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ABSTRACT 
The S e d i m e n t a r y Rock P rog ram a t t he Oak Ridge National L a b o r a t o r y ha s 
been i n v e s t i g a t i n g sha le to d e t e r m i n e i t s po ten t i a l su i t ab i l i t y a s a 
hos t rock f o r t h e d i sposa l of h i g h - l e v e l r ad ioac t ive w a s t e s (HLW). This 
r e p o r t c o n c e r n s an ex tens ion of t h e f i r s t s e r i e s of e x p e r i m e n t s on t h e 
s o r p t i o n p r o p e r t i e s of s h a l e s and t h e i r c lay mineral c o m p o n e n t s r e p o r t e d 
ea r l i e r . S t u d i e s on the s o r p t i o n of ces ium and s t r o n t i u m w e r e c a r r i e d 
ou t on samples of Cha t t anooga (Upper Dowelltown), P i e r r e , Green River 
Format ion, Nol ichucky, a n d Pumpkin Valley Sha les t h a t had been hea t ed to 
120*C in a 0 .1-mol /L NaCl solut ion fo r p e r i o d s u p to s e v e r a l mon ths a n d 
on samples of t h e same s h a l e s which had been hea ted to 250*C in a i r fo r 
six mon ths , to s imulate limiting s c e n a r i o s in a HLW r e p o s i t o r y . To 
i n v e s t i g a t e t h e k i n e t i c s of t h e s o r p t i o n p r o c e s s in s h a l e / g r o u n d w a t e r 
s y s t e m s , s t r o n t i u m s o r p t i o n e x p e r i m e n t s were done on unhe*Ued P i e r r e , 
Green River Format ion, Nol ichucky, a n d Pumpkin Valley Sha l e s in a 
d i l u t e d , sa l ine g r o u n d w a t e r and in 0 .03-mol/L NaHC03, f o r p e r i o d s of 
0.25 to 28 d a y s . Cesium s o r p t i o n k ine t i c s t e s t s were p e r f o r m e d on t h e 
same s h a l e s in a c o n c e n t r a t e d b r i n e f o r t h e same time p e r i o d s . The 
e f f e c t of t h e w a t e r / r o c k (W/R) r a t io on s o r p t i o n f o r t h e same combina -
t ions of u n h e a t e d s h a l e s , nuc l ides , a n d g r o u n d w a t e r s u s e d in t h e 
k ine t i c s e x p e r i m e n t s was i n v e s t i g a t e d f o r a r a n g e of W/R r a t i o s of 3 to 
20 mL/g . Because of t h e complexity of t h e s h a l e / g r o u n d w a t e r i n t e r a c -
t ion, a s e r i e s of t e s t s was c o n d u c t e d on t h e e f f e c t s of c o n t a c t time a n d 
W/R ra t io on t h e pH of a 0.03-mol/L NaHCOa simulated g r o u n d w a t e r in 
c o n t a c t with sha l e s . Exper imen t s on t h e so lub i l i ty of uranium(VI) in a 
d i l u t ed b r i n e g r o u n d w a t e r a s a f u n c t i o n of pH a n d o v e r a c o n c e n t r a t i o n 
r a n g e of 10-4 to 10-* mol/L were c a r r i e d o u t in p r e p a r a t i o n f o r f u r t h e r 
s t u d i e s of U(VI) s o r p t i o n . The r e s u l t s of t h e s e s t u d i e s can now be 
appl ied to t h e d e s i g n of more de ta i led e x p e r i m e n t s in s u p p o r t of a n y 
f u t u r e na t ional s u r v e y s to se lec t t h e most su i t ab l e s h a l e s f o r s i t e -
spec i f i c c o n s i d e r a t i o n . 
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1. INTRODUCTION 
The S e d i m e n t a r y Rock P r o g r a m (SERP) a t t h e Oak Ridge National 
L a b o r a t o r y (ORNL) h a s been i n v e s t i g a t i n g t h e p r o p e r t i e s of s e d i m e n t a r y 
r o c k s o t h e r t h a n sa l t a s p a r t of a nat ional e f f o r t to b r o a d e n the r a n g e 
of cho ices of hydro log ic e n v i r o n m e n t s a n d rock t y p e s ava i lab le to t h e 
U. S. Depar tmen t of E n e r g y (DOE) a s a po ten t i a l second h o s t medium fo r a 
h i g h - l e v e l was te 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 f o c u s e d on s h a l e s a s poss ib le hos t r o c k s f o r t h e d i sposa l of h i g h -
level r ad ioac t i ve 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 
Uni ted S t a t e s (Gonzales and J o h n s o n , 1984) and exhibi t a r a n g e of 
chemical composi t ions . Thick d e p o s i t s of sha le can be f o u n d in a lmost 
e v e r y s t a t e of t h e Uni ted S t a t e s , a n d t h e a g e s of 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, f rom t h e P r e c a m b r i a n , (0.6 -
3.0) x 10* 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 107 y e a r s B.P. Sed imen ta ry r o c k s f r e q u e n t l y 
show l a r g e v a r i a t i o n s in chemical composi t ion. Clastic r o c k s s u c h a s 
sha l e s a r e known to man i fes t s u c h va r i a t i ons , even on a localized scale , 
a s can be seen qua l i t a t i ve ly in a hand spec imen of sha l e f rom t h e Green 
River Format ion (Garfield County , Colorado), in which local f l u c t u a t i o n s 
in composi t ion a r e v i s ib le a s laminae r e s u l t i n g from v a r i a t i o n s in t h e 
r a t e of sed imenta t ion a s t h e rock was formed (Longwell e t al. , 1969). 
T h u s , i t 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 , with 
impor t an t implicat ions for nuc lea r was te 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 i de 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 dominan t c o n t r o l s f o r l imiting t h e mobility of r a d i o n u c l i d e s t h a t 
will be r e l ea sed f rom t h e w a s t e p a c k a g e s of a HLW r e p o s i t o r y . The 
e x t e n t of t h e i n t e r a c t i o n s will be d e t e r m i n e d by geochemical cond i t i ons 
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 s u c h a s 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, redox 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 geochemical cond i t i ons a s soc i a t ed with t h e s h a l e s 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 , a n d 
t h e s h a l e s t hemse lves h a v e been shown to h a v e 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 was to a c q u i r e d a t a f o r 
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 . Ex tens ive s e r i e s 
of s o r p t i o n t e s t s were p e r f o r m e d to i d e n t i f y some of t h e more 
i m p o r t a n 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 a d i o n u c l i d e s . By s e l e c t i n g sha l e s r e p r e s e n t a t i v e of composi t ional 
e x t r e m e s a n d 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 compos i t ions , t h e 
s o r p t i o n in fo rmat ion which was ob ta ined can be u s e d to p l an f u r t h e r , 
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more detailed exper iments in s u p p o r t of any f u t u r e national s u r v e y s to 
select the most sui table sha les for detailed s i te -spec i f ic considerat ion. 

The f i r s t s e r i e s of exper iments on the sorpt ion behavior of shales and 
their clay mineral components was repor ted by Meyer et a ' . (1987). In 
these initial s tud ies , t e s t s were car r ied out to elucidate the sorpt ion 
behavior of cesium, s t ront ium, technetium, uranium, and neptunium from 
a p p r o p r i a t e syn the t i c g r o u n d w a t e r s onto montmorillonite and illite. 
These two clay minerals a r e p r e s e n t in many shales and probably 
cons t i tu t e t he principal s o r b i n s phases if subs tan t i a l quan t i t i e s a r e 
p r e s e n t . The second se r ies of sorpt ion t e s t s was made u s ing the same 
elements with Chattanooga (Upper Dowelltown) Shale, P ie r re Shale, shales 
from the Green River Formation, and with Nolichucky and Pumpkin Valley 
Shales from the Conasauga Group. The mineralogies of these shales , 
which were determined in a companion s tudy (Lee et al., 1987), a r e 
r e p r e s e n t a t i v e of the compositional extremes of shales; a summary of the 
mineralogies is p r e sen t ed below. A limited number of t e s t s also was 
conduc ted with shales t ha t had been heated in air a t 250"C for six 
months in an at tempt to acqu i re prel iminary data on the e f f e c t s of the 
hea t ing of shale likely to occur in a HLW repos i to ry . 

The work repor ted below was an extension of the inves t iga t ions j u s t 
de sc r ibed . Experiments with heated shales proved to be of suf f ic ien t 
i n t e r e s t to j u s t i f y f u r t h e r t e s t s . Accordingly, s tud ie s of the sorpt ion 
of cesium and s t ront ium were begun on samples of Chat tanooga (Upper 
Dowelltown) Shale, P ie r re Shale, shales of the Green River formation, 
and with Nolichucky and Pumpkin Valley Shales from the Conasauga Group 
tha t had been heated to 120*C in a 0.1-mol/L NaCl solution for per iods 
u p to s eve ra l months, and on samples of the same shales which had been 
heated to 250*C in air fo r six months. To answer ques t ions r e g a r d i n g 
the k ine t ics of the sorp t ion p roces s in sha l e /g round water sys tems , 
s t ront ium sorpt ion measurements were car r ied out on P ie r re , Green River, 
Nolichucky, and Pumpkin Valley Shales in a di luted br ine g roundwa te r and 
in 0.03-mol/L NaHCC>3 for per iods of 0.25 to 28 days . Cesium sorpt ion 
exper iments in a concen t ra ted br ine were per formed on the same shales 
over t he same time per iods . The ei'fect of the w a t e r / r o c k (W/R) ra t io on 
sorp t ion was inves t iga ted f o r the same combinations of shales , nuclides, 
and g r o u n d w a t e r s used in the kinet ics exper iments by measur ing sorp t ion 
ra t ios fo r a r a n g e of W/R ra t ios of 3 to 20. To inves t iga te t he 
d i f f icu l t ies in p r e p a r i n g s table solut ions for t he sorp t ion s t ud i e s 
r epo r t ed for uranium in Meyer et al. (1987), the s tabi l i ty and 
solubil i ty of uranium in aqueous solut ions was inves t iga ted as a 
func t ion of pH. Because of the chemical complexity of t he 
s h a l e / g r o u n d water in te rac t ion , a se r i e s of t e s t s was conduc ted on the 
e f f e c t s of contac t time and w a t e r / r o c k rat io on the pH of a b icarbonate 
g r o u n d w a t e r in contact with sha les . 

Two impor tan t pa rame te r s in f luenc ing the re ten t ion of rad ionucl ides a r e 
t h e ionic s t r e n g t h and chemical composition of g roundwa te r . In all of 
t h e s t u d i e s we have ca r r i ed ou t on shales , i t was impor tant to recall 
tha t g r o u n d w a t e r s associa ted with sha les a r e highly var iab le in 
composition and r ange f rom di lute b icarbonate t y p e s to concen t ra t ed NaCl 
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b r i n e s (Von Damm, 1987). Considerable l i t e r a t u r e ex is t s on the 
geochemical behavior of r ad ionuc l ides in d i lu te g r o u n d w a t e r s in con tac t 
with typ ica l r o c k s which have been cons ide red f o r HLW repos i to r i es , 
e .g. , basa l t , g r a n i t e , and t u f f . However, t h e r e is re la t ive ly l i t t le 
informat ion on the in te rac t ion of sha l e - r e l a t ed minerals and rad io -
nuc l ides , especia l ly in c o n c e n t r a t e d b r ines . The s y n t h e t i c g r o u n d w a t e r s 
se lec ted fo r th i s s t u d y were chosen to be 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 found in v a r i o u s shale format ions . 

Cesium and s t ron t ium, a l t hough not key elements for l ong- t e rm s t o r a g e of 
HLW, were chosen f o r s t u d y because they typical ly s o r b by ion exchange , 
and the i r so rp t ion behav io r is t h e r e f o r e ind ica t ive of t h e ex ten t to 
which the sha les ac t a s ion-exchange s o r b e n t s . Also, cesium is t h o u g h t 
to be p e r m a n e n t l y fixed by t h e illitic c l ays p r e s e n t in many sha les , 
while s t ron t ium is normally so rbed r e v e r s i b l y . Uranium is a key 
rad ionuc l ide , because s p e n t fue l is expec ted to be s t o r e d in t h e 
r epos i to r i e s . Technet ium normally ex is t s a s an anion u n d e r oxidizing 
condi t ions and was chosen to model anion behav io r in t h e work r e p o r t e d 
las t yea r in Meyer e t al. (1987). Neptunium, u ran ium, and technet ium 
a r e all s ens i t i ve to redox condi t ions to some ex ten t , a n d the i r behavior 
can s e r v e to indica te the abi l i ty of sha les to r e d u c e t h e valence of 
t h e s e r ad ionuc l ides and t h e r e b y dec rea se the i r mobility. From the 
r e s u l t s of the pre l iminary t e s t s r e p o r t e d ea r l i e r and those of t h e 
c u r r e n t exper iments , it now should be poss ib le to de s ign more 
soph i s t i ca ted t e s t s on t h e abi l i ty of sha les to r e t a r d nucl ides . Such 
addi t iona l t e s t s , f o r example, might inc lude t e s t s in anoxic 
env i ronmen t s , migrat ion of elements t h r o u g h columns of shale , and 
co r r e l a t i ons of o b s e r v e d chemical behavior with mineral composit ions of 
the sha les . 

3. MATERIALS AND METHODS 

3.1 SHALES 

The f ive core samples of Chat tanooga Shale , P i e r r e Shale , Green River 
Formation Shale, Nolichucky Shale, and Pumpkin Valley Shale were 
c h a r a c t e r i z e d by Lee et al. (1987), and t h e desc r ip t i on below 
summarizes t h e i r conclus ions . 

The Chat tanooga Shale sample was f rom t h e Upper Dowelltown Member of 
t h e sha le in F e n t r e s s County , Tennessee , a t a d e p t h of 141-142 m. This 
un i t may be de sc r i bed a s i n t e r b e d d e d medium l igh t g r a y c lays tone and 
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 - 1 2 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 Grego ry County , South Dakota and were r e t r i e v e d from 
a dri l l hole a t a d e p t h of 88.2 to 88.9 m. Lee et al . (1987) have 
de sc r i bed t h e c o r e s a s c l ays tone , th ick ly bedded to mass ive , nonf i ss i le , 
s l igh t ly to moderate ly ca lca reous , so f t , moist, medium g r a y with s l igh t 
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olive t inge , d e n s e , sol id, b e d d i n g a t low a n g l e , n o n w e a t h e r e d . 

The samples from t h e Green River Formation o r i g i n a t e d in Garf ield 
County , Colorado, a n d w e r e 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 th 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 a Pumpkin Valley S h a l e s were 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 a n d 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 he C o n a s a u g a 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 a s a g r a y to b rown sha ley 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 sect ion is maroon to 
g r a y , g lauconi t ic , laminated s i l ty muds tone . 

The app rox ima te minera logica l composit ion of t h e f ive who le - rock 
samples is g i v e n in Table 3.1, f rom the summary by 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 Format ion 
Shale a p p e a r s to h a v e 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 have 
the l eas t . Some of t h e e x p e r i m e n t s to be d e s c r i b e d were c a r r i e d o u t 
with sha l e s t h a t had been hea t ed in 0.1-mol/L NaCl solu t ion a t 120°C f o r 
43-85 d a y s , or hea t ed to 250"C in a i r f o r six months . The l a t t e r hea t 
t r e a t m e n t shou ld 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 , 
p o s s i b l y oxidize s u l f i d e s a n d o t h e r r e d u c e d mater ia l , and a l t e r t h e 
l a y e r - t y p e c l a y t . 
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Table 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 ion of whole- rock s a m p l e s a 

P e r c e n t by Weight*5 

Component Green 
Upper P i e r r e R ive r Nolichucky Pumpkin 

Dowelltown Sha le Formation Sha le V a l l e y 
Sha le Sha l e Sha l e 

Organic Mat te 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 

Carbona tes 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%), observed from t h i n s e c t i o n and e l e c t r o n mic rographs ; 
nd = n o t d e t e c t a b l e . 

3.2 GROUNDWATER 

I n all of t h e s o r p t i o n s t u d i e s on sha les c o n d u c t e d u n d e r t h e SERP, 
s y n t h e t i c g r o u n d w a t e r s were used which s imula ted n a t u r a l sha le 
g r o u n d w a t e r s , r a n g i n g f rom sal ine w a t e r s of h igh ionic s t r e n g t h to t h o s e 
of d i lu t e c a r b o n a t e composi t ion. 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 was 
p r e p a r e d to s imulate 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 wells in t h e Pumpkin 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 is g i v e n in Table 3.2. This 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 g /mL and can b e c h a r a c t e r i z e d a s an acidic , h igh ly 
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 lkal 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 mol /kg H2O. So rp t ion t e s t s were 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 lu t ion (d i lu ted b r i n e ) , each 
a d j u s t e d ini t ial ly to pH 5. To s imulate a lka l ine c a r b o n a t e cond i t ions , 
m e a s u r e m e n t s w e r e a l so made with 0.03 mol/L NaHC03 ( b i c a r b o n a t e ) . 
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T a b l e 3 . 2 . Compos i t ion of s y n t h e t i c b r x n e g roundwate r 

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

(mol/L) (g/L) 

Na 2 . 0 0 46 .00 
K 0 .0089 0 .348 
Mg 0 .115 2 .79 
Ca 0 . 2 9 9 12.0 
S r a 0 . 0 1 4 1 .20 
CI 2 . 8 6 101.29 
Br 0 .0089 0 . 7 1 

pH a d j u s t e d t o 5 w i t h 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 f rom t h e s y n t h e t i c g roundwate r s o 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 TRACER NUCLIDES 

The t h r e e t racers u s e d in t h i s s t u d y are l i s ted in Table 3.3, a long with 
some of the p e r t i n e n t data on their radioact ive decay propert ie s . 

Radioactive concentra t ions of strontium and cesium were determined by 
measur ing the gamma radiation of a l iquots of traced so lut ions of natural 
s trontium and ces ium with a w e l l - t y p e Nal(Tl) scint i l lat ion detec tor and 
comparing the count ing r a t e s to those of r e f e r e n c e s tandard so lut ions of 
the same tracer nucl ide . The concentra t ions of uranium so lut ions were 
determined by liquid scint i l lat ion alpha c o u n t i n g of t racer " 3 U in 
so lut ions of natural uranium. Limitations imposed by detec t ion 
s e n s i t i v i t y and spec i f i c ac t iv i ty were s u c h that concentra t ions of 233U 
l e s s than about 10-6 mol/L could not be u s e d a s s tar t ing so lut 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 
used i n t h i s s t u d y 6 

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 De tec ted 

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 gamma r a y 

1 3 7 Cs 30.17 y Beta decay 661.6-keV gamma ray 
( i n decay of 1 "«»Ba) 

2 3 3U 1.59 x 10 ® y Alpha decay • 4 .824- and 4.783-keV 
a l p h a p a r t i c l e s 

a Da ta f rom Kocher (1981). 

3.4 GENERAL EXPERIMENTAL PROCEDURES 

Typical p r o c e d u r e s f o r measurement of so rp t ion and d e s o r p t i o n r a t io s 
were d e s c r i b e d in t h e ea r l i e r r e p o r t by Meyer e t al . (1987), a n d so only 
an ou t l ine of t h e exper imenta l methods will be inc luded h e r e . 

P r io r to t h e s o r p t i o n e x p e r i m e n t s , each sha le sample was con t ac t ed with 
u n t r a c e d g r o u n d w a t e r f o r t h r e e cyc le s of t h r e e d a y s each . The p r e v i o u s 
s t u d y by Meyer e t al . (1987) showed t h a t t he ini t ia l g r o u n d w a t e r 
composit ion remained c o n s t a n t wi thin < 5% a f t e r t h e t h i r d c o n t a c t cycle . 
The p h a s e s 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 , followed by d e c a n t a t i o n of 
t r ^ g r o u n d w a t e r . The t u b e con ta in ing t h e solid t hen was weighed to 
de t e rmine t h e amount of g r o u n d w a t e r remain ing with t h e sha le , a n d a 
ca lcula t ion was p e r f o r m e d to de t e rmine t h e amount of t r a c e d g r o u n d w a t e r 
r e q u i r e d f o r t h e w a t e r / r o c k (W/R) r a t i o d e s i r e d . 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 volume w e r e ba sed on we igh t . The sha le a n d t r a c e d 
g r o u n d w a t e r t h e n w e r e g e n t l y s h a k e n f o r a pe r iod of time a p p r o p r i a t e to 
t h e t e s t . In t h e s t u d i e s d e s c r i b e d below, c o n t a c t t imes r a n g e d from 
0.25 to 35 d , and W/R r a t i o s f rom a b o u t 3 to 20. At t h e conc lus ion of 
t h e t e s t , t h e samples w e 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 inal so lu t ions was a s s a y e d . 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 no s o r b e n t ) were p r e p a r e d and m e a s u r e d in 
t r ip l i ca te . 

The s o r p t i o n ra t io , which i s h e r e d e s i g n a t e d Rs, is 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 iv ided by t h e c o n c e n t r a t i o n 
of t h e nuc l ide 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 was mo le s /kg , and 
t h a t in t h e solut ion w a s moles/L. T h u s , t h e u n i t s of R« w e r e L / k g . The 
amount a d s o r b e d was de t e rmined by compar ison 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 he 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 , 
which 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 solu t ion was a 
r e s u l t of s o r p t i o n on to t h e s o r b e n t . 
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The s o r p t i o n r a t i o s w e r e ca l cu la t ed f rom t h e e q u a t i o n 

( q - C f ) 
R s = x V g (1) 

cfw 

w h e r e C> is t h e ini t ial 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 , Cf 
i s t h e f ina l c o n c e n t r a t i o n in t h e so lu t ion , Va i s t h e initial 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 o r b e n t (shale) . For each of 
t h e e x p e r i m e n t s d i s c u s s e d below, t h e w e i g h t s of t h e sha l e samples , t h e 
volume of t h e g r o u n d w a t e r , and t h e c o n t a c t time a r e g iven . 

Desorp t ion r a t i o s were de t e rmined f rom samples t h a t had been con tac t ed 
with t r a c e d g r o u n d w a t e r a n d t h e s o r p t i o n r a t i o s ca lcu la ted . As much a s 
poss ib le of t h e g r o u n d w a t e r was 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 was we ighed to d e t e r m i n e t h e amount of so lu t ion r emain ing . 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 t h e n was a d d e d to make u p to a so lu t ion volume 
equa l to t h a t u s e d in t h e s o r p t i o n po r t i on 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 exper imen t 
was compu ted a s equa 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 expe r imen t p l u s t h e amoun t on 
t h e sol id , which was ca lcu la ted f rom Ci a n d Cr a s in Eq. 1. The t u b e s 
t h e n were 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 and 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 solu t ion d e t e r m i n e d . The deBorpt ion ra t io Rd, 
d e f i n e d a s t h e ra t io of t h e r ad ioac t i ve c o n c e n t r a t i o n in t h e sol id a f t e r 
d e s o r p t i o n d i v i d e d b y t h e r a d i o a c t i v e c o n c e n t r a t i o n in t h e g r o u n d w a t e r 
a f t e r d e s o r p t i o n Co, may be ca l cu la t ed f rom Eq. 2, 

C f V r + ( C i - C f ) V a - CdVd 

R d = — , ( 2 ) 
cdw 

w h e r e Ci, Cf, V«, and W have t h e same m e a n i n g s a s d e f i n e d a b o v e f o r 
Eq. 1; Vr is t h e volume l e f t in t h e t u b e a f t e r t h e s o r p t i o n e x p e r i m e n t 
a n d a f t e r removal of n e a r l y al l of t h e a q u e o u s p h a s e ; a n d Vd is t he 
volume of a q u e o u s p h a s e b e f o r e d e s o r p t i o n . As f o r R«, t h e u n i t s of t h e 
d e s o r p t i o n r a t i o Rd a r e mL/g o r L / k g . 

All s o r p t i o n e x p e r i m e n t s w e r e c a r r i e d ou t a t room t e m p e r a t u r e , 
approx ima te ly 25*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 w e r e 
oxidiz ing. I n most c a s e 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 i ons c o n s t a n t d u r i n g t h e expe r imen t , b u t i t was allowed to a d j u s t 
to a va lue d e t e r m i n e d by t h e i n t e r a c t i o n s b e t w e e n t h e sha le a n d 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 e x p e r i m e n t s , 
sometimes s i g n i f i c a n t l y . 
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4. EXPERIMENTS WITH HEATED SHALES 

In o u r p r e v i o u s r e p o r t (Meyer e t al., 1987) we d i s c u s s e d a limited 
n u m b e r of t e s t s c o n d u c t e d with sha l e s t h a t had been hea ted in a i r to 
250*C f o r six months in an e f f o r t to a c q u i r e p re l imina ry d a t a on t h e 
e f f e c t s of one s cena r io f o r hea t i ng sha l e in a HLW r e p o s i t o r y . 
Compar isons be tween s o r p t i o n r e s u l t s on hea t ed a n d u n h e a t e d 6hales 
p r o v e d to b e in format ive , b u t b e c a u s e a limited n u m b e r of solut ion 
composi t ions were u s e d on sha l e s hea t ed b y only one method, i t was fe l t 
t h a t f u r t h e r s t u d i e s on t h e s o r p t i o n p r o p e r t i e s of h e a t e d sha l e s would 
be u s e f u l . 

Accord ing ly , i t was dec ided to p r e p a r e f i ve s h a l e s hea t ed by two me thods 
a n d t o s t u d y t h e s o r p t i o n of cesium a n d s t r o n t i u m on samples of t h e s e 
f i v e s h a l e s fo r compar i son with t h e w e l l - c h a r a c t e r i z e d so rp t i on behav io r 
r e p o r t e d b y Meyer e t al . (1987) on u n h e a t e d samples of t he same sha les . 

4.1 PREPARATION OF HEATED SHALES 

The f i v e sha l e s u sed f o r t h e s e e x p e r i m e n t s were hea t ed a c c o r d i n g to two 
p r o c e d u r e s . The f i r s t s e t of shale samples , hea ted in a 0.1-mol/L NaCl 
solut ion f o r 43-85 d a y s a t 120"C, were i n t e n d e d a s a n a l o g s of sha l e s in 
a HLW r e p o s i t o r y exposed to g r o u n d w a t e r of r e l a t i ve ly low ionic s t r e n g t h 
a f t e r c o n s i d e r a b l e r ad ioac t ive decay had o c c u r r e d . The second s e t of 
samples was hea ted in a i r to 250*C f o r six months , i n t e n d e d a s a n a l o g s 
of sha l e s hea ted ea r ly in t h e h i s t o r y of a r e p o s i t o r y , when t h e 
t e m p e r a t u r e is expec ted to be re la t ive ly h igh a n d b e f o r e a n y i n t r u s i o n 
by g r o u n d w a t e r . Detai ls of each p r o c e d u r e a r e g iven below. 

F i f ty g r a m s each of t h e <180 p m f r a c t i o n of U p p e r Dowelltown, P i e r r e , 
Green River Formation, Nol ichucky, a n d Pumpkin Valley Sha les were 
a d d e d to a Teflon c o n t a i n e r con t a in ing -200 g of a 0 .1-mol/L NaCl 
solut ion a d j u s t e d to a pH of 7.5. The c o n t a i n e r s were sea led , placed in 
an oven a t a t e m p e r a t u r e of 120°C, a n d s h a k e n v i g o r o u s l y once a d a y , f o r 
43 to 85 d a y s . U n f o r t u n a t e l y , some of t h e c o n t a i n e r s leaked a t t h e 
cove r sea ls . I t was a s sumed t h a t a n y we igh t loss o b s e r v e d was d u e to 
e s c a p e of w a t e r v a p o r on ly , a n d so w h e n e v e r t h e we igh t loss amounted to 
20 g , i .e. , 10% of t h e we igh t of t h e NaCl so lu t ion , t h e a f f e c t e d v e s s e l 
was cooled a n d dis t i l led w a t e r was a d d e d to make t h e to ta l so lu t ion 200 
g. In Table 4.1 a r e summar ized the t r e a t m e n t h i s t o r i e s of t h e f i ve 
sha le samples p r o c e s s e d a s d e s c r i b e d . Af te r t h i s ini t ia l p r o c e s s i n g was 
complete , t h e sha le samples were washed with dis t i l led w a t e r a n d d r i e d . 

The sha l e samples to b e h e a t e d in a i r w e r e f rom t h e same s t a r t i n g 
mater ia l s a s d e s c r i b e d above . In t h i s p r o c e d u r e , 15 g of each of t h e 
f i v e sha l e samples w e r e weighed in to porce la in c r u c i b l e s , c o v e r e d , a n d 
hea t ed to c o n s i s t e n t w e i g h t in a d r y i n g oven a t 110*C. Then , a s a n 
approx imat ion to a t h e r m o g r a v i m e t r i c a n a l y s i s , each sample was hea t ed 
s t epwi se to 150, 200, a n d 250"C in a muff le f u r n a c e . Upon r e a c h i n g 
250*C, t h e t e m p e r a t u r e was mainta ined a t t h a t v a l u e f o r six months . 



10 

Tab le 4 . 1 . Trea tment h i s t o r y of s h a l e s h e a t e d t o 120"C 
in 0 .1 -mol /L NaCl s o l u t i o n . ® 

Sha le 

Time a t 
Temperature 

(days) Remarks 

Upper Dowel14" own 43 Vesse l f a i l e d ; l o s t w a t e r . 

P i e r r e 78 Vesse l f a i l e d ; l o s t some w a t e r . 

Green R ive r 
Formation 

63 Vessel f a i l e d ; l o s t w a t e r . 

Nol ichucky 85 Recovered a l l o f t h e s o l u t i o n . 

Pumpkin V a l l e y 85 Recovered a l l of t h e s o l u t i o n . 

a S h a l e samples were 50 g of t h e < 180-micrometer s i z e 
f r a c t i o n i n -200 g of 0 .1 -mol /L NaCl s o l u t i o n , h e a t e d t o 
120*C f o r t h e t i m e s i n d i c a t e d . Data from Jacobs (1988) . 

The r e s u l t s of t h e s t e p w i s e h e a t i n g a r e summar ized in Table 4.2 a n d Pig. 
4.1. The g r e a t e s t weight loss a t t h e h i g h e s t t e m p e r a t u r e w a s o b s e r v e d 
f o r t h e U p p e r Dowelltown Shale , while t h e P i e r r e a n d Green River 
Format ion Sha l e s exhib i ted a smal ler , b u t similar , w e i g h t loss . The 
w e i g h t s of t h e Nolichucky and Pumpkin Valley S h a l e s remained e s sen t i a l l y 
c o n s t a n t t h r o u g h o u t t h e t e m p e r a t u r e r a n g e . These r e s u l t s c o r r e l a t e only 
qua l i t a t i ve ly wi th t h e amoun t s of o r g a n i c m a t t e r shown in Table 3.1. 
The t r a c e of o r g a n i c ma t t e r e s t ima ted in Table 3.1 f o r Nol ichucky a n d 
P u m p k i n Valley Sha les is c o n s i s t e n t with t h e i r a b s e n c e of w e i g h t loss 
u p o n h e a t i n g . However, t h e amount of o r g a n i c m a t t e r shown in Table 3.1 
f o r U p p e r Dowelltown is s l i g h t l y l e s s t han t h a t of Green River 
Format ion , a n d l a r g e r t h a n t h a t of t h e P i e r r e Sha le . T h u s , a more 
q u a n t i t a t i v e compar i son be tween t h e d a t a of Tab les 3.1 a n d 4.2 dioes no t 
a p p e a r poss ib le . 

Small samples of each of t h e s h a l e s t r e a t e d b y b o t h me thods w e r e washed 
t h r e e t imes , f o r one d a y e a c h time, a n d t h e pH a n d t h e sodium 
c o n c e n t r a t i o n s of t h e w a s h s o l u t i o n s were d e t e r m i n e d a f t e r e a c h wash . 
A f t e r t h r e e w a s h e s t h e sodium c o n c e n t r a t i o n of t h e wash so lu t ions was 
no t s i g n i f i c a n t when compared to t h e sodium c o n c e n t r a t i o n of t h e 
g r o u n d w a t e r s u s e d in t h e s o r p t i o n t e s t s to b e d i s c u s s e d below. 

A s i g n i f i c a n t add i t iona l o b s e r v a t i o n i s t h a t a f t e r t h e h e a t t r e a t m e n t a t 
250*C in 0 .1-mol /L NaCl, t h e wash w a t e r f o r t h e U p p e r Dowelltown Shale 
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r e a c h e d a pH va lue of 2.63. Normally s e v e r a l weeks a r e r e q u i r e d f o r 
g r o u n d w a t e r s , in i t ia l ly a d j u s t e d to pH 5, to r e a c h comparab ly ac id ic pH 
leve l s in c o n t a c t with Upper Dowelltown Shale . 

Tab le 4 . 2 . R e s u l t s of s t e p w i s e h e a t i n g of d ry 
s h a l e samples i n a i r . 

Time a t 
Temperature Temperature F r a c t i o n 

Sha l e CC) (hr ) Remaining 

Upper Dowelltown 110 68 0.9939 
150 48 1.0050 
200 190 1.0099 
250 4385 0 .8873 

P i e r r e 110 68 0.9616 
150 48 0.9594 
200 190 0 .9435 
250 4385 0.9214 

Green R ive r 110 68 0 .9979 
Formation 150 48 0 .9982 

200 190 0.9656 
250 4385 0 .9250 

Nolichucky 110 68 0 .9881 
150 48 0 .9866 
200 190 0.9854 
250 4385 0 .9850 

Pumpkin V a l l e y 110 68 0 .9893 
150 48 0.9889 
200 190 0.9884 
250 4385 0.9862 
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Fig. 4.1. Weight change on heating to 250"C for samples of Upper 
Dowelltown, Pierre, Green River Formation, Nolichucky, and 
Pumpkin Valley Shales. Data from Table 4.2. 
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4.2 CESIUM SORPTION 

Our n re l imina ry s u r v e y of t h e s o r p t i o n of cesium o n t o hea t ed and u n h e a t e d 
s h a l e s (Meyer e t al . , 1987) led to a n u m b e r of conc lus ions . A simple 
ion e x c h a n g e mechanism was s u g g e s t e d by the o b s e r v e d i n c r e a s e in 
t h e s o r p t i o n ra t io with d e c r e a s i n g ionic s t r e n g t h , i.e., with d i lu t ion 
of t h e b r i n e , and by t h e a b s e n c e of a n y sys t ema t i c d i f f e r e n c e s be tween 
t h e s o r p t i o n and d e s o r p t i o n ra t ios . T h e r e a p p e a r e d to be no s i g n i f i c a n t 
d i f f e r e n c e 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 init ial ces ium 
c o n c e n t m s of 1 x 10-» and 5 x 10-» mol/L. Finally, t h e so rp t i on 
r a t i o s c o r r e l a t e d with the clay mineral c o n t e n t of t h e sha l e s . 

The p r e v i o u s r e p o r t by Meyer e t al. (1987) only inc luded d a t a on 
m e a s u r e m e n t s of ces ium s o r p t i o n f rom the 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 
o n t o Bhales hea ted to 250*C in a i r . When samples of s h a l e s hea t ed b y 
two me thods became ava i l ab le , i t was dec ided to c a r r y o u t a s e t of 
m e a s u r e m e n t s u s i n g t h e g r o u n d w a t e r d i l u t e d 100/1 (ionic s t r e n g t h 0.033 
mol/L), a t a cesium c o n c e n t r a t i o n of 1 x 10"* mol/L, a n d to d e t e r m i n e 
bo th s o r p t i o n and d e s o r p t i o n r a t io s . Each s o r p t i o n m e a s u r e m e n t u s e d 
a b o u t 2 mL of g r o u n d w a t e r a n d a b o u t 0.2 g of sha le , f o r a W/R r a t i o of 
10. Samples of sha l e s hea t ed by both me thods were u s e d , a n d each sample 
was c o n t a c t e d t h r e e t imes with u n t r a c e d , d i l u t ed b r i n e g r o u n d w a t e r f o r 
a t l e a s t t h r e e d a y s each . The c o n t a c t time f o r t h e s o r p t i o n t e s t s u s i n g 
t r a c e d g r o u n d w a t e r was 14 d a y s a t 25*C. Following t h e s o r p t i o n t e s t s , 
d e s o r p t i o n m e a s u r e m e n t s w e r e c o n d u c t e d f o r 14 d a y s , a s d i s c u s s e d a b o v e 
in Sec t ion 3.4. 

The r e s u l t s a r e summarized in Table 4.3 a n d may be compared with t h e 
d a t a r e p o r t e d by Meyer e t al . (1987) on cesium s o r p t i o n and d e s o r p t i o n 
o n t o u n h e a t e d s h a l e s in t h e same g r o u n d w a t e r . Also of i n t e r e s t in t h e 
same r e p o r t is a compar i son be tween cesium so rp t i on 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 hea ted to 250"C f o r six months . At t h e time of those 
m e a s u r e m e n t s , t he amount of hea ted sha le ava i lab 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 expe r imen t s with s eve ra l g r o u n d w a t e r composi t ions , and so t h e 
c o n c e n t r a t e d b r i n e was u s e d . 

In t h e c o n c e n t r a t e d b r i n e , Meyer e t al. (1987) r e p o r t e d t h a t , 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 illi te 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 ra t io f o r ces ium, which s u g g e s t s t h a t ces ium s o r p t i o n 
o c c u r r e d on the minera l (i.e., i no rgan ic ) componen t s of t h e sha l e s . 
Table 4.3 shows t h a t , in t h e d i lu ted b r i n e , all of t h e cesium 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 a r e v e r y l a rge , e x c e p t t hose of t h e Green River 
Format ion Shale , a n d s u b j e c t to r e l a t ive ly l a r g e e r r o r s . Such l a r g e 
e r r o r s a r e to be e x p e c t e d , b e c a u s e when s o r p t i o n r a t i o s a r e l a rge , on ly 
a v e r y small f r a c t i o n of t h e o r ig ina l t r a c e r r emains in t h e solut ion 
a f t e r s o r p t i o n , and e r r o r s in m e a s u r i n g t h e c o n c e n t r a t i o n of t r a c e r l e f t 
in so lu t ion become s i g n i f i c a n t . The r e s u l t s in Table 4.3 a r e c o n s i s t e n t 
wi th t h e ea r l i e r t e s t s on u n h e a t e d s h a l e s in t h e d i lu t ed b r i n e 
g r o u n d w a t e r . I n f a c t , t h e r e a p p e a r s to be l i t t le d i f f e r e n c e in t h e 
s o r p t i o n p r o p e r t i e s of t h e s h a l e s d u e to t h e hea t t r e a t m e n t . Since 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 a r e l a r g e , i t is no t p o s s i b l e to make 
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T a b l e 4 . 3 . Ces i iond) s o r p t i o n and d e s o r p t i o n in d i l u t e d b r i n e 
groundwater f o r s h a l e s h e a t e d by two m e t h o d s . a 

S o r p t i o n Deso rp t ion 

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

S h a l e b 
Hea t ing 

Method0 pH avg 
s t d 
dev pH avg 

s t d 
dev 

D 1 2 .26 9293 2282 2 .25 2870 7469 

P 1 7 .68 >10000 7 .66 >10000 

G 1 7 .90 189 1 7 .82 197 4 

N 1 7 .86 >10000 7.79 >10000 

V 1 6.37 >10000 6.34 >10000 

D 2 2.94 6272 1835 2 .90 9680 386 

P 2 7 .67 5979 411 7.75 6206 518 

G 2 8.04 118 1 8 .02 129 3 

N 2 7 .85 >10000 7 .88 >10000 

V 2 7 .42 8518 3548 7.34 11889 37c ; 

a 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 iven i n Table 3 . 2 . The 
b r i n e used h e r e was 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 . 

^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 app rox ima te ly 0 . 2 g of s h a l e and 2 mL of groundwater 
wi th an i n i t i a l cesium c o n c e n t r a t i o n of 1 x 10- 8 mol /L. Hie samples of 
s h a l e were c o n t a c t e d t h r e e t imes w i t h t h e u n t r a c e d , d i l u t e d b r i n e 
groundwater 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 c o n t a c t t ime 
f o r s o r p t i o n was 14 days a t 25*C. The p h a s e s 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 10,000 r c f f o r 90 m i n u t e s . 

c H e a t i n g methods: (1) Heated a t 120*C f o r va ry ing t i m e s i n t h e p r e s e n c e 
o f 0 . 1 - m o l / L NaCl s o l u t i o n ; (2) Heated f o r s i x months a t 250*C i n 
a i r . See t e x t . 
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very accurate comparisons between them; however, because they appear to 
be quite similar in magnitude, there does not seem to be any 
identifiable irreversibili ty in the sorption/desorption process for 
these heated shales in this aqeous system. ThuB, the two forms of 
heat treatment do not appear to impair the ability of the shales to sorb 
cesium. 

4.3 STRONTIUM SORPTION 

The earl ier report by Meyer et al. (1987) showed that s tront ium, and 
probably o t h e r d i v a l e n t e lements with similar chemical p r o p e r t i e s s u c h 
a s radium, exhib i ted l itt le sorpt ion from the c o n c e n t r a t e d br ine . The 
s h a l e s t e s t e d had l i tt le abi l i ty to retard stront ium from s o l u t i o n s of 
h igh ionic s t r e n g t h , and prel iminary t e s t s with heated s h a l e s indicated 
that t h e r e would be r v e n l e s s sorpt ion for sha l e s heated u n d e r aerobic 
condi t ions . Strontium has a g r e a t e r t e n d e n c y to be sorbed a s the pH 
i n c r e a s e s , which s u g g e s t e d a g r e a t e r l ikel ihood for re t en t ion of 
s tront ium by alkal ine g r o u n d w a t e r s . 

Resu l t s are p r e s e n t e d in Table 4.4 from a s e r i e s of t e s t s d e s i g n e d to 
measure the sorpt ion and desorpt ion of s tront ium in the di luted br ine 
g r o u n d w a t e r for the s h a l e s heated by two methods , a s for ces ium 
sorpt ion . A detai led comparison b e t w e e n the data in Table 4.4 and the 
earl ier work by Meyer e t al. (1987) s h o w s genera l ly good a g r e e m e n t with 
the t r e n d s o b s e r v e d . The sorpt ion and d e s o r p t i o n rat ios for the heated 
s h a l e s a r e g e n e r a l l y somewhat smaller than for the u n h e a t e d s h a l e s in 
the same so lut ion. This trend was noted in the ear l ier work u s i n g the 
c o n c e n t r a t e d br ine and s h a l e s heated in air for six months at 250°C. 
There are some small, individual d i f f e r e n c e s be tween the sorpt ion and 
d e s o r p t i o n rat ios measured for the two methods of heat treatment , but no 
s i g n i f i c a n t trend is e v i d e n t . In Table 4.4 va lues of the d e s o r p t i o n 
rat ios Rd are c o n s i s t e n t l y somewhat, l arger than the c o r r e s p o n d i n g v a l u e s 
of the sorpt ion rat ios Rs, which s u g g e s t s that some of the s tront ium is 
"fixed" to the s h a l e s and is not sorbed and d e s o r b e d by an equi l ibrium 
p r o c e s s . Such a nonequil ibrium p r o c e s s could prove to be an a d v a n t a g e , 
s i n c e it would work to immobilize a port ion of the avai lable s tront ium 
in the p r e s e n c e of a d i lute g r o u n d w a t e r . 

Thus , the small d i f f e r e n c e s in sorpt ion behav ior be tween the heated and 
unhea ted s h a l e s would not be e x p e c t e d to diminish s i g n i f i c a n t l y t h e 
abi l i ty of the s h a l e s to s o r b s tront ium. 
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Table 4.4. Strontium(II) sorption and desorption in diluted brine 
groundwater for shales heated by two methods.a 

Sorption Desorption 

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

K Heating std std 
Shale Method0 PH avg dev PH avg dev 

D 1 2.26 1.2 0.0 2.26 3.3 0.2 

P 1 7.62 34.3 0.2 7.63 43.4 0.6 

G 1 7.74 7.8 0.2 7.80 11.8 0.1 

N 1 7.75 10.9 0.4 7.78 14.4 0.6 

V 1 6.37 11.7 0.0 6.44 14.9 0.1 

D 2 2.81 2.9 0.3 2.81 6.5 1.1 

P 2 7.65 21.3 0.3 7.68 36.3 0.5 

G 2 7.99 5.5 0.1 7.95 9.6 0.3 

N 2 7.80 12.1 0.3 7.93 15.8 0.3 

V 2 7.60 11.8 0.2 7.52 15.8 0.4 

aConiposition of the concentrated brine is given in Table 3.2. The 
brine used here was a 100/1 dilution of the concentrated brine. 

krhe symbols for the shales are: D, Upper Dowelltown; P, Pierre; G, 
Green River Formation; N, Nolichucky; and V, Punpkin Valley. Each 
sample contained approximately 0.2 g of shale and 2 snL of groundwater 
with an initial strontium concentration of 1 x 10-8 mol/L. Hie samples 
of shale were contacted three times with the untraced, diluted brine 
groundwater for at least three days each, and the final contact time 
for sorption was 14 days at 25*C. The phases were separated by 
centrifugation at 10,000 rcf for 90 minutes. 

°Heating methods: (1) Heated at 120"C for varying times in the presence 
of 0.1-mol/L NaCl solution; (2) Heated for six months at 250*C in air. 
See text. 
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5. EFFECT OF CONTACT TIME ON SORPTION 

A serieB of t e s t s was des igned to g ive information on t h e e f f e c t s of 
c o n t a c t time on t h e v a l u e s of so rp t ion ra t ios . The s y s t e m s s tud ied 
inc luded so rp t ion of cesium from 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 , 
s t r on t ium from di lu ted b r i n e g r o u n d w a t e r , and s t ron t ium from 0.03-mol/L 
NaHC03. P rev ious expe r i ence (Meyer e t al., 1987) had shown t h a t t h e s e 
combinat ions of t r a c e r s a n d g r o u n d w a t e r s would yield so rp t ion r a t i o s 
amenable to measurement with a d e q u a t e prec is ion . Four sha les were 
chosen , namely, P ie r re , Green River Formation, Nolichucky, and Pumpkin 
Valley. Upper Dowelltown Shale was omitted from t h e s e r i e s b e c a u s e i t 
was known to exhibi t a s ign i f i can t var ia t ion in pH with time. The pH of 
a r o c k - g r o u n d w a t e r sys t em conta in ing Upper Dowelltown Shale was found to 
show a slow c h a n g e in pH d u r i n g an induc t ion pe r iod , a f t e r which i t 
d r o p p e d dramat ical ly . To s t u d y the e f f e c t of con tac t time on sorp t ion 
fo r U p p e r Dowelltown Shale would r e q u i r e a special s e r i e s of 
measu remen t s o v e r an ex tended per iod . Such measu remen t s w e r e p r e c l u d e d 
by t h e limited time and r e s o u r c e s avai lable . 

5.1 EFFECT OF CONTACT TIME ON CESIUM SORPTION 

The da t a ob ta ined on t h e e f f ec t of con tac t time on t h e so rp t ion of 
cesium on to the f o u r u n h e a t e d sha les 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 a r e l i s ted in Table 5.1 and shown g raph ica l ly in Fig. 5.1. 
Sorp t ion ra t ios were de te rmined over a r a n g e of con tac t times of 0.25 -
28.0 d a y s , while most p r e v i o u s expe r imen t s had been con tac t ed f o r 14 
d a y s , l a rge ly d u e to time c o n s t r a i n t s . The concen t r a t i on of cesium was 
1.00 x 10~8 mol/L, and t h e w a t e r / r o c k (W/R) ra t io was a b o u t 10 mh/g. 
These d a t a a r e a s u b s e t f rom a l a r g e r t e s t matrix which inc luded t h e W/R 
ra t io a s one of t h e va r i ab l e s , which will be d i s c u s s e d in Section 6. 

For t h e P i e r r e Shale, so rp t ion ra t ios i nc r ea sed d u r i n g t h e f i r s t week, 
t h e n remained c o n s t a n t within exper imenta l e r r o r . The so rp t ion ra t ios 
of t h e Green River Formation Shale were much smaller t h a n t h o s e of the 
o t h e r sha le s , a s waB o b s e r v e d in a Bimilar sys tem f o r a 14-day con tac t 
time (Meyer e t al., 1987); equi l ibr ium was a p p a r e n t l y n e v e r e s t ab l i shed , 
ever, a f t e r 28 d a y s . The so rp t ion r a t i o s of t h e Nolichucky and Pumpkin 
Valley Sha les , a l t hough d i f f e r e n t in t h e i r abso lu t e v a l u e s , r e a c h e d a 
c o n s t a n t va lue a f t e r two weeks. Dur ing all of t h e con tac t t imes shown 
in Table 5.1, t h e va lue of the pH va r i ed only s l igh t ly . 
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Table 5.1. Effect of contact time on sorption of cesium(I) onto four 
unheatsd shales in concentrated brine groundwater.a 

Water/Rock Contact Std. 
Ratio Time Rs Deviation 

Shale (mL/g) <d) (L/kg) (L/kg) pH 

Pierre 10.0 0.25 84.6 2.5 6.53 
9.9 1.00 90.9 1 .0 6.44 
9.9 3.00 121.7 3.1 6.58 
9.9 7.00 129.7 4.1 6.60 
10.0 14.00 127.8 7.3 6.68 
10.0 28.00 128.5 1.1 6.45 

Green River 9.8 0.25 0.87 0.05 6.76 
Formation 9.8 1.00 0.93 0.02 6.74 

9.9 3.00 1.20 0.06 6.69 
9.6 7.00 1.13 0.19 6.88 
9.8 14.00 1.26 0.02 6.79 
10.0 28.00 1.46 0.07 6.64 

Nolichucky 9.9 0.25 36.7 0.6 6.79 
9.8 1.00 40.5 0.6 6.77 
10.0 3.00 38.4 1.5 6.87 
9.9 7.00 43.6 0.6 6.75 
10.0 14.00 48.5 1.1 6.74 
9.7 28.00 47.1 2.2 6.58 

Pumpkin Valley 9.7 0.25 58.6 0.3 6.70 
9.9 1.00 64.3 0.5 6.60 
9.8 3.00 63.3 1.1 6.78 
9.9 7.00 70.8 0.5 6.67 
9.8 14.00 77.3 0.6 6.61 
9.8 28.00 75.6 1.3 6.48 

aComposition of the concentrated brine is given in Table 3.2. Each 
sample contained approximately 0.2 g of shale and 2 mL of groundwater 
and an initial cesium concentration of 1 x 10-8 mol/L. The samples of 
shale were contacted three times with the untraced, concentrated brine 
groundwater for at least three days each, and the final contact 
times for sorption were as indicated. The phases were separated by 
centrifligation at 10,000 rcf for 90 minutes. 
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Fig. 5.1. Effect of contact time on sorption of cesium(I) onto unheated 
shales from concentrated brine groundwater, (a) Pierre and 
Green River Formation Shales, (b) Nolichucky and Pumpkin 
Valley Shales. Data from Table 5.1. 
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5.2 EFFECT OF CONTACT TIME ON STRONTIUM SORPTION 

I n s t u d y i n g t h e e f f e c t of c o n t a c t time on t h e s o r p t i o n of s t r o n t i u m ( I I ) , 
t h e f o u r u n h e a t e d s h a l e s were c o n t a c t e d wi th t h e d i lu ted b r i n e 
g r o u n d w a t e r . As was done f o r ces ium s o r p t i o n , 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 ( I I ) w e r e m e a s u r e d o v e r a r a n g e of 0.25 - 28 d a y s , wi th an 
ini t ia l s t r o n t i u m c o n c e n t r a t i o n of 1.00 x 10-8 mol/L, and a W/R ra t io of 
a b o u t 10 mL/g . The e f f e c t of v a r y i n g t h e W/R ra t io will b e a d d r e s s e d 
in Sec t ion 6. Most of t h e p r e v i o u s s o r p t i o n r a t i o s had b e e n m e a s u r e d 
f o r a c o n t a c t time of 14 d a y s . 

The d a t a on t h e e f f e c t s of c o n t a c t time on s t r o n t i u m ( I I ) s o r p t i o n a r e 
l i s t ed in Table 5.2 a n d d i s p l a y e d g r a p h i c a l l y in Fig. 5.2. For P i e r r e 
Shale , t h e r e a p p e a r s to b e a n e a r l y i n c r e a s e in t h e s o r p t i o n ra t io , 
followed b y a g r a d u a l dec l ine u p to 28 d a y s . However, 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 a t 7, 14, a n d 28 d a y s a r e no t s i g n i f i c a n t l y d i f f e r e n t , 
in view of t h e s t a n d a r d d e v i a t i o n s of t h e s e l a s t t h r e e d e t e r m i n a t i o n s . 
The r a p i d in i t ia l r i s e implies a r a p i d a p p r o a c h to equ i l ib r ium, p r o b a b l y 
b e c a u s e t h e g r o u n d sha l e con t a ined 59% smec t i t e (Table 3.1). The s l i g h t 
d e c r e a s e in t h e va lue of t h e s o r p t i o n r a t io fol lowing t h e e a r l y i n c r e a s e 
may imply slow chemical r e a c t i o n s . The s o r p t i o n r a t i o s f o r Green River 
Format ion Shale g r a d u a l l y i n c r e a s e d o v e r t h e r a n g e of c o n t a c t t imes 
i n v e s t i g a t e d a n d n e v e r a p p e a r e d to a c h i e v e equ i l ib r ium. S o r p t i o n r a t i o s 
f o r t h e Nol ichucky a n d Pumpkin Valley S h a l e s i n c r e a s e d r a p i d l y a n d 
r ema ined c o n s t a n t wi th in t h e l imits of expe r imen ta l e r r o r . 

The r e s u l t s f o r s t r o n t i u m s o r p t i o n f rom 0.03-mol/L NaHC03 a s a f u n c t i o n 
of c o n t a c t time w e r e more v a r i e d , a s c a n be s e e n f rom t h e d a t a of Table 
5.3 a n d t h e g r a p h s shown in Fig. 5.3. The s o r p t i o n r a t i o f o r P i e r r e 
Sha le r o s e to a p e a k a f t e r t h r e e d a y s , t h e n d e c r e a s e d to a minimum v a l u e 
a f t e r 28 d a y s . On t h e o t h e r h a n d , t h e s o r p t i o n r a t i o f o r t h e Green 
River Format ion Shale i n c r e a s e d o v e r t h e e n t i r e pe r iod of 0.25 - 28.0 
d a y s . The s o r p t i o n r a t i o of t h e Nol ichucky Shale i n c r e a s e d to a n 
equ i l i b r ium v a l u e a t 14 d a y s a n d remained c o n s t a n t wi th in expe r imen ta l 
e r r o r a t 28 d a y s . Equi l ibr ium was e s t a b l i s h e d r a p i d l y f o r t h e Pumpk in 
Valley Sha le a n d r ema ined c o n s t a n t f rom 7 to 28 d a y s . 
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Table 5.2. Effect of contact time on sorption of strontium(II) onto 
four unheated shales in diluted brine groundwater.a 

Water/Rock Contact Std. 
Ratio Time Rs Deviation 

Shale (mL/g) (d) (L/kg) (L/kg) pH 

Pierre 10.1 0.25 31.9 0.6 7.66 
10.1 1.00 32.7 0.4 8.21 
10.0 3.00 32.5 0.4 7.63 
10.1 7.00 31.2 0.3 7.67 
9.9 14.00 30.3 1.0 7.44 
9.8 28.00 27.3 2.1 7.49 

Green River 9.7 0.25 2.33 0.10 8.05 
Formation 9.7 1.00 2.50 0.06 8.55 

9.5 3.00 2.83 0.07 8.04 
9.7 7.00 2.97 0.10 7.99 
9.7 14.00 3.26 0.07 8.01 
9.8 28.00 3.60 0.08 7.88 

Nolichucky 10.2 0.25 8.5 0.1 7.92 
10.2 1.00 8.3 0.2 7.98 
10.1 3.00 8.9 0.2 7.94 
10.1 7.00 8.8 0.2 7.81 
10.0 14.00 8.8 0.3 7.89 
10.1 28.00 9.1 0.3 7.84 

Pumpkin Valley 9.9 0.25 12.0 0.1 7.77 
9.7 1.00 11.7 0.1 7.75 
9.8 3.00 12.1 0.1 7.77 
9.7 7.00 11.7 0.9 7.70 
10.0 14.00 11.7 0.7 7.65 
9.9 28.00 11.5 0.1 7.63 

aComposition of the concentrated brine is given in Table 3.2. The 
brine used here was a 100/1 dilution of the concentrated brine. Each 
sample contained approximately 0.2 g of shale and 2 mL of groundwater 
with an initial strontium concentration of 1 x 10-8 mol/L. The samples 
of shale were contacted three times with the untraced, diluted brine 
groundwater for at least three days each, and the final contact times 
for sorption were as indicated. Hie phases were separated by 
centrifugation at 10,000 rcf for 90 minutes. 
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on unheated shales in diluted brine groundwater, 
(a) Pierre and Green River Formation Shales; (b) Nolichucky 
and Pumpkin Valley Shales. Data from Table 5.2. 
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Table 5.3. Effect of contact time on sorption of strontium(II) onto 
four unheated shales in 0.03-rool/L NaHOOg.a 

Water/Rock Contact Std. 
Ratio Time Rs Deviation 

Shale (mL/g) <d) (L/kg) (L/kg) pH 

Pierre 10.2 0.25 565.9 14.1 8.50 
10.2 1.00 606.5 32.6 8.59 
10.2 3.00 688.7 86.8 8.48 
10.2 7.00 510.8 34.2 8.30 
10.2 14.00 440.9 8.4 8.26 
10.1 28.00 397.3 16.3 8.06 

Green River 9.8 0.25 87.0 2.9 8.89 
Formation 9.8 1.00 110.3 1.6 8.86 

9.6 3.00 153.4 1.4 8.85 
9.6 7.00 215.0 6.0 8.80 
9.8 14.00 264.9 21.8 8.80 
9.7 28.00 308.3 29.1 8.72 

Nolichucky 9.9 0.25 261.9 0.6 8.90 
9.8 1.00 290.0 2.9 8.95 
9.7 3.00 305.3 5.1 8.95 
10.4 7.00 319.9 9.9 8.90 
9.8 14.00 341.2 22.5 8.93 
9.9 28.00 337.1 13.3 8.95 

Pumpkin Valley 10.0 0.25 212.0 2.6 8.90 
9.8 1.00 226.2 6.5 8.97 
9.8 3.00 213.4 3.3 8.91 
9.7 7.00 224.6 2.4 8.93 
9.8 14.00 224.9 1.3 8.82 
9.9 28.00 226.4 9.0 8.88 

aThe synthetic groundwater used here was 0.03-mol/L NaHOOo. Each 
sample contained approximately 0.2 g of shale and 2 mL of groundwater 
with an initial strontiim concentration of 1 x 10-8 mol/L. The samples 
of shale were contacted three times with the untraced, bicarbonate 
groundwater for at least three days each, and the final contact times 
for sorption were as indicated. The phases were separated by 
centrifugation at 10,000 rcf for 90 minutes. 
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Fig. 5.3 Effect of contact time on sorption of strontium(II) onto 

unheated shales from 0.03-mol/L NaHCOa. (a) Pierre and Green 
River Formation Shales; (b) Nolichucky and Pumpkin Valley 
Shales. Data from Table 5.3. 
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6. EFFECTS OF THE WATER/ROCK RATIO ON SORPTION 

Exper iments to de t e rmine t h e e f f e c t of t h e W/R ra t io on t h e measured 
so rp t ion ra t io were c a r r i e d ou t with t h e measu remen t s of so rp t ion ra t io 
a s a f u n c t i o n of con tac t time, d i s c u s s e d above in Sect ion 5. Samples of 
P i e r r e , Green River Formation, Nolichucky, and Pumpkin Valley ShaleB 
were con tac ted f o r 14 d a y s with 2 mL of t r a c e d g r o u n d w a t e r a t W/R ra t ios 
of a b o u t 3, 6, 10, and 20 mL/g . In most of ou r p r e v i o u s measu remen t s , 
we u s e d a con tac t time of 14 dayB and a W/R ra t io of 10. 

6.1 EFFECT OF THE WATER/ROCK RATIO ON CESIUM SORPTION 

The r e s u l t s on t h e e f f e c t of t h e W/R ra t io on t h e so rp t ion r a t i o s of 
cesium(I) f rom t h e c o n c e n t r a t e d b r ine g r o u n d w a t e r on to t h e f o u r u n h e a t e d 
sha les a r e l i s ted in Table 6.1 and p r e s e n t e d g raph ica l ly in Fig. 6.1. 
Sorp t ion r a t i o s f o r t h e P i e r r e Shale d e c r e a s e d s l igh t ly a s t h e W/R ra t io 
i nc r ea sed , while so rp t ion ra t ios f o r t h e Green River Formation Shale 
remained f a i r l y c o n s t a n t . For t h e Nolichucky and Pumpkin Valley Shales , 
t he s o r p t i o n r a t i o s d e c r e a s e d s l ight ly ove ra l l a s t h e W/R ra t io 
i n c r e a s e d , a l t hough within exper imenta l e r r o r t h e r e was no s ign i f i can t 
c h a n g e in t h e so rp t ion r a t io f o r e i t he r sha le be tween W/R r a t i o s of 10 
and 20. I n all of t h e s e exper imen t s t h e pH of t h e g r o u n d w a t e r remained 
almost c o n s t a n t a s t h e W/R ra t io c h a n g e d by a f a c t o r of almost s even . 

6.2 EFFECT OF THE WATER/ROCK RATIO ON STRONTIUM SORPTION 

Data were ob ta ined on t h e so rp t ion of s t ron t ium(I I ) on to t h e f o u r 
u n h e a t e d sha les f rom t h e d i lu ted b r i n e g r o u n d w a t e r and f rom t h e 0.03-
mol/L NaHCOa g r o u n d w a t e r . The va r i a t ion in t h e so rp t i on r a t i o s ob ta ined 
in t h e two g r o u n d w a t e r s a s a f u n c t i o n of t h e W/R ra t io was qu i t e complex 
and d i s t i nc t f rom t h e r e s u l t s f o r cesium. 

The d a t a a r e summarized in Table 6.2 and p lo t t ed in Fig. 6.2 f o r t h e 
d i lu ted b r i n e g r o u n d w a t e r . Af t e r 14 d a y s of con tac t time, t h e 
s t ron t ium(I I ) so rp t i on r a t i o f o r t h e P i e r r e Shale r ap id ly i n c r e a s e d a s 
t h e W/R ra t io was i n c r e a s e d . A p rac t i ca l implication of t h i s s t r o n g , 
pos i t ive d e p e n d e n c e of so rp t ion ra t io on W/R r a t i o is t h a t in a 
r e p o s i t o r y of P i e r r e Shale, t h e W/R ra t io f o r matr ix flow, f o r example, 
might b e expec t ed to be cons ide r ab ly smaller t h a n t h e so rp t ion r a t i o 
measured a t o u r u s u a l W/R ra t io of 10 mL/g . The re was no s ign i f i can t 
va r i a t i on in t h e s t ron t ium (II) so rp t ion ra t io f o r t h e Green River 
Formation Shale with c h a n g e s in t h e W/R ra t io . For t h e Nolichucky 
Shale, t h e s l igh t ini t ial d e c r e a s e in t h e so rp t i on r a t io with i n c r e a s i n g 
W/R ra t io may be rea l , b u t t h e d i f f e r e n c e s be tween t h e d a t a po in t s f o r 
W/R r a t i o s of 10.0 a n d 19.8 mL/g a r e no t s i gn i f i can t in view of t h e i r 
s t a n d a r d dev ia t ions . Similarly, a l t hough t h e r e seems to be a dec l in ing 
t r e n d in t h e s t ron t ium so rp t i on ra t ios f o r Pumpkin Valley Shale a s t h e 
W/R ra t io i n c r e a s e s , s u c h a t r e n d i s n o t s ta t i s t i ca l ly s ign i f i can t . 
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Table 6.1. Effect of water/rock ratio on sorption of cesiun(I) 
onto four unheated shales in concentrated brine 
groundwater.a 

Shale 

Contact 
Time 
(d) 

Water/Rock 
Ratio 
(mL/g) 

Rs 
(L/kg) 

Std. 
Deviation 

(L/kg) pH 

Pierre 14.0 3.1 144.7 7.3 6.65 
14.0 6.3 140.2 2.6 6.62 
14.0 10.0 127.8 7.3 6.68 
14.0 20.2 124.2 1.7 6.64 

Green River 14.0 3.0 1.24 0.02 6.75 
Formation 14.0 6.0 1.27 0.06 6.82 

14.0 9.8 1.26 0.02 6.79 
14.0 19.5 1.32 0.03 6.81 

Nolichucky 14.0 3.0 53.3 1.9 6.71 
14.0 6.1 48.1 2.4 6.71 
14.0 10.0 48.5 1.1 6.74 
14.0 19.2 47.0 1.0 6.74 

Pumpkin Valley 14.0 3.0 83.6 1.6 6.60 
14.0 6.0 80.7 2.8 6.62 
14.0 9.8 77.3 0.6 6.61 
14.0 19.6 76.6 0.4 6.59 

aComposition of the concentrated brine is given in Table 3.2. Each 
sample contained 2 mL of groundwater with an initial cesium 
concentration of 1 x 10-8 mol/L and sufficient shale to yield the 
water/rock ratios shown. The samples of shale were contacted three 
times with the untraced, concentrated brine groundwater for at least 
three days each, and the final contact time for sorption was 14 days at 
25°C. The phases were separated by centrifugation at 10,000 rcf for 90 
minutes. 
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28 

The d e p e n d e n c e of t h e s t ron t ium(I I ) Borpt ion r a t io on t h e W/R r a t i o of 
t h e f o u r u n h e a t e d s h a l e s in t h e 0.03-mol/L NaHCOa solut ion showed a very-
d i f f e r e n t r a n g e of b e h a v i o r f rom t h a t j u s t d i s c u s s e d fo r t h e d i lu t ed 
b r i n e g r o u n d w a t e r . The s o r p t i o n r a t i o f o r P i e r r e Shale s h o w s a n 
i n c r e a s e with t h e W/R r a t i o t h a t is much s t e e p e r o v e r t h e r a n g e 
i n v e s t i g a t e d t h a n t h a t o b s e r v e d a b o v e f o r t h e d i lu ted b r i n e g r o u n d w a t e r 
sys tem. Dur ing t h e measu remen t s , t h e v a l u e of t h e pH c h a n g e d ove ra l l b y 
0.88 u n i t . I n c o n t r a s t to t h e s t r o n t i u m s o r p t i o n f rom the d i lu ted 
b r i n e , t h e s o r p t i o n r a t i o f o r t h e Green River Formation Shale i n c r e a s e d 
in 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 a t a s u b s t a n t i a l r a t e with r e s p e c t t o t h e 
W/R ra t io . The ove ra l l i n c r e a s e in t h e pH in t h i s ca se w a s a b o u t 0.4 
u n i t . 

In 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 , t h e Nol ichucky Shale was t h e on ly sha le 
to r e a c h a l imit ing v a l u e of t h e s t r o n t i u m s o r p t i o n ra t io , which 
o c c u r r e d a t a W/R r a t i o of a b o u t 10. T h e r e was a con t inua l 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 t h e Pumpkin Valley Shale a s t h e W/R r a t i o 
i n c r e a s e d , b u t t h e r e was no ind ica t ion t h a t a limiting v a l u e had been 
r e a c h e d . Fo r b o t h of t h e s e sha le s , t h e pH of 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 i n c r e a s e d with t h e va lue of t h e W/R ra t io , b u t t h e 
m a g n i t u d e s of t h e pH c h a n g e s w e r e not a s l a r g e as t hose o b s e r v e d f o r t h e 
P i e r r e Sha le . 

So rp t ion r a t i o s f o r s t ron t ium( I I ) a r e c o n s i s t e n t l y l a r g e r in 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 t h a n in t h e d i lu t ed b r i n e g r o u n d w a t e r ( see 
Tab les 5.2, 5.3). L a r g e r v a l u e s of t h e s o r p t i o n r a t i o s in 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 may be a c o n s e q u e n c e of t h e h i g h e r pH of t h e 
0.03-mol/L b i c a r b o n a t e solut ion, a s e x p e r i e n c e h a s shown t h a t s t r o n t i u m 
is g e n e r a l l y s o r b e d more s t r o n g l y a s t h e pH i n c r e a s e s (Meyer, e t al . , 
1987). 
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Table 6.2. Effect of water/rock ratio on sozption of strontiun(II) 
onto four unheated shales in diluted brine groundwater.a 

Contact Water/Rock Std. 
Time Ratio Rs Deviation 

Shale <d) (mL/g) (L/kg) (L/kg) PH 

Pierre 14.0 3.1 7.8 0.1 7.20 
14.0 6.2 24.6 0.3 7.41 
14.0 9.9 30.3 1.0 7.44 
14.0 19.3 33.1 2.6 7.47 

Green River 14.0 3.0 3.20 0.04 7.98 
Formation 14.0 6.0 3.39 0.06 8.00 

14.0 9.7 3.26 0.07 8.01 
14.0 19.3 3.04 0.21 7.99 

Nolichucky 14.0 3.1 9.7 0.1 7.80 
14.0 6.3 9.0 0.2 7.80 
14.0 10.0 8.8 0.3 7.89 
14.0 19.8 8.2 0.4 7.90 

Pumpkin Valley 14.0 3.0 12.1 0.1 7.83 
14.0 6.1 11.7 0.3 7.72 
14.0 10.0 11.7 0.7 7.65 
14.0 19.4 11.3 1.0 7.58 

aComposition of the concentrated brine is given in Table 3.2. The 
brine used here was a 100/1 dilution of the concentrated brine. Each 
sample contained 2 mL of groundwater with an initial strontium 
concentration of 1 x 10-® mol/L and sufficient shale to yield the 
water/rock ratios shown. The samples of shale were contacted three 
times with the untraced, diluted brine groundwater for at least three 
days each, and the final contact time for sorption was 14 days at 25°C. 
The phases were separated by centrifugation at 10,000 rcf for 90 
minutes. 
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Valley Shales. Data from Table 6.2. 
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Table 6.3. Effect of water/rock ratio on sorption of strontium!II) 
onto four unheated shales in 0.03-mol/L NaHOO«.a 

Contact Water/Rock Std. 
Time Ratio Rs Deviation 

Shale (d) (mL/g) (L/kg) (L/kg) PH 

Pierre 14.0 3.1 48.2 1.2 7.66 
14.0 6.3 289.1 31.6 8.14 
14.0 10.2 440.9 8.4 8.26 
14.0 19.9 750.6 39.4 8.54 

Green River 14.0 3.0 95.8 1.5 8.53 
Formation 14.0 6.0 198.8 10.5 8.68 

14.0 9.8 264.9 21.8 8.80 
14.0 19.8 320.2 30.0 8.89 

Nolichucky 14.0 3.0 228.0 9.2 8.70 
14.0 6.0 281.7 2.5 8.83 
14.0 9.8 341.2 22.5 8.93 
14.0 19.1 343.5 8.9 8.91 

Pumpkin Valley 14.0 3.0 168.7 6.2 8.59 
14.0 6.1 202.0 4.0 8.75 
14.0 9.8 224.9 1.3 8.82 
14.0 19.3 272.9 5.4 8.91 

aComposition of the synthetic groundwater was 0.03-mol/L NaHCOg. Each 
sample contained 2 mL of groundwater at an initial strontium 
concentration of 1 x 10"8 mol/L and sufficient shale to yield the 
water/rock ratios shown. The samples of shale were contacted three 
times with the untraced, bicarbonate groundwater for at least three 
days each, and the final contact time for sorption was 14 days at 25*C. 
The phases were separated by centrifugation at 10,000 rcf for 90 
minutes. 
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Shales. Data from Table 6.3. 



7. EFFECTS RELATED TO THE pH 

7.1. EFFECT OF CONTACT TIME ON THE pH OF SHALE-GROUNDWATER 
SYSTEMS 

Some e f f e c t s of t h e con tac t time on so rp t ion were d i s c u s s e d ear l ie r in 
Sect ion 5. In Tables 5.1 - 5.3 a r e l is ted t h e v a l u e s of pH obta ined 
d u r i n g the so rp t ion exper iments . However, in t h e s e exper iments t h e pH 
was allowed to " d r i f t , " and it seemed des i r ab le to d e s i g n a t e s t matrix 
in which the f o u r u n h e a t e d sha l e s used in t h e t e s t s of Sect ions 5 and 
6 and a con t ro l sample con ta in ing no sha le would be measured at each 
value of con tac t time and W/R ra t io of i n t e r e s t . These t e s t s used no 
rad ioac t ive t r a c e r , a n d the p a r a m e t e r s of con tac t time and W/R ra t ios 
were va r i ed ove r a wide r a n g e . The r e s u l t s of t h e s e f i r s t t e s t s , which 
have only been c a r r i e d o u t in 0.03-mol/L NaHC03 so f a r , a r e g iven in 
Table 7.1. 

The e f f e c t of con tac t time on t h e pH is p lo t ted o v e r t h e r a n g e of 1 - 35 
d a y s in Figs . 7.1 and 7.2 fo r W/R ra t ios of 3, 6, 10 and 20 mL/g, and 
f o r t h e cont ro l samples which conta ined g r o u n d w a t e r only . In Fig. 7.1, 
it can be seen t h a t t h e va lues of the pH a s measured f o r P ie r re Shale 
were re la t ive ly c o n s t a n t u p to 35 days of con tac t time; however , t h e pH 
of t h e cont ro l samples i nc reased abou t 0.26 of a pH un i t , p r o b a b l y 
b e c a u s e t h e r e was an i n s u f f i c i e n t par ial p r e s s u r e of CO: to s tabi l ize 
t h e pH of t h e con t ro l samples . The e f f e c t of t h e pa r t i a l p r e s s u r e of 
COj on t h e P i e r r e Sha l e -b i ca rbona t e sys tem is d i f f i cu l t to p r e d i c t , b u t 
may b e small. The var ia t ion in the pH with con tac t time f o r the Green 
River Formation Shale was re la t ive ly small f o r W/R r a t i o s of 10 or 20, 
b u t exhib i ted l a r g e r va r i a t i ons a t lower W/R ra t ios , be ing l a r g e s t a t a 
W/R r a t i o of 3, w h e r e t h e sys tem showed an init ial smooth decl ine ove r 
t h e f i r s t two weeks and t h e n remained re la t ive ly c o n s t a n t . 

The e f f e c t of con tac t time on pH for t h e Nolichucky and Pumpkin Valley 
Shales i s shown in Fig. 7.2. The Nolichucky Shale sys t em, somewhat like 
t h e Green River Formation Shale, was re la t ive ly s t ab le in pH, with 
nega t ive c h a n g e s , somewhat l a r g e r in magni tude , a t t h e lowest W/R ra t io 
of 3. The t h e s lope of t h e pH f u n c t i o n f o r t h e Pumpkin Valley Shale 
with time r a n g e d f rom s l igh t ly pos i t ive to s l igh t ly more nega t ive 
a t t he lower W/R ra t ios . 
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Table 7 . 1 . E f f e c t s of c o n t a c t t ime and w a t e r / r o c k r a t i o on t h e pH 
of a 0 .03-mol /L NaHCOa s o l u t i o n i n c o n t a c t w i t h f o u r 
unhea ted s h a l e s a t 25*C.a 

Values of pH f o r Water/Rock R a t i o s 
Con tac t 

Time 
Sha le (d) 3 mL/g 6 mL/g 10 mL/g 20 mL/g Con t ro l 

P i e r r e 1. 0 6 . 87 7 . 55 7 . 90 8 . 25 8 . 62 
3. 0 6 . 89 7 . 52 7 . 84 fa. 16 8 . 67 
7. ,0 6 . 89 7. 55 7 . 87 8 . 16 8 . 75 

14. ,0 6 . 88 7 . 49 7 . 79 8 . 11 8 . 75 
21. ,0 6 . 86 7 . 42 7 . 71 8 . 02 8. ,83 
28. ,0 6 . 89 7. 47 7 . 71 8 . 02 8. 83 
35. ,0 6 . 82 7. 46 7. 75 8. ,09 8. ,88 

Green R ive r 1. ,0 8 . 46 8 . 57 8 . 61 8. .64 8. ,62 
Format ion 3. ,0 8 . 33 8 . 51 8 . ,59 8. ,64 8. ,67 

7. ,0 8 . 20 8 . 46 8 . ,58 8. ,66 8. ,75 
14. .0 8 . ,07 8 . 36 8. ,52 8. ,63 8. ,75 
21. ,0 8 . 01 8 . 31 8. 48 8. ,64 8. ,83 
28. .0 8. ,00 8 . 31 8. .49 8. ,64 8. ,83 
35. .0 7. ,98 8 . 27 8. ,45 8. ,62 8. ,88 

Nol ichucky 1, .0 8. ,54 8 . 59 8. .58 8. ,58 8, .62 
3, .0 8. ,53 8 . 60 8. ,64 8. ,65 8, ,67 
7, .0 8. .48 8. 56 8. .62 8, .68 8 .75 

14, .0 8. ,39 8. 52 8. ,59 8, .66 8, .75 
21 .0 8, .30 8. ,47 8 .59 8 .67 8 .83 
28 .0 8, ,27 8. ,49 8, .60 8 .70 8 .83 
35 .0 8, .28 8. ,50 8 .62 8 .72 8 .88 

Pumpkin V a l l e y 1 .0 8, .50 8. .55 8 .59 8 .59 8 .62 
3 .0 8, .49 8. ,57 8 .59 8 .62 8 .67 
7 .0 8, .45 8. ,52 8 .54 8 .63 8 .75 

14 .0 8 .34 8, .38 8 .50 8 .62 8 .75 
21 .0 8, .25 8. .30 8 .49 8 .63 8 .83 
28 .0 7, .94 8, .26 8 .51 8 .65 8 .83 
35 .0 7, .99 8, .15 8 .54 8 .69 8 .88 

a Each sample c o n t a i n e d 10 raL of t h e b i c a r b o n a t e groundwater and 
s u f f i c i e n t s h a l e t o y i e l d t h e w a t e r / r o c k r a t i o s shown. The samples of 
s h a l e were c o n t a c t e d t h r e e t i m e s w i t h t h e u n t r a c e d groundwater f o r a t 
l e a s t t h r e e days e a c h , p r i o r t o t h e f i n a l s o r p t i o n c o n t a c t i n g t i m e s . 

^ f a t e r / R o c k (W/R) r a t i o s were g e n e r a l l y w i t h i n 1-2% of t h e nominal v a l u e s 
shown, e x c e p t f o r a few c a s e s of 3-5%. Decreases i n t h e W/R r a t i o s due 
t o volume l o s t i n t h e pH measurements were a l l i n t h e r a n g e 1-2%, excep t 
f o r one d e t e r m i n a t i o n on P i e r r e S h a l e , which began a t a W/R r a t i o of 
3 .10 mL/g and showed a d e c r e a s e of 8.4%, due t o a l e a k i n g sample v i a l . 
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7.2 EFFECT OF THE W/R RATIO ON THE pH OF SHALE-GROUNDWATER 
SYSTEMS 

The d a t a f rom t h e m e a s u r e m e n t s of pH d e p e n d e n c e on con tac t time a n d W/R 
r a t i o d i s c u s s e d a b o v e in Sect ion 7.1 a n d shown in Table 7.1 h a v e b e e n 
p lo t t ed in F igs . 7.3 a n d 7.4 to show t h e va r i a t i on in pH a s t h e W/R r a t i o 
is i n c r e a s e d f rom 3 to 20 m L / g f o r c o n t a c t t imes of 1, 3, 7, 14, 21, 28, 
a n d 35 d a y s . The d e p e n d e n c e in Fig. 7.3(a) f o r P i e r r e Shale shows t h a t 
t h e pH t e n d s to i n c r e a s e with W/R r a t i o o v e r t h e e n t i r e r a n g e 
i n v e s t i g a t e d . The va r i a t i on with c o n t a c t time was r e l a t i ve ly small, e v e n 
a t a W/R r a t i o of 20. The Green River Format ion Sha le [Fig. 7 .3(b)] 
shows an i n t e r e s t i n g c o n v e r g e n c e of pH va lues , which show l i t t le 
v a r i a t i o n wi th r e s p e c t t o c o n t a c t time a t o u r u s u a l W/R ra t io of 10 mL/g , 
a n d almost none a t a W/R r a t i o of 20, t h e h i g h e s t v a l u e of t h e W/R r a t i o 
i n v e s t i g a t e d . 

The pH d e p e n d e n c e wi th r e s p e c t to t h e W/R r a t i o shows an i n t e r e s t i n g 
s imi lar i ty f o r t h e d a t a of Nolichucky a n d Pumpkin Valley Sha les , which 
a r e p lo t t ed in Fig. 7.4. Al though both exhib i t s u b s t a n t i a l v a r i a t i o n s in 
t h e pH f rom one c o n t a c t time to a n o t h e r a t low v a l u e s of t h e W/R ra t io , 
f o r W/R r a t i o s of 10 to 20 t h e many v a l u e s of t h e pH fal l wi th in a n a r r o w 
b a n d . Such r e s u l t s c a n be he lp fu l in a s c e r t a i n i n g w h e t h e r v a r i a t i o n s in 
s o r p t i o n r a t i o s may be d u e to c h a n g e s in t h e pH of a p a r t i c u l a r s h a l e -
g r o u n d w a t e r sys tem, if t h e pH d e p e n d e n c e of t h e s o r p t i o n r a t io is known. 
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7.3 EFFECT OF pH ON THE STABILITY AND SOLUBILITY OF URANIUM 

In t h e a n n u a l r e p o r t f o r l a s t y e a r (Meyer e t al . , 1987), s o r p t i o n 
r e s u l t s f o r u r an ium w e r e p r e s e n t e d which w e r e i nd i ca t i ve of a r a t h e r 
complex s y s t e m . I t w a s dec ided t h a t , b e f o r e u n d e r t a k i n g a n y f u r t h e r 
s o r p t i o n e x p e r i m e n t s on u r a n i u m , i t was n e c e s s a r y to i n v e s t i g a t e t h e 
p r a c t i c a l impl ica t ions of t h e solu t ion c h e m i s t r y a n d spec i a t ion of U(VI) 
in a p p r o p r i a t e g r o u n d w a t e r s a s a f u n c t i o n of pH. Without s u c h 
in fo rma t ion , i t would be v e r y d i f f i cu 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 with u ran ium. 

S e v e r a l t e s t s were c a r r i e d o u t to m e a s u r e t h e e f f e c t of pH on t h e 
s t a b i l i t y of u r a n i u m - g r o u n d w a t e r so lu t ions . The pH of t h e so lu t ions 
was v a r i e d f rom approx imate ly 5.0 to 8.3, a n d t h e in i t ia l c o n c e n t r a t i o n s 
of u r a n i u m w e r e 10-4, 10-5, a n d 10-« mol/L. The r e s u l t s f rom a s e r i e s 
of s u c h m e a s u r e m e n t s in t h e d i lu ted b r i n e g r o u n d w a t e r a r e l i s t ed in 
Table 7.2 a n d p l o t t e d in Fig. 7.5. F o r t h e s e t e s t s , t h e pH of t h e 
g r o u n d w a t e r was ini t ial ly 5 a n d t hen a d j u s t e d to h i g h e r v a l u e s b y small 
a d d i t i o n s of NaOH, which had a neg l ig ib le e f f e c t on t h e ionic s t r e n g t h 
of t h e so lu t ion . The samples were s h a k e n g e n t l y f o r 7 d a y s , a s f o r 
s o r p t i o n expe r imen t s . At t h e completion of t h i s " e q u i l i b r a t i o n " pe r iod , 
t h e sample t u b e s were weighed and a n a l iquot f o r c o u n t i n g was t a k e n 
w i t h o u t de lay a n d r e c o r d e d a s t h e " u n c e n t r i f u g e d so lu t ion ." The t u b e s 
t h e n w e r e c e n t r i f u g e d f o r 30 min a t 5000 rcf and a l i q u o t s of t h e 
g r o u n d w a t e r w e r e t a k e n f o r c o u n t i n g a n d d e s i g n a t e d a s t h e " c e n t r i f u g e d 
so lu t ion ." This p r o c e d u r e was followed b y a n o t h e r cyc le of 
e q u i l i b r a t i o n f o r 7 d a y s , followed g e n e r a l l y b y t h e sampl ing a n d 
c e n t r i f u g a t i o n j u s t d e s c r i b e d . All d a t a in Table 7.2 a n d Fig. 7.5 w e r e 
r e c o r d e d a f t e r t h e second equ i l i b r a t i on . 

The g r e a t e s t l o s ses of u r a n i u m were no ted a t all v a l u e s of pH a b o v e 
a b o u t 5 f rom so lu t ions with an init ial c o n c e n t r a t i o n of 10-* mol/L. 
A l though t h e l a r g e d e c r e a s e in c o n c e n t r a t i o n a t pH 5.79 i s a b o u t t h e 
same f o r t h e c e n t r i f u g e d a n d u n c e n t r i f u g e d samples , imply ing a p o s s i b l y 
complex mechanism f o r r emoving u r a n i u m in t h i s pH r a n g e , t h e l a r g e 
d i s p a r i t i e s b e t w e e n t h e c o n c e n t r a t i o n s in t h e c e n t r i f u g e d a n d 
u n c e n t r i f u g e d so lu t ions a t h i g h e r v a l u e s of pH a r e c l ea r ly s u g g e s t i v e of 
t h e fo rma t ion of a p r e c i p i t a t e . 

In t h e so lu t ion wi th an in i t ia l c o n c e n t r a t i o n of 10-5 mol/L, t h e l o s se s 
of u r a n i u m w e r e r e l a t i v e l y smal ler , a b o u t 12% o r l e s s . The u r a n i u m 
c o n c e n t r a t i o n s in t h e c e n t r i f u g e d a n d u n c e n t r i f u g e d so lu t i ons w e r e a b o u t 
t h e same, wh ich would imply t h a t t h e l o s s e s a r e n o t n e c e s s a r i l y d u e to 
p r e c i p i t a t i o n . 

Within e x p e r i m e n t a l e r r o r , t h e so lu t ions wi th an ini t ia l c o n c e n t r a t i o n of 
10-6 mol/L showed no lo s s a t va lue s of pH a b o v e a b o u t 7.5; h o w e v e r , in 
t h e pH r a n g e of a b o u t 4.9 - 7.2, t h e r e w e r e s i g n i f i c a n t l o s s e s . No d a t a 
a r e s h o w n f o r t h e u n c e n t r i f u g e d solu t ion a t an ini t ia l c o n c e n t r a t i o n of 
10-< mol/L, s i nce t h e c e n t r i f u g e d and u n c e n t r i f u g e d so lu t ions w e r e 
i n d i s t i n g u i s h a b l e a f t e r t h e f i r s t equ i l i b r a t i on , a n d no m e a s u r e m e n t s on 
t h e u n c e n t r i f u g e d solu t ion w e r e made a f t e r t h e s econd p r o c e d u r e . 
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Table 7.2. Effect of pH on the solubility of uraniuma. 

U Concentration in solution U Loss 
(mol/L) (%) 

Avg. Uncentrifuged Centrifuged Uncentr. Centr. 
pH Solution Solution Sol'n Sol'n 

Initial U Concentration = 1. 00 x 10-* mol/L: 

5.06 (9.88 + 0.04) x 10-5 (9.99 + 0.04) X io-s 1.2 0.1 

5.79 (1.15 + 0.68) x 10-5 (1.16 + 0.68) X 10-5 88.5 88.4 

6.76 (8.72 + 0.66) x 10-5 (1.24 + 0.19) X 10-5 12.8 87.6 

7.10 (9.37 + 0.18) x 10-5 (1.40 + 0.03) X 10-5 6.3 86.0 

7.83 (9.60 ± 0.29) x 10- 5 (3.08 + 2.27) X 10-5 4.0 69.2 

Initial U Concentration = 1, ,00 x 10-s mol/L: 

4.96 (9.41 + 0.16) x 10" 6 (9.48 + 0.26) X 10-« 5.9 5.2 

6.03 (8.92 + 0.08) x 10" 6 (8.89 + 0.08) X 10-s 10.8 11.1 

7.00 (8.79 + 0.20) x 10-• 6 (8.81 + 0.22) X io-« 12.1 11.9 

7.50 (9.43 + 0.38) x 10-• 6 (9.41 + 0.38) X 10-O 5.8 5.9 

7.71 (9.49 + 0.12) x 10-• 6 (9.50 + 0.16) X 10-fi 5.2 5.0 

Initial . U concentration = 1 .00 x 10~« mol/L: 

4.89 (7.95 + 1.21) X io-? 20.5 

6.32 (6.95 + 0.79) X 10-7 30.5 

7.16 (9.02 + 0.20) X 10-' 9.8 

7.58 (1.03 ± 0.01) X io-« -3.0 

8.25 (1.06 + 0.01) X 10 -6 -6.0 

Abbreviations: Centr. = centrifuged; Uncentr. - uncentrifuged; 
Sol'n = solution. 
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8. CONCLUSIONS 

The p u r p o s e of t h e s e s t u d i e s was to a c q u i r e data for c h a r a c t e r i z i n g the 
sorpt ion p r o p e r t i e s of s h a l e s r e p r e s e n t a t i v e of composit ional ex tremes 
and to d e v e l o p s u f f i c i e n t information for p lann ing a n y f u t u r e Bite-
s p e c i f i c s t u d i e s to de termine w h e t h e r a part icu lar sha le might be a 
su i tab le h o s t for a HLW repos i tory . Cons iderable e f f o r t t h i s year w a s 
d e v o t e d to exp lor ing t h e r a n g e of exper imenta l parameters i n v o l v e d in 
p e r f o r m i n g sorpt ion exper iments on s h a l e s . These parameters i n c l u d e d 
heat treatment , c o n t a c t time, W/R ratio, and pH. 

Sorpt ion and d e s o r p t i o n rat ios of ces ium on the h e a t e d s h a l e s w e r e all 
v e r y large , except for the c a s e of the Green River Formation Shale , s h o w n 
in Table 3.1 to be h i g h in carbonate and o r g a n i c matter, b u t low in 
smect i te . From the r e p o r t of Meyer et al. (1987) t h i s might h a v e b e e n 
ant i c ipa ted from ear l i er exper iments on u n h e a t e d s h a l e s in the d i lu ted 
br ine g r o u n d w a t e r . Al though the l o w e s t sorpt ion and d e s o r p t i o n ra t ios 
w e r e obta ined for t h e Green River Formation sha le , t h e rat ios were st i l l 
r a t h e r h i g h (118 - 197 L / k g ) , and t h e r e was l i t t le d i f f e r e n c e e i t h e r 
be tween s o r p t i o n and d e s o r p t i o n rat ios or be tween methods of heat 
treatment . 

As f o u n d earl ier (Meyer e t al. , 1987), s tront ium exh ib i ted l e s s s o r p t i o n 
g e n e r a l l y than ces ium. In the s tront ium s o r p t i o n and d e s o r p t i o n t e s t s on 
s h a l e s heated b y two methods , a g r e e m e n t with p r e v i o u s work was good , 
a l t h o u g h in th i s c a s e the sorpt ion and d e s o r p t i o n ra t ios were somewhat 
smaller for the h e a t e d s h a l e s than for u n h e a t e d s h a l e s in t h e same 
so lut ion. Of the heated s h a l e s , P ierre Shale s o r b e d s tront ium b e s t , whi le 
Upper Dowelltown s o r b e d the least . This low r e t e n t i o n of s t ront ium f o r 
the U p p e r Dowelltown Shale i s probab ly d u e to i t s low pH in the d i lu te 
g r o u n d w a t e r (cf . , Table 4.4). Again, t h e r e were some small, ind iv idua l 
d i f f e r e n c e s b e t w e e n t h e sorpt ion and d e s o r p t i o n rat ios measured f o r the 
two m e t h o d s of heat treatment , but no s i g n i f i c a n t t r e n d w a s e v i d e n t . 

Values of the d e s o r p t i o n ra t ios were c o n s i s t e n t l y somewhat l a r g e r than 
the c o r r e s p o n d i n g v a l u e s of the sorpt ion rat ios , s u g g e s t i n g tha t some of 
the s tront ium is "fixed" to the s h a l e s and i s not s o r b e d and d e s o r b e d b y 
an equi l ibr ium p r o c e s s . S u c h a nonequi l ibr ium p r o c e s s would work to 
immobilize a port ion of t h e avai lable s t ront ium i n the p r e s e n c e of a 
d i lu te g r o u n d w a t e r . In summary, t h e small d i f f e r e n c e s in s o r p t i o n 
behav ior b e t w e e n heated and u n h e a t e d s h a l e s would not be e x p e c t e d to 
diminish s i g n i f i c a n t l y the abi l i ty of the s h a l e s to s o r b s tront ium. 

Most of t h e p r e v i o u s sorpt ion e x p e r i m e n t s had b e e n carr ied out for 14 
d a y s , g e n e r a l l y b e c a u s e of time c o n s t r a i n t s . The data obta ined on t h e 
e f f e c t of contac t time on the s o r p t i o n ra t io s for ces ium and s tront ium on 
f o u r u n h e a t e d s h a l e s s h o w e d that , f o r most c a s e s , 14 d a y s p r o v i d e d 
a d e q u a t e contac t time. However, t h e r e were some e x c e p t i o n s . The ces ium 
and s tront ium s o r p t i o n rat ios for t h e Green River Formation Sha le 
i n c r e a s e d , but n e v e r r e a c h e d an equi l ibr ium va lue in a n y of the 
g r o u n d w a t e r s . Sorpt ion ra t ios for s tront ium on u n h e a t e d P ierre s h a l e 
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showed s i g n i f i c a n t d e c r e a s e s with time in the d i lu ted br ine and in 0 .03-
mol/L NaHCOa. In genera l , t h e s h a l e / g r o u n d w a t e r s y s t e m s which showed a 
r e l u c t a n c e to equi l ibrate wi th in the time period i n v e s t i g a t e d a l so showed 
l a r g e r v a r i a t i o n s in pH d u r i n g t h i s same time in terva l . 

The e f f e c t s of the W/R ratio were i n v e s t i g a t e d for t h e same s h a l e s , 
g r o u n d w a t e r s , and r a d i o n u c l i d e s a s for the t e s t s o n c o n t a c t time. For 
most p r e v i o u s sorpt ion e x p e r i m e n t s the W/R ratio was 10 mL/g , and t h i s 
rat io was f o u n d to h a v e b e e n a d e q u a t e for most c i r c u m s t a n c e s . Sorpt ion 
rat ios for ces ium on P ierre Sha le d e c r e a s e d s l i g h t l y wi th i n c r e a s i n g W/R 
rat ios in the c o n c e n t r a t e d br ine , but did not c h a n g e s i g n i f i c a n t l y above 
a W/R rat io of 10 mL/g . The sorpt ion rat ios for ces ium on t h e Green 
River Formation Shale in the same g r o u n d w a t e r were smailer b y a factor 
of about 100. The sorpt ion r a t i o s f o r the Nol ichucky and Pumpkin Valley 
S h a l e s u n d e r the same c o n d i t i o n s showed no s i g n i f i c a n t c h a n g e a s the 
W/R rat io was i n c r e a s e d from 10 to 20 mL/g. The pH of t h e c o n c e n t r a t e d 
br ine g r o u n d w a t e r remained remarkably c o n s t a n t for all f o u r s h a l e s a s 
the W/R rat io w a s c h a n g e d b y a fac tor of near ly s e v e n . 

Sorpt ion ra t ios for s tront ium(II) on to four u n h e a t e d s h a l e s in the 
d i lu ted br ine g r o u n d w a t e r and in 0 .03-mol /L NaHCOa exh ib i t ed behav ior 
which w a s somewhat more complex and d i f f e r e n t from that j u s t d e s c r i b e d 
for ces ium. In the d i luted br ine , the sorpt ion ratio f o r s tront ium(I l ) 
on to P i e r r e Shale showed a r e l a t i v e l y rapid i n c r e a s e with i n c r e a s i n g W/R 
rat io at low v a l u e s of the W/R ratio, which implies tha t , a t t h e low 
v a l u e s of t h e W/R rat io a p p r o p r i a t e to matrix f low, t h e s o r p t i o n ratio 
might well be c o n s i d e r a b l y lower than the v a l u e s measured a t a W/R ratio 
of 10 mL/g . For the Green River Formation, Nol ichucky , and Pumpkin 
Valley Sha le s , var ia t ions in t h e sorpt ion rat ios for s t r o n t i u m ( l l ) in the 
d i lu ted br ine ground water w e r e re la t i ve ly i n s i g n i f i c a n t . 

However, in the 0 .03-mol /L NaHC03 solut ion, v a r i a t i o n s in t h e sorpt ion 
ratio f o r s tront ium(II) with i n c r e a s e s in the W/R rat io w e r e much 
larger and more complex than i n t h e d i luted br ine . The sorpt ion ratio 
for P ierre Shale showed a l a r g e and c o n t i n u o u s i n c r e a s e in t h e pH of 
0.88 pH un i t a s the W/R rat io was i n c r e a s e d from 3.1 to 19.9 m L / g . 
This behav ior again s h o w s t h e h i g h b u f f e r i n g c a p a c i t y of some sha le s . 
Similarly, the sorpt ion ratio f o r the Green River Formation Shale 
i n c r e a s e d with the W/R ratio , whi le the overa l l i n c r e a s e in t h e pH was 
about 0.4 uni t . In t h i s b i carbonate g r o u n d w a t e r , the Nol i chucky Shale 
w a s t h e o n l y o n e of t h e s h a l e s to reach a l imiting v a l u e of sorpt ion 
rat io wi th r e s p e c t to the W/R rat io , a point which was r e a c h e d at about 
10 mL/g . The pH a l so r e a c h e d a l imiting va lue and remained c o n s t a n t 
for W/R rat ios of 10 to 20 m L / g , a g a i n s u g g e s t i n g t h e importance of the 
b u f f e r i n g e f f e c t of the s h a l e s o n t h e measured s o r p t i o n rat ios . The 
Pumpkin Valley Shale showed a cont inual i n c r e a s e in t h e s o r p t i o n of 
s tront ium(II ) a s the W/R rat io i n c r e a s e d , and t h e r e w a s n o indicat ion 
tha t a l imit ing va lue w a s e v e r r e a c h e d . The pH i n c r e a s e d wi th t h e 
i n c r e a s e in t h e W/R ratio, but not qui te to the e x t e n t o b s e r v e d , f o r 
example, in t h e c a s e of t h e P ierre Shale. 
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As a means of i n v e s t i g a t i n g in more detai l the e f f e c t s of contac t time 
and W/R ratio on the pH, a t e s t matrix was d e s i g n e d to measure the 
var ia t ion in pH of a 0 .03-mol /L NaHC03 solut ion in c o n t a c t with four 
u n h e a t e d sha l e s , for c o n t a c t t imes of 1 to 35 d a y s and for W/R rat ios of 
3 to 20 mL/g . No rad ioac t ive t racer was employed . The pH of a s e t of 
contro l samples c o n t a i n i n g o n l y 0 .03-mol /L NaHC03 a l s o was measured o v e r 
the time span of 35 d a y s . Over t h i s time per iod, t h e pH of the 
contro l samples i n c r e a s e d about 0.26 pH uni t , probab ly b e c a u s e t h e r e was 
not a s u f f i c i e n t partial p r e s s u r e of CO2 p r e s e n t to s tabi l i ze the pH 
(Halperin, 1982). The b u f f e r i n g capac i ty of the s h a l e s i s e v i d e n t in the 
data of Table 7.1, b e c a u s e , e v e n t h o u g h the contro l samples manifes ted 
a s h i f t toward more bas ic v a l u e s , the so lu t ions c o n t a i n i n g re la t ive ly 
large amounts of sha le (i .e. , low W/R rat ios) s h o w e d a d r i f t toward 
more ac id ic v a l u e s of pH. This s h i f t toward more ac id ic v a l u e s was 
small at large (20 mL/g) W/R ratios', in the c a s e of t h e Green River 
Formation Shale, t h e r e was no s i g n i f i c a n t c h a n g e a t all. At low W/R 
rat ios , a l terat ion in the pH f o r P ierre shale was e s p e c i a l l y l a r g e and 
rapid, near ly 2 pH u n i t s in the f i r s t 24 hours . 

An a n a l y s i s of the var ia t ion in pH with the W/R rat io (F igs . 7 .3-7.4) 
s h o w s that the Pierre Shale e x h i b i t s an i n c r e a s e in t h e pH with 
i n c r e a s i n g W/R ratio o v e r t h e e n t i r e r a n g e of c o n t a c t t imes i n v e s t i g a t e d . 
However , the Green River Formation Shale s h o w s an i n t e r e s t i n g c o n v e r g e n c e 
in t h e pH v a l u e s , s u c h that t h e r e i s l i tt le variat ion in the pH b e t w e e n 
W/R ra t io s of 10 and 20 mL/g . A similar c o n v e r g e n c e in the v a l u e s of the 
pH f o r the Nol ichucky and Pumpkin Valley Sha le s i s e s p e c i a l l y pronounced 
for all v a l u e s of the contac t time. 

Some exper iments were carr i ed out on the pract ica l impl icat ions of the 
so lut ion c h e m i s t r y of uranium, a s a background to f u r t h e r sorpt ion 
s t u d i e s on uranium(VI). Solubi l i ty of uranium(VI) in t h e d i lu ted br ine 
g r o u n d w a t e r was i n v e s t i g a t e d a s a f u n c t i o n of pH for initial 
c o n c e n t r a t i o n s of 10-4, 10~5, and 10- 6 mol/L. Large d i s p a r i t i e s b e t w e e n 
c e n t r i f u g e d and u n c e n t r i f u g e d samples with initial c o n c e n t r a t i o n s of 10-* 
mol/L were ind icat ive of prec ip i ta t ion . At the lower init ial 
c o n c e n t r a t i o n s , the l o s s e s d u e to prec ip i ta t ion and o t h e r e f f e c t s were 
much l e s s , a l t h o u g h in the n e a r - n e u t r a l reg ion of pH t h e r e w e r e sti l l 
some l o s s e s , p e r h a p s t h r o u g h formation of h y d r o l y s i s p r o d u c t s . Somewhat 
i n c r e a s e d so lubi l i ty at h i g h e r v a l u e s of pH might be expla ined by 
h y d r o x y c a r b o n a t e complexes . These r e s u l t s ind ica te t h e need for f u r t h e r 
s t u d i e s on the behav ior of uranium (VI) in o t h e r g r o u n d w a t e r s , in o r d e r 
to he lp u n d e r s t a n d s o r p t i o n data in t h i s complex s y s t e m . 
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