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ABSTRACT 

LEE, S. Y . , L, K. HYDER, and P. M. B a x t e r . 1989. 
M i n e r a l o g i c a l c h a r a c t e r i z a t i o n of s e l e c t e d s h a l e s i n 
s u p p o r t of n u c l e a r w a s t e r e p o s i t o r y s t u d i e s : p r o g r e s s 
r e p o r t f o r Oc tobe r 1987-September 1988. 
ORNL/TM-10968. Oak Ridge N a t i o n a l L a b o r a t o r y , 
Oak Ridge , T e n n e s s e e . 47 pp . 

One o b j e c t i v e of t h e Sed imen ta ry Rock Program a t t h e Oak Ridge 

N a t i o n a l L a b o r a t o r y h a s b e e n t o examine end-member s h a l e s t o d e v e l o p a 

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

a r e p o s i t o r y h o s t r o c k . F ive end-member sha!* s were s e l e c t e d f o r 

comprehens ive c h a r a c t e r i z a t i o n : t h e C h a t t a n o o g a S h a l e f rom F e n t r e s s 

County , T e n n e s s e e ; t h e P i e r r e S h a l e f rom Gregory County , Sou th Dako ta ; 

t h e Green R i v e r F o r m a t i o n f rom G a r f i e l d County , C o l o r a d o ; and t h e 

No l i chucky S h a l e and Pumpkin V a l l e y S h a l e f rom Roane County , T e n n e s s e e . 

D e t a i l e d m i c r o m o r p h o l o g i c a l and m i n e r a l o g i c a l c h a r a c t e r i z a t i o n s of t h e 

s h a l e s were comple t ed by e t a l . (1987) i n ORNL/TM-10567. T h i s 

r e p o r t i s a s u p p l e m e n t a l c h a r a c t e r i z a t i o n s t u d y t h a t was n e c e s s a r y 

b e c a u s e second b a t c h e s of t h e s h a l e samples were needed f o r a d d i t i o n a l 

s t u d i e s . S e l e c t e d p h y s i c a l , c h e m i c a l , and m i n e r a l o g i c a l p r o p e r t i e s were 

d e t e r m i n e d f o r t h e s econd b a t c h e s ; and t h e i r p r o p e r t i e s were compared 

w i t h t h e r e s u l t s f rom t h e f i r s t b a t c h e s . 

P h y s i c a l c h a r a c t e r i z a t i o n i n d i c a t e d t h a t t h e s e c o n d - b a t c h and 

f i r s t - b a t c h samples had a n o t i c e a b l e d i f f e r e n c e i n a p p a r e n t - s i z e 

d i s t r i b u t i o n s b u t h a d s i m i l a r p r i m a r y - p a r t i c l e - s i z e d i s t r i b u t i o n s . 

T h e r e were some d i f f e r e n c e s i n c h e m i c a l c o m p o s i t i o n be tween t h e b a t c h e s , 

b u t t h e s e d i f f e r e n c e s were n o t c o n s i d e r e d i m p o r t a n t i n compar i son v l t h 

t h e d i f f e r e n c e s among t h e end-member s h a l e s . The r e s u l t s of X - r a y 

d i f f r a c t i o n a n a l y s e s showed t h a t t h e s econd b a t c h e s h a d m i n e r a l o g i c a l 

c o m p o s i t i o n s v e r y s i m i l a r t o t h e f i r s t b a t c h e s , a s e x p e c t e d f rom 

c h e m i c a l a n a l y s i s r e s u l t s . I l l i t e was t h e m a j o r m i n e r a l component of 

t h e Cha t t anooga S h a l e , No l i chucky S h a l e , and Pumpkin V a l l e y S h a l e . 

Dolomi te was t h e dominan t component i n t h e Green R i v e r F o r m a t i o n , and 

s m e c t i t e was t h e dominan t component i n t h e P i e r r e S h a l e . 

ix 



D i f f e r e n c e s i n t h e s e l e c t e d p r o p e r t i e s between t h e second and f i r s t 

b a t c h e s were n o t c o n s i d e r e d i m p o r t a n t enough t o w a r r a n t f u r t h e r 

c h a r a c t e r i z a t i o n of t h e second b a t c h e s of t h e end-member s h a l e s . The 

r e s u l t s a l s o s u g g e s t e d t h a t t he c o m p o s i t i o n a l and p h y s i c a l d i f f e r e n c e s 

were too sma l l t o i n f l u e n c e the r e s u l t s of o t h e r geochemica l s t u d i e s , 

such a s r a d i o n u c l i d e s o r p t i o n and r o c k - w a t e r i n t e r a c t i o n . 
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1. INTRODUCTION 

M i n e r a l o g i c a l c h a r a c t e r i s t i c s of s e l e c t e d s h a l e s have b e e n 

i n v e s t i g a t e d a t t h e Oak Ridge N a t i o n a l L a b o r a t o r y (ORNL) as a p a r t of 

t h e Sed imen ta ry Rock Program (SERP) i n s u p p o r t of t h e U.S . Depar tment of 

E n e r g y ' s R e p o s i t o r y Technology Program of t h e O f f i c e of C i v i l i a n 

R a d i o a c t i v e Waste Management. The p u r p o s e of SERP was t o examine a 

v a r i e t y of s e d i m e n t a r y r o c k s t o d e t e r m i n e t h e i r s u i t a b i l i t y a s p o s s i b l e 

h o s t s f o r a n u c l e a r was t e r e p o s i t o r y and t o t r a n s f e r t h e s c i e n t i f i c and 

t e c h n o l o g i c a l i n f o r m a t i o n d e v e l o p e d t h rough t h e p rogram t o t h e Yucca 

Mounta in R e p o s i t o r y Program. 

The o b j e c t i v e s of t h i s t a s k were t o d e t e r m i n e t h e m i n e r a l o g i c a l 

c o m p o s i t i o n and micromorphology of s e l e c t e d s h a l e s , t o a s s i s t o t h e r SERP 

t a s k g roups i n c h e m i c a l and m i n e r a l o g i c a l i n t e r p r e t a t i o n s of t h e i r 

e x p e r i m e n t a l d a t a , and t o d e v e l o p a q u a n t i t a t i v e m i n e r a l o g i c a l a n a l y s i s 

method , which would be u s e f u l i n i d e n t i f y i n g a c c e p t a b l e s t r a t a f o r 

s i t i n g a r e p o s i t o r y a s w e l l a s i n l o c a t i n g s o u r c e s o f r e p o s i t o r y 

b a c k f i l l m a t e r i a l s . 

Four end-member s h a l e s were s e l e c t e d on t h e b a s i s o f t h e i r 

c o m p o s i t i o n f o r comprehens ive m i n e r a l o g i c a l c h a r a c t e r i z a t i o n : t h e 

C h a t t a n o o g a S h a l e was s e l e c t e d a s r e p r e s e n t i n g a c a r b o n a c e o u s s h a l e , t h e 

P i e r r e S h a l e a s a s m e c t i t i c s h a l e , t h e Green R i v e r F o r m a t i o n a s a 

c a r b o n a t e - r i c h s h a l e , and t h e No l i chucky S h a l e and Pumpkin V a l l e y S h a l e 

a s i l l i t i c s h a l e s (Stow and C r o f f 1987) . Task a c t i v i t y f o r t h e f i r s t 

y e a r was f o c u s e d on u n d e r s t a n d i n g t h e mode of o c c u r r e n c e of n a t u r a l 

u r an ium i n t h e Cha t t anooga S h a l e . T h i s s t u d y o f f e r e d a u n i q u e 

o p p o r t u n i t y t o examine r e t a r d a t i o n r a t e s of u ran ium l e a c h e d f r o m a 

s h a l e - h o s t e d r e p o s i t o r y (Lee e t a l . 1 9 8 6 ) . S e m i q u a n t i t a t i v e 

m i n e r a l o g i c a l a n a l y s e s of t h e f i r s t b a t c h o f f i v e s e l e c t e d end-member 

s h a l e s were c o n d u c t e d d u r i n g t h e second y e a r o f t h e a c t i v i t y 

(Lee e t a l . 1987) . I t was n e c e s s a r y t o p r e p a r e and c h a r a c t e r i z e a 

s e c o n d - b a t c h of samples f o r a d d i t i o n a l s o r p t i o n and o r g a n i c m a t t e r 

s t u d i e s b e c a u s e t h e f i r s t - b a t c h of samples were u s e d up i n e a r l i e r 

e x p e r i m e n t s . The c o r e segment s s e l e c t e d f o r t h e s e c o n d - b a t c h samples 

were o b t a i n e d f rom e i t h e r d i f f e r e n t s e c t i o n s o f t h e same c o r e s o r f rom 
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d i f f e r e n t co re s b u t a t s i m i l a r d e p t h s t o t h e c o r e s p r e p a r e d f o r t h e 

f i r s t - b a t c h samples . 

The purpose of t h i s y e a r ' s p r o g r e s s r e p o r t i s t o document t h e 

p h y s i c a l , chemica l , and m i n e r a l o g i c a l c h a r a c t e r i s t i c s of t h e second 

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

r a d i o n u c l i d e s o r p t i o n s t u d i e s (Meyer e t a l . 1988) . Also i n c l u d e d i n 

t h i s r e p o r t a r e t h e p r e l i m i n a r y r e s u l t s of a c l a y - b o i l i n g exper iment 

d e s i g n e d t o examine s m e c t i t e and i l l i t e s t a b i l i t y i n a d i l u t e b r i n e 

s o l u t i o n a t e l e v a t e d t e m p e r a t u r e . Because t h e m i s s i o n o f t h e 

Sedimentary Rock Program h a s been r e d i r e c t e d t o b a s i c s c i e n t i f i c and 

t e c h n o l o g i c a l s u p p o r t f o r t h e Yucca Mountain R e p o s i t o r y , f u t u r e r e s e a r c h 

a c t i v i t i e s w i l l be f o c u s e d on m i n e r a l t r a n s f o r m a t i o n s , r e a c t i v i t y , and 

m i c r o p o r o s i t y r e l a t i o n s of c l a y m i n e r a l s f rom t u f a c e o u s r o c k . 
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2. MATERIALS AND METHODS 

2 . 1 MATERIALS 

Five s h a l e s , r e p r e s e n t i n g f o u r end-member s h a l e c o m p o s i t i o n s , were 

s e l e c t e d f o r geochemical c h a r a c t e r i z a t i o n s t u d i e s by t h e Sedimentary 

Rock Program. The s h a l e s s e l e c t e d were t h e Cha t t anooga Shale , P i e r r e 

S h a l e , Green R i v e r Format ion , Nol ichucky Sha le and Pumpkin V a l l e y Shale 

(Lee e t a l . 1987) . Two b a t c h e s of s h a l e samples were p r e p a r e d f o r 

geochemical a n a l y s e s . The f i r s t b a t c h e s , c o l l e c t e d i n October 1985, 

were c h a r a c t e r i z e d i n FY 1986. (The r e s u l t s of t h e s t u d y were r e p o r t e d 

i n ORNL/TM-10567 by Lee e t a l . 1987 . ) The s e c o n d - b a t c h samples , 

o b t a i n e d from d i f f e r e n t c o r e s o r d i f f e r e n t d e p t h s of same c o r e s , were 

s t u d i e d i n FY 1987. 

The Chat tanooga Sha le samples were f rom ASARCO b o r e h o l e PM238, i n 

t h e upper Dowelltown Member of t h e f o r m a t i o n i n F e n t r e s s County, 

Tennessee , a t a d e p t h of 141 .0 t o 141 .5 m ( f i r s t b a t c h ) and 141 .5 to 

142 .0 m (second b a t c h ) . This u n i t i s g e n e r a l l y d e s c r i b e d a s 

" i n t e r b e d d e d medium l i g h t g rey c l a y s t o n e and d a r k g rey -?hale b e d s " 

(Conant and Swanson 1961) . 

The P i e r r e Sha l e samples , PS/86/20U13-1T/2 ( f i r s t b a t c h ) and 

PS/86/20U13 (second b a t c h ) , were from t h e Mobridge Member i n Gregory 

County, South Dakota . They were r e t r i e v e d f rom d r i l l h o l e 84-20 a t a 

dep th of 88.2 t o 8 8 . 9 m. The samples were d e s c r i b e d as c l a y s t o n e , 

t h i c k - b e d d e d t o m a s s i v e , n o n f i s s i l e , s l i g h t l y t o m o d e r a t e l y c a l c a r e o u s , 

s o f t , m o i s t , medium-gray w i t h a s l i g h t o l i v e t i n g e , dense , s o l i d , and 

bedded a t low a n g l e . 

The Green R ive r Format ion samples , GR/86 /V33-0 /2 -3 /1 ( f i r s t b a t c h ) 

and GR/86/V22-0 ( second b a t c h ) were from G a r f i e l d County, Colorado . 

They were o b t a i n e d from t h e r o o f of t h e Colony Mine i n two s e p a r a t e b u t 

c ' . o se ly a d j a c e n t d r i l l h o l e s . Th i s mine i s deve loped i n t h e Mahogany 

Zone of t h e P a r a c h u t e Creek Member. The samples were d e s c r i b e d a s 

i n d u r a t e d , h a r d , t h i n l y bedded c a l c a r e o u s m a r l . 

The Nolichucky Sha l e samples were from t h e J o y 2 w e l l in Oak Ridge , 

Tennessee , a t dep ths of 181 .0 t o 181.5 m ( f i r s t b a t c h ) and 181.5 to 

182.0 m (second b a t c h ) . From t h e same c o r e , t h e Pumpkin V a l l e y Sha le 
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samples were t a k e n a t d e p t h s of 6 0 4 . 0 t o 604 .5 ra ( f i r s t b a t c h ) and 604 .5 

t o 605 .0 m ( s e c o n d b a t c h ) . Both s h a l e f o r m a t i o n s a r e p a r t o f t h e 

Conasauga Group, a complex sequence of Middle t o Upper Cambrian c l a s t i c 

and c a r b o n a t e s t r a t a t h a t o u t c r o p s t h r o u g h o u t t h e V a l l e y and Ridge 

P r o v i n c e . The Nol ichucky s e c t i o n i s d e s c r i b e d f rom t h e w e l l l o g a s a 

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

Pumpkin V a l l e y s e c t i o n i s a m a r o o n - t o - g r e y , g l a u c o n i t i c , l a m i n a t e d , 

s i l t y muds tone . 

2.2 METHODS 
H a l f of each c o r e segment ( s p l i t v e r t i c a l l y ) was b r o k e n w i t h a r o c k 

hammer i n t o s m a l l f r a g m e n t s (<1 cm). The f r a g m e n t s were p u l v e r i z e d f o r 

10 min i n a S i e b t e c h n i k m e c h a n i c a l s h a t t e r b o x , c o n s i s t i n g o f an a g a t e 

l i n e r , r i n g , and d i s k (Lee e t a l . 1 9 8 7 ) . The r e s u l t a n t r o c k powder was 

s i e v e d t h r o u g h 0.18-mm mesh. Any m a t e r i a l t h a t d i d n o t p a s s t h r o u g h t h e 

s i e v e was r e p u l v e r i z e d by h a n d , u s i n g an a g a t e m o r t a r and p e s t l e , and 

r e s i e v e d . The r e m a i n i n g h a l f of each c o r e segment was u s e d t o make 

t h i n - s e c t i o n o r p o l i s h e d spec imens f o r p e t r o g r a p h i c and e l e c t r o n 

m i c r o s c o p i c a n a l y s e s . Chemical a n a l y s e s of t h e s e c o n d - b a t c h s h a l e s were 

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

s t a f f of t h e ORNL A n a l y t i c a l C h e m i s t r y D i v i s i o n (Lee e t a l . 1 9 8 7 ) . 

P a r t i c l e - s i z e d i s t r i b u t i o n was measured t w i c e ( b e f o r e and a f t e r 

comp le t e d i s p e r s i o n of p r i m a r y p a r t i c l e s ) by d i f f e r e n t m e t h o d s . The 

M i c r o t r a c method (Lee e t a l . 1987 ) , u s e d b e f o r e comple t e d i s p e r s i o n , 

p r o v i d e s a p p a r e n t - s i z e d i s t r i b u t i o n of p u l v e r i z e d s h a l e s ( i . e . , a n 

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

p a r t i c l e ) . The p r i a a r y - p a r t i c l e - s i z e d i s t r i b u t i o n , wh ich was d e t e r m i n e d 

a f t e r d i s p e r s i v e chemica l t r e a t m e n t s ( g e o c h e m i c a l f r a c t i o n a t i o n ) , 

r e p r e s e n t s t h e t r u e s i z e d i s t r i b u t i o n of i n d i v i d u a l p r i m a r y p a r t i c l e s . 

S h a l e s were p r e t r e a t e d f o r m i n e r a l o g i c a l a n a l y s e s i n t h e f o l l o w i n g 

manner . Ten grams of p u l v e r i z e d s h a l e s were t r e a t e d w i t h 100 mL of 1 N 

sodium a c e t a t e (pH - 4 . 5 ) i n a warm-water b a t h f o r 24 h t o remove 

c a r b o n a t e cement f o r geochemica l f r a c t i o n a t i o n . The r e s i d u e was 

d i g e s t e d by t h e a d d i t i o n o f 30% h y d r o g e n p e r o x i d e w h i l e b e i n g h e a t e d i n 

a warm-water b a t h u n t i l t h e r e a c t i o n w i t h o r g a n i c s c e a s e d . I r o n 
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m i n e r a l s and c o a t i n g s were removed by washing t h e s h a l e r e s i d u e w i t h 

sodium a c e t a t e and t h e n t r e a t i n g i t w i t h sodium d i t h i o n i t e i n t h r e e 1 - g 

i nc remen t s w h i l e s t i r r i n g i n 50 mL of 1 M sodium b i c a r b o n a t e and 0 . 3 M 

sodium c i t r a t e s o l u t i o n (CBD t r e a t m e n t , J a c k s o n 1975) . A f t e r removal of 

t h e s u p e r n a t e f rom t h e c e n t r i f u g e t u b e , t h e r e s i d u e was f i l t e r e d th rough 

a 53-/jm s i e v e . The <53-/xm f r a c t i o n was f u r t h e r s e p a r a t e d i n t o 53 t o 2, 

2 t o 0 . 2 , and <0.2-/im s i z e f r a c t i o n s by t h e c e n t r i f u g a t i o n method 

( J ackson 1975) . 

X-ray powder d i f f r a c t i o n (XRD) a n a l y s e s were pe r fo rmed on samples 

of d i f f e r e n t g r a i n - s i z e f r a c t i o n s u s i n g a P h i l l i p ' s powder X- ray 

d i f f r a c t o m e t e r . Samples were p r e p a r e d f o r a n a l y s i s by t r a n s f e r r i n g 

po t a s s ium- o r magnes ium-sa tu ra t ed s l u r r i e s of each of t h e s i z e f r a c t i o n s 

t o g l a s s s l i d e s , a i r d r y i n g them, and t h e n bombarding them w i t h copper 

K a lpha r a d i a t i o n th rough 2 t h e t a a n g l e s f rom 2 t o 60° i n t h e 

d i f f r a c t o m e t e r . The p o t a s s i u m - s a t u r a t e d samples were h e a t e d t o 550° C 

a f t e r t h e i n i t i a l XRD, and t h e m a g n e s i u m - s a t u r a t e d samples were 

g l y c o l a t e d b e f o r e b e i n g r u n a g a i n t o f u r t h e r i d e n t i f y m i n e r a l s . 

The 50-g samples of t h e p u l v e r i z e d P i e r r e and Pumpkin V a l l e y s h a l e s 

and r e f e r e n c e m o n t m o r i l l o n i t e were each suspended i n 200 mL of 

" c o n c e n t r a t e d b r i n e s o l u t i o n " used i n t h e R a d i o n u c l i d e S o r p t i o n Task of 

t h e SERP. The suspended samples were b o i l e d i n a 500 mL f l a t - b o t t o m 

f l a s k w i t h r e f l u x i n g c o n d e n s e r . A f t e r 100 d of c o n t i n u o u s b o i l i n g , 

50 mL of t h e s u s p e n s i o n s was t aken f rom t h e f l a s k s and p a s s e d t h rough 

0 .45 /jm Acrod i s c f i l t e r s t o c o l l e c t l e a c h a t e s f o r chemica l a n a l y s e s and 

s o l i d s f o r X- ray d i f f r a c t i o n and m i c r o s c o p i c a n a l y s e s . The l e a c h a t e s 

were s e n t t o t h e ORNL A n a l y t i c a l Chemis t ry D i v i s i o n f o r chemica l 

a n a l y s e s by Envi ronmenta l P r o t e c t i o n Agency P rocedu re ( 2 0 0 . 7 ) . 

For h i g h - r e s o l u t i o n t r a n s m i s s i o n e l e c t r o n m i c r o s c o p i c a n a l y s i s , 

ca lc ium s a t u r a t e d , 2- t o 5- / im-size f r a c t i o n s of t h e r e f e r e n c e c l a y s were 

p r e p a r e d . A s m a l l amount of each sample was p l a c e d i n a 50-ml p l a s t i c 

c e n t r i f u g e t u b e . Approximate ly 10 mL of g l y c o l m e t h a c r y l a t e (GMA, SPI 

S u p p l i e s ) was added t o t h e sample b e f o r e t h e r e s i n was a l lowed t o 

s a t u r a t e t h e c l a y s o v e r n i g h t . A f t e r removal of e x c e s s GMA by 

c e n t r i f u g a t i o n and d e c a n t a t i o n , about 5 mL of p r e p o l y m e r i z e d GMA was 

added t o and mixed w i t h t h e sample and d i s p e r s e d c l a y s i n t h e r e s i n v i a 
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s o n i f i c a t i o n . The c l a y and p repo lymer i zed GMA m i x t u r e was c e n t r i f u g e d 

f o r 30 min ( a t 24,000 rpm) t o c o n c e n t r a t e the c l a y s In t h e bot tom of t he 

c e n t r i f u g e t u b e . The c e n t r i f u g e t u b e s were p l a c e d i n a 50°C vacuum oven 

a t -15 kPa. One t o t h r e e days were r e q u i r e d f o r h a r d e n i n g of t he r e s i n . 

The GMA r e s i n b l o c k resembled a t r u n c a t e d cone w i t h t h e c l a y s 

c o n c e n t r a t e d in and o r i e n t e d p a r a l l e l t o t h e t i p - e n d . The cone was t h e n 

p l a c e d i n a sma l l amount of epoxy r e s i n wi th t h e t i p - e n d down t o p r o v i d e 

a w o r k a b l e - s i z e s u b s t r a t e f o r c u t t i n g and t r imming. 

The GMA b l o c k was c u t w i t h a f i n e - b l a d e cop ing saw and f i l e d to a 

r e c t a n g u l a r shape measur ing app rox ima te ly 15 x 7 x 7 mm. Care was t a k e n 

t o keep t h e c l a y l a y e r p a r a l l e l t o t h e top of t he b l o c k and n e a r i t s 

f r o n t . The r e c t a n g u l a r b l o c k was mounted i n a microtome t r imming h o l d e r 

and trimmed w i t h a ve ry f i n e f i l e and r a z o r b l a d e so t h a t t h e f r o n t edge 

( t h e edge t o be c u t ) was a t r a p e z o i d w i t h a b a s e <1 .5 mm a c r o s s , w i t h 

t h e c l a y l a y e r above t h e midpo in t of t h e f a c e . The trimmed f a c e was 

s e c t i o n e d u s i n g an u l t r a m i c r o t o m e w i t h a diamond k n i f e . Thin s e c t i o n s 

h a v i n g t h i c k n e s s e s <100 nm, judged f rom t h e i n t e r f e r e n c e c o l o r ( s i l v e r ) , 

were c o l l e c t e d on ca rbon c o a t e d g r i d s . The specimens were c o a t e d w i t h 

c a r b o n and examined u s i n g a JEOL JEM-2000FX t r a n s m i s s i o n e l e c t r o n 

mic roscope (TEM), w i t h KEVEX energy d i s p e r s i v e X- ray s p e c t r o m e t e r system 

f o r e l e m e n t a l a n a l y s i s . 
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3. RESULTS AND DISCUSSION 

3 . 1 PHYSICAL PROPERTIES 

A p p a r e n t - s i z e d i s t r i b u t i o n s and s u r f a c e a r e a s of b o t h f i r s t and 

second b a t c h e s of t h e p u l v e r i z e d samples were measu red and t h e r e s u l t s 

a r e p r e s e n t e d i n Tab l e 1. The a p p a r e n t - s i z e d i s t r i b u t i o n s i n t h e two 

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

p r e p a r e d a t d i f f e r e n t t i m e s and f rom d i f f e r e n t c o r e s e g m e n t s . The 

a p p a r e n t - s i z e d i s t r i b u t i o n i s c o n t r o l l e d by c o n d i t i o n s of t h e l a b o r a t o r y 

p u l v e r i z a t i o n p r o c e s s and d e g r e e of s h a l e d i a g e n e s i s . Because t h e 

l a b o r a t o r y p r o c e s s e s were a p p r o x i m a t e l y s t a n d a r d i z e d i n t e rms of 

g r i n d i n g t ime and equ ipmen t , t h e d i f f e r e n c e s of t h e a p p a r e n t - s i z e 

d i s t r i b u t i o n a r e i n t e r p r e t e d t o be r e l a t e d t o t h e d e g r e e of compac t i on 

and c e m e n t a t i o n d u r i n g d i a g e n e s i s and metamorphic p r o c e s s e s . 

The s u r f a c e a r e a s of t h e p u l v e r i z e d C h a t t a n o o g a Sha le and Pumpkin 

V a l l e y S h a l e were s i g n i f i c a n t l y d i f f e r e n t (5 v s 13 m2/g> r e s p e c t i v e l y ) 

even though b o t h s h a l e s have s i m i l a r a p p a r e n t - p a r t i c l e - s i z e 

d i s t r i b u t i o n s . The r e s u l t s s u g g e s t t h a t t h e n i t r o g e n g a s , u s e d f o r 

s u r f a c e a r e a measurement , was a b l e t o p e n e t r a t e i n t o t h e c o a r s e r 

p a r t i c l e s ( > 2 . 8 /im) of t h e Pumpkin V a l l e y S h a l e b u t n o t i n t o t h e 

s i m i l a r - s i z e p a r t i c l e s of t h e C h a t t a n o o g a S h a l e . T h i s p a r t i c u l a r 

f i n d i n g h a s an i m p o r t a n t i m p l i c a t i o n f o r t h e i n t e r p r e t a t i o n o f r e s u l t s 

of g e o c h e m i s t r y e x p e r i m e n t s r e l a t i n g t o t h e k i n e t i c s o f r o c k - w a t e r and 

r o c k - r a d i o n u c l i d e i n t e r a c t i o n s . 

To e x t r a p o l a t e t h e l a b o r a t o r y c r u s h e d - r o c k e x p e r i m e n t a l r e s u l t s t o 

f i e l d c o n d i t i o n s t o a s s e s s p e r f o r m a n c e , t h e v a l i d i t y of s u r f a c e a r e a 

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

u l t r a m i c r o p o r e s u r f a c e i n c l u d e d i n t h e g a s - p e n e t r a t i o n measurement may 

n o t b e an a c t i v e s i t e f o r r a d i o n u c l i d e s o r p t i o n . P r i m a r y - p a r t i c l e - s i z e 

d i s t r i b u t i o n s f o r b o t h f i r s t and second b a t c h e s were d e t e r m i n e d a f t e r 

geochemica l f r a c t i o n a t i o n (Tab le 2 ) . There were some d i f f e r e n c e s i n 

s i z e d i s t r i b u t i o n be tween t h e two b a t c h e s , b u t t h e y a r e m i n o r , 

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

i n h e r e n t t o t h e me thodo logy . D i s a g g r e g a t i o n of t h e C h a t t a n o o g a Sha le 
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Table 1. A p p a r e n t - s i z e d i s t r i b u t i o n and s u r f a c e - a r e a 
measurement of p u l v e r i z e d s h a l e s (<180 pm) 

A p p a r e n t - s i z e d i s t r i b u t i o n S u r f a c e a r e a 
(%) 

180-53 ft m .8 um <2.8 urn (m2 

l s t a 2d* l s t 2d 1 s t 2d l s t 2d 

Chat tanooga Shale 24 27 66 64 10 9 4 . 8 4 . 4 

P i e r r e Sha le 0 1 81 81 19 18 21. 9 23 .8 

Green R i v e r Format ion 13 20 74 68 13 12 1. 9 2 . 0 

Nol ichucky Shale 18 2 67 72 15 z6 17. 1 13 .3 

Pumpkin V a l l e y Shale 18 28 69 61 13 11 12. 9 12 .4 

a l s t and 2d a r e sample b a t c h numbers. 

Table 2. P r i m a r y - p a r t i c l e - s i z e d i s t r i b u t i o n a f t e r geochemical 
f r a c t i o n a t i o n of p u l v e r i z e d s h a l e s 

S ize d i s t r i b u t i o n 
(%) 

180-53 um 53-2 um 2 - 0 . 2 m <0.2 um 
1 s t * 2da l s t 2d l s t 2d l s t 2d 

Chat tanooga Shale 1 0 64 66 26 24 9 10 

P i e r r e Sha le 1 0 31 29 19 26 50 45 

Green R i v e r Format ion 1 0 54 58 14 14 32 28 

Nol ichucky Shale 1 3 49 54 21 17 30 26 

Pumpkin V a l l e y Shale 7 8 63 67 18 15 12 10 

"lst and 2d are sample batch numbers. 
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was more d i f f i c u l t t han t h e o t h e r s h a l e s . The p r e s e n c e of c l a y m i n e r a l s 

or c a r b o n a t e m i n e r a l s i n t h e 53- to 2-^im f r a c t i o n of t h e s h a l e s 

i n d i c a t e s t h a t t h e p r i m a r y - p a r t i c l e f r a c t i o n a t i o n was incomple te ( s e e 

3 . 5 M i n e r a l o g i c a l P r o p e r t i e s ) . I t appea r s t h a t a b e t t e r f r a c t i o n a t i o n 

p r o c e d u r e shou ld be deve loped f o r i n d i v i d u a l s h a l e s because geochemica l 

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

i n f o r m a t i o n f o r on ly s e m i q u a n t i t a t i v e m i n e r a l o g i c a l a n a l y s e s . 

As p a r t of p h y s i c a l c h a r a c t e r i z a t i o n of t h e s h a l e s , o t h e r d a t a such 

a s b u l k d e n s i t y and p o r o s i t y a r e needed f o r p e r f o r m a n c e a n a l y s e s , b u t 

t h e s e were n o t p l a n n e d f o r t h i s y e a r ' s a c t i v i t y . 

3 . 2 CHEMICAL PROPERTIES 

The chemical c o m p o s i t i o n s of t h e f i r s t and second b a t c h e s of t h e 

s h a l e samples , ana lyzed by wet chemica l methods, a r e summarized i n 

Table 3. The chemica l a n a l y s i s d a t a p r o v i d e on ly s u p p l e m e n t a l 

i n f o r m a t i o n f o r m i n e r a l o g i c a l a n a l y s i s . However, t h e chemica l d a t a a r e 

a s e n s i t i v e p a r a m e t e r f o r t h e e v a l u a t i o n of s p a t i a l u n i f o r m i t y of t h e 

samples t a k e n f rom d i f f e r e n t c o r e s and d i f f e r e n t segments of a c o r e . 

The chemica l compos i t i on of t h e second b a t c h of t h e Chat tanooga 

Sha le was s i m i l a r t o t h e f i r s t b a t c h , e x c e p t t h a t t h e second b a t c h had 

h i g h e r i r o n and s u l f u r c o n t e n t s , s u g g e s t i n g t h e p r e s e n c e of a h i g h e r 

p y r i t e c o n t e n t i n t h e second b a t c h . The second b a t c h of t h e P i e r r e 

Sha le had lower s i l i c a c o n t e n t and h i g h e r ca l c ium c o n t e n t t h a n t h e f i r s t 

b a t c h , i n d i c a t i n g t h a t t h e second b a t c h had a lower q u a r t z and a h i g h e r 

c a l c i t e c o n t e n t . However, t h e c a r b o n a t e c o n t e n t i n t h e second b a t c h d i d 

n o t s u b s t a n t i a t e such a n o t i c e a b l e i n c r e a s e i n c a l c i t e . Lower s i l i c a 

and aluminum c o n t e n t s and h i g h e r magnesium, c a l c i u m , and c a r b o n a t e 

c o n t e n t s i n t h e second b a t c h r e l a t i v e t o t h e f i r s t b a t c h of t h e Green 

R i v e r Format ion s u g g e s t e d t h a t t h e second b a t c h had h i g h e r amounts of 

d o l o m i t e and a lower c o n t e n t of a l u m i n o s i l i c a t e m i n e r a l s . The 

summations of chemica l components f o r t h e Nol ichucky S h a l e were 

s u b s t a n t i a l l y lower t h a n f o r t h e o t h e r s h a l e s , and t h i s was even more 

n o t i c e a b l e i n t h e second b a t c h o f t h e Nol ichucky S h a l e . Al though t h e 

Nol ichucky Sha le had c o n s i d e r a b l e amounts of c h l o r i t e , we igh t 
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Table 3. Chemical compos i t i on (wt%) of t h e f i r s t and second 
b a t c h e s of whole - rock samples* 

Chat tanooga P i e r r e Green Nol ichucky Pumpkin 
Sha le Sha le R ive r Sha le V a l l e y 

Format ion Sha le 

l s t b 2db 1 s t 2d 1 s t 2d 1 s t 2d 1 s t 2d 

S i0 2 5 7 . 8 55.6 49 .2 38 .5 34 .2 40 .7 4 0 . 7 36 .4 6 2 . 1 64 .2 

AI203 1 3 . 6 12 .5 14 .0 1 2 . 1 7 . 6 9 . 3 13 .0 13 .0 20 .8 1 8 . 1 

K20 3 . 9 3 .9 2 . 3 1 . 7 3 . 2 3 . 1 3 . 4 3 . 5 5 . 4 4 . 1 

Na20 0 . 4 0 . 6 0 . 7 0 . 8 0 . 7 1 . 8 0 . 3 0 . 5 0 . 7 0 . 8 

FeO 5 . 8 8 . 8 5 . 4 5 . 2 2 . 7 3 . 4 4 . 0 3 . 7 6 . 7 6 . 7 

T i0 2 0 . 8 0 . 5 0 . 5 0 . 4 0 . 3 0 . 3 0 . 5 0 . 4 0 . 8 0 . 6 

MgO 1 . 3 1 . 1 2 . 2 1 . 7 6 . 4 5 . 6 2 . 3 2 . 3 2 . 0 1 . 7 

CaO 0 . 3 0 . 7 8 .6 16 .8 13 .6 11 .2 6 . 0 2 . 0 0 . 3 0 . 5 

C03 0 . 5 0 . 0 10 .5 11 .9 2 6 . 4 2 2 . 1 9 . 6 4 . 5 0 . 5 0 . 7 

S 6 . 2 0 , 9 -XA 0 , 3 J L 5 0 , 1 0 , 1 0 , 3 

T o t a l 0 9 4 . 1 89 .9 9 4 . 3 90 .7 9 5 . 4 98 .0 79 .9 6 6 . 4 99 .9 97 .6 

"Chemical compos i t i on i s b a s e d on we igh t a f t e r 105° C t r e a t m e n t 
f o r 24 h . 

b l s t and 2d a r e sample b a t c h numbers. 
' D i f f e r e n c e s f rom 100% a r e o r g a n i c m a t t e r , s t r u c t u r a l w a t e r , 

and o t h e r t r a c e components. 
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c o n t r i b u t i o n by c h l o r i t e s t r u c t u r a l w a t e r (hydroj iy l w a t e r ) would b e l e s s 

t h a n 3% (assuming 20% c h l o r i t e i n t h e s ample ) . The s i l i c a , c a l c i u m , and 

c a r b o n a t e c o n t e n t s of second b a t c h were u n r e a s o n a b l y low. T h e r e f o r e , 

b o t h t h e f i r s t and second Nol ichucky Shale b a t c h e s were r e s u b m i t t e d f o r 

chemica l a n a l y s i s ( r e s u l t s a r e a v a i l a b l e ) . There were on ly minor 

d i f f e r e n c e s i n chemica l compos i t i on between t h e f i r s t and second b a t c h e s 

of t h e Pumpkin V a l l e y S h a l e . 

The r e s u l t s of f i r s t - and s e c o n d - b a t c h chemica l a n a l y s e s i n d i c a t e 

t h a t a l t h o u g h measu rab le d i f f e r e n c e s i n chemica l c o m p o s i t i o n e x i s t , 

t h e s e b a t c h d i f f e r e n c e s were n o t c o n s i d e r e d i m p o r t a n t when compared w i t h 

t h e d i f f e r e n c e s i n chemica l compos i t i ons among t h e end-member s h a l e s . 

Fu r the rmore , f o r any g i v e n major m i n e r a l components, t h e d i f f e r e n c e s 

between two b a t c h e s were <4% when t h e d i f f e r e n c e s of t h e m i n e r a l o g i c a l 

c o m p o s i t i o n were e s t i m a t e d from t h e d i f f e r e n c e s of t h e chemica l 

c o m p o s i t i o n s . The s i g n i f i c a n c e of c o m p o s i t i o n a l d i f f e r e n c e s between t h e 

f i r s t and second b a t c h e s h a s no t been c a r e f u l l y e v a l u a t e d i n t h i s s t u d y . 

However, r a d i o n u c l i d e s o r p t i o n expe r imen t s d i d n o t show n o t i c e a b l e 

d i f f e r e n c e s i n s o r p t i o n v a l u e s between t h e two b a t c h e s (Meyer e t a l . 

1987 and 1988) . 

3 . 3 MINERALOGICAL PROPERTIES 

M i n e r a l o g i c a l p r o p e r t i e s of t h e f i r s t b a t c h of t h e s e l e c t e d s h a l e s 

were examined by p e t r o g r a p h i c microscopy, b a c k - s c a t t e r i n g mode s c a n n i n g 

e l e c t r o n microscopy , t h e r m a l a n a l y s i s , and X-ray d i f f r a c t i o n a n a l y s i s i n 

FY 1987 (Lee e t a l . 1987) . I n FY 1988, t h e m i n e r a l o g i c a l 

c h a r a c t e r i z a t i o n a c t i v i t y c o n c e n t r a t e d on X-ray d i f f r a c t i o n a n a l y s i s of 

t h e s e c o n d - b a t c h samples . X-ray d i f f r a c t i o n a n a l y s i s i s t h e s i m p l e s t 

and most r e l i a b l e method t o h e l p c o n f i r m t h e chemica l a n a l y s i s r e s u l t s . 

The X- ray d i f f r a c t i o n a n a l y s e s of randomly o r i e n t e d w h o l e - r o c k 

samples of t h e Cha t tanooga b a t c h e s i n d i c a t e d t h a t q u a r t z (0.423-nm 

d - s p a c i n g peak) and i l l i t e ( 0 . 1 run) were t h e ma jo r m i n e r a l components , 

and f e l d s p a r s (0 .32 nm) and p y r i t e (0 .27 nm) were minor components 

( F i g . 1 ) . There were no s i g n i f i c a n t d i f f e r e n c e s i n t h e p y r i t e peak 
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Fig. 3. X-ray diffractograms of first and second batches of the 
Green River Formation (d-spacing values are in nanometers). 
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intensities between the first and second batches, although the chemical 
analyses indicated that the second batch might have a 2 to 4% higher 
pyrite content than the first: batch (Table 2). The X-ray diffraction 
method was not sensitive enough to detect this difference in pyrite 
content. Differential thermal analysis or differential scanning 
calorimetric analysis would be a more sensitive method for pyrite 
analysis if one were able to suppress organic matter interferences. 
After geochemical fractionation, the intensity ratio of micaceous 
minerals (micas and illite) t:o quartz suggested that quartz was the 
major component and micaceous minerals were the minor component in the 
silt (53 to 2 /im) fraction but illite was the major component in the 
clay (<2 fim) fraction of both batches. The coarse clay (2 to 0.2 /*m) 
fraction had a small amount of kaolinite (0.71 nm) and quartz. The fine 
clay fractions (<0.2 pm) did not contain either kaolinite or quartz. 

The X-ray diffraction analyses of the second batch of the Pierre 
Shale showed the presence of calcium-smectite (1.2 nm), micaceous 
minerals, kaolinite, quartz, calcite, and pyrite (Fig. 2). After 
geochemical fractionation, quartz was the major component and smectite, 
micas, and kaolinite were minor components in the silt-size fraction. 
The coarse-clay fraction had smectite as the major component and 
kaolinite, mica, and quartz as minor constituents. Both mica and quartz 
were absent in the fine clay. The absence of the 1.0-nm peak in the 
fine-clay fraction suggested that the 1.0-nm peak in the coarse-clay 
fraction was detrital muscovite rather than illite. Calcium smectite 
was the dominant mineral in the fine-clay fraction. The presence of a 
very small amount of kaolinite was confirmed by the disappearance of the 
0.71-nm peak after heat treatment of the potassium-saturated fine-clay 
sample. There were no differences between the X-ray diffraction 
patterns of the first and second batches, even though samples were 
obtained from different cores at different locations. The differences 
in calcium content observed from the chemical analyses were not detected 
by bulk X-ray diffraction analyses. 

The second batch of the Green River Formation was very similar in 
mineralogical composition to the first batch from this formation 
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(Lee e t a l . 1987) . X-ray d i f f r a c t i o n a n a l y s e s of t h e b u l k sample showed 

t h a t do lomi te (0 .29 nm) was t h e ma jo r m ine ra l component and q u a r t z was a 

minor component (F i / j . 3 ) . A f t e r geochemical f r a c t i o n a t i o n , do lomi t e and 

q u a r t z were t h e dominant components and f e l d s p a r s were t h e minor 

component i n t he s i l t f r a c t i o n . The peak i n t e n s i t y o f q u a r t z and 

f e l d s p a r s i n c r e a s e d r e l a t i v e t o t h e i n t e n s i t y of d o l o m i t e i n t h e c o a r s e -

c l a y f r a c t i o n . On t h e o t h e r hand , i l l i t e and q u a r t z were t h e ma jo r 

m i n e r a l components i n t h e f i n e - c l a y f r a c t i o n . The X - r a y d i f f r a c t i o n 

a n a l y s i s r e s u l t s i n d i c a t e d t h a t t h e geochemical f r a c t i o n a t i o n method, 

deve loped f o r a l u m i n o s i l i c a t e - r i c h samples , was n o t a d e q u a t e f o r 

removing a l l of t h e do?.omite i n t h e Green River Format ion samples . 

The r e s u l t s of X-ray d i f f r a c t i o n a n a l y s e s of t h e second b a t c h of 

t h e Nol ichucky Shale i n d i c a t e d t h a t i l l i t e and q u a r t z were t h e major 

b u l k sample m i n e r a l components, which conf i rmed r e s u l t s f rom t h e f i v s t 

b a t c h ( F i g . 4 ) . Minor components were c a l c i t e , c h l o r i t e , k a o l i n i t e , and 

f e l d s p a r s . C o n t r a d i c t i n g t h e chemica l a n a l y s e s , t h e b u l k sample X- ray 

d i f f r a c t i o n p a t t e r n showed t h a t t h e c a l c i t e peak i n t e n s i t y of t h e second 

b a t c h was h i g h e r t h a n t h a t of t h e f i r s t b a t c h . A f t e r geochemica l 

f r a c t i o n a t i o n , q u a r t z was t h e most abundant b u t t h e r e were c o n s i d e r a b l e 

amounts of i l l i t e and c h l o r i t e i n t h e s i l t f r a c t i o n . The chemica l 

a n a l y s i s a l s o conf i rmed t h a t t h e 0.71-nm peak o b s e r v e d f rom d i f f r a c t i o n 

p a t t e r n s co r r e sponded t o t h e s e c o n d - o r d e r d - b a s a l s p a c i n g (002) of 

c h l o r i t e r a t h e r t h a n t h e f i r s t - o r d e r (001) of k a o l i n i t e . The q u a r t z 

c o n t e n t d e c r e a s e d a s t h e i l l i t e c o n t e n t i n c r e a s e d , and t h e c h i c • j . te 

c o n t e n t remained unchanged i n t h e c o a r s e - c l a y f r a c t i o n i n compar ison 

w i t h t h e s i l t f r a c t i o n . I l l i t e was t h e most abundan t m i n e r a l i n t h e 

f i n e - c l a y f r a c t i o n . 

The minera logy of t h e second b a t c h of t h e Pumpkin V a l l e y S h a l e , an 

i l l i t i c end-member, was s i m i l a r t o t h a t of t h e f i r s t b a t c h . I l l i t e and 

q u a r t z were t h e most abundant m i n e r a l s i n t h e b u l k sample ( F i g . 5 ) . The 

s a n d f r a c t i o n of t h e sample was main ly q u a r t z w i t h b a r e l y d e t e c t a b l e 

amounts of i l l i t e and c h l o r i t e ( c h l o r i t e p l u s k a o l i n i t e ) . However, 

i l l i t e and c h l o r i t e were t h e dominant m i n e r a l s i n t h e s i l t and c l a y 

f r a c t i o n s . C h l o r i t e was more abundant i n t h e s i l t and c o a r s e - c l a y 
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f r a c t i o n s t h a n i n t h e f i n e - c l a y f r a c t i o n . Although t h e p r e s e n c e o f 

c h l o r i t e i n t h e samples c o n t r i b u t e d t o t h e i n t e n s i t y of t h e 0.71-nm 

peak , t h e p r e s e n c e of k a o l i n i t e i n t h e sample was d e t e c t e d by t h e 

r e d u c t i o n i n i r t e n s i t i e s of t h e 1 . 4 - and 0.71-nm peaks obse rved a f t e r 

h e a t t r e a t m e n t of t h e f i n e - c l a y f r a c t i o n . The abundance of k a o l i n i t e i n 

t h e Pumpkin Va l l ey Sha le was t h e most n o t i c e a b l e d i f f e r e n c e from t h e 

Nolichucky S h a l e . As i n d i c a t e d by t h e chemica l a n a l y s i s r e s u l t s 

(Table 2 ) , no measurab le d i f f e r e n c e s i n mine ra logy be tween t h e second 

and f i r s t b a t c h e s of t h e Pumpkin V a l l e y Sha le were o b s e r v e d . 

3 . 4 HIGH-RESOLUTION ELECTRON MICROSCOPY 

H i g h - r e s o l u t i o n t r a n s m i s s i o n e l e c t r o n microscopy (HRTEM), i n c l u d i n g 

energy d i s p e r s i v e X- ray s p e c t r o m e t r y (EDX), of u n d i s t u r b e d s h a l e samples 

p r o v i d e s c r u c i a l i n f o r m a t i o n on m i n e r a l c o m p o s i t i o n , c r y s t a l s t r u c t u r e , 

m a t r i x compos i t i on , and micromorphology t h a t c a n n o t b e d e t e r m i n e d by 

o t h e r t e c h n i q u e s . I n FY 1987, p r e l i m i n a r y HRTEM e x a m i n a t i o n s of t h e 

f i r s t - b a t c h end-member s h a l e s were comple ted and d e s c r i b e d i n t h e 

p r o g r e s s r e p o r t f o r t h a t y e a r (Lee e t a l . 1987) . 

This y e a r (FY 1988) , s e v e r a l r e f e r e n c e m i n e r a l samples , such a s 

b i o t i t e (1 .0-nm l a t t i c e f r i n g e s ) , c h l o r i t e ( 1 . 4 and 0 . 7 nm), ca l c ium-

m o n t m o r i l l o n i t e ( 1 . 2 nm), and k a o l i n i t e ( 0 . 7 nm), were p r e p a r e d f o r b o t h 

microscope and X- ray a n a l y z e r c a l i b r a t i o n s . The b i o t i t e specimen showed 

many w e l l - d e f i n e d 1.0-nm l a t t i c e f r i n g e s a t an u n d e r - f o c u s c o n d i t i o n 

( -36 s t e p s f rom minimum-cont ras t p o s i t i o n ) ( F i g . 6a) and a l e s s - c l e a r 

f r i n g e image a t minimum-cont ras t ( o n - f o c u s ) c o n d i t i o n ( F i g . 6 b ) . The 

f r i n g e image was n o t c l e a r i n some a r e a s , even a t t h e u n d e r - f o c u s 

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

m i c r o t o p o g r a p h i c changes , e l e c t r o n beam damage, o r s t r u c t u r a l d i s o r d e r . 

The s t e p - w i s e image f o c u s t e s t s i n d i c a t e d t h a t t h e l a t t i c e f r i n g e space 

was n o t s i g n i f i c a n t l y a l t e r e d under a wide r ange of u n d e r - and o v e r -

f o c u s c o n d i t i o n s b u t l o s t c o n t r a s t under t h e o u t - o f - f o c u s c o n d i t i o n s . 

S e l e c t e d a r e a d i f f r a c t i o n p a t t e r n s of t h e a r e a examined by HRTEM a l s o 

showed a s e r i e s of b i o t i t e (001) d i f f r a c t i o n s p o t s on t h e C* a x i s 

( F i g . 6 c ) . EDX a n a l y s i s of t h e same a r e a a s w e l l a s o t h e r a r e a s showed 
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Fig. 6. High-resolution transmission electron micrographs of 
biotite: (a) on-focus position, (b) 36 steps under-focus position, and 
(c) selected area electron diffraction pattern. 
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t h a t s i l i c a , aluminum, i r o n , magnesium, and p o t a s s i u m were ma jo r 

e l e m e n t a l c o n s t i t u e n t s and t i t a n i u m and manganese were minor components 

of t h e b i o t i t e ( F i g . 7 ) . The copper peaks i n t h e spec t rum were d e r i v e d 

f rom t h e g r i d s u p p o r t i n g t h e specimen i n t h e sample chamber. The 

chemica l compos i t i on of t h e b i o t i t e w i l l be c a l c u l a t e d by t h i n f i l m 

app rox ima t ion and compared w i t h e l e c t r o n microprobe a n a l y s e s . 

The HRTEM of c h l o r i t e showed s t r o n g f i r s t - o r d e r 1.4-nm l a t t i c e 

f r i n g e s w i t h weaker s e c o n d - o r d e r 0.7-nm f r i n g e s be tween t h e f i r s t - o r d e r 

f r i n g e s ( F i g . 8 ) . The i n t e n s i t y of t h e s e c o n d - o r d e r f r i n g e s changed 

f rom one a r e a t o a n o t h e r , b u t spac ing changes d i d n o t occur d u r i n g 

f o c u s i n g changes . EDX a n a l y s i s showed t h a t s i l i c a , magnesium, aluminum, 

and i r o n were ma jo r components of t h e c h l o r i t e ( F i g . 9 ) . T h i n - s e c t i o n 

specimens of c a l c i u m - m o n t m o r i l l o n i t e and k a o l i n i t e were p r e p a r e d b u t 

were n o t examined by t h e HRTEM i n t h i s r e p o r t i n g p e r i o d . 

The r e s u l t s of t h e r e f e r e n c e sample a n a l y s e s demons t r a t ed t h a t 

d e t e c t i o n of l a t t i c e f r i n g e s spaced f rom 0 . 7 t o 1 . 4 nm under a g iven 

f o c u s i n g c o n d i t i o n i s p o s s i b l e f o r s e d i m e n t a r y r o c k s c o n t a i n i n g s e v e r a l 

d i f f e r e n t l a y e r - s i l i c a t e m i n e r a l s . The HRTEM method w i l l be a p p l i e d t o 

s m e c t i t e a l t e r a t i o n s t u d i e s i n t h e f u t u r e . 

3 . 5 CLAY MINERAL TRANSFORMATION IN 100°C AQUEOUS SOLUTION 

Clay m i n e r a l s i n s h a l e s a r e expec t ed t o b e a l t e r e d under 

h y d r o t h e r m a l c o n d i t i o n s and can be s i g n i f i c a n t l y a f f e c t e d by minor 

changes i n t e m p e r a t u r e , l e a d i n g t o changes i n r o c k s t r e n g t h , p o r o s i t y , 

and p e r m e a b i l i t y (Hansen and Vogt 1987) . T h e r e f o r e , i t i s i m p o r t a n t t o 

examine c l a y m i n e r a l b e h a v i o r i n a r e p o s i t o r y envi ronment because 

emplacement of was t e w i l l i n c r e a s e t h e t e m p e r a t u r e s of t h e h o s t r o c k , 

b a c k f i l l m a t e r i a l ( s m e c t i t e ) , and g roundwate r . The b o i l i n g expe r imen t 

w i t h Wyoming m o n t m o r i l l o n i t e , P i e r r e S h a l e , and Pumpkin V a l l e y Sha le i n 

a b r i n e s o l u t i o n does n o t s i m u l a t e e x a c t n e a r - f i e l d r e p o s i t o r y 

c o n d i t i o n s by any means, b u t i t i s a s imple approach t o a p r e l i m i n a r y 

a s se s smen t of h y d r o t h e r m a l e f f e c t s on c l a y m i n e r a l s and groundwater 

c o m p o s i t i o n . 
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Fig. 9. Energy dispersive X-ray analysis spectrum of microscopically studied area 
of chlorite specimen. 
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Chemical analyses of leachate solutions after 100 days of the 
boiling experiment showed significant differences in composition from 
the brine solution used for leaching (Table A). The synthetic brine 
solution was prepared on the basis of groundwater composition from a 
test well located in the Conasauga Group (Meyer et al. 1987). Leachates 
of both the Wyoming montmorillonite and Pumpkin Valley Shale had lower 
concentrations of most cations (except silica and boron) and anions than 
the initial brine solution. The leachate of the Pierre Shale had a 
higher concentration of boron, calcium, silica, carbonate, and sulfate. 
The results suggest that both precipitation and dissolution processes 
are taking place during the boiling experiments. Preliminary results 
from X-ray diffraction analyses showed no detectable amounts of new 
mineral phases nor any changes in mineral distribution (detection limit, 
about 5 wt%). The results will be further evaluated by the EQ3NR/EQ6 
computer program (Wolery 1983) for geochemical aqueous speciation-
solubility calculations. The boiling experiment will continue to 250 d, 
and both solution and solid phases will be analyzed again to measure 
hydrothermal effects on mineral composition, stability, and 
transformation. 
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Table 4 . Chemical compos i t i on (mg/L)s of l e a c h a t e 
s o l u t i o n s a f t e r 100 d of c l a y b o i l i n g expe r imen t 

Wyoming P i e r r e Pumpkin Br ine 
m o n t m o r i l l o n i t e Sha le V a l l e y Sha le s o l u t i o n 

Al 20 38 25 33 
B 62 250 180 <8 
Ba 0 . 4 0. 4 43 <0 .2 
Be 0 . 6 0. 6 0. 6 0 . 6 
Ca 5000 12000 7700 8800 
Fe <2 <2 23 <2 
K 500 680 780 840 
Li <20 <20 27 27 
Mg 940 <1 2000 2600 
Mn 2 . 5 <0. 5 18 <0 .5 
Na 19000 36000 36000 43000 
Si 60 26 100 <20 
Sr 560 570 570 570 

Br 360 540 480 680 
C03 7 . 5 600 2 . 5 2 . 5 
CI 47000 72000 72000 100000 
F 56 120 94 150 
so4 <250 690 <250 <250 

PH ( a f t e r ) 6 . 9 6. 6 6 .9 5 . 3 
PH ( b e f o r e ) 6 . 4 8. 2 4 .8 5 .2 

®pH g iven i n pH u n i t s . 
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4. SUMMARY 

F i v e end-member s h a l e samples were u s e d i n t h e SERF i n v e s t i g a t i o n : 

t h e Cha t t anooga S h a l e f rom F e n t r e s s County, T e n n e s s e e ; t h e P i e r r e S h a l e 

f r o m Gregory County , Sou th Dakota ; t h e Green R i v e r Fo rma t ion f rom 

G a r f i e l d County , Co lo rado ; and t h e No l i chucky S h a l e and Pumpkin V a l l e y 

S h a l e f rom Roane County , T e n n e s s e e . The r e s u l t s of d e t a i l e d 

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

s h a l e s were r e p o r t e d i n t h e FY 1987 p r o g r e s s r e p o r t (Lee a t a l . 1 9 8 7 ) . 

I t was n e c e s s a r y t o p r e p a r e a second b a t c h f o r a d d i t i o n a l a n a l y s e s and 

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

e x p e r i m e n t s . The s e c o n d - b a t c h samples o f t h e C h a t t a n o o g a S h a l e , 

No l i chucky S h a l e , and Pumpkin V a l l e y S h a l e were o b t a i n e d f rom t h e same 

c o r e s u s e d f o r t h e f i r s t b a t c h . However, t h e s e c o n d - b a t c h samples of 

t h e P i e r r e S h a l e and Green R i v e r F o r m a t i o n were p r e p a r e d f rom d i f f e r e n t 

c o r e s o b t a i n e d f r o m t h e same l o c a t i o n s a s t h e f i r s t c o r e s . 

The o b j e c t i v e s of t h e s e s t u d i e s were t o c h a r a c t e r i z e t h e s e c o n d 

b a t c h of t h e end-raember s h a l e s and t o compare t h e a c q u i r e d d a t a w i t h t h e 

r e s u l t s of t h e f i r s t - b a t c h c h a r a c t e r i z a t i o n s t u d i e s . I n a d d i t i o n , two 

new e x p e r i m e n t s , h i g h - r e s o l u t i o n t r a n s m i s s i o n e l e c t r o n m i c r o s c o p y 

(HRTEM) f o r r e f e r e n c e m i n e r a l s and c l a y - b o i l i n g e x p e r i m e n t s f o r 

s m e c t i t i c and i l l i t i c s a m p l e s , were i n i t i a t e d i n t h i s s t u d y . HRTEM i s a 

v a l u a b l e t o o l f o r c l a y t r a n s f o r m a t i o n s t u d i e s , and t h e c l a y - b o i l i n g 

e x p e r i m e n t i s a s i m p l i f i e d a p p r o a c h t o a n a l y z e h o t - b r i n e - a l t e r e d c l a y s 

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

The r e s u l t s of p h y s i c a l c h a r a c t e r i z a t i o n s t u d i e s showed t h a t t h e 

f i r s t b a t c h and s e c o n d b a t c h of e a c h end-member s h a l e h a d d i f f e r e n t 

a p p a r e n t s i z e d i s t r i b u t i o n s b u t v e r y s i m i l a r p r i m a r y - p a r t i c l e - s i z e 

d i s t r i b u t i o n s . For a p p a r e n t - s i z e d i s t r i b u t i o n , t h e N o l i c h u c k y S h a l e h a d 

t h e l a r g e s t d i f f e r e n c e (16% f o r 180 t o 53 fax f r a c t i o n ) b e t w e e n t h e f i r s t 

b a t c h and second b a t c h and t h e P i e r r e S h a l e had t h e l e a s t d i f f e r e n c e 

(1%) be tween two b a t c h e s . The No l i chucky S h a l e h a d a l a r g e d i f f e r e n c e 

i n s u r f a c e a r e a (22%) be tween t h e two b a t c h e s . However, t h e f i r s t and 
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second b a t c h e s of t h e end member s h a l e s had s i m i l a r p r i m a r y - p a r t i c l e -

s i z e d i s t r i b u t i o n s . 

The r e s u l t s of f i r s t - and s e c o n d - b a t c h c h e m i c a l a n a l y s e s showed t h a t 

a l t h o u g h t h e r e were m e a s u r a b l e d i f f e r e n c e s i n c h e m i c a l c o m p o s i t i o n , 

t h e s e d i f f e r e n c e s were n o t c o n s i d e r e d i m p o r t a n t when compared w i t h t h e 

d i f f e r e n c e s i n chemica l c o m p o s i t i o n s among end-member s h a l e s . When t h e 

chemica l d i f f e r e n c e s of t h e two b a t c h e s were c o n v e r t e d t o e q u i v a l e n t 

m i n e r a l c o n t e n t s , t h e d i f f e r e n c e s were <4% ( p y r i t e i n t h e C h a t t a n o o g a 

S h a l e and c a l c i t e i n t h e P i e r r e S h a l e ) . The re were some p rob l ems w i t h 

t h e a n a l y t i c a l d a t a - p a r t i c u l a r l y b o t h b a t c h e s of t h e N o l i c h u c k y S h a l e . 

The N o l i c h u c k y S h a l e samples were r e s u b m i t t e d t o t h e A n a l y t i c a l 

Chemis t ry D i v i s i o n , b u t t h e r e s u l t s a r e n o t a v a i l a b l e . 

As e x p e c t e d , t h e r e s u l t s of X - r a y d i f f r a c t i o n a n a l y s e s i n d i c a t e d 

t h a t t h e s e c o n d b a t c h e s of t h e s h a l e s were v e r y s i m i l a r i n m i n e r a l o g i c a l 

c o m p o s i t i o n t o t h e f i r s t b a t c h e s . I n t h e c l a y - s i z e d f r a c t i o n , i l l i t e 

was t h e m a j o r component of t h e C h a t t a n o o g a S h a l e , N o l i c h u c k y S h a l e , and 

Pumpkin V a l l e y S h a l e , whereas d o l o m i t e was t h e dominant component i n t h e 

Green R i v e r F o r m a t i o n , and s m e c t i t e ( c a l c i u m m o n t m o r i l l o n i t e ) was t h e 

m a j o r component i n t h e P i e r r e S h a l e . S i l t - s i z e (53 t o 2 /im) q u a r t z was 

t h e second m a j o r m i n e r a l i n t h e s h a l e s , w i t h t h e e x c e p t i o n of t h e P i e r r e 

S h a l e , wh ich h a d a t l e a s t a n e q u a l amount of c a l c i t e . 

HRTEM w i t h ene rgy d i s p e r s i v e X - r a y s p e c t r o s c o p y f o r r e f e r e n c e 

samples ( m i c a s , c h l o r i t e , s m e c t i t e , and k a o l i n i t e ) i s i n p r o g r e s s . The 

m i c r o g r a p h s of u l t r a m i c r o t o m e t h i n s e c t i o n s of b i o t i t e and c h l o r i t e 

showed a s e r i e s of w e l l - d e f i n e d (001) l a t t i c e f r i n g e s . The b i o t i t e 

spec imen showed 1.0-nm f r i n g e s p a c e s w i t h r e p r o d u c i b l e s i l i c a , aluminum, 

i r o n , magnesium, and p o t a s s i u m s p e c t r a . The c h l o r i t e spec imen showed 

1.4-nm f r i n g e s w i t h s i l i c a , magnesium, aluminum, and i r o n s p e c t r a . 

Chemical a n a l y s e s of s ample s of t h e Wyoming m o n t m o r i l l o n i t e , P i e r r e 

S h a l e , and Pumpkin V a l l e y S h a l e l e a c h a t e s , o b t a i n e d a f t e r 100 d o f 

b o i l i n g i n a s y n t h e t i c b r i n e s o l u t i o n , i n d i c a t e d t h a t some c a t i o n s and 

a n i o n s were removed f rom t h e b r i n e s o l u t i o n t h r o u g h s o r p t i o n and 
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p r e c i p i t a t i o n and o t h e r s were r e l e a s e d from m i n e r a l s t h rough 

d i s s o l u t i o n . However, p r e l i m i n a r y X-ray d i f f r a c t i o n a n a l y s e s d i d n o t 

show d e t e c t a b l e amounts of new m i n e r a l phases o r changes i n m i n e r a l 

d i s t r i b u t i o n . The b o i l i n g expe r imen t w i l l c o n t i n u e t o 250 d . Analyses 

of b o t h s o l u t i o n and s o l i d p h a s e s w i l l be conduc ted t o measure 

h y d r o t h e r m a l e f f e c t s on c l a y m i n e r a l t r a n s f o r m a t i o n s . 

I n c o n c l u s i o n , t h e d i f f e r e n c e s i n s e l e c t e d p h y s i c a l , c h e m i c a l , and 

m i n e r a l o g i c a l p r o p e r t i e s be tween t h e f i r s t b a t c h e s and second b a t c h e s 

were n o t c o n s i d e r e d i m p o r t a n t enough t o w a r r a n t f u r t h e r c h a r a c t e r i z a t i o n 

of t h e second b a t c h . Other m i n e r a l o g i c a l c h a r a c t e r i s t i c s , such a s 

micromorphology and the rmal p r o p e r t i e s i n v e s t i g a t e d i n FY 1987 f o r t h e 

f i r s t b a t c h e s , can be a p p l i e d t o t h e second b a t c h e s of t h e end-member 

s h a l e s . The r e s u l t s of t h i s s t u d y s u g g e s t t h a t c o m p o s i t i o n a l 

d i f f e r e n c e s between t h e two b a t c h e s a r e n o t l a r g e enough t o a f f e c t t h e 

r e s u l t s of o t h e r s t u d i e s , such a s r a d i o n u c l i d e s o r p t i o n and o r g a n i c 

m a t t e r c h a r a c t e r i z a t i o n . Because HRTEM i s a v a l u a b l e t o o l f o r c l a y 

m i n e r a l t r a n s f o r m a t i o n s t u d i e s , f r i n g e s p a c i n g c. ' i b r a t i o n and 

q u a n t i t a t i v e e l e m e n t a l a n a l y s i s f o r r e f e r e n c e m i n e r a l s w i l l c o n t i n u e . 

The r e s u l t s of s m e c t i t i c and i l l i t i c c l a y - b o i l i n g e x p e r i m e n t s a r e n o t 

c o n c l u s i v e , b u t t h e changes i n l e a c h a t e compos i t i on w a r r a n t 

comprehens ive i n v e s t i g a t i o n of m i n e r a l o g i c a l c o m p o s i t i o n s and t h e i r 

p h y s i c o c h e m i c a l p r o p e r t i e s a f t e r 250 d of b o i l i n g . 
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