c o n t a i n e r or p r e c i p i t a t i o n t h a t could r emove t h e s o r b a t e f r o m t h e 
so lu t ion . 

The s o r p t i o n r a t i o s a r e c a l cu l a t ed f rom t h e e q u a t i o n 

(C± - C f ) x V 
R s = (1) 

C f x W 

w h e r e Ci i s fchs in i t ia l c o n c e n t r a t i o n of t h e s o r b a t e in t h e so lu t ion , 
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Cf is t he f i na l c o n c e n t r a t i o n in t h e so lu t ion , V is t h e ini t ial volume 
of g r o u n d w a t e r , a n d W is t h e we igh t of t h e s h a l e s o r b e n t ( sha le ) . 

I n most of t h e e x p e r i m e n t s , 2 mL of g r o u n d w a t e r was u s e d . The amoun t 
of sha le u s e d d e p e n d e d u p o n t h e amount of s o r p t i o n expec t ed in t h e 
expe r imen t . E n o u g h sha le is n e e d e d to c a u s e s u b s t a n t i a l s o r p t i o n , b u t 
too much of a h i g h l y - s o r b i n g s h a l e r emoves e s s e n t i a l l y all of t h e 
nuc l ide a n d a p r e c i s e v a l u e of Rs c a n n o t be d e t e r m i n e d . 

A typ ica l p r o c e d u r e is a s fol lows: The s h a l e s a m p l e s a r e a d d e d to 
t a r e d t u b e s a n d t h e t u b e s a r e r e w e i g h e d to d e t e r m i n e t h e sha l e w e i g h t . 
The g r o u n d w a t e r is t h e n a d d e d a n d t h e t u b e s a r e r e w e i g h e d ; t h e 
g r o u n d w a t e r volume i s ca l cu l a t ed f rom t h e w e i g h t a n d d e n s i t y . All 
d e t e r m i n a t i o n s of g r o u n d w a t e r vo lume a r e b a s e d on w e i g h t . The t u b e s 
a r e we ighed a t t h e b e g i n n i n g a n d e n d of e v e r y e q u i l i b r a t i o n to 
d e t e r m i n e a n y so lu t ion loss . 

The t u b e s c o n t a i n i n g t h e sha l e a n d g r o u n d w a t e r a r e t h e n s h a k e n f o r a 
t h r e e d a y p r e e q u i l i b r a t i o n p e r i o d . A f t e r each p r e e q u i l i b r a t i o n , t h e 
so lu t i ons a r e c e n t r i f u g e d a n d t h e s u p e r n a t a n t i s c a r e f u l l y d e c a n t e d to 
avo id loss of s o r b e n t . The s h a l e s , which a t t h i s t ime a r e p a c k e d 
a t t h e bot tom of t h e t u b e , a r e r e s u s p e n d e d in f r e s h g r o u n d w a t e r 
a n d the p r e - e q u i l i b r a t i o n is r e p e a t e d twice. I n g e n e r a l , atomic 
a b s o r p t i o n a n a l y s e s of t h e c e n t r i f u g a t e s f o r t h e p r i n c i p a l c a t i o n s in 
t h e g r o u n d w a t e r s h a v e shown t h a t t h r e e p r e e q u i l i b r a t i o n p e r i o d s a r e 
s u f f i c i e n t to r e a c h compos i t ions w i th in 5% of t h e in i t ia l composi t ion . 

A f t e r t h e p r e e q u l i b r a t i o n p e r i o d s , t r a c e d g r o u n d w a t e r is a d d e d a l o n g 
wi th e n o u g h u n t r a c e d g r o u n d w a t e r to b r i n g t h e volume to t h e d e s i r e d 
l eve l . The p r e e q u i l i b r a t e d sha l e a n d t h e t r a c e d g r o u n d w a t e r a r e t h e n 
g e n t l y s h a k e n , u s u a l l y f o r 14 d a y s . T e s t s w i t h c lay samples w e r e s h a k e n 
f o r 3 d a y s b e c a u s e on ly a s h o r t time is g e n e r a l l y n e c e s s a r y to r e a c h 
equ i l ib r ium with t h e c l ay samples t h a t we u s e d (Shiao e t al . , 1979). 
T e s t samples a n d c o n t r o l s ( t u b e s c o n t a i n i n g t r a c e d g r o u n d w a t e r b u t n o 
s o r b e n t ) a r e d o n e in t r i p l i c a t e . A f t e r t h e t e s t c o n t a c t p e r i o d , t h e 
samples a r e c e n t r i f u g e d a n d t h e t r a c e r c o n t e n t of t h e f ina l s o l u t i o n s i s 
a s s a y e d . Values of Rs a r e t h e n ca l cu l a t ed u s i n g Eq. 1. 

Desorp t ion r a t i o s a r e d e t e r m i n e d f r o m samples t h a t h a v e b e e n 
e q u i l i b r a t e d a n d t h e s o r p t i o n r a t i o s c a l c u l a t e d . As much a s p o s s i b l e of 
t h e g r o u n d w a t e r i s t h e n c a r e f u l l y d e c a n t e d a f t e r which t h e t u b e i s 
we ighed to d e t e r m i n e t h e amoun t of so lu t ion s t i l l i n t h e ts?st t u b e . 
E n o u g h u n t r a c e d g r o u n d w a t e r i s t h e n a d d e d to make u p to a so lu t ion 
volume e q u a l to t h a t u s e d in t h e s o r p t i o n p o r t i o n of t h e e x p e r i m e n t . 
The amount of t r a c e r p r e s e n t a t t h e b e g i n n i n g of t h e d e s o r p t i o n 
e x p e r i m e n t is e q u a l to t h e volume of t h e r e s i d u a l g r o u n d w a t e r t imes t h e 
f i n a l c o n c e n t r a t i o n in t h e s o r p t i o n e x p e r i m e n t p l u s t h e amoun t on t h e 
sol id , which i s c a l cu l a t ed f r o m t h e s o r p t i o n r a t i o . The t u b e s a r e t h e n 
s h a k e n f o r a n a p p r o p r i a t e l e n g t h of time a n d t h e c o n c e n t r a t i o n of t h e 
t r a c e r in t h e so lu t ion i s t h e n d e t e r m i n e d . D e s o r p t i o n r a t i o s a r e 
ca lcu la ted f rom Eq. 1; Ci i s c a l cu l a t ed by d i v i d i n g t h e amoun t of t r a c e r 
o r ig ina l ly p r e s e n t b y t h e so lu t ion volume. 
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Values of Ra can be ca lcu la ted on t h e bas i s of t h e init ial r ad ionuc l ide 
c o n c e n t r a t i o n of t h e s t a n d a r d solut ion ( co r r ec t ed f o r d e c a y if 
n e c e s s a r y ) or of t h e r ad ionuc l i de c o n c e n t r a t i o n of con t ro l samples 
c a r r i e d a long with t h e t e s t samples . Because of s o r p t i o n on t u b e walls 
o r p rec ip i t a t ion , t h e r e will sometimes be a r e d u c t i o n in t h e 
r ad ionuc l ide c o n c e n t r a t i o n of t h e con t ro l samples . In t h e p r e s e n c e of a 
s o r b i n g p h a s e , s o r p t i o n on t u b e walls may not be s i g n i f i c a n t compared 
to t h e so rp t ion on t h e s o r b i n g p h a s e . Also, b e c a u s e t h e f ina l pH of t h e 
con t ro l samples is o f t e n d i f f e r e n t f rom t h e f ina l pH of t h e t e s t 
samples , it is not known w h e t h e r p rec ip i t a t i on o c c u r s with t h e t e s t 
samples . Ideal ly , t h e s o r b i n g p h a s e should be removed and t h e t r a c e r 
c o n c e n t r a t i o n on i t shou ld be de t e rmined d i r e c t l y . However th i s is 
d i f f i cu l t to do and could easi ly lead to l a r g e e r r o r s . For t h e s e 
r e a s o n s in t h e s e ini t ia l t e s t s , we chose to r e p o r t s o r p t i o n r a t io va lues 
ca lcu la ted u s i n g t h e ini t ia l r ad ionuc l ide c o n c e n t r a t i o n of t h e s t a n d a r d 
so lu t ions a s Ci. Values g iven a r e a v e r a g e s of t h r e e de t e rmina t ions ; 
s t a n d a r d dev ia t ions a r e a lso p r o v i d e d . 

All equ i l i b r a t i ons were c a r r i e d ou t a t room t e m p e r a t u r e , approximate ly 
23°C, in t h e p r e s e n c e of a i r . T h u s , t h e g r o u n d w a t e r s were oxidizing. 
In most c a se s , no a t t e m p t was made to k e e p t h e pH of t h e so lu t ions 
c o n s t a n t d u r i n g t h e exper imen t , b u t i t was allowed to a d j u s t to a va lue 
de t e rmined by t h e i n t e r a c t i o n s be tween t h e sha le and t h e g r o u n d w a t e r . 
As shown below t h e pH c h a n g e d d u r i n g t h e expe r imen t s , sometimes 
s ign i f i can t ly . 

In t h e m e a s u r e m e n t s of t h e e f f e c t of t h e pH on cesium and s t ron t ium 
so rp t i on , t h e pH in t h e f i r s t equ i l i b ra t ion was allowed to "f loat ," t h e n 
it was a d j u s t e d u p w a r d by a d d i n g sodium h y d r o x i d e so lu t ion to t h e same 
samples , and f ina l ly it was a d j u s t e d downward b y a d d i n g h y d r o c h l o r i c 
acid solut ion. The samples w e r e equ i l i b r a t ed f o r a t l eas t s e v e n d a y s a t 
each va lue . 

4. RESULTS AND DISCUSSION 

The e x p e r i m e n t s summarized in t h e s ec t i ons below a r e p r e l imina ry 
i n v e s t i g a t i o n s of t h e s o r p t i o n of ces ium, s t r o n t i u m , t e chne t i um, 
nep tun ium, and u r an ium on to samples of montmori l lonite , i l l i te, and 
sha le . In t h e s e acidic g r o u n d w a t e r s , cesium a n d Btrontium a r e expec ted 
to exis t a s t h e s i n g l y - a n d d o u b l y - c h a r g e d a q u o ions , r e s p e c t i v e l y . 
Because t h e expe r imen t s were c a r r i e d ou t u n d e r mildly oxidizing 
condi t ions , t echne t ium is expec ted to be p r e s e n t a s t h e p e r t e c h n e t a t e 
ion, Tc04-, and n e p t u n i u m a s t h e n e p t u n y l ion, NpOz+. Uranium was a d d e d 
a s t h e u r a n y l ion, U022*. The e x t e n t of complexation in t h e s e 
g r o u n d w a t e r s , if a n y , h a s not ye t been de t e rmined or ca lcu la ted . 

I t should be s t r e s s e d t h a t on ly a limited n u m b e r of sha l e samples were 
s t u d i e d , a n d only ba tch c o n t a c t s o r p t i o n t e c h n i q u e s w e r e u s e d . A 
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comple te s t u d y of s o r p t i o n u s i n g b a t c h c o n t a c t t e c h n i q u e s s h o u l d i n c l u d e 
i n v e s t i g a t i o n of d e s o r p t i o n , k i n e t i c s , a n d anox ic c o n d i t i o n s . F u r t h e r , ' 
o n l y a l imited n u m b e r of so lu t i on v a r i a b l e s w e r e s t u d i e d , a n d in most 
c a s e s t h e pH w a s a l lowed t o " f l o a t " t o a f i n a l v a l u e w i t h o u t a n y 
c o n t r o l . T h u s , some of t h e e x p e r i m e n t s r e p o r t e d h e r e c a n o n l y b e 
c o n s i d e r e d to b e i n d i c a t i v e a n d s e r v e mos t ly t o s u g g e s t f u t u r e 
i n v e s t i g a t i o n s . N e v e r t h e l e s s , t h e r e s u l t s f r o m t h e s e t e s t s h a v e p r o v e d 
to b e u s e f u l a n d i n f o r m a t i v e . 

The pH of t h e c o n c e n t r a t e d b r i n e a n d t h e i n t e r m e d i a t e b r i n e w a s a d j u s t e d 
in i t ia l ly t o 5. I n g e n e r a l , t h e pH of t h e c o n c e n t r a t e d b r i n e i n c r e a s e d 
to 6.5 - 7.0 d u r i n g t h e c o u r s e of t h e e x p e r i m e n t s f o r t h e P i e r r e , G r e e n 
R ive r Fo rma t ion , No l i chucky , a n d P u m p k i n Valley S h a l e s . T h e pH of t h e 
i n t e r m e d i a t e b r i n e g e n e r a l l y i n c r e a s e d s i g n i f i c a n t l y more t h a n t h e pH of 
t h e c o n c e n t r a t e d b r i n e . T h e g r o u n d w a t e r s in c o n t a c t wi th t h e 
C h a t t a n o o g a ( U p p e r Dowell town) S h a l e became q u i t e ac id ic w i t h t ime, a n 
e f f e c t wh ich c a n be a t t r i b u t e d to t h e p r o d u c t i o n of ac id b y ox ida t i on of 
t h e l a r g e a m o u n t of p y r i t e (FeSa) a n d t o t h e v e r y small c o n c e n t r a t i o n of 
c a r b o n a t e in t h e s h a l e . ( C a r b o n a t e n e u t r a l i z e s a c i d , a n d , if p r e s e n t in 
s u f f i c i e n t c o n c e n t r a t i o n , cou ld p r e v e n t t h e s o l u t i o n f r o m becoming 
ac id ic . ) T h e p r o d u c t i o n of ac id b y t h e o x i d a t i o n of p y r i t e t o f e r r i c 
s u l f a t e i s i l l u s t r a t e d b y Eq. 2. 

4FeS2 + 1502 + 14HjO = 4Fe(OH)3 + 16H* + 8S0 4
J - (2) 

In t h i s e q u a t i o n we h a v e a s s u m e d t h a t f e r r i c i r o n i n t h e g r o u n d w a t e r s i s 
p r e s e n t a s Fe(OH)3; t h i s i s a s impl i f i ca t ion b e c a u s e a t t h e pH l e v e l s of 
t h e f i n a l s o l u t i o n s (ca. 3 to 4) , h y d r o l y t i c a q u e o u s s p e c i e s of Fe ( I I I ) 
will be p r e s e n t . T h e pH of t h e 0.03 M NaHCC>3 s o l u t i o n r e m a i n e d a b o v e pH 
8 f o r t h e t e s t s w i th U p p e r Dowell town S h a l e b e c a u s e of t h e b u f f e r i n g 
a c t i o n of t h e b i c a r b o n a t e ion . 

4.1 CESIUM 

T h e d a t a p r e s e n t e d in Tab le 4.1 show t h a t c e s ium s o r b s s t r o n g l y o n 
montmor i l lon i te a n d i l l i te . I t i s i m p o r t a n t to n o t e t h a t s o r p t i o n w a s 
more p r o n o u n c e d on i l l i te t h a n on montmor i l lon i t e a n d t h a t s o r p t i o n 
i n c r e a s e d wi th d i l u t i o n of t h e b r i n e . S u c h a t r e n d wi th d i l u t i on i s 
s t r o n g l y s u g g e s t i v e of a n ion e x c h a n g e m e c h a n i s m . T h e s e o b s e r v a t i o n s 
will be i m p o r t a n t i n t h e d i s c u s s i o n below, b e c a u s e t h e f i v e s h a l e s 
c h o s e n f o r s t u d y c o n t a i n v a r y i n g a m o u n t s of c l a y s (Table 3.1). 

S o r p t i o n r a t i o s o b t a i n e d f o r ces ium on t h e f i v e s h a l e s a r e g i v e n i n 
T a b l e s 4.2 - 4.6 a n d in F i g s . 4 .1 a n d 4.2 f o r a r e l a t i v e l y wide r a n g e of 
c o n d i t i o n s a n d t y p e s of e x p e r i m e n t s . Examina t ion of t h e s e d a t a s h o w s 
t h a t ces ium i s s o r b e d r a t h e r s t r o n g l y u n d e r al l c o n d i t i o n s , a l t h o u g h 
r e l a t i v e l y low s o r p t i o n r a t i o s w e r e o b s e r v e d f o r G r e e n River F o r m a t i o n 
S h a l e in t h e c o n c e n t r a t e d b r i n e . For t h e d i l u t e d b r i n e , t h e s o r p t i o n 
r a t i o s w e r e c o n s i s t e n t l y h i g h e r , u s u a l l y b y a p p r o x i m a t e l y two o r d e r s of 
m a g n i t u d e , s u g g e s t i v e of a s imple ion e x c h a n g e mechan i sm. T h e 
m i n e r a l o g y of t h e s h a l e s a m p l e s s u m m a r i z e d in Tab l e 3.1 s h o w s some 
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i n t e r e s t i n g c o r r e l a t i o n s wi th t h e s e r e s u l t s . The r e l a t i v e l y low 
s o r p t i o n r a t i o s o b s e r v e d f o r t h e Green River Format ion Sha le a p p e a r to 
c o r r e l a t e wi th t h e low clay mine ra l c o n t e n t . The o t h e r s h a l e s , which 
show s t r o n g e r s o r p t i o n of ces ium, e i t h e r a r e h i g h in illi te 
(Cha t t anooga , Nol ichucky, Pumpk in Valley) o r a r e h igh in smec t i t e 
( P i e r r e ) . 

Ove r t h e r a n g e of ini t ia l ces ium c o n c e n t r a t i o n s t e s t e d (Tables 4.2 a n d 
4.3), t h e r e a p p e a r to b e no s i g n i f i c a n t d i f f e r e n c e s in t h e s o r p t i o n 
r a t i o s d e t e r m i n e d a t ces ium c o n c e n t r a t i o n s of 1 x 10-8 a n d 5 x 10-11 

mol/L. 

E x p e r i m e n t s on t h e d e s o r p t i o n of ces ium f r o m t h e s e s h a l e s a r e 
i n s t r u c t i v e , s ince i t migh t be s u s p e c t e d t h a t s o r p t i o n p r o c e s s e s 
i n v o l v i n g c lay mine ra l s , w h i c h m a n i f e s t l a r g e s o r p t i o n r a t i o s , migh t no t 
b e r e v e r s i b l e , a n d so would t e n d to "f ix" ces ium. However , t h e d a t a in 
Table 4.4 do not show a n y s y s t e m a t i c o r s i g n i f i c a n t d i f f e r e n c e s b e t w e e n 
s o r p t i o n r a t i o s a n d d e s o r p t i o n r a t i o s in t h e c o n c e n t r a t e d b r i n e . Th i s 
i n d i c a t e s t h a t a n e a r l y r e v e r s i b l e , i o n - e x c h a n g e - l i k e p r o c e s s i s 
i n v o l v e d . For t h e o t h e r g r o u n d w a t e r s , t h e v a l u e s of Ra a r e c o n s i s t e n t l y 
h i g h e r t h a n t h e v a l u e s of Ra. Th i s o b s e r v a t i o n s u g g e s t s a 
n o n e q u i l i b r i u m p r o c e s s . 

Tab le 4.5 shows a c o m p a r i s o n b e t w e e n t h e s o r p t i o n of ces ium on u n h e a t e d 
s h a l e s a n d on s h a l e s h e a t e d f o r six mon ths a t 250"C. U n f o r t u n a t e l y , t h e 
amoun t of hea t ed s h a l e ava i l ab le was i n s u f f i c i e n t f o r c o n d u c t i n g 
e x p e r i m e n t s wi th al l of t h e g r o u n d w a t e r compos i t ions shown in t h e o t h e r 
t a b l e s . T h u s , i t w a s d e c i d e d to c a r r y o u t e x p e r i m e n t s on ly wi th t h e 
c o n c e n t r a t e d b r i n e g r o u n d w a t e r composi t ion. Excep t f o r t h e Green River 
Format ion Shale , which c o n t a i n s l i t t le illite o r smec t i t e , h e a t i n g of 
t h e s h a l e s c o n s i s t e n t l y r e s u l t e d in an i n c r e a s e in t h e s o r p t i o n r a t i o 
f o r ces ium, which s u g g e s t s t h a t cesium s o r p t i o n o c c u r s on t h e minera l 
(i.e., i n o r g a n i c ) c o m p o n e n t s of t h e sha l e s . 

The r e s u l t s of s t u d i e s on t h e pH d e p e n d e n c e of ces ium s o r p t i o n f rom t h e 
d i l u t e d b r i n e a r e summar ized in Table 4.6. To d a t e , o n l y a l imited 
r a n g e of pH has been c o v e r e d in t h e s e e x p e r i m e n t s , a n d t h e e r r o r s a r e 
l a r g e , e spec ia l ly f o r t h e l a r g e v a l u e s of t h e s o r p t i o n r a t i o . The d a t a 
h a v e b e e n p lo t t ed in F igs . 4.1 a n d 4.2 to g u i d e t h e r e a d e r in d i s c e r n i n g 
t r e n d s in t h e da t a . The r e s u l t s f o r t h e Green River Format ion Sha le 
a p p e a r to show l i t t le pH d e p e n d e n c e a b o v e pH 6, whi le t h e r e s u l t s f o r 
t h e o t h e r t h r e e s h a l e s a p p e a r to show a g e n e r a l i n c r e a s e in s o r p t i o n 
r a t i o wi th i n c r e a s i n g pH. However , b e c a u s e of t h e poor p r e c i s i o n 
r e s u l t i n g f rom t h e almost comple te removal of ces ium f r o m t h e 
g r o u n d w a t e r , it is no t p o s s i b l e t o a n a l y z e t h e pH d e p e n d e n c e 
q u a n t i t a t i v e l y on t h e b a s i s of t h e s e r e s u l t s . 
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Table 4 . 1 . Ces ium(I ) s o r p t i o n on m o n t m o r i l l o n i t e and i l l i t e 
f rom c o n c e n t r a t e d and d i l u t e d b r i n e g r o u n d w a t e r . a 

Groundwater^ 
I n i t i a l Cs 

c o n c e n t r a t i o n 
(mol/L) 

Montavor i 1 l o n i t e 
Rs (L/kg) 

I l l i t e 
Rs (L/kg) 

Groundwater^ 
I n i t i a l Cs 

c o n c e n t r a t i o n 
(mol/L) 

avg 
s t d 
dev avg 

s t d 
dev 

Concen t r a t ed 1 x 10-8 14.5 2 308 22 

I n t e r m e d i a t e 1 x 10-« 106 8 3740 123 

D i l u t e 1 x 10-« 476 28 >10000 
8 x 1 0 - n 610 30 >10000 — 

^ o l i d / s o l u t i o n r a t i o s were 0 .10 f o r c o n c e n t r a t e d b r i n e , 0 .025 
f o r i n t e r m e d i a t e b r i n e , and 0 .005 f o r d i l u t e b r i n e . The 
samples were p r e e q u i l i b r a t e d t h r e e t i m e s f o r t h r e e days each , 
and t h e f i n a l e q u i l i b r a t i o n was f o r t h r e e days a t 25°C. 
Samples were s e p a r a t e d by c e n t r i f u g a t i o n a t 25,000 r c f f o r 30 
m i n u t e s . 

^Concen t r a t ed groundwater compos i t ion i s g i v e n i n Table 3 . 2 . 
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Table 4 . 2 . Cesium(I) s o r p t i o n on s h a l e s a m p l e s . a 

I n i t i a l Cs c o n c e n t r a t i o n : 1 x 10"8 mol /L . 

Rs <L/kg) 

F i n a l s t d 
S h a l e Groundwater avg pH avg dev 

Upper Dowelltown c o n c e n t r a t e d b r i n e 3 .90 152 2 .4 
d i l u t e d b r i n e 4 .24 >10000 — 

b i c a r b o n a t e 8 . 3 1 >10000 — 

P i e r r e c o n c e n t r a t e d b r i n e 6 .37 107 9 . 1 
d i l u t e d b r i n e 7 .86 >10000 — 

b i c a r b o n a t e 8 .00 9493 993 

Green R i v e r c o n c e n t r a t e d b r i n e 6 . 9 3 5 . 2 2 . 4 
Format ion d i l u t e d b r i n e 8 .31 182 4 .7 

b i c a r b o n a t e 9 . 0 3 1317 565 

Nol ichucky c o n c e n t r a t e d b r i n e 6 .95 93 . 9 1 . 1 
d i l u t e d b r i n e 8 .27 >10000 — 

b i c a r b o n a t e 9 .16 6570 1363 

Pumpkin V a l l e y c o n c e n t r a t e d b r i n e 6 . 5 5 70 . 0 14.6 
d i l u t e d b r i n e 6 .79 >10000 — 

b i c a r b o n a t e 8 .79 >10000 — 

a Each sample c o n t a i n e d a p p r o x i m a t e l y 0 . 2 g of s h a l e and 2 mL of 
g roundwa te r . The samples were p r e e q u i 1 i b r a t e d t h r e e t i m e s f o r a t 
l e a s t t h r e e days each , and t h e f i n a l e q u i l i b r a t i o n was f o r 15 days a t 
25°C. The samples were s e p a r a t e d by c e n t r i f u g a t i o n a t 25 ,000 r o f f o r 
90 m i n u t e s . 

v» 
Composi t ion of t h e c o n c e n t r a t e d b r i n e i s g iven i n T a b l e 3 . 2 . The 
d i l u t e d b r i n e i s a 100/1 d i l u t i o n of t h e c o n c e n t r a t e d b r i n e , and t h e 
c o n c e n t r a t i o n of t h e b i c a r b o n a t e s o l u t i o n i s 0 . 0 3 mol /L . 
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Table 4 . 3 . Ces ium(I ) s o r p t i o n on s h a l e s a m p l e s . a 

I n i t i a l Cs c o n c e n t r a t i o n : 5 x 1 0 " 1 1 mol /L. 

Rs (L/kg) 

Sha l e Groundwater^ 
F i n a l 
avg pH avg 

s t d 
dev 

Upper Dowelltown c o n c e n t r a t e d b r i n e 3 . 8 1 123 3 . 2 
d i l u t e d b r i n e 3 .82 >10000 — 

b i c a r b o n a t e 8 .22 8260 1107 

P i e r r e c o n c e n t r a t e d b r i n e 6 . 1 2 102 3 . 5 
d i l u t e d b r i n e 7 .87 >10000 — 

b i c a r b o n a t e 8 .36 7740 601 

Green R i v e r c o n c e n t r a t e d b r i n e 6 .87 12 .1 4 . 1 
Format ion d i l u t e d b r i n e 8 . 3 5 413 39 .7 

b i c a r b o n a t e 9 . 0 5 683 6 1 . 0 

Nol ichucky c o n c e n t r a t e d b r i n e 6 .76 9 4 . 5 6 . 1 
d i l u t e d b r i n e 8 . 5 8 >10000 — 

b i c a r b o n a t e 9 . 1 0 2635 351 

Pumpkin V a l l e y c o n c e n t r a t e d b r i n e 6 .77 7 9 . 1 10.3 
d i l u t e d b r i n e 6 . 9 3 >10000 — 

b i c a r b o n a t e 9 .37 9580 1086 

a Each sample c o n t a i n e d a p p r o x i m a t e l y 0 . 2 g o f s h a l e and 2 mL of 
g roundwate r . The samples were p r e e q u i l i b r a t e d t h r e e t i m e s f o r a t 
l e a s t t h r e e d a y s each , and t h e f i n a l e q u i l i b r a t i o n was f o r 15 days a t 
25"C. The samples were s e p a r a t e d by c e n t r i f u g a t i o n a t 25 ,000 r c f f o r 
90 m i n u t e s . 

Composi t ion of t h e c o n c e n t r a t e d b r i n e i s g i v e n i n Tab le 3 . 2 . The 
d i l u t e d b r i n e i s a 100/1 d i l u t i o n of t h e c o n c e n t r a t e d b r i n e , and t h e 
c o n c e n t r a t i o n of t h e b i c a r b o n a t e s o l u t i o n i s 0 . 0 3 mol /L. 
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Table 4 . 4 . Ces ium(I ) s o r p t i o n and d e s o r p t i o n on s h a l e s . a 

S o r p t i o n D e s o r p t i o n 

Rs (L/kg) Rd (L/kg) 

s t d s t d 
Groundwater" Sha le PH avg dev PH avg dev 

C o n c e n t r a t e d D 6 .77 331 1 .4 4 . 1 8 321 5 .7 
b r i n e P 6 . 9 7 238 5 . 8 6 .37 234 1 .5 

G 6 . 8 8 4 . 0 0 . 1 6 .67 4 . 9 0 . 1 
N 6 . 7 6 251 2 . 1 6 . 6 3 238 3 .7 
V 6 . 8 9 149 6 . 2 6 . 4 6 149 2 . 9 

D i l u t e b r i n e D 5 . 0 9 2677 117 3 .70 3927 655 
P 7 . 3 0 2442 119 7 .31 3036 521 
G 7 . 5 1 6 1 . 0 1 . 1 7 .56 7 5 . 0 2 . 2 
N 7 . 3 8 3130 205 7 .49 4582 500 
V 7 . 2 3 2146 192 7 .26 2484 237 

B i c a r b o n a t e D 8 . 0 5 6668 1492 7 .39 >10000 
P 8 . 0 5 >10000 — 7.47 >10000 — 

G 8 . 6 0 1452 4 5 . 8 7 . 9 3 1791 117 
N 8 . 6 9 1333 443 8 . 0 6 5483 1267 
V 8 .57 721 59 .4 7 .97 1224 181 " 

a The symbols f o r t h e s h a l e s a r e : D, Upper Dowelltown; P, P i e r r e ; G, 
Green R i v e r Format ion ; N, Nol ichucky ; V, Pumpkin V a l l e y . The samples 
c o n t a i n e d a p p r o x i m a t e l y 0 . 2 g of s h a l e and 2 mL of g roundwate r w i t h an 
i n i t i a l Cs c o n c e n t r a t i o n of 1 x 10-® mol/L. The samples were 
p r e e q u i l i b r a t e d 3 t i m e s f o r a t l e a s t 3 days each and t h e f i n a l 
e q u i l i b r a t i o n was f o r 14 days a t 25'C. The samples were s e p a r a t e d by 
c e n t r i f u g a t i o n a t 25,000 r c f f o r 90 m i n u t e s . 

^Compos i t ion of t h e c o n c e n t r a t e d b r i n e i s g i v e n i n T a b l e 3 . 2 . The 
d i l u t e d b r i n e i s a 100/1 d i l u t i o n of t h e c o n c e n t r a t e d b r i n e , and t h e 
c o n c e n t r a t i o n of t h e b i c a r b o n a t e s o l u t i o n i s 0 . 0 3 mol /L . 
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Table 4 . 5 . Comparison of c e s i u m ( I ) s o r p t i o n on h e a t e d and unhea ted 
s h a l e s f rom c o n c e n t r a t e d b r i n e g r o u n d w a t e r . a 

Heated s h a l e Unheated s h a l e 

Rs (L/kg) Ra (L/kg) 

Sha l e 
f i n a l 

pH avg 
s t d 
dev 

f i n a l 
PH avg 

s t d 
dev 

Upper Dowelltown 3 . 4 8 226 1 .0 3 . 9 0 152 2 . 4 

P i e r r e 6 . 7 4 143 0 . 9 6 . 3 7 107 9 . 1 

Green R ive r 
Format ion 

6 . 9 5 1 .8 0 . 1 6 . 9 3 5 . 2 2 . 4 

Nol ichucky 6 . 7 1 181 1 . 0 6 . 9 5 9 3 . 9 1 .1 

Pumpkin V a l l e y 6 . 6 2 111 2 . 1 6 . 5 5 7 0 . 0 14 .6 

®The s o l i d / s o l u t i o n r a t i o s were abou t 0 . 0 5 k g / L w i t h h e a t e d s h a l e s and 
0 . 1 0 kg/L w i t h u n h e a t e d s h a l e s . S h a l e s were h e a t e d i n a i r f o r s i x 
months a t 250°C. The i n i t i a l Cs c o n c e n t r a t i o n was 1 x 1 0 m o l / L a t 
i n i t i a l pH 5 . The samples were p r e e q u i l i b r a t e d t h r e e t i m e s f o r a t 
l e i s t t h r e e days each and t h e f i n a l e q u i l i b r a t i o n was f o r 15 days a t 
25°C. The samples were s e p a r a t e d by c e n t r i f u g a t i o n a t 25 ,000 r c f f o r 
90 m i n u t e s . 
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Table 4 - 6 . E f f e c t of pH on ces ium s o r p t i o n f rom 
b r i n e groundwater d i l u t e d 1 0 0 / l . a 

pH Rs (L/kg) 

s t d s t d 
Shale avg dev avg dev 

P i e r r e 7 .50 0 . 01 5098 262 
8 .30 0 . 03 5955 864 
8 . 9 3 0 . 03 6730 592 
7 .24 0 . 03 4989 196 
6 . 2 5 0 . 04 3110 171 
5 .16 0 . 03 2786 66 

Green R i v e r 8 . 0 3 0 . 02 244 3 
Format ion 8 .21 0 . 01 216 3 

8 .80 0 . 01 257 7 
7 .36 0 . 01 250 4 
6 .41 0 . 04 248 5 
5 .53 0 . 02 161 3 

Nol ichucky 8 .16 0 . 07 6889 659 
8 . 3 3 0 . 05 6056 489 
8 .89 0 . 04 9865 2014 
7 .21 0 . 03 8243 717 
6 .34 0 . 03 4955 63 
5 .41 0 . 02 6174 784 

Pumpkin V a l l e y 8 .16 0 . 04 6437 468 
8 . 4 8 0 . 05 >10000 
8 .94 0 . 04 7255 254 
7 .00 0 . 09 5111 439 
3 .69 0 . ,02 3250 109 
5 .12 0 . ,00 5007 697 

a Each sample c o n t a i n e d a p p r o x i m a t e l y 1 .5 g s h a l e and 
1 .15 mL g roundwa te r . The samples were 
p r e e q u i l i b r a t e d t h r e e t i m e s f o r t h r e e days each and 
t h e f i r s t e q u i l i b r a t i o n was f o r 7 days a t 25°C. The 
i n i t i a l Cs c o n c e n t r a t i o n was 1 x 1 0 - 8 mol/L a t 
i n i t i a l pH 5 . The samples were s e p a r a t e d by 
c e n t r i f u g a t i o n a t 5000 r c f f o r 90 m i n u t e s . The pH 
was t h e n i n c r e a s e d by add ing sodium h y d r o x i d e 
s o l u t i o n t o t h e same samples and t h e n i t was 
d e c r e a s e d by a d d i n g h y d r o c h l o r i c a c i d s o l u t i o n . The 
samples were e q u i l i b r a t e d f o r a t l e a s t 7 days a t 
each pH. 
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Fig . 4.1. E f f e c t of pH on s o r p t i o n of c e s i u m ( I ) f r o m b r i n e g r o u n d w a t e r 
d i l u t e d 100 /1 on (a) P i e r r e S h a l e , a n d (b) G reen R ive r 
F o r m a t i o n Sha le . 
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Fig. 4.2. E f f ec t of pH on s o r p t i o n of ces ium(I ) f rom b r i n e g r o u n d w a t e r 
d i lu t ed 100/1 on (a) Nol ichucky Shale , a n d (b) Pumpk in 
Valley Shale . 
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4.2 STRONTIUM 

R e s u l t s of e x p e r i m e n t s to m e a s u r e s o r p t i o n of s t r o n t i u m , a s s u m e d t o be 
p r e s e n t a s t h e a q u o ion Sr2 +, on montmori l loni te a n d il l i te a r e g i v e n in 
Table 4.7. Li t t le s o r p t i o n w a s o b s e r v e d f r o m t h e c o n c e n t r a t e d b r i n e 
g r o u n d w a t e r . However , a s t h e g r o u n d w a t e r w a s d i l u t e d , t h e v a l u e s of t h e 
s o r p t i o n r a t i o s i n c r e a s e d s i g n i f i c a n t l y , c o n s i s t e n t wi th ion e x c h a n g e 
b e h a v i o r . For s t r o n t i u m , t h e s o r p t i o n r a t i o s w e r e c o n s i s t e n t l y h i g h e r 
on montmori l loni te t h a n on il l i te. 

The d a t a f rom a s e r i e s of t e s t s d e s i g n e d to s t u d y t h e s o r p t i o n of 
s t r o n t i u m on t h e f i v e sha l e samples a r e s h o w n in Tab le s 4.8-4.11 a n d in 
F igs . 4.3 a n d 4.4. Unlike ces ium, s i g n i f i c a n t s o r p t i o n of s t r o n t i u m w a s 
o b s e r v e d only f r o m t h e 0.03 M NaHCOa so lu t i ons , a n d s o r p t i o n r a t i o s f o r 
t h e c o n c e n t r a t e d b r i n e g r o u n d w a t e r w e r e p a r t i c u l a r l y low {cf., 
Table 4.8). As ment ioned ea r l i e r , all of t h e s h a l e s excep t t h e P i e r r e 
sha l e c o n t a i n s i g n i f i c a n t a m o u n t s of il l i te, w h i c h w a s f o u n d t o s o r b 
s t r o n t i u m r e l a t i v e l y poor ly . The P i e r r e sha le , on t h e o t h e r h a n d , 
c o n t a i n s smect i te (montmori l loni te) , which s o r b s S r 2 t more r e a d i l y t h a n 
il l i te (Table 4.7), a n d t h i s may a c c o u n t f o r t h e l a r g e r s o r p t i o n r a t i o 
in Table 4.8 f rom t h e d i l u t e d b r i n e g r o u n d w a t e r . The h i g h e r s o r p t i o n 
r a t i o s o b s e r v e d w i t h 0.03 M NaHC03 s o l u t i o n s migh t be e x p e c t e d to be a 
c o n s e q u e n c e of t h e h i g h e r v a l u e s of pH a s s o c i a t e d wi th t h e p r e s e n c e of 
b i c a r b o n a t e ions; h o w e v e r , t h e s t u d i e s of t h e e f f e c t of pH o n s o r p t i o n 
of Sr2 + d i s c u s s e d l a t e r i n d i c a t e t h a t t h e pH a lone d o e s no t a p p e a r t o 
a c c o u n t f o r all of t h e i n c r e a s e d s o r p t i o n o b s e r v e d in t h e b i c a r b o n a t e 
so lu t i ons . A b e t t e r u n d e r s t a n d i n g of t h e s o r p t i o n b e h a v i o r in 
b i c a r b o n a t e s o l u t i o n s will r e q u i r e a d d i t i o n a l s t u d i e s . 

The s o r p t i o n a n d d e s o r p t i o n e x p e r i m e n t s summar ized in Table 4.9 d i d no t 
r e v e a l a n y m e a n i n g f u l t r e n d s in t h e c o n c e n t r a t e d b r i n e , s ince t h e 
s o r p t i o n a n d d e s o r p t i o n r a t i o s w e r e too small a n d t h e e r r o r s l a r g e in 
p r o p o r t i o n . However , in t h e d i l u t e d b r i n e a n d in t h e 0.03 M NaHCOa 
so lu t ion , v a l u e s of t h e d e s o r p t i o n r a t i o s R<j w e r e c o n s i s t e n t l y l a r g e r 
t h a n t h e c o r r e s p o n d i n g v a l u e s of t h e s o r p t i o n r a t i o s Rs, which implies 
t h a t some of t h e s t r o n t i u m i s " f ixed" to t h e s h a l e s a n d i s no t s o r b e d 
a n d d e s o r b e d by a n equ i l i b r ium ion e x c h a n g e p r o c e s s . S u c h a 
nonequ i l i b r i um p r o c e s s would work to immobilize a p o r t i o n of t h e 
ava i l ab le s t r o n t i u m in t h e p r e s e n c e of a d i l u t e g r o u n d w a t e r . 

The compar i son b e t w e e n t h e s o r p t i o n of s t r o n t i u m on hea t ed a n d u n h e a t e d 
s h a l e s i s shown in Table 4.10. As shown p r e v i o u s l y , t h e r e i s v e r y 
l i t t l e s o r p t i o n b y t h e u n h e a t e d s h a l e s f rom c o n c e n t r a t e d b r i n e 
g r o u n d w a t e r . A f t e r t h e sha l e was h e a t e d in a i r a t 250°C f o r six m o n t h s , 
t h e r e was no s t r o n t i u m s o r p t i o n a t all; in f a c t , s l i g h t l y n e g a t i v e 
s o r p t i o n r a t i o s w e r e m e a s u r e d , an o b s e r v a t i o n which might be d u e to 
expe r imen ta l e r r o r b u t which could a lso be d u e to some ion exc lus ion b y 
t h e sha l e s . T h u s , t h e l i t t le s o r p t i o n ab i l i t y f o r s t r o n t i u m p o s s e s s e d 
b y t h e s h a l e s w a s a p p a r e n t l y los t b y h e a t i n g . 

Data f rom s t u d i e s on t h e pH d e p e n d e n c e of s t r o n t i u m s o r p t i o n f r o m t h e 
d i l u t e (100/1) g r o u n d w a t e r a r e p r e s e n t e d in Table 4.11 a n d in F igs . 4.3 
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a n d 4.4. As was t h e c a s e wi th ces ium, on ly a limited r a n g e of pH v a l u e s 
h a s b e e n i n v e s t i g a t e d to da t e ; h o w e v e r , in s p i t e of t h e d i f f e r e n c e s in 
s o r p t i o n be tween t h e s h a l e s a l r e a d y d i s c u s s e d , all of t h e s h a l e s 
m a n i f e s t e d a r i s e in s o r p t i o n r a t i o with i n c r e a s i n g pH. On some 
s o r b e n t s , t h e s o r p t i o n r a t i o f o r s t r o n t i u m h a s been shown to i n c r e a s e 
s h a r p l y w i th i n c r e a s i n g pH (Shiao, e t al. , 1981), similar t o t h e 
b e h a v i o r shown in Table 4.11 a n d in F igs . 4.3 a n d 4.4. A compar i son of 
t h i s pH d e p e n d e n c e wi th t h e s t r o n t i u m s o r p t i o n f r o m 0.03 mol/L NaHCOs 
so lu t ions in Table 4.8 shows t h a t t h e pH e f f e c t a lone d o e s no t seem to 
a c c o u n t f o r al l of t h e s o r p t i o n o b s e r v e d f o r t h e c a s e s s h o w n in 
Table 4.8. F u r t h e r work r e m a i n s to be d o n e in a t t e m p t i n g to model t h i s 
complex s y s t e m in t e r m s of chemical spec ia t ion . 
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T a b l e 4 . 7 . S t r o n t i u m ( I I ) s o r p t i o n on m o n t m o r i l l o n i t e and 
i l l i t e f rom c o n c e n t r a t e d and d i l u t e d b r i n e 
g r o u n d w a t e r . a 

M o n t m o r i l l o n i t e I l l i t e 
Rs(L/kg) Rs(L/kg) 

I n i t i a l Sr 
Groundwater c o n c e n t r a t i o n s t d s t d 

(mol/L) avg dev a v g c dev 

Concen t r a t ed 1 x 1 0 - 8 

10/1 d i l u t i o n 1 x 10-« 
0 .0135 

100/1 d i l u t i o n 1 x 10*8 

0 .0135 

0 .55 0 . 2 - 0 . 2 6 0 . 1 

6 . 8 1 . 0 0 . 2 9 0 . 5 
10 .8 0 . 8 2 . 7 0 . 4 

97 .2 6 . 3 10.7 2 .7 
112 5 19 .5 6 . 8 

a S o l i d / s o l u t i o n r a t i o s : 
(1) For 1 x 10- 8 mol/L i n i t i a l S r , t h e s o l i d / s o l u t i o n 
r a t i o s i n p r e e q u i l i b r a t i o n were 0 .025 f o r c o n c e n t r a t e d 
b r i n e , 0 .0125 f o r i n t e r m e d i a t e b r i n e , and 0 .005 f o r d i l u t e 
b r i n e ; t h e r a t i o s i n t h e f i n a l e q u i l i b r a t i o n were 0 .050 
f o r c o n c e n t r a t e d b r i n e , 0 .025 f o r i n t e r m e d i a t e b r i n e , and 
0 .010 f o r d i l u t e b r i n e . 

(2) For 0 .0135 mol /L i n i t i a l S r , t h e s o l i d / s o l u t i o n 
r a t i o s i n p r e e q u i l i b r a t i o n and f i n a l e q u i l i b r a t i o n were 
0 .025 f o r i n t e r m e d i a t e b r i n e and 0 . 0 0 5 f o r d i l u t e b r i n e . 

The samples were p r e e q u i l i b r a t e d t h r e e t i m e s f o r t h r e e 
days each and t h e f i n a l e q u i l i b r a t i o n was f o r t h r e e days 
a t 25"C. The samples were s e p a r a t e d by c e n t r i f u g a t i o n a t 
25,000 r c f f o r 30 m i n u t e s . 

^Concen t r a t ed groundwater compos i t ion i s g i v e n i n Tab le 3 . 2 . 

c N e g a t i v e s o r p t i o n r a t i o s c o u l d be an i n d i c a t i o n e i t h e r of 
sma l l e x p e r i m e n t a l e r r o r s o r ion e x c l u s i o n by t h e s o r b e n t s . 
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T a b l e 4 . 8 . S t r o n t i u m ( I I ) s o r p t i o n on s h a l e samples® 

Rs (L/kg) 

Sha l e Groundwater '3 
F i n a l 
avg pH avg 

s t d 
dev 

Upper Dowelltown c o n c e n t r a t e d b r i n e 5 .46 1 . 3 0 . 2 
d i l u t e d b r i n e 3 .37 3 . 5 0 . 3 
b i c a r b o n a t e 8 .69 146 18 

P i e r r e c o n c e n t r a t e d b r i n e 6 .22 1 .2 1 .5 
d i l u t e d b r i n e 7 .21 36 .6 0 . 5 
b i c a r b o n a t e 8 . 4 1 534 245 

Green R i v e r c o n c e n t r a t e d b r i n e 6 . 8 6 3 . 9 3 . 5 
Format ion d i l u t e d b r i n e 7 .52 3 . 3 1 .4 

b i c a r b o n a t e 9 .09 138 12 

Nol ichucky c o n c e n t r a t e d b r i n e 6 .97 0 . 7 0 . 4 
d i l u t e d b r i n e 7 .73 13 .8 0 . 7 
b i c a r b o n a t e 9 .42 390 74 

Pumpkin V a l l e y c o n c e n t r a t e d b r i n e 6 . 8 8 4 . 0 2 . 8 
d i l u t e d b r i n e 7 . 6 5 10 .9 0 . 8 
b i c a r b o n a t e 9 . 4 5 713 117 

a Each sample c o n t a i n e d a p p r o x i m a t e l y 0 . 2 g o f s h a l e and 2 mL of 
g roundwate r w i t h an i n i t i a l Sr c o n c e n t r a t i o n of 1 x 10" 8 mol /L. The 
samples were p r e e q u i l i b r a t e d t h r e e t i m e s f o r a t l e a s t t h r e e days each 
and t h e f i n a l e q u i l i b r a t i o n was f o r 19 d a y s a t 25"C. The samples were 
s e p a r a t e d by c e n t r i f u g a t i o n a t 25,000 r c f f o r 90 m i n u t e s . 

^The s t r o n t i u m normal ly p r e s e n t i n t h e c o n c e n t r a t e d b r i n e and t h e 
d i l u t e b r i n e was o m i t t e d i n t h e s e t e s t s . Composi t ion of t h e 
c o n c e n t r a t e d b r i n e i s g i v e n i n Table 3 . 2 . The d i l u t e d b r i n e i s a 100/1 
d i l u t i o n of t h e c o n c e n t r a t e d b r i n e , and t h e b i c a r b o n a t e s o l u t i o n i s 
0 . 0 3 mol /L . 
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Table 4 . 9 . S t r o n t i u m ! I I ) s o r p t i o n and d e s o r p t i o n on s h a l e s . 

S o r p t i o n D e s o r p t i o n 

Groundwater13 Shale® pH 

Rs (L/kg) 

pH 

Rd (L/kg) 

Groundwater13 Shale® pH avg 
s t d 
dev pH avg 

s t d 
dev 

C o n c e n t r a t e d D 4 . 3 3 0 . 0 0 . 0 3 .64 0 . 0 1 .0 
b r i n e P 6 . 8 3 0 . 0 0 . 0 6 . 7 8 0 . 4 0 . 3 

G 6 . 8 0 0 . 0 0 . 0 6 . 8 2 0 . 3 0 . 6 
N 6 . 6 9 0 . 0 0 . 0 6 .57 0 . 0 0 .4 
V 6 .84 - 0 . 1 0 . 1 6 . 7 0 - 0 . 4 1 .7 

D i l u t e d D 3 .21 3 . 3 0 . 1 2 .75 11.2 0 . 4 
b r i n e P 7 . 6 1 38 .1 1 . 1 7 . 6 3 48 .7 2 .9 

G 7 .77 4 . 9 0 . 1 7 . 7 3 10 .1 0 . 2 
N 7 .54 17 .1 0 . 1 7 .54 22 .2 0 . 0 
V 7 .52 12.4 0 . 1 7 .49 16 .3 0 . 1 

B i c a r b o n a t e D 8 . 3 0 122 2 . 6 8 . 4 0 185 3 .7 
P 8 . 3 3 522 19 .5 8 . 5 4 832 18 .8 
G 8 . 8 4 478 31 .9 8 . 9 9 1101 106 
N 8 . 7 9 161 2 . 8 8 . 8 7 245 1 . 8 
V 8 . 6 9 220 4 . 2 8 . 7 9 280 15 .2 

a The symbols f o r t h e s h a l e s a r e : D, Upper Dowelltown; P, P i e r r e ; G, 
Green R i v e r Format ion ; N, Nol ichucky; and V, Pumpkin V a l l e y . Each 
sample c o n t a i n e d a p p r o x i m a t e l y 0 . 2 g of s h a l e and 2 mL of groundwater 
w i t h an i n i t i a l Sr c o n c e n t r a t i o n of 1 x 10 - 8 mol /L . The samples were 
p r e e q u i l i b r a t e d 3 t i m e s f o r a t l e a s t 3 days e a c h , and t h e f i n a l 
e q u i l i b r a t i o n was f o r 14 days a t 25°C. The samples were s e p a r a t e d by 
c e n t r i f u g a t i o n a t 25,000 r c f f o r 90 m i n u t e s . 

^Composi t ion of t h e d i l u t e d b r i n e i s g i v e n i n Tab le 3 . 2 . The d i l u t e d 
b r i n e i s a 100/1 d i l u t i o n of t h e c o n c e n t r a t e d b r i n e , and t h e b i c a r b o n a t e 
s o l u t i o n c o n c e n t r a t i o n i s 0 . 0 3 mol /L. 
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Tab le 4 . 1 0 . Comparison o f s t r o n t i u m ( I I ) s o r p t i o n on h e a t e d and 
unhea ted s h a l e s from c o n c e n t r a t e d b r i n e g roundwate r . 1 

Heated s h a l e Unheated s h a l e 

Rs (L/kg) Rs (L/kg) 

S h a l e 
f i n a l 

pH avg 
s t d 
dev 

f i n a l 
pH avg 

s t d 
dev 

Upper Dowelltown 3 .54 - 0 . 6 0 . 1 5 .46 1 . 3 0 . 2 

P i e r r e 6 . 8 4 - 0 . 2 0 . 1 6 . 2 2 1 .2 1 .5 

Green R i v e r 
Format ion 

— — — 6 . 8 6 3 . 9 3 . 5 

Nol ichucky 7 . 0 0 - 0 . 6 0 . 3 6 . 9 7 0 . 7 0 . 4 

Pumpkin V a l l e y 6 .74 - 0 . 4 0 . 2 6 . 8 8 4 . 0 2 . 8 

^ h e s o l i d / s o l u t i o n r a t i o was abou t 0 . 0 5 kg/L w i t h h e a t e d s h a l e s 
and 0 . 1 0 w i t h u n h e a t e d s h a l e s . The s h a l e s were h e a t e d i n a i r f o r 
s i x months a t 250"C. The i n i t i a l S r c o n c e n t r a t i o n was 1 x 10" 8 

mol /L a t i n i t i a l pH 5 . The samples were p r e e q u i l i b r a t e d t h r e e 
t i m e s f o r a t l e a s t t h r e e days each and t h e f i n a l e q u i l i b r a t i o n was 
f o r 14 days a t 25"C. The samples were s e p a r a t e d by c e n t r i f u g a t i o n 
a t 25 ,000 r c f f o r 90 m i n u t e s . 
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Table 4 . 1 1 . E f f e c t of pH on s t r o n t i u m ( I I ) s o r p t i o n 
f rom d i l u t e b r i n e g r o u n d w a t e r . a 

Rs (L/kg) 

s t d s t d 
Sha l e avg dev avg dev 

P i e r r e 7 .32 0 . 0 1 40 .9 0 . 5 
8 .27 0 . 0 1 244 0 . 0 
8 .96 0 . 0 1 519 1 .6 
7 .12 0 . 0 9 6 3 . 1 0 . 3 
6 . 2 5 0 . 0 0 17 .3 0 . 4 
5 .73 0 . 0 1 10.6 0 . 1 

Green R i v e r 7 .95 0 . 0 0 5 . 2 0 . 1 
Format ion 8 .29 0 . 0 0 2 0 . 5 0 . 5 

9 .02 0 . 0 2 5 3 . 3 0 . 9 
7 .06 0 . 0 9 8 . 4 0 . 3 
6 . 2 3 0 . 0 1 3 . 0 0 . 1 
5 .84 0 . 0 1 4 . 5 0 . 1 

Nol ichucky 8 .07 0 . 0 2 2 0 . 2 0 . 0 
8 . 3 0 0 . 0 0 32 .7 0 . 2 
9 .00 0 . 0 2 5 5 . 3 0 . 5 
7 .12 0 . 1 0 14 .5 0 . 1 
6 .25 0 . 0 0 5 . 0 0 . 1 
5 .97 0 . 0 5 4 . 6 0 . 1 

Pumpkin V a l l e y 8 .10 0 . 0 1 15 .0 0 . 1 
8 .35 0 . 0 1 2 2 . 0 0 . 2 
8 .99 0 . 0 5 35 .7 0 . 6 
7 .00 0 . 1 3 12 .6 0 . 1 
6 .12 0 . 1 3 9 . 6 0 . 0 
4 .34 0 . 1 8 7 . 3 1 .2 

a Each sample c o n t a i n e d a p p r o x i m a t e l y 1 .5 g s h a l e and 
15 mL g r o u n d w a t e r . The samples were p r e e q u i l i b r a t e d 
t h r e e t i m e s f o r t h r e e days each and t h e f i r s t 
e q u i l i b r a t i o n was f o r 7 days a t 25°C. The i n i t i a l 
Sr c o n c e n t r a t i o n was 1 x 10-® mol /L a t i n i t i a l pH 
5. The samples were s e p a r a t e d by c e n t r i f u g a t i o n a t 
5 ,000 r c f f o r 90 minu t e s . The pH was t h e n 
i n c r e a s e d by add ing sodium h y d r o x i d e s o l u t i o n t o 
t h e same samples and t hen i t was d e c r e a s e d by 
add ing h y d r o c h l o r i c a c i d s o l u t i o n . The samples 
were e q u i l i b r a t e d f o r a t legist 7 d a y s a t each pH. 
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Fig. 4.3. E f f e c t of pH on s o r p t i o n of s t r o n t i u m ( I I ) f rom b r i n e 
g r o u n d w a t e r d i l u t ed 100/1 on (a) P i e r r e Sha le , a n d 
(b) Green River Format ion Shale . 
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Fig 4.4. E f f e c t of pH o n s o r p t i o n of s t r o n t i u m ( I I ) f r o m b r i n e 
g r o u n d w a t e r d i l u t ed 100/1 on (a) Nol ichucky Shale , a n d 
(b) Pumpk in Valley Shale . 



28 

4.3 TECHNETIUM 

For e l emen t s like t e c h n e t i u m , wh ich e x i s t s a s Tc(VII) in ox id iz ing 
e n v i r o n m e n t s a n d in lower v a l e n c e s t a t e s if c o n d i t i o n s a r e s u f f i c i e n t l y 
r e d u c i n g , t h e r e could be a s i g n i f i c a n t d i f f e r e n c e b e t w e e n anoxic a n d 
oxic t e s t s wi th minera l s o r g r o u n d w a t e r s t h a t h a v e r e d u c i n g p r o p e r t i e s . 
For t h e e x p e r i m e n t s r e p o r t e d h e r e wi th r e l a t i ve ly p u r e montmori l loni te 
a n d i l l i te , a n d a s y n t h e t i c g r o u n d w a t e r t h a t c o n t a i n s no p o s s i b l e r e d o x -
a c t i v e a g e n t s , r e d u c t i o n of Tc(VII) would no t be e x p e c t e d e v e n if anoxic 
c o n d i t i o n s were u s e d . The r e s u l t s f o r t e c h n e t i u m g i v e n in Table 4.12 
show t h a t e s sen t i a l l y no s o r p t i o n w a s o b s e r v e d , i .e. , Rs < 1 f o r all 
c a s e s s t u d i e d . This r e s u l t is no t s u r p r i s i n g , b e c a u s e Tc(VII) e x i s t s a s 
t h e p e r t e c h n e t a t e an ion TcO*- u n d e r t h e s e c o n d i t i o n s . Anions a r e no t 
s o r b e d s i g n i f i c a n t l y by i l l i te o r montmori l loni te , which s o r b mainly b y 
a c a t i o n - e x c h a n g e p r o c e s s . 

Small b u t measu rab l e s o r p t i o n of t e c h n e t i u m o c c u r r e d on all of t h e 
s h a l e s e x c e p t t h e C h a t t a n o o g a ( U p p e r Dowelltown) Sha le , a n d r e l a t i v e l y 
h i g h s o r p t i o n r a t i o s w e r e m e a s u r e d f o r t h i s sha l e f r o m bo th of t h e b r i n e 
g r o u n d w a t e r s a n d f r o m t h e b i c a r b o n a t e g r o u n d w a t e r <cf., Tab le 4.13). 
T h e s e r e s u l t s were s u r p r i s i n g , b e c a u s e l i t t le o r no t e c h n e t i u m s o r p t i o n 
w a s e x p e c t e d u n d e r t h e oxic c o n d i t i o n s of t h e t e s t s . S o r p t i o n on to t h e 
s h a l e s could occu r if c o m p o n e n t s of t h e sha l e had s u f f i c i e n t r e d u c i n g 
ab i l i t y . U n d e r t h e s e c o n d i t i o n s , lower v a l e n c e s t a t e s of t e c h n e t i u m 
could be p r o d u c e d , a n d i n s o l u b l e ox ides o r o t h e r c o m p o u n d s could be 
f o r m e d . S u c h a r e d u c t i o n migh t b e a c o n s e q u e n c e of r e a c t i o n s b e t w e e n 
t h e t e c h n e t i u m a n d t h e o r g a n i c c o m p o n e n t s of t h e s h a l e s . The 
o b s e r v a t i o n t h a t all of t h e s h a l e s showed a t l e a s t some c a p a b i l i t y of 
r e m o v i n g t e c h n e t i u m f r o m b o t h of t h e b r i n e g r o u n d w a t e r s s u g g e s t s t h a t a 
ma te r i a l common to all t h e s h a l e s i s r e s p o n s i b l e . S ince al l of t h e 
s h a l e s l o s t t h e i r ab i l i ty to r emove t e c h n e t i u m f r o m t h e c o n c e n t r a t e d 
b r i n e a f t e r t h e y had b e e n h e a t e d to 250"C f o r a n e x t e n d e d p e r i o d (cf. , 
Tab le 4.14), t h e o r g a n i c mate r ia l , which i s e x p e c t e d to h a v e been 
g r e a t l y r e d u c e d by t h e h e a t i n g , a p p e a r s to be t h e most l ike ly r e d u c t a n t 
o r a d s o r b e n t . E v i d e n t l y t h e U p p e r Dowelltown sha l e c o n t a i n s more of 
t h i s u n k n o w n componen t t h a n t h e o t h e r s h a l e s . A companion s t u d y (Ho 
a n d Meyer , 1987) is u n d e r w a y to s e p a r a t e a n d i d e n t i f y t h e o r g a n i c 
c o n s t i t u e n t s in t h e s e s h a l e s . Techne t i um s o r p t i o n m e a s u r e m e n t s with 
t h e s e s e p a r a t e d ma te r i a l s w h e n t h e y become ava i l ab le will b e n e e d e d to 
d e t e r m i n e w h e t h e r o r g a n i c c o m p o u n d s a r e r e s p o n s i b l e f o r t h e t e c h n e t i u m 
s o r p t i o n , a n d if so, to i d e n t i f y t h e compound( s ) . 

A n o t h e r p o s s i b e r e a s o n f o r t h e h i g h t e c h n e t i u m s o r p t i o n w i th U p p e r 
Dowelltown sha le may be t h e r e l a t i v e l y h igh p y r i t e c o n t e n t of t h i s sha l e 
(cf . , Table 3.1). However , t h e c u r r e n t e x p e r i m e n t s w e r e r u n u n d e r oxic 
c o n d i t i o n s (air p r e s e n t ) , a n d Pa lmer a n d Meyer (1981) m e a s u r e d a 
t e c h n e t i u m s o r p t i o n r a t i o of on ly 1.6 L / k g u n d e r oxic c o n d i t i o n s wi th 
samples of p y r i t e in 0.1 mol/L NaCl. Th i s i s more t h a n two o r d e r s of 
m a g n i t u d e lower t h a n t h e s o r p t i o n r a t i o m e a s u r e d wi th U p p e r Dowelltown 
sha l e f rom t h e d i lu ted b r i n e . Th i s d i f f e r e n c e d o e s n o t n e c e s s a r i l y 
e l imina te p y r i t e a s t h e r e a s o n f o r t h e h igh s o r p t i o n r a t i o on t h e U p p e r 
Dowelltown sha le b e c a u s e t h e e x p e r i m e n t a l c o n d i t i o n s w e r e n o t exac t ly 
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t h e same f o r t h e two d i f f e r e n t r e s u l t s . Yet a n o t h e r exp lana t ion may be 
t h a t some c o m p o n e n t s of t h e sha le may be a c t i n g a s ion e x c h a n g e r s u n d e r 
t h e ac id ic c o n d i t i o n s f o u n d f o r t h e b r i n e g r o u n d w a t e r s , a l t h o u g h 
s o r p t i o n f rom t h e b i c a r b o n a t e g r o u n d w a t e r migh t not be e x p e c t e d if t h i s 
w e r e t h e case . 

The s h a l e was l eached wi th 1 mol/L HCl to look f o r r e d u c e d t e c h n e t i u m 
a d s o r b e d on t h e s h a l e . The l e ached t e c h n e t i u m in t h e HCl was t h e n 
s u b j e c t e d to v a l e n c e a n a l y s i s by e x t r a c t i n g t h e so lu t ion wi th 
t e t r a p h e n y l a r s o n i u m c h l o r i d e in c h l o r o f o r m (Meyer , e t al . , 1984). T h i s 
e x t r a c t a n t r e m o v e s all of t h e TcO«_, l eav ing r e d u c e d t e c h n e t i u m in t h e 
so lu t ion . A f t e r 12 h o u r s of l e ach ing , on ly a b o u t 5 to 10% of t h e 
t e c h n e t i u m p r e s e n t on t h e s h a l e s w a s r e m o v e d , a n d of t h e amoun t r e m o v e d 
all b u t a few p e r c e n t was TcOr . T h e s e o p e r a t i o n s w e r e c a r r i e d o u t in a 
con t ro l l ed a t m o s p h e r e of a r g o n c o n t a i n i n g l e s s t h a n 1 ppm O2. 
N e v e r t h e l e s s , t h e a d s o r b e d t e c h n e t i u m could h a v e b e e n r e d u c e d a n d 
r ema ined b o n d e d s t r o n g l y to t h e s h a l e s . F u r t h e r e x p e r i m e n t a t i o n i s 
r e q u i r e d to d e t e r m i n e w h e t h e r t h e a d s o r b e d t e c h n e t i u m was a c t u a l l y 
r e d u c e d . 

Techne t ium s o r p t i o n f rom t h e c o n c e n t r a t e d b r i n e g r o u n d w a t e r was a l s o 
s t u d i e d on h e a t e d a n d u n h e a t e d s h a l e s . The r e s u l t s (Table 4.14) s h o w 
t h a t t h e ab i l i ty of t h e s h a l e s to s o r b t e c h n e t i u m was los t in h e a t i n g . 
As d i s c u s s e d a b o v e , t h e o r g a n i c f r a c t i o n of t h e s h a l e s i s s u s p e c t e d to 
be t h e most l ikely r e d u c t a n t f o r t e c h n e t i u m , a n d loss of t h e o r g a n i c 
f r a c t i o n d u r i n g h e a t i n g i s l ikely to h a v e c a u s e d t h e l o s s of s o r p t i o n 
ab i l i ty . The s l i g h t l y n e g a t i v e s o r p t i o n r a t i o s o b s e r v e d f o r t h e h e a t e d 
s h a l e s may be i n d i c a t i v e of ion exc lus ion e f f e c t s a s w a s p r o p o s e d f o r 
t h e s t r o n t i u m e x p e r i m e n t s . 
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T a b l e 4 . 1 2 . Technet ium(VII) s o r p t i o n on 
m o n t m o r i l l o n i t e and i l l i t e f rom c o n c e n t r a t e d and 

d i l u t e d b r i n e g roundwate r .® 

M o n t m o r i l l o n i t e I l l i t e 
Rs (L/kg) Rs (L/kg) 

Groundwater 
Rs 

s t d 
dev Rs 

s t d 
dev 

C o n c e n t r a t e d 0 . 4 1 0 . 2 2 0 . 4 2 0 .22 

I n t e r m e d i a t e 0 .20 0 . 0 7 0 .44 0 .14 

D i l u t e - 0 . 4 7 0 . 5 0 0 .35 0 .24 

a S o l i d / s o l u t i o n r a t i o s i n p r e e q u i l i b r a t i o n were 
0 . 1 ; i n f i n a l e q u i l i b r a t i o n t h e r a t i o s were 0 .075 
f o r c o n c e n t r a t e d and i n t e r m e d i a t e b r i n e s , and 0 . 1 0 
f o r d i l u t e b r i n e . The i n i t i a l Tc c o n c e n t r a t i o n was 
1 x 10" 8 mol /L a t i n i t i a l pH 5 . The samples were 
p r e e q u i l i b r a t e d t h r e e t i m e s f o r t h r e e d a y s each and 
t h e f i n a l e q u i l i b r a t i o n was f o r t h r e e days a t 25°C. 
The samples were s e p a r a t e d by c e n t r i f u g a t i o n a t 
25,000 r c f f o r 30 minu te s . 

Composi t ion of t h e c o n c e n t r a t e d b r i n e i s g i v e n i n 
Tab le 3 . 2 . The i n t e r m e d i a t e b r i n e i s a 10 /1 d i l u t i o n 
of t h e c o n c e n t r a t e d b r i n e and t h e d i l u t e b r i n e i s a 
100/1 d i l u t i o n . 
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T a b l e 4 . 1 3 . Technet ium(VII) s o r p t i o n on s h a l e s a m p l e s . a 

Rs (L/kg) 

F i n a l s t d 
Sha le Groundwater avg pH avg dev 

Upper Dowelltown c o n c e n t r a t e d b r i n e 3 .68 22 .9 3 . 1 
d i l u t e d b r i n e 3 .54 266 18 .1 
b i c a r b o n a t e 8 .42 14.8 1 . 1 

P i e r r e c o n c e n t r a t e d b r i n e 6 .57 4 . 1 1 . 8 
d i l u t e d b r i n e — 3 .0 0 . 7 
b i c a r b o n a t e 8 .52 1.7 0 . 4 

Green R ive r c o n c e n t r a t e d b r i n e 6 . 9 8 1 .6 0 . 6 
Formation d i l u t e d b r i n e — 1 .8 0 . 0 

b i c a r b o n a t e 9 .09 0 . 3 0 . 3 

Nol ichucky c o n c e n t r a t e d b r i n e 6 . 9 9 0 . 5 0 - 3 
d i l u t e d b r i n e — 1.2 0 . 3 
b i c a r b o n a t e 9 . 6 1 1 . 3 0 . 3 

Pumpkin V a l l e y c o n c e n t r a t e d b r i n e 6 . 9 3 1 .1 0 . 9 
d i l u t e d b r i n e — 0 . 9 0 . 5 
b i c a r b o n a t e 9 . 5 9 1 . 0 1 . 0 

a Each sample c o n t a i n e d app rox ima te ly 0 . 2 g of s h a l e and 2 mL of 
groundwater w i t h an i n i t i a l Tc c o n c e n t r a t i o n 1 x 10-® mol/L. The 
samples were p r e e q u i l i b r a t e d t h r e e t i m e s f o r a t l e a s t t h r e e days each 
and t h e f i n a l e q u i l i b r a t i o n was f o r 19 days a t 25°C. The samples were 
s e p a r a t e d by c e n t r i f u g a t i o n a t 25 ,000 r c f f o r 90 m i n u t e s . 

Composit ion of t h e c o n c e n t r a t e d b r i n e i s g iven i n Tab le 3 . 2 . The 
d i l u t e d b r i n e i s a 100/1 d i l u t i o n o f t h e c o n c e n t r a t e d b r i n e , and t h e 
c o n c e n t r a t i o n o f t h e b i c a r b o n a t e s o l u t i o n i s 0 . 0 3 mol /L. 
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Tab le 4 . 1 4 . Comparison of t e c h n e t i u m ( V I I ) s o r p t i o n on h e a t e d and 
unhea t ed s h a l e s f rom c o n c e n t r a t e d b r i n e g r o u n d w a t e r . a 

Heated s h a l e Unheated s h a l e 

Rs (L/kg) Rs (L/kg) 

S h a l e 
f i n a l 

pH avg 
s t d 
d e v . 

f i n a l 
pH avg 

s t d 
dev 

Upper Dowelltown 3 . 5 5 - 0 . 9 0 . 0 3 . 6 8 22 .9 3 . 1 

P i e r r e 6 .79 - 0 . 8 0 . 1 6 . 5 7 4 . 1 1 . 8 

Green R i v e r 
Formation 

— — — 6 . 9 8 1 .6 0 . 6 

Nol ichucky 6 . 9 2 - 0 . 9 0 . 2 6 . 9 9 0 . 5 0 . 3 

Pumpkin V a l l e y 6 . 7 1 - 1 . 0 0 . 0 6 . 9 3 1 . 1 0 . 9 

a S o l i d / s o l u t i o n r a t i o s were abou t 0 . 0 5 kg/L wi th h e a t e d s h a l e s and 
0 . 1 0 w i t h u n h e a t e d s h a l e s . Sha l e s were h e a t e d i n a i r f o r s i x 
months a t 250"C. The i n i t i a l Tc c o n c e n t r a t i o n was 1 x 10- 8 mol/L 
a t i n i t i a l pH 5 . The samples were p r e e q u i l i b r a t e d t h r e e t i m e s f o r 
a t l e a s t t h r e e days each and t h e f i n a l e q u i l i b r a t i o n a t 25°C was 
14 days f o r h e a t e d s h a l e and 19 days f o r unhea t ed s h a l e . The 
samples were s e p a r a t e d by c e n t r i f u g a t i o n a t 25 ,000 r c f f o r 90 
m i n u t e s . 
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4.4 NEPTUNIUM 

Because of limited ava i l ab i l i ty of 23SNp, no e x p e r i m e n t s - one f o r 
n e p t u n i u m s o r p t i o n on montmori l loni te a n d i l l i te. We . t h a t i t 
would be more i n f o r m a t i v e to u s e t h e l imited amcu. i t oi --nip f o r 
e x p e r i m e n t s wi th t h e sha l e s . 

For most of t h e t e s t cond i t i ons l i s ted in T a b l e s 4.15 a n d 4.16, s o r p t i o n 
of n e p t u n i u m , i n t r o d u c e d a s NpCV, was s i g n i f i c a n t . As o b s e r v e d f o r 
ces ium, t h e s o r p t i o n r a t io f o r t h e d i lu t e b r i n e was a l w a y s s i g n i f i c a n t l y 
l a r g e r t h a n t h a t of t h e c o n c e n t r a t e d b r i n e , which i s s u g g e s t i v e of 
s o r p t i o n b y a n ion e x c h a n g e p r o c e s s . However , t h e v e r y h igh s o r p t i o n 
r a t i o f o r t he d i l u t e b r i n e ob t a ined with t h e Green River sha le , which 
h a s a v e r y low c lay c o n t e n t , s u g g e s t s t h a t o t h e r mechan i sms may be 
invo lved . P e r h a p s t h e o r g a n i c mater ia l in t h e s h a l e s i n t e r a c t s wi th 
Np(V). 

A compar i son b e t w e e n t h e s o r p t i o n of n e p t u n i u m on h e a t e d and u n h e a t e d 
s h a l e s f rom c o n c e n t r a t e d b r i n e g r o u n d w a t e r i s summar ized in Table 4.16. 
The l a rge , s i n g l y - c h a r g e d NpCV ion seems to b e h a v e l ike Cs+ on t h e 
P i e r r e a n d Nol ichucky s h a l e s , a s s l i g h t l y h i g h e r s o r p t i o n o c c u r r e d on 
t h e hea t ed sha l e s . However, h e a t i n g r e d u c e d t h e ab i l i ty of t h e Pumpk in 
Valley Shale to s o r b n e p t u n i u m , in a m a n n e r somewhat a n a l o g o u s to t h e 
b e h a v i o r o b s e r v e d f o r s t r o n t i u m a n d t e c h n e t i u m . Data a r e l a c k i n g f o r 
t h e s o r p t i o n of n e p t u n i u m on h e a t e d Green River Format ion a n d on 
u n h e a t e d C h a t t a n o o g a (Upper Dowelltown) Sha le s , so t h a t c o m p a r i s o n s 
c a n n o t be made. F u r t h e r in fo rmat ion i s t h e r e f o r e n e e d e d f o r compar i son 
of h e a t e d and u n h e a t e d samples of t h e s e two sha l e s . 
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T a b l e 4 . 1 5 . Neptunium(V) s o r p t i o n on s h a l e samples .® 

Rs (L/kg) 

F i n a l s t d 
Sha le Groundwater*3 avg pH avg dev 

Upper Dowelltown c o n c e n t r a t e d b r i n e „ 
d i l u t e d b r i n e — — — 

b i c a r b o n a t e 7 .79 145 8 . 4 

P i e r r e c o n c e n t r a t e d b r i n e 6 .66 151 5 . 5 
d i l u t e d b r i n e 7 .38 1980 216 
b i c a r b o n a t e 7 .67 1470 335 

Green R i v e r c o n c e n t r a t e d b r i n e 6 . 8 5 137 4 . 2 
Format ion d i l u t e d b r i n e 7 .78 >10000 — 

b i c a r b o n a t e 8 .29 2620 746 

Nol ichucky c o n c e n t r a t e d b r i n e 6 .81 33 .2 0 . 7 
d i l u t e d b r i n e 7 . 8 8 472 2 7 . 1 
b i c a r o o n a t e 8 .17 368 110 

Pumpkin V a l l e y c o n c e n t r a t e d b r i n e 6 . 8 4 6 . 7 0 . 1 
d i l u t e d b r i n e 7 . 7 3 59 .6 2 . 1 
b i c a r b o n a t e 8 . 3 3 4 2 . 5 0 . 7 

a Each sample c o n t a i n e d a p p r o x i m a t e l y 0 . 2 g o f s h a l e and 2 inL of 
g roundwate r a t an i n i t i a l Np(V) c o n c e n t r a t i o n of 5 x 1 0 - 1 1 mol /L . The 
samples were p r e e q u i l i b r a t e d t h r e e t i m e s f o r a t l e a s t t h r e e days each 
and t h e f i n a l e q u i l i b r a t i o n was f o r 19 d a y s a t 25 °C. The samples were 
s e p a r a t e d by c e n t r i f u g a t i o n a t 25,000 r c f f o r 90 m i n u t e s . 

^Composi t ion of t h e c o n c e n t r a t e d b r i n e i s g i v e n i n Tab le 3 . 2 . The 
d i l u t e d b r i n e i s a 100/1 d i l u t i o n of t h e c o n c e n t r a t e d b r i n e , and t h e 
c o n c e n t r a t i o n of t h e b i c a r b o n a t e s o l u t i o n i s 0 . 0 3 mol /L . 
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Table 4 . 1 6 . Comparison of neptunium(V) s o r p t i o n on h e a t e d and 
unhea ted s h a l e s f rom c o n c e n t r a t e d b r i n e g r o u n d w a t e r . a 

Heated s h a l e Unheated s h a l e 

Rs (L/kg) Rs (L/kg) 

Sha le 
f i n a l 

pH avg 
s t d 
dev . 

f i n a l 
pH avg 

s t d 
dev 

Upper Dowelltown 3 .42 

P i e r r e 6 .74 

Green R ive r Formation — 

Nol ichucky 6 . 9 0 

Pumpkin Va l l ey 6 . 6 2 

- 1 . 1 

300 

0 . 1 

6 . 2 

37 .0 0 . 3 

1 .5 0 . 0 

6 .66 

6 . 8 5 

6.81 

6 . 8 4 

151 

137 

33 .2 

6 . 7 

5 .5 

4 . 2 

0 .7 

0 .1 

^ o l i d / s o l u t i o n r a t i o s were abou t 0 .05 w i t h h e a t e d s h a l e s and 0 . 1 0 
w i th unhea ted s h a l e s . The s h a l e s were h e a t e d i n a i r f o r s i x 
months a t 250°C. The i n i t i a l Np c o n c e n t r a t i o n was 5 x 1 0 - 1 1 mol/L 
a t an i n i t i a l pH 5 . The samples were p r e e q u i l i b r a t e d t h r e e t i m e s f o r 
a t l e a s t t h r e e days each , and t h e f i n a l e q u i l i b r a t i o n was f o r 14 days 
a t 25°C. The samples were s e p a r a t e d by c e n t r i f u g a t i o n a t 25,000 r c f 
f o r 90 m i n u t e s . 
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4.5 URANIUM 

Dete rmina t ions of s o r p t i o n r a t i o s f o r u r a n i u m on montmori l loni te a n d 
illite w e r e more compl ica ted t h a n f o r t h e o t h e r ions , b e c a u s e l o s se s of 
u r a n i u m w e r e o b s e r v e d f rom t h e c o n t r o l so lu t ions . T h e lo s se s w e r e much 
l a r g e r f o r t h e 10-® mol/L so lu t i ons , in some c a s e s a s much a s 70%. For 
t h e 10-4 so lu t ions , t h e l o s s e s w e r e much lower . Los se s cou ld be c a u s e d 
e i t h e r b y s o r p t i o n on t h e t u b e wal ls or b y p r e c i p i t a t i o n , a n d t h e l o s se s 
a p p e a r to be a f u n c t i o n of pH with t h e g r e a t e s t l o s s e s a r o u n d pH 6. 
Above a n d below pH 6, l o s s e s g r a d u a l l y d e c r e a s e . T h e r e f o r e , s o r p t i o n 
r a t i o s f o r monmori l loni te a n d i l l i te w e r e ca lcu la ted b o t h b y u s i n g t h e 
o r i g ina l c o n c e n t r a t i o n (10-® mol/L) a n d t h e c o n c e n t r a t i o n in t h e con t ro l 
so lu t ion a f t e r t h r e e d a y s (-7 x 10-7 mol/L) a s t h e t e r m Ci in Eq. 1. 
The d a t a f rom t h e s e s t u d i e s a r e summar ized in Table 4.17. 

The r e s u l t s f o r s o r p t i o n of u r a n i u m on s h a l e s a r e g i v e n in Tab les 4.18 
a n d 4.19 f o r two d i f f e r e n t ini t ia l u r a n i u m c o n c e n t r a t i o n s . The v a l u e s 
of t h e s o r p t i o n r a t i o w e r e ca l cu l a t ed a s s u m i n g t h a t t h e o r i g i n a l 
s t a n d a r d c o n c e n t r a t i o n (10~4) was e q u a l to t h e t e r m Ci in Eq. 1. The 
u r a n i u m w a s p r e s e n t in t h e fo rm of U(VI) and a d d e d a s UO224. For t h e 
ini t ia l u r a n i u m c o n c e n t r a t i o n of 10-4 mol/L, m o d e r a t e s o r p t i o n was 
o b s e r v e d f o r most c a s e s ; compa ra t i ve ly low s o r p t i o n r a t i o s (2.3 to 2.5 
L / k g ) w e r e o b s e r v e d f r o m 0.03 M NaHCOa f o r t h e Nol ichucky, Pumpkin 
Valley, a n d Cha t t anooga (Upper Dowelltown) Sha le s . At t h e pH of t h e s e 
t e s t s (8.40 to 9.27), t h e u r a n i u m is p r o b a b l y , a t l eas t in p a r t , i n t h e 
form of a n e g a t i v e l y - c h a r g e d c a r b o n a t e complex which would no t b e 
expec t ed to s o r b s t r o n g l y . To o b t a i n a n a d e q u a t e u n d e r s t a n d i n g of t h e 
e f f e c t s of spec ia t ion , t h e s e e x p e r i m e n t s shou ld be e x t e n d e d b y m e a s u r i n g 
s o r p t i o n a s a f u n c t i o n of pH. 

For t h e smal ler c o n c e n t r a t i o n of 10"® mol/L, t h e r e s u l t s v a r i e d 
s i g n i f i c a n t l y among t h e s h a l e / g r o u n d w a t e r combina t ions . L o s s e s f r o m t h e 
c o n t r o l so lu t i ons s u g g e s t t h a t p r e c i p i t a t i o n a n d / o r s o r p t i o n on t h e t u b e 
walls w e r e o c c u r r i n g . However , t h e t e rm Ci w a s a s s u m e d to be 10-6 

mol/L. I t i s e v i d e n t t h a t t h e u r a n i u m / s h a l e s y s t e m i s q u i t e 
compl ica ted , a n d f u r t h e r expe r imen ta t i on wi th c a r e f u l c o n t r o l of pH is 
r e q u i r e d to u n d e r s t a n d t h e p r o c e s s e s i n v o l v e d . 

In t h e e x p e r i m e n t s d i s c u s s e d a b o v e f o r s o r p t i o n of u r a n i u m o n t o 
montmori l loni te a n d i l l i te, s i g n i f i c a n t l y l a r g e r s o r p t i o n r a t i o s w e r e 
o b s e r v e d in most c a s e s compared to t h o s e shown in Tab le s 4.18 a n d 4.19 
f o r s o r p t i o n on to s h a l e s in t h e c o n c e n t r a t e d a n d d i l u t e d b r i n e s . T h u s , 
f o r u r a n i u m it i s d i f f i c u l t t o c o r r e l a t e t h e s o r p t i o n r e s u l t s wi th t h e 
d a t a s h o w n in Table 3.1 f o r t h e i l l i te c o n t e n t of t h e s h a l e s . 
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Table 4 . 1 7 . Uranium(VI) s o r p t i o n on m o n t m o r i l l o n i t e and i l l i t e 
f rom c o n c e n t r a t e d and d i l u t e d b r i n e g r o u n d w a t e r . a 

Groundwater 
I n i t i a l U 

c o n c e n t r a t i o n 
(mol/L) 

M o n t m o r i l l o n i t e 
Rs (L/kg) 

I l l i t e 
Rs (L/kg) 

Groundwater 
I n i t i a l U 

c o n c e n t r a t i o n 
(mol/L) avg 

s t d 
dev avg 

s t d 
dev 

Concen t r a t ed 1 x 10-6 519 51 243 16 
"7 x i o - 7 334 33 154 11 

1 X 10-4 142 7 2 4 . 3 1 .8 

I n t e r m e d i a t e 1 X 10-6 1830 118 673 136 
"7 X i o - 7 1190 77 430 89 

1 X 10-" 350 21 32 .6 7 .5 

D i l u t e 1 X 10-6 >10000 2870 390 
"7 X 10"7 6840 85 1655 235 

1 X 10-4 613 145 51 .5 2 . 8 

^ o l i d / s o l u t i o n r a t i o s i n p r e e q u i l i b r a t i o n were 0.025 f o r 
c o n c e n t r a t e d b r i n e , 0.0125 f o r i n t e r m e d i a t e b r i n e and 0.005 
f o r d i l u t e b r i n e ; i n t h e f i n a l e q u i l i b r a t i o n t h e r a t i o s were 
0.050 f o r c o n c e n t r a t e d b r i n e , 0.025 f o r i n t e r m e d i a t e b r i n e 
and 0.010 f o r d i l u t e b r i n e . The samples were p r e e q u i l i b r a t e d 
t h r e e t imes f o r t h r e e days each and t h e f i n a l e q u i l i b r a t i o n 
was f o r t h r e e days a t 25°C. The samples were s e p a r a t e d by 
c e n t r i f u g a t i o n a t 25,000 r c f f o r 30 m inu t e s . 

Whe uranium c o n c e n t r a t i o n d e c r e a s e d from 
1 x 10"6 mol/L t o about 7 x 10-7 mol/L soon a f t e r t h e 
s o l u t i o n s were p r e p a r e d . The r e s u l t s i n t h e 10"6 mol/L row 
were c a l c u l a t e d assuming Ci ( E q . l ) t o be 10-® mol /L. The 
r e s u l t s i n t h e 7 x 10"7 mol/L row were c a l c u l a t e d f rom t h e 
measured c o n c e n t r a t i o n of t h e c o n t r o l s o l u t i o n s a t t h e end of 
t h e t e s t s ( t h r e e d a y s ) . 
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Tab le 4 . 1 8 . Uranium(VI) s o r p t i o n on s h a l e s a m p l e s . a 

I n i t i a l U c o n c e n t r a t i o n 1 x 10"* mol /L . 

Rs (L/kg) 

S h a l e Groundwater13 
F i n a l 
avg pH avg 

s t d 
dev 

Upper Dowelltown c o n c e n t r a t e d b r i n e 3 .25 6 . 5 0 . 9 
d i l u t e d b r i n e 2 .90 4 . 0 3 . 3 
b i c a r b o n a t e 8 . 4 0 2 . 3 0 . 4 

P i e r r e c o n c e n t r a t e d b r i n e 6 .47 19 .2 1 . 3 
d i l u t e d b r i n e 7 .75 2 1 . 1 2 . 5 
b i c a r b o n a t e 8 . 5 8 9 . 5 2 . 6 

Green R i v e r c o n c e n t r a t e d b r i n e 6 . 7 0 10.9 0 . 9 
Format ion d i l u t e d b r i n e 7 .99 44 .4 6 . 7 

b i c a r b o n a t e 9 . 1 0 19 .3 1 .7 

Nol ichucky c o n c e n t r a t e d b r i n e 6 . 8 8 8 . 6 1 .9 
d i l u t e d b r i n e 7 .67 6 . 0 1 . 3 
b i c a r b o n a t e 9 .27 2 . 3 0 . 1 

Pumpkin V a l l e y c o n c e n t r a t e d b r i n e 6 . 7 0 10.6 1 .7 
d i l u t e d b r i n e 7 .77 182 17 
b i c a r b o n a t e 9 .16 2 . 5 0 . 3 

a Each sample c o n t a i n e d a p p r o x i m a t e l y 0 . 2 g of s h a l e and 2 mL of 
g roundwa te r . The samples were p r e e q u i l i b r a t e d t h r e e t i m e s f o r a t 
l e a s t t h r e e days each and t h e f i n a l e q u i l i b r a t i o n was f o r 15 days 
a t 25°C. The samples were s e p a r a t e d by c e n t r i f u g a t i o n a t 25 ,000 r c f 
f o r 90 m i n u t e s . 

T-
Composi t ions of g roundwate r s a r e t h e same a s f o r T a b l e 4 . 1 5 . 
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Table 4 . 1 9 . Uranium(VI) s o r p t i o n on s h a l e s a m p l e s . a 

I n i t i a l U c o n c e n t r a t i o n 1 x 10"6 mol /L. 

Rs (L/kg) 

F i n a l s t d 
Sha l e Groundwater avg pH avg dev 

Upper Dowelltown c o n c e n t r a t e d b r i n e 3 .16 6 . 4 0 . 7 
d i l u t e d b r i n e 2 . 8 0 1 .9 0 . 4 
b i c a r b o n a t e 8 . 6 3 6 . 0 0 .7 

P i e r r e c o n c e n t r a t e d b r i n e 6 . 4 5 39 .0 3 . 1 
d i l u t e d b r i n e 7 .59 96 .2 2 . 3 
b i c a r b o n a t e 8 .34 23 .7 2 .6 

Green R ive r c o n c e n t r a t e d b r i n e 6 . 7 8 53 .6 0 . 9 
Format ion d i l u t e d b r i n e 8 . 0 1 4880 145 

b i c a r b o n a t e 9 . 1 8 1042 107 

Nol ichucky c o n c e n t r a t e d b r i n e 6 . 8 3 7 . 3 1 . 3 
d i l u t e d b r i n e 8 .24 7 1 . 8 6 . 0 
b i c a r b o n a t e 9 .30 11.5 0 . 3 

Pumpkin Va l l ey c o n c e n t r a t e d b r i n e 6 .80 10.4 6 . 4 
d i l u t e d b r i n e 8 .12 267 29 .4 
b i c a r b o n a t e 9 .45 19 .3 1 . 1 

a Each sample c o n t a i n e d a p p r o x i m a t e l y 0 . 2 g of s h a l e and 2 mL of 
g roundwate r . The samples were p r e e q u i l i b r a t e d t h r e e t i m e s f o r 12, 13, 
and 22 days , r e s p e c t i v e l y , and t h e f i n a l e q u i l i b r a t i o n was f o r 15 days 
a t 25°C. The samples were s e p a r a t e d by c e n t r i f u g a t i o n a t 25,000 r c f f o r 
90 m i n u t e s . S i g n i f i c a n t amounts of uranium were l o s t f rom t h e c o n t r o l 
s o l u t i o n s , p o s s i b l y by p r e c i p i t a t i o n . 

^Composi t ions of t h e g roundwate r s a r e t h e same a s f o r Tab le 4 . 1 5 . 
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T a b l e 4 . 2 0 . Comparison of uranium(VI) s o r p t i o n on h e a t e d and 
u n h e a t e d s h a l e samples .® 

Hea ted s h a l e Unheated s h a l e 

S h a l e Groundwater 0 pH (L/kg) pH (L/kg) 

Upper Dowelltown conc . b r i n e 3 . 6 1 40 .6 3 .16 6 . 4 
d i l u t e d b r i n e 2 . 7 4 9 . 9 2 . 8 0 1 . 9 
b i c a r b o n a t e 8 . 1 8 15.5 8 . 6 3 6 . 0 

P i e r r e c o n c . b r i n e 6 . 9 8 70 .6 6 . 4 5 39 .0 
d i l u t e d b r i n e 7 . 6 9 318 7 . 5 9 9 6 . 2 
b i c a r b o n a t e 8 . 4 2 4 . 3 8 . 3 4 23 .7 

Green R i v e r conc . b r i n e 7 . 1 3 64 .7 6 . 7 8 53 .6 
Format ion d i l u t e d b r i n e 8 . 0 2 4490 8 . 0 1 4880 

b i c a r b o n a t e 8 . 6 0 57 .4 9 . 1 8 1042 

Green R i v e r c o n c . b r i n e 7 . 2 4 16.0 6 . 7 0 10.9 
Format ion d i l u t e d b r i n e 8 . 0 2 153 7 . 9 9 44 .4 
(uranium conc . b i c a r b o n a t e 8 . 6 0 7 .4 9 . 1 0 19 .3 

1 x 10-« mol/L) 

Nol ichucky conc . b r i n e 6 . 9 0 35 .1 6 . 8 3 7 . 3 
d i l u t e d b r i n e 7 . 7 8 68 .4 8 . 2 4 7 1 . 8 
b i c a r b o n a t e 8 . 6 1 1 .6 9 . 3 0 11.5 

Pumpkin V a l l e y conc . b r i n e 6 . 6 4 773 6 . 8 0 10 .4 
d i l u t e d b r i n e 7 . 0 6 2680 8 . 1 2 267 
b i c a r b o n a t e 8 . 5 6 7 .2 9 . 4 5 19 .3 

a Each sample c o n t a i n e d a p p r o x i m a t e l y 0 . 2 g of s h a l e i n 4 mL of 
g roundwa te r . The s h a l e s were h e a t e d f o r s i x months i n a i r a t 250°C. 
The i n i t i a l U(VI) c o n c e n t r a t i o n was 1 x 10 - 6 mol/L f o r a l l t e s t s 
e x c e p t t h e second w i t h Green R i v e r s h a l e . The samples were 
p r e e q u i l i b r a t e d t h r e e t i m e s f o r a t l e a s t t h r e e days each and t h e 
f i n a l e q u i l i b r a t i o n was f o r 14 d a y s a t 25°C. The samples were 
s e p a r a t e d by c e n t r i f u g a t i o n a t 25 ,000 r c f f o r 90 m i n u t e s . 
S i g n i f i c a n t amounts of uranium were l o s t , p o s s i b l y by 
p r e c i p i t a t i o n , f rom t h e c o n t r o l s o l u t i o n s t h a t i n i t i a l l y c o n t a i n e d 
1 x 10" 6 mol/L uranium. 

u 
Groundwater compos i t i ons a r e t h o s e of Tab le 4 . 1 5 . 
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5. CONCLUSIONS AND RECOMMENDATIONS 

For ces ium, t h e r e w a s s t r o n g s o r p t i o n f o r p r a c t i c a l l y al l c o n d i t i o n s 
on to t h e s h a l e s t h a t con ta ined illite o r smec t i t e . So rp t ion r a t i o s w e r e 
r e l a t i ve ly low o n l y f o r Green River Format ion Shale , which h a s a low or 
neg l ig ib le c lay minera l c o n t e n t a s r e p o r t e d b y Lee, e t al . (1987). The 
s o r p t i o n / d e s o r p t i o n e x p e r i m e n t s d e m o n s t r a t e d ces ium i s most p r o b a b l y 
s o r b e d by an ion e x c h a n g e mechanism. Hea t ing t h e s h a l e s g e n e r a l l y 
r e s u l t e d in an i n c r e a s e in s o r p t i o n r a t i o . T h u s , i n s o f a r a s t h e s h a l e s 
se lec ted may b e r e p r e s e n t a t i v e of s h a l e s to be c o n s i d e r e d f o r a HLW 
r e p o s i t o r y , ces ium would be r e t a i n e d by t h e s e sha l e s . 

For s t r o n t i u m , a n d p r o b a b l y f o r o t h e r d i v a l e n t ions wi th similar 
chemical p r o p e r t i e s s u c h a s rad ium, l i t t le s o r p t i o n would be e x p e c t e d if 
t he g r o u n d w a t e r s a r e c o n c e n t r a t e d b r i n e s . The t e s t e d s h a l e s had l i t t l e 
ab i l i ty to r e t a r d s t r o n t i u m f rom t h e c o n c e n t r a t e d so lu t ions ; t h e r e s u l t s 
with t h e h e a t e d s h a l e s s u g g e s t t h a t t h e r e would be e v e n l e s s s o r p t i o n 
f o r s h a l e s t h a t h a v e been hea t ed u n d e r a e r o b i c cond i t i ons s u c h a s cou ld 
o c c u r fol lowing emplacement of n u c l e a r w a s t e . S t r o n t i u m t e n d s t o b e 
s o r b e d by many s o r b e n t s more s t r o n g l y a t h igh pH levels ; t h u s , if t h e 
g r o u n d w a t e r s a r e a lka l ine , t h e r e i s a much g r e a t e r l ikelihood t h a t 
s t r o n t i u m would b e r e t a i n e d by t h e s h a l e s . 

Small b u t m e a s u r a b l e s o r p t i o n of t e c h n e t i u m o c c u r r e d on all s h a l e s 
s t u d i e d excep t t h e Cha t t anooga ( U p p e r Dowelltown) Shale , which y i e lded 
compara t ive ly h i g h s o r p t i o n r a t i o s f o r all expe r imen ta l cond i t i ons . I t 
was e x p e c t e d t h a t u n d e r oxic c o n d i t i o n s t e c h n e t i u m would be p r e s e n t a s 
t h e p e r t e c h n e t a t e ion, T c O o which would s o r b v e r y l i t t le . I t is 
poss ib le t h a t o r g a n i c mater ia l in t h e s h a l e s h a s t h e ab i l i ty to r e d u c e 
Tc(VII) to a lower oxidat ion s t a t e , which may immobilize t h e t e c h n e t i u m 
by fo rma t ion of i n so lub l e compounds s u c h a s h y d r o u s ox ides , o r t o s o r b 
Tc04". When t h e o r g a n i c c o n s t i t u e n t s of s h a l e s h a v e been i d e n t i f i e d , i t 
will be i m p o r t a n t to d e t e r m i n e t h e ro le of t h e o r g a n i c c o m p o u n d s in 
t e chne t ium r e d u c t i o n / s o r p t i o n . A n o t h e r p o s s i b i l i t y i s t h a t t h e p y r i t e 
in t h e C h a t t a n o o g a ( U p p e r Dowelltown) Sha le c o n t r i b u t e d to t h e r e t e n t i o n 
of t e c h n e t i u m . S t u d i e s of t e c h n e t i u m s o r p t i o n u n d e r anoxic c o n d i t i o n s 
would be v e r y u s e f u l in m e a s u r i n g t h e s h a l e s ' ab i l i t y to r e d u c e 
p e r t e c h n e t a t e ion a n d f ix t h e r e d u c e d t e c h n e t i u m . Such s t u d i e s migh t 
a l so e l u c i d a t e t h e b e h a v i o r of Np(V) a n d U(VI), bo th of which c a n b e 
r e d u c e d to form r e l a t i v e l y inso lub le ox ides . T h u s , a p r i m a r y 
recommenda t ion of t h i s s t u d y i s t o p e r f o r m s y s t e m a t i c e x p e r i m e n t s w i th 
r e d u c i b l e n u c l i d e s u n d e r anoxic c o n d i t i o n s . 

Neptunium was i n t r o d u c e d in to t h e g r o u n d w a t e r s a s t h e n e p t u n y l ion, 
Np02+, a l a r g e , s i n g l y - c h a r g e d ion. S o r p t i o n w a s s i g n i f i c a n t f o r al l 
t e s t e d cond i t i ons . S o r p t i o n r a t i o s w e r e e spec i a l l y l a r g e f o r t h e P i e r r e 
Shale and t h e Green River Format ion Sha le . The P i e r r e Shale h a s 
c o n s i d e r a b l e smec t i t e which could s o r b t h e n e p t u n y l ion by a n ion 
e x c h a n g e mechanism. The Green River Format ion Shale h a s a neg l ig ib l e 
c lay minera l c o n t e n t b u t a h igh o r g a n i c c o n t e n t . P e r h a p s t h e o r g a n i c 
ma t t e r could a c t t o r e d u c e t h e n e p t u n i u m to a n inso lub le oxide of a 
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lower v a l e n c e s t a t e o r a f f e c t t h e s o r p t i o n r a t i o b y complexat ion wi th 
o r g a n i c l i g a n d s . 

The r e s u l t s wi th u r a n i u m a r e i nd i ca t i ve of a r a t h e r complex sys t em. 
The k e y to u n d e r s t a n d i n g s o r p t i o n of u r a n i u m is f i r s t t o i n v e s t i g a t e t h e 
so lu t ion c h e m i s t r y a n d s p e c i a t i o n of U(VI) in t h e a p p r o p r i a t e g r o u n d -
w a t e r a n d t h e n to c o n d u c t s y s t e m a t i c e x p e r i m e n t s a s a f u n c t i o n of pH 
a n d o t h e r g r o u n d w a t e r v a r i a b l e s . Without t h i s i n f o r m a t i o n , it i s v e r y 
d i f f i c u l t t o i n t e r p r e t t h e r e s u l t s of s o r p t i o n e x p e r i m e n t s wi th u r a n i u m . 

Compar ing t h e r e s u l t s of e x p e r i m e n t s wi th u n h e a t e d a n d h e a t e d s h a l e s 
p r o v e d to b e i n f o r m a t i v e . F u r t h e r e x p e r i m e n t s wi th t h e h e a t e d s h a l e s 
would b e u s e f u l b e c a u s e on ly a limited r a n g e of so lu t ion compos i t ions 
h a v e b e e n u s e d f o r most of t h e e l ements t e s t e d . Also, on ly one method 
of h e a t i n g h a s been u s e d so f a r ( hea t i ng in a i r a t 250° f o r six mon ths ) . 

T h e s e e x p e r i m e n t s a l so h a v e s e r v e d to s u g g e s t t h e n e e d f o r more de t a i l ed 
i n fo rma t ion on t h e o r g a n i c c o n s t i t u e n t s in s h a l e s . I n p a r t i c u l a r , i t 
will b e i m p o r t a n t to n u c l e a r was t e r e p o s i t o r y p e r f o r m a n c e to i d e n t i f y 
t h o s e o r g a n i c c o m p o u n d s in s h a l e s which may be a b l e to r e d u c e p o l y v a l e n t 
e l e m e n t s to inso lub le c o m p o u n d s of lower oxida t ion s t a t e a n d to s t u d y 
t h e complexat ion of r a d i o n u c l i d e s b y p a r t i c u l a r o r g a n i c c o m p o u n d s , wh ich 
might lead to mobil izat ion of t h e n u c l i d e s in t h e g r o u n d w a t e r . 

More sy t ema t i c s t u d i e s of g r o u n d w a t e r p a r a m e t e r s a r e n e e d e d . T h e s e 
i n c l u d e v a r i a t i o n of ionic s t r e n g t h a t c o n s t a n t pH a n d v a r i a t i o n of pH 
a t c o n s t a n t composi t ion. T h e s e s t u d i e s , in combina t ion wi th t h e 
p r e l i m i n a r y r e s u l t s p r e s e n t e d in t h i s r e p o r t , s h o u l d h e l p e l u c i d a t e t h e 
s o r p t i o n mechan i sms a n d p r o v i d e b e t t e r c o r r e l a t i o n of s o r p t i o n with t h e 
mine ra l c o n t e n t of t h e c lay . 

I n c o m p a r i n g t h e s h a l e s t h a t we h a v e s t u d i e d so f a r , no o n e of them 
s o r b s all of t h e t e s t e d e l e m e n t s s t r o n g l y , a n d o n l y o n e (Cha t t anooga 
Shale , U p p e r Dowelltown Member) exh ib i t ed a n y ab i l i t y to s o r b 
t e c h n e t i u m . They all s o r b ces ium s t r o n g l y a n d show f a i r l y small 
s o r p t i o n r a t i o s f o r s t r o n t i u m . However , ces ium a n d s t r o n t i u m a r e n o t 
k e y e l emen t s , a n d t h e r e f o r e t h e ab i l i t y of t h e s h a l e s to s o r b t h e s e 
e l e m e n t s i s not a s i g n i f i c a n t c r i t e r i o n f o r se l ec t ion of a s u i t a b l e 
sha l e . The P i e r r e Shale s t r o n g l y s o r b e d n e p t u n i u m a n d showed some of 
t h e h i g h e r s o r p t i o n r a t i o s f o r u r a n i u m a n d s t r o n t i u m ; t h e s e o b s e r v a t i o n s 
may b e c o r r e l a t e d wi th t h e l a r g e p e r c e n t a g e of smec t i t e in t h i s sha l e . 
The P u m p k i n Valley Sha l e , wh ich h a s t h e h i g h e s t i l l i te c o n t e n t among t h e 
t e s t e d s h a l e s , s o r b e d ces ium v e r y s t r o n g l y , a n d e x c e p t f o r t e c h n e t i u m , 
s o r b e d t h e o t h e r t e s t e d e l e m e n t s mode ra t e ly . I t i s i n t e r e s t i n g t h a t t h e 
Green River Format ion Sha le , wh ich a c c o r d i n g t o Tab le 3.1 h a s t h e lowes t 
c lay c o n t e n t , a lso s o r b e d ces ium, n e p t u n i u m , a n d u r a n i u m wi th m o d e r a t e 
to v e r y l a r g e s o r p t i o n r a t i o s . F u r t h e r s t u d i e s wh ich would a t t e m p t to 
c o r r e l a t e s o r p t i o n wi th t h e mine ra logy of t h e s h a l e s would be u s e f u l t o 
h e l p exp la in t h e s e e f f e c t s . 
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