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ABSTRACT 

This laboratory experimental research project evaluated the mechanism 

and kinetics of  release of  heavy elements t o  groundwater from sandstone ores 

which have been mined by an  in-situ leach process and  subsequently subjected 

t o  groundwater flow through the mined area. Ore from Wyoming and Texas were 

examined during the work, and  heavy elements o f  interest  were uranium, 

molybdenum, vanadium, arsenic and selenium. 

The mechanism o f  release was found t o  be controlled by diffusion. 

The kinetics of release were modeled by a n  overall mass transfer relationship. 

Under conditions o f  the experiments, the heavy elements were calculated t o  be 

anionic i n  nature. 

formation t o  simulate f ie ld  conditions when evaluating heavy element m i g r a t i o n  

a t  uranlum solution mining s i t e s .  

Data were obtained and processed t o  provide required i n -  
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HEAVY ELEMENT RELEASE TO GROUNDWATER 

AT IN-SITU URANIUM M I N I N G  SITES. PHASE I. 

In t roduc  t i o n  

This  s tudy  was designed t o  provide informat ion  on t h e  geochemistry of 

heavy metals i n  groundwater t h a t  f lows through a previous ly  leached i n - s i t u  

uranium mine. The method of i n - s i t u  s o l u t i o n  mining has  been used on t h e  

product ion scale i n  Wyoming, and o t h e r  wes tern  s ta tes ,  and has  s e v e r a l  

environmental  advantages over  convent ional  mining inc lud ing  t h e  r educ t ion  

o f  r a d i a t i o n  and d u s t  po l lu t ion .  A major  disadvantage t o  t h e  method i s  t h e  

p o t e n t i a l  f o r  t h e  contaminat ion  of groundwater by leach  f l u i d  excurs ions  

and m e t a l s  t h a t  a re  u b i q u i t o u s  i n  t h e  s a n d s t o n e  o r e  d e p o s i t s .  Kirkham 

(1979)  s t a t e s ,  ".....there i s ,  however ,  a s i g n i f i c a n t  p o t e n t i a l  f o r  

g round-wa te r  c o n t a m i n a t i o n ,  b u t  i t  c a n  b e  m i n i m i z e d  by  s u c c e s s i v e  

r e s t o r a t i o n  of t h e  mined a q u i f e r  .....'I This  s tudy  used co res  from i n - s i t u  

mines and was designed t o  provide in fo rma t ion  on t h e  f a t e  o f  e lements  i n  

t h e  groundwaters t h a t  pass  through an i n - s i t u  mine t h a t  has had no, o r  ve ry  

minimal ,  r e s t o r a t i o n .  The Wyoming Mineral  Corporat ion '  s I r i g a r a y  Mine i n  

Johnson County, Wyoming was one s i t e  t h a t  had t empora r i ly  been abandoned 

wi thout  r ec l ama t ion  (Ogle, Personal  Conversation, 1983) and experiments  

were conducted using a c o r e  from t h i s  mine si te.  It must be s t r e s s e d  t h a t  

t h i s  s tudy  provided a methodology f o r  t h e  exper imenta l  measurements o f  t h e  

m o b i l i t y  of metals i n  groundwater and a model desc r ib ing  t h e  ra te  of mass 

t r a n s f e r  o f  t h e  metals r e l eased  from t h e  rock t o  t h e  f lu id .  The s tudy was 

not  designed t o  make conclus ions  regard ing  a s p e c i f i c  loca t ion .  Future  

i n v e s t i g a t i o n s  are planned t o  i n t e g r a t e  t h e  r e s u l t s  of t h i s  s tudy i n t o  a 
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mathematical  model t h a t  w i l l  be used t o  s i m u l a t e  t h e  r e l e a s e  of m e t a l s  i n  

a c t u a l  i n - s i t u  uranium mines. 

Purpose and Objec t ives  

The p u r p o s e  and o b j e c t i v e s  o f  t h e  s t u d y  was t o  d e t e r m i n e  t h e  

mechanism(s) o f  t h e  release o f  heavy e lements  from post-uranium i n - s i t u  

mines i n t o  f lowing groundwater,  t o  de te rmine  t h e  mathematical  r e l a t i o n s h i p s  

and k i n e t i c  p a r a m e t e r s  which  d e s c r i b e  t h e  r e l e a s e ,  and t o  examine  t h e  

aqueous  g e o c h e m i s t r y  o f  t h e  heavy e l e m e n t s  o f  i n t e r e s t  unde r  t h e  

experimental  cond i t ions  i n  r e l a t i o n  t o  f a c t o r s  which c o n t r o l  t h i s  r e l e a s e .  

Scope 

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

followed by groundwater c i r c u l a t i o n  under anoxic cond i t ions  and c o n t r o l l e d  

f low rates. Arsenic,  molybdenum, selenium, uranium, and vanadium were t h e  

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

abundance, s o l u b i l i t y ,  and environment a1 s i g n i  f i cance  i n  ur  anium sand s t  one 

depos i t s .  Also, a d d i t i o n a l  e lements  were analyzed t o  provide d a t a  f o r  

geochemical models. The WATEQFC computer program made c a l c u l a t i o n s  t o  

provide in fo rma t ion  on t h e  s p e c i a t i o n  and s a t u r a t i o n  o f  t h e  heavy e lements  

i n  t h e  groundwater. The k i n e t i c  model t h a t  was used t o  i n t e r p r e t  t h e  d a t a  

was based on t h e  assumption t h a t  waters pass  through smaller pores i n  t h e  

r o c k  a t  a r a t e  s l o w e r  t h a n  t h r o u g h  l a r g e r  p o r e  c h a n n e l s  and t h a t  heavy  

e lements  were re l eased  t o  t h e  groundwater from t h e  f l u i d  i n  t h e  smaller 

pores .  
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SECTION I 

Previous Inves t iga t ions  

To the  knowledge of t he  authors, no o ther  experimental inves t iga t ions  

have been conducted on t h e  subject of t he  k i n e t i c s  and mechanisms for  t h e  

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

l eached  uranium i n - s i t u  mine. S e v e r a l  r e s e a r c h e r s  have i n v e s t i g a t e d  

various aspects of leaching technology and geochemical e f f e c t s  of leaching 

and r e s to ra t ion ,  A good bibliography on in - s i tu  leaching technology and 

top ics  of research and development can be found i n  Larson (1978). 

Much o f  t h e  o r i g i n a l  work f o r  t h e  d e s i g n  o f  t h e  e x p e r i m e n t s  was 

conducted by Kidwell and Humenick (1981). Their experiments examined the  

e x t e n t  o f  s o l u b i l i z a t i o n  o f  t r a c e  e l e m e n t s  d u r i n g  i n - s i t u  mining  and 

groundwater c i r c u l a t i o n  through the  leached area, Several mechanisms were 

t o  cont ro l  t he  uranium concentration i n  t h e  leach and r e s to ra t ion  so lu t ions  

including reduction, p rec ip i t a t ion ,  and adsorption. Molybdenum was found 

t o  so fub i l i ze  quickly when t h e  oxidation po ten t i a l  of t he  so lu t ion  was 

increased by the  addi t ion  of hydrogen peroxide, Arsenic, selenium, and 

v anad i um 

found t o  

Humenick 

whereas 

were analyzed i n  t h e  leach and r e s t o r a t i o n  waters and were not 

be s i g n i f i c a n t l y  high i n  concentration, The study of K i d w e l l  and 

(1981) compared the  concentrations of  metals i n  r e s to ra t ion  waters 

t h e  c u r r e n t  s t u d y  examined t h e  c o n c e n t r a t i o n  of m e t a l s  i n  

groundwaters without r e s to ra t ion ,  

Tweeton and Peterson (1981) suggested t h a t  contact between the  ore and 

the  l i x i v i e n t  would be more complete i n  column leaching experiments than i n  
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a c t u a l  i n - s i t u  leaching. Applying t h e i r  s tudy  t o  t h e  c u r r e n t  i n v e s t i g a t i o n  

suggested t h a t  t h e  amount o f  con tac t  of  a r t i f i c i a l  groundwaters w i th  t h e  

rock  would be much h igher  i n  t h e  column experiments  t han  what would be 

expected i n  t h e  f i e l d .  

Galichon and o t h e r s  (1977) examined some of t h e  chemical  and phys ica l  

f a c t o r s  t h a t  a f f e c t  i n - s i t u  uranium ex t r ac t ion .  They s ta te  t h a t  t h e  ra tes  

of uranium d i s s o l u t i o n  are r e l a t e d  t o  t h e  uranium a v a i l a b l e  f o r  leaching  

which i s  a t t ached  t o  t h e  subs t r a t e .  The au tho r s  propose t h a t  t h e  s i m p l e s t  

express ion  f o r  t h e  ra te  of uranium d i s s o l u t i o n  i s :  

- =  aw - J y w  - wl) a t  

where W i s  t h e  mass of  uranium per  mass o f  s u b s t r a t e  and W i s  t h e  mass o f  

uranium which i s  no t  a c c e s s i b l e  f o r  leaching  (or d i s so lu t ion ) .  The ra te  

cons t an t ,  k,, depends on seve ra l  f a c t o r s  inc luding  t h e  ox id iz ing  p o t e n t i a l  

of t h e  leach  s o l u t i o n ,  t h e  ra te  of mass t r a n s f e r  and t h e  f low ra te  of t h e  

so lu t ion .  From column experiments ,  t hey  found t h a t  t h e  d i s s o l u t i o n  r a t e s  

of uranium were l i m i t e d  t o  uranium disso lved  during leaching  and v a r i a t i o n s  

i n  f l o w  r a t e s  were i n d e p e n d e n t  o f  t h e  d i s s o l u t i o n  o f  uran ium.  T h e i r  

experiments  showed cons iderable  v a r i a t i o n  i n  using 100 g samples dur ing  

d u p l i c a t e  runs  and suggested t h e  use  of l a r g e r  q u a n t i t i e s  o f  o r e .  

Geochemical f a c t o r s  t h a t  a f f e c t  i n - s i t u  leaching  have been i n v e s t i -  

ga ted  by P o t t e r  (1976). Some of t h e  e f f e c t s  t h a t  an a l k a l i n e  l each  sofu- 

t i o n  may have on t h e  ore-bear ing rocks inc lude  hydro lys i s  of f e l d s p a r s  

which decreases  the permeab i l i t y ,  ox ida t ion  of p y r i t e  which consumes oxi- 

dant  or  may reduce o t h e r  spec ie s ,  p r e c i p i t a t i o n  of c a l c i t e ,  and the removal 

of uranium from s o l u t i o n  due t o  ion  exchange on c l a y  s i tes .  
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Deposi t ion and Mineralogy of Metals i n  Sandstone Deposi ts  

Uranium r o l l  - type d e p o s i t s  are found i n  g e n t l y  dipping,  permeable 

sandstone u n i t s  t h a t  are h y d r a u l i c a l l y  confined between u n i t s  o f  lower 

p e r m e a b i l i t y  such a s  c l a y s  o r  sha les .  The gene ra l  shape o f  t h e  d e p o s i t s  

are concen t r i c  i n  c ross -sec t ion  and e longa te  along t h e  a l t e r e d  sandstone 

(Harshman, 1974).  S e v e r a l  i n v e s t i g a t o r s  have  d e s c r i b e d  t h e  t h e o r y  and 

f i e l d  r e l a t i o n s  of t h e  r o l l  - type d e p o s i t s  (Adler, 1974; Harshman, 1974; 

Granger and Warren, 1974; and Chi lders ,  1970). The Wyoming Powder River 

B a s i n  d e p o s i t  f rom which  s a m p l e s  were used  i n  t h e  e x p e r i m e n t  h a s  a 

prominent redox i n t e r f a c e  (Adfer, 1974) and may c o n s i s t  o f  t h r e e  s e p a r a t e  

r o l l  f r o n t s  s e p a r a t e d  by  i m p e r m e a b l e  c l a y  l e n s e s  e x t e n d i n g  o v e r  110  

v e r t i c a l  f e e t  (Lueck, 1978). 

The ore-bearing s o l u t i o n  was probably an oxygenated, h igh  b icarbonate  

groundwater t h a t  c a r r i e d  d i s so lved  a r s e n i c ,  molybdenum, selenium, uranium, 

vanadium and o t h e r  e l e m e n t s .  A s  t h e  s o l u t i o n  moved d e e p e r  i n t o  t h e  

reducing environment,  t h e  ox ida t ion  p o t e n t i a l  (Eh) was lowered from H2S 

g e n e r a t e d  by s u l f a t e - r e d u c i n g  b a c t e r i a  i n  t h e  h o s t  r o c k s  and f rom 

d i s s o c i a t i o n  o f  u n s t a b l e  s u l f u r  s p e c i e s  (e.g. S032-> t h a t  formed a s  

i n t e r m e d i a t e  by-products of p y r i t e  ox ida t ion  (Granger and Warren, 1969). 

D i s soc ia t ion  r e a c t i o n s  produced H2S and HS- which lowered t h e  s o l u t i o n  Eh 

and s e l e n i t e  (Se03 "1 was reduced  t o  e l e m e n t a l  s e l e n i u m  which  was 

p r e c i p i t a t e d  a t  t h e  margin o f  t h e  oxidized hos t  rock (Howard, 1977). Other 

spec ie s  of uranium, vanadium (Gar re l s  and C h r i s t ,  1965), molybdenum, and 

i r o n  moved t o  more reducing environments beyond t h e  zone of accumulat ion 

and were d e p o s i t e d  (Howard,1977). Harshman (1974)  c o n s t r u c t e d  an Eh-pH 

diagram t h a t  d e p i c t s  t h e  sequence o f  depos i t i on  f o r  va r ious  mine ra l s  as 

shown i n  F igure  1. 
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Figure  1. Eh-pH Diagram of Mineral  Depos i t ion  

F igure  1 corresponds t o  t h e  f i e l d  r e l a t i o n s  of mine ra l s  from s e v e r a l  

l o c a t i o n s  in Wyoming,South Dakota  and Texas t h a t  a l l  showed s i m i l a r  

d e p o s i t i o n a l  p a t t e r n s  o f  t h e  metals .  A r s e n i c  was found t o  have  no 

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

(Harshman,  1974).  A r s e n i c  is t y p i c a l l y  found i n  t h e  d e p o s i t s  as 

a r senopyr i t e  (FeAsS) where a r s e n i c  has  s u b s t i t u t e d  f o r  a s u l f u r  atom i n  t h e  

p y r i t e  (FeS2) l a t t i c e  Boyle and Jonasson, 1973). Molybdenum i s  t y p i c a l l y  

found i n  reduced sandstone as j o r d i s i t e  (MoS2) adjacent  t o  t h e  o u t e r  edges 

of uranium and p y r i t e  bear ing  zones (Harshman, 1974). However, molybdenum 

was no t  dee tec t ed  a t  t h e  Highland mine i n  t h e  southern  Powder River Basin 

(Langen and Kidwell ,  1971) and no mention of molybdenum was made f o r  t h e  
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Shir ley  Basin d i s t r i c t  (DeNault, 1974). Selenium i s  concentrated i n  the  

d e p o s i t s  a s  n a t i v e  se l en ium and s e l e n i d e  m i n e r a l s  such a s  f e r r o s e l i t e  

(FeSe2) (Howard, 1977). Vanadium and uranium a r e  o f t en  found together as 

c a r n o t i t e  (K~(UO~)Z(VO~)~) o r  i n  v a n a d i f e r o u s  and u r a n i f e r o u s  c l a y  

minerals. Giblin (1980) found t h a t  i n  so lu t ions  containing up t o  70 mg/l 

uranium, u ran in i t e  is extremely fine-grained, possibly co l lo ida l ,  ma te r i a l  

when formed by reduction i n  the  absence of any nucleating surface. DeNault 

(1974) a l s o  d e s c r i b e d  u r a n i n i t e  a s  c l a y  s i z e d  p a r t i c l e s  ( l e s s  t h a n  two 

microns)  t h a t  a r e  coa ted  on sand g r a i n s  and fills i n t e r s t i c e s  between 

gra ins .  

Controls on the  Concentration of Metals i n  an Aqueous Solution 

Factors t h a t  cont ro l  t he  mobi l i ty  and concentration of metals i n  t he  

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

coprec ip i t a t ion ,  complexation and k ine t i c s .  

pH and Redox Controls 

The change i n  redox c o n d i t i o n s  can a f f e c t  t r a c e  m e t a l s  i n  a q u a t i c  

systems by d i r e c t  changes i n  the  oxidation s t a t e  of t h e  metal ion and/or by 

redox changes in avai lab le  and competing l igands (Leckie and James, 1974). 

Eh-pH d iag rams  a r e  u s e f u l  ways o f  d i s p l a y i n g  e q u i l i b r i u m  s o l u b i l i t y  

i n f o r m a t i o n .  Drever (1982)  p r o v i d e s  a good summary o f  t h e  methods of 

constructing Eh(pe)-pH diagrams, t h e i r  advantages and l imi t a t ions .  The 

diagrams can be misleading when important var iab les  a r e  not represented. 

Such i s  t h e  case for uranium which is generally soluble i n  oxidized waters 

and becomes very inso luble  when t r aces  (0.1 mg/l) of vanadium a re  present,  

hence the  formation of c a r n o t i t e  a s  shown i n  Figure 2. 
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2 4 6 8 10 12 14 

Figure 2. Uraninite-Coffinite Distribution 

Above pH 8 t h e  s o l u b i l i t y  o f  c a r n o t i t e  i n c r e a s e s  due t o  the formation 

o f  uranyl  carbonate  complexes as shown i n  F igure  3. Figure  4 presen t s  t h e  

Fe-S-Se-U-H20 system but  does not  i nco rpora t e  t h e  l a r g e  s t a b i l i t y  f i e l d  of 

f e r r o s e l i t e  (FeSe2) as i s  shown i n  F igure  5. Under reducing cond i t ions  a t  

n e u t r a l  t o  a l k a l i n e  pH, s e l e n i t e  i o n s  may form f e r r o s e l i t e .  As t h e  

ox ida t ion  p o t e n t i a l  i s  increased  (Eh = 01, n a t i v e  selenium and U(+6)  are 

s t a b l e  forms. A t  higher  E h ,  n a t i v e  selenium forms s e l e n a t e  which c o e x i s t  
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Figure 3. Eh-pH Diagram of Uranium S p e c i e s .  
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wi th  t h e  mobile  uranyl  i ons  (Dal l 'Agl io  and o t h e r s ,  1978 and Howard, 1977). 

Severa l  i n v e s t i g a t o r s  have r epor t ed  t h a t  t h e  oxidized s e l e n a t e ,  Se(+6), 

c o u l d  n o t  be  produced  i n  e x p e r i m e n t s  e v e n  unde r  v e r y  h i g h l y  o x i d i z i n g  

cond i t ions .  

F igure  6 shows va r ious  a r s e n i c  spec ie s  and i r o n  minera ls .  A t  pH 7 and 

h igh  Eh, H2As04- and H A ~ 0 ~ ~ - a r e  s t a b l e  spec ie s  in equal  amounts and a t  pH 

8, HA SO^^- is t h e  dominant form (F ros t  and G r i f f i n ,  1977). Arsenous a c i d  

(HAs02(aq)) may b e  p r e s e n t  i n  r e d u c i n g  e n v i r o n m e n t s  (Hem, 1970).  

Molybdenum tends  to occur as t h e  so lub le  HMo04- spec ie s  under a l k a l i n e ,  

reducing cond i t ions  as shown i n  F igure  7.  
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Figure  6 .  Eh-pH Diagram of Arsenic  Spec ies  and 
I r o n  Minera ls  
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Figure  7. Eh-pH Diagram of Molybdenum Species  

Adsorption, Coprec ip i t a t ion ,  and Ion Exchange 

A d s o r p t i o n  is a s u r f a c e  phenomenon t h a t  o c c u r s  a t  t h e  i n t e r f a c e  

b e t w e e n  a s o l u t i o n  and a m i n e r a l  s u r f a c e ,  and so  t h e  t o t a l  a v a i l a b l e  

s u r f a c e  a r ea  o f  a p a r t i c u l a r  m i n e r a l  ( s u c h  a s  a c l a y )  i s  t h e  m o s t  

impor tan t  proper ty  concerning adsorp t ion  (Gibl in ,  1980). Drever (1982, p. 

310) s ta tes ,  "Adsorption occurs  when a d i s so lved  i o n  o r  molecule  becomes 

a t t ached  t o  t h e  s u r f a c e  of a p r e e x i s t i n g  s o l i d  substrate." Severa l  types  

of  suspended s o l i d s ,  such as f e r r i c  oxides ,  c a r r y  a su r face  charge which 

may b e  s t r o n g l y  a f f e c t e d  by pH. I n  g e n e r a l ,  a t  h i g h  pH, a n e g a t i v e l y  

charged s u r f a c e  is farmed and a t  low pH a p o s i t i v e  su r face  charge on t h e  

s o l i d  is formed. The i s o e l e c t r i c  po in t  is t h e  pH a t  which t h e  n e t  su r f ace  

charge is zero  (Stumm and Morgan, 1981). Hematite (Fe203) commonly has  an 

i s o e l e c t r i c  po in t  a t  pH 6-7 (Drever, 1982). Thus, i n  a s o l u t i o n  wi th  a pH 
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g r e a t e r  t h a n  s e v e n  h e m a t i t e  h a s  a n e t  n e g a t i v e  s u r f a c e  c h a r g e .  Mobi l e  

spec ie s  i n  s o l u t i o n  having a n e t  p o s i t i v e  charge (such a s  UOz2+) w i l l  tend 

t o  b e  a t t r a c t e d ,  and p o s s i b l y  a d s o r b e d ,  by h e m a t i t e .  Depending on t h e  

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

desorbed. 

Severa l  i n v e s t i g a t o r s  have examined t h e  adsorp t ion  of t h e  f i v e  metals 

(As, Mo, Se, U, V) i n t o  f e r r i c  o x y h y d r o x i d e s  (Borovec ,  1981,  Gulens  and 

o t h e r s ,  1979, Gupta and Chen, 1978, Holm and o t h e r s ,  1979, Langmuir, 1978, 

and Wagemann, 1978). F ros t  and G r i f f i n  (1977) found smectite t o  be more 

e f f e c t i v e  than  k a o l i n i t e  i n  removing a r s e n i c  and selenium from l a n d f i l l  

l eacha te .  The s m e c t i t e  has  a l a r g e r  su r face  area than  t h e  k a o l i n i t e  and 

thus  a l a r g e r  area having a p o s i t i v e  o r  nega t ive  s u r f a c e  charge a v a i l a b l e  

f o r  s o r p t i o n  (Gib l in  and o t h e r s ,  1981), Arsenate t ends  t o  have a g r e a t e r  

a f f i n i t y  f o r  adso rp t ion  than  a r s e n i t e  a l though a r s e n a t e  adso rp t ion  tends  t o  

decrease  above pH 5. Arsen i t e  t ends  t o  i n c r e a s e  i n  t h e  amount removed as 

pH i n c r e a s e s  (F ros t  and G r i f f i n ,  1977). These r e s u l t s  were s u b s t a n t i a t e d  

by Gupta and Chen (1978).  Moran (1976) s u g g e s t e d  t h a t  t h e  m o b i l i t y  o f  

selenium i s  l a r g e l y  c o n t r o l l e d  by adso rp t ion  on c o l l o i d a l  p a r t i c l e s  of 

hydrated f e r r i c  i ron.  S e l e n i t e  is r e a d i l y  so lub le  as SeOj2- i n  s o l u t i o n  

but  is e a s i l y  adsorbed by i r o n  oxides  and c l a y s  (Dal l 'Agl io  and o t h e r s ,  

1978). Howard (1977, p. 1667) s ta tes ,  "Ferric-hydroxide adsorp t ion ,  no t  

t h e  format ion  of i n s o l u b l e  s e l e n i t e ,  i s  r e spons ib l e  f o r  c o n t r o l l i n g  t h e  

s e l e n i t e  concen t r a t ion  i n  n a t u r a l  waters .'I 

Figure  8 shows t h e  e f f e c t  of mobile  i r o n  on t h e  m o b i l i t y  of uranium i n  

a s o l u t i o n  con ta in ing  70 mg/l  t o t a l  i r o n  (,45 microns and l e s s ) ,  200 mg/l  

k a o l i n i t e  and 70 mg/l U. For a mobile i r o n  concen t r a t ion  above 35 mg/l,  
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Figure  80 Plot of l o g  Uranium Mobility, pH and 
Mobile I ron .  

uranium mobili ty,  pH and i ron  mobi l i ty  a l l  increase. This f i t s  i n  w i t h  t he  

i d e a  o f  s u r f a c e  cha rge  s i n c e  t h e  n e g a t i v e  s u r f a c e  cha rge  o f  h e m a t i t e  

increases above a pH 7 and negatively charged uranyl t r icarbonate  

U02(C03)34- a r e  desorbed and/or repe l led  from the  i ron  oxide. Giblin and 

o the r s  (1981) concludes t h a t  kao l in i t e ,  which has the  minimum adsorption 

capacity of most c lays ,  exe r t s  a major cont ro l  on uranium mobi l i ty  a t  low 

pH whereas i ron  i s  most s ign i f i can t  a t  high pH values. Maximum adsorption 

of uranyl i o ~  onto f e r r i c  oxides may be expected for a pH range 4-8 and 

desorption a t  pH 8 or  g rea t e r  when carbonate species a r e  present (Van Der 

Weijden and o t h e r s ,  1976). S i m i l a r  r e s u l t s  were found f o r  molybdenum 

adsorption. Mechanisms t h a t  cont ro l  t h e  a v a i l a b i l i t y  of molybdenum in 

2- surface waters may be l a rge ly  cont ro l led  by adsorption of HMoO4- and Moo4 

on f e r r i c  oxyhydroxides ( Chappell, 1975 and Kaback and Runnells, 1980). 
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Coprecipitation may a l so  have a s ign i f i can t  e f f e c t  on removing metals 

from solution. Drever (1982, p.311) s t a t e s ,  "Coprecipitation occurs when a 

dissolved species i s  incorporated as a minor component i n  a so l id  phase as 

t h a t  phase i t s e l f  i s  precipitated." Wilson and Hawkins (1978) found t h a t  

a rsena te  becomes r e l a t i v e l y  immobile i n  weakly acid t o  bas ic  so lu t ions  due 

t o  coprec ip i t a t ion  on hydrous i ron  oxides t h a t  form under these  conditions. 

A t h i r d  mechanism for removal of metals from so lu t ion  is ion exchange 

by c lay  minerals. Boyle and Jonasson (1973) point out t he  importance of 

c l a y  m i n e r a l s  i n  f i x i n g  t h e  c o n c e n t r a t i o n s  of a r s e n i c  i o n s .  Anion 

exchange may occur under s l i g h t l y  ac id i c  conditions which replaces OH' ions 

i n  t h e  c lay  fo r  soluble (mobile) arsenate ions as shown i n  the s impl i f ied  

equation: 

c l ay  mineral - OH- + H2As04 = c lay  mineral - (H2As04) + OH- 

Brovoec (1981) examined the  adsorption of uranyl species fo r  kao l in i t e ,  

i l l i t e  and smect i te  and found t h a t  removal of uranium by c lay  minerals is 

more e f f e c t i v e  i n  a so lu t ion  having low ionic  strength.  

Complexat ion 

Complexation i s  an important process i n  determining the  mobi l i ty  of 

m e t a l  s p e c i e s .  Carbonate ,  which i s  d e r i v e d  from a tmospher i c  C02 and 

carbonate minerals,  i s  t h e  most s ign i f i can t  complexer of uranium (which i s  

why i n - s i t u  so lu t ion  operators t y p i c a l l y  use a carbonate t o  complex uranium 

i n  solution). Serebrennikov and Dorofayena (1980) examined the  forms of 

uranium d u r i n g  s o l u t i o n  mining  i n  r e l a t i o n  t o  Eh, pH and c a r b o n a t e  

cont ro ls .  
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Gulens and o t h e r s  (1979) examined i r o n  and a r s e n i c  r e a c t i o n s  i n  

so lu t ion  and showed t h a t  a r s e n i t e  and f e r r i c  i ron  may r eac t  t o  produce 

a rsena te  and ferrous i ron  as shown i n  the  fo l lowhg  reac t ion :  

3Fe(OH)2+ + HAs02 + H+ = 2Fe2+ + FeAs04 + H20 

The a u t h o r s  sugges t  t h a t  t h e  r e a c t i o n  may occur  a t  t h e  s u r f a c e  of i r o n  

hydroxides and a f f e c t  t h e  concentrations of f r e e  ions i n  solution. Both 

a r s e n i t e  and arsenate form complexes with f e r r i c  i ron  i n  so lu t ion  and the 

F e ( + 3 )  - A s ( + 3 )  complex tends to be more soluble than the  Fe(+3) - As(+5) 

complex , 

Kinetics 

Kinetics is very important in determining whether a reac t ion  w i l l  

occur s ince  even i f  a r eac t ion  i s  thermodynamically favored and i s  f a s t  

r e l a t i v e  t o  geological t i m e  t he  r eac t ion  may never occur on a laboratory 

t i m e  scale,  Good review a r t i c l e s  can be found i n  Lasaga and Kirkpatrick 

(1981), Domenico (1977), Palciauskas and Domenico (19761, Berner (1978) 

and rigorous t rea tments  of mass t r a n s f e r  and o ther  k i n e t i c  equations can be 

found i n  Helgeson and o thers  (1970) and Paces (1976). Unfortunately, very 

few s tud ie s  have been conducted dealing s p e c i f i c a l l y  with r a t e s  of r eac t ion  

for t he  metals of concern i n  t h i s  study. 

From column e lu t ion  s tudies ,  Gulens and other (1979) found s ign i f i can t  

d i f fe rences  i n  a r s e n i t e  and arsena te  concentrations corresponding with 

d i f f e r e n t  redox conditions of t he  groundwater, In  an oxidizing zone of pH 

5.7, As(+3) was detected sooner and was e igh t  t i m e s  more concentrated than 

A s ( + 5 ) .  The strong r e t en t ion  of a rsena te  i s  a t t r i b u t e d  t o  i t s  adsorption by 
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f e r r i c  hydroxides i n  t h e  sand. I n  column experiments  w i th  groundwaters 

between ox id iz ing  and reducing cond i t ions  a t  pH 6.9, t h e  r e l a t i v e  amounts 

of a r s e n i c  spec ie s  were unchanged and a r s e n a t e  moved more r a p i d l y  than  

a r s e n i t e  i n  t h e  ox id iz ing  environment. With reduced cond i t ions  where i r o n  

was immobilized as i n s o l u b l e  i r o n  s u l f i d e ,  a r s e n a t e  g r e a t l y  increased  i n  

m o b i l i t y  (poss ib ly  a deso rp t ion  r e a c t i o n )  and both spec ie s  were de tec t ed  

a f t e r  one column volume was d isp laced  (Gulens and o t h e r s ,  1979). The rate 

of ox ida t ion  o f  a r s e n i t e  t o  a r s e n a t e  appears  t o  be very  slow a t  n e u t r a l  pH 

b u t  i s  f a s t e r  i n  a c i d i c  o r  a l k a l i n e  e n v i r o n m e n t s  (Fe rguson  and G a v i s ,  

1972). Cherry and o t h e r s  (1979) found t h a t  t h e  r a t i o  of concen t r a t ions  o f  

a r s e n i t e  t o  a r s e n a t e  is very  s t a b l e  under a wide range of pH cond i t ions  and 

t h e  r a t e  o f  change  o f  A s ( + 3 ) / A s ( + 5 )  i s  v e r y  s l o w  on  a l a b o r a t o r y  t i m e  

s c a l e .  

Howard (1977) found t h a t  bubbling a i r  through a Fe-S-Se-CaC03 system 

f o r  15 days f a i l e d  t o  o x i d i z e  e l emen ta l  selenium t o  SeO3’- ( s e l e n i t e ) ,  and 

t h a t  e l emen ta l  s u l f u r ,  which formed from oxidized FeS, was not  apprec iab ly  

oxidized t o  s u l f a t e .  

Grandstaff  (1976) examined t h e  ra tes  of d i s s o l u t i o n  i n  u r a n i n i t e  and 

formulated an equat ion  i n  which t h e  v a r i a b l e s  included t h e  s p e c i f i c  s u r f a c e  

a rea ,  o t h e r  c a t i o n s  in t h e  u r a n i n i t e ,  d i s s o l v e d  oxygen c o n t e n t ,  t o t a l  

d i s so lved  carbonate  (o r  pCO2 f o r  groundwater systems),  and temperature .  

Capuano (1977)  used  d a t a  f rom t h e  s t u d y  by G r a n d s t a f f  and p roposed  a 

mechanism f o r  t h e  f o r m a t i o n  o f  s a n d s t o n e  u ran ium d e p o s i t s  t a k i n g  i n t o  

account k i n e t i c  and thennodynamic cons ide ra t ions .  
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SECTION 2 

Experimental  Design 

The procedures used i n  t h e  experiments  were designed t o  s imula t e  t h e  

m i g r a t i o n  of n a t u r a l  groundwaters t h a t  pass  through a previous ly  leached 

i n - s i t u  uranium mine, The exper imenta l  appara tus ,  known as a r e c i r c u l a t i n g  

ba tch  r e a c t o r ,  was cons t ruc t ed  t o  c o n t r o l  t h e  cont inuous c i r c u l a t i o n  of  

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

environment. F igure  9 shows a schematic  o f  t h e  experiment.  Three sets o f  

columns and r e s e r v o i r s  were cons t ruc ted  and were run s imultaneously.  I n  

gene ra l ,  t h e  exper imenta l  procedure cons i s t ed  o f  l eaching  100 g o f  uranium- 

bea r ing  sediment w i t h  a one g / l  ammonium bicarbonate-  carbonate  s o l u t i o n  

(pH = 9)  and enough hydrogen peroxide t o  o x i d i z e  approximately one-half o f  

t h e  uranium. Af t e r  t h e  oxygen-consuming r e a c t i o n s  were complete,  t h e  l each  

s o l u t i o n  was dra ined  and deaera ted  groundwater was added t o  t h e  system. It 

was necessary  t o  prevent  contaminat ion  by atmospheric  oxygen i n  t h e  system 

while  groundwater was c i r c u l a t e d  and samples were c o l l e c t e d .  

The experiments  were run  a t  f l o w r a t e s  t h a t  were much h igher  than  

a c t u a l  groundwater flow rates, I n  t h e  experiments ,  t h e  rate of f low ranged 

between 0.5 and 10 m l / m h  whereas t h e  groundwater v e l o c i t y  f o r  t h e  I r i g a r a y  

mine  s i t e  was r e p o r t e d  t o  b e  b e t w e e n  f l  and 20 f t / y r  ( 3 . 4  t o  6 2  m/yr )  

(Ogle ,  P e r s o n n e l  C o n v e r s a t i o n ,  1983).  Flow r a t e s  o f  0.5 and 10 m l / m i n  

corresponds t o  flow v e l o c i t i e s  of  1702 and 34032 f t / y r ,  r e s p e c t i v e l y .  

Columns 

The d e s i g n  o f  t h e  co lumns  p e r m i t t e d  t h e  aqueous  s o l u t i o n  t o  f l o w  

through packed sediments  under low n i t rogen  pressure.  The columns were 
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Figure  9 .  Rec i r cu la t ing  ba tch  r e a c t o r .  Unconsolidated 
sandstone w a s  packed i n t o  t h e  column wi th  g l a s s  
wool a t  each end. Two a d d i t i o n a l  appara tuses  
were connected t o  t h e  manifold.  
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cons t ruc ted  from extruded,  a c r y l i c  tub ing  and were c l e a r  t o  enable  t h e  

v i s u a l  obse rva t ion  o f  t h e  rock-f luid i n t e r a c t i o n s .  The column dimensions 

were 2.54 c m  I.D., 3.2 c m  O.D., 18 c m  long, and had a t o t a l  volume of 

91 cm3. The caps w e r e  2 cm long and were l a t h e d  wi th  a r i m  f o r  a t i g h t  f i t  

on t h e  column. Connectors were screwed i n  a t  both ends of t h e  caps and 

sea led  wi th  rubber  adhesive.  

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

d i c h l o r i d e ,  adding 2 cm o f  g l a s s  wool, adding 100 g of  sediment packed wi th  

a dowel rod, g l a s s  wool a t  the top ,  and sea led  wi th  e thy lene  d i c h l o r i d e  

which fused t h e  p l a s t i c  i n t o  a s i n g l e  p iece .  

Reservoir  s 

Reservoi rs  were b u i l t  from schedule  40 PVC pipe. Each r e s e r v o i r  was 

10.2 c m  I.D. and 30 c m  l o n g  w i t h  a 2.75 1 f l u i d  c a p a c i t y .  F i t t e d  

hemispher ica l  caps were prepared wi th  PVC c l eane r ,  pr imer ,  and cement. 

Connectors f o r  tygon tubing  were placed in t h e  caps and sea led  w i t h  s i l i -  

cone a d h e s i v e .  Magne t i c  s t i r r i n g  b a r s  were p l a c e d  i n t o  t h e  t a n k s  p r i o r  

t o  s e a l i n g  t h e  caps. The r e s e r v o i r  sa t  on a r ings t and  wi th  a magnet ic  

stirrer below t h e  r i n g .  

Flowmeter s 

Three  f l o w m e t e r s  f rom Gi lmon t  I n s t r u m e n t s ,  Inc.  were used.  The 

maximum f l o w  r a t e  c a p a c i t i e s  o f  t h e  f l o w m e t e r s  were f o u r ,  36 and 295 

ml/min. This corresponds t o  v e l o c i t i e s  through t h e  column of 0.8, 7.1, and 

58 cm/min. The accuracy was p lus  o r  minus 0.1, 1.0, and 5.0 ml/min, 

( o r  .02, .20 and .90 cm/min)  r e s p e c t i v e l y .  It was n e c e s s a r y  t o  u s e  t h e  
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same f lowmeter  t o  prevent  a i r  contaminat ion  f o r  l each ing  t h e  sediment  ( a t  

h igh  f low r a t e s )  and c i r c u l a t i n g  groundwater ( a t  slow f low r a t e s )  a l though 

t h i s  caused problems due t o  d i f f e r e n c e  i n  f low r a t e .  Experiments were run 

t o  maximize accuracy o f  t h e  f lowmeters .  The l a r g e s t  f lowmeter  was used f o r  

t h e  f a s t e s t  groundwater f lowra te s  (10 ml/min), 

Pumps 

Mas te r f l ex  p e r i s t a l i c  pumps and s tandard  heads from t h e  Cole Parmer  

Company were used  i n  t h e  e x p e r i m e n t s  and r a n  c o n t i n u o u s l y  f o r  s e v e r a l  

months without  problems . 
Tubing 

Two types  of t ub ing  used i n  t h e  exper iments  were pump tubing  and tygon 

tubing. Degradation o f  

pump tubing  a t  h igh  speeds (emgo 40 ml/min) was a p e r s i s t e n t  problem i n  t h e  

exper iments  and i t  was necessary  t o  change t h e  p o s i t i o n  o f  t h e  pump tub ing  

on t h e  pump eve ry  day f o r  flow rates  above 25 ml/min. 

S i l i c o n e  pump tub ing  was t h e  most du rab le  tubing. 

Tygon tub ing  was used t o  connect  t h e  apparatus .  P i p e t t e  t i p s  were 

used t o  connect t h e  tygon tub ing  t o  t h e  pump tubing  and t h e  connect ions 

were t igh tened  w i t h  c a b l e  tie. The c a b l e  t i es  were found t o  be t h e  most 

e f f e c t i v e  when pu l l ed  t i g h t  with p l i e r s .  

Gas Pres su re  System 

The purpose of adding n i t r o g e n  was t o  prevent  a i r  from e n t e r i n g  i n t o  

t h e  system by keeping a p o s i t i v e  p r e s s u r e  on t h e  i n s i d e  o f  t h e  system and 

t o  d e t e c t  any l e a k s  i n  t h e  appara tus ,  Standard grade  n i t r o g e n  (99% pure) 

was used i n  t h e  experiments .  Tygon tub ing  was f i t  from t h e  n i t r o g e n  gas  
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regula tor  t o  a glass-blown manifold which enabled each apparatus t o  have an 

ind iv idua l  gas l i ne .  

Uranium Sandstone Cores 

The two types of uranium sandstone core used in  the  experiments were 

Table I shows from t h e  Powder River Basin i n  Wyoming and from South Texas. 

a comparison of t he  t r a c e  metals from the  two loca t ions ,  

TABLE I 

Metal Concentrations of Cores in Study 

Wyoming (PPM) South Texas (PPM) 
(From Kidwell and 
Humenick, 1981) (This Study) 

Uranium 

Arsenic 

Molybdenum 

Selenium 

Vanadium 

560 

26.5 

<2  

0.55 

143 

3560 

100 

120 

20 

50 
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As shown i n  Table  I ,  t h e  c o n c e n t r a t i o n s  o f  t h e  f i v e  m e t a l s  excep t  

vanadium were much more abundant i n  the  South Texas sandstone than i n  the  

Wyoming sandstone. From Appendix D, it was apparent t h a t  the  concentra- 

t i o n s  of a rsen ic  and selenium were more abundant i n  a southern Powder River 

Wyoming sandstone uranium deposit  than t h a t  represented by the  Wyoming 

sands tone  used i n  t h e  expe r imen t s .  Thus, t h e  Texas o r e  was used t o  

obta in  higher concentrations of a rsen ic  and selenium in  the  groundwater fo r  

a n a l y t i c a l  convenience  and accu racy  and t o  c o l l e c t  d a t a  on molybdenum 

concentrations.  

Wyoming Uranium Bearing Sandstone O r e  

A t h ree  meter sec t ion  of core from the  Wyoming Mineral Corporation's 

I r iga ray  mine s i t e  i n  Johnson County, located i n  the  Powder River Basin 25 

miles northeast  of Kaycee, Wyoming, was used i n  the  experiments. The core 

was taken from Well No. KP-45C a t  t he  68-71 m depth i n t e r v a l  wi th in  t h e  

mineralized portion of t he  Upper I r iga ray  Sandstone. The f ive  cm diameter 

core was co l lec ted  and placed i n  f ive  sec t ions  and wrapped with p l a s t i c  t o  

help minimize exposure t o  the  a i r .  The l i g h t  gray core was 95% coarse 

grained sandstone with 5% dark shale. S i l i c a  was the  primary cementing 

agent w i t h  minor c a l c i t e  cement. The core was genera l ly  poorly cemented 

and e a s i l y  disaggregated. A representa t ive  sample of t he  o re  was l i g h t l y  

ground, blended, and stored i n  an a i r  t i g h t  container.  

X-ray d i f f r a c t i o n  showed t h e  c lay  sized p a r t i c l e s  t o  cons i s t  of t he  

smect i te  group (which includes montmorillonite), ka loni te  and i l l i t e .  Clay 

a n a l y s i s  was done on a P h i l i p s  XRG 3100. The l a r g e r  g r a i n s  were 

predominately quar tz ,  fe ldspar ,  and c a l c i t e .  
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The average percentage of c l a y  i n  t h e  c o r e  was 2.6% f o r  t h e  l i g h t l y  

ground samples used i n  t h e  experiments  and 10.6% c l a y  when pulver ized  wi th  

a s h a t t e r  box. The h i g h e r  p e r c e n t a g e  may h a v e  been  l a r g e l y  due  t o  t h e  

powdering o f  qua r t z  and f e ldspa r  g ra ins .  The percentage o f  c l a y  was meas- 

ured from a known sample mass which was l i q u e f i e d ,  son i f i ed ,  and c e n t r i -  

fuged. The procedure was repea ted  seve ra l  t imes u n t i l  t h e  suspended l i q u i d  

was c l ea r .  The sample was then  d r i e d  in a p e t r i  d i s h  and reweighed. We 

f e e l  t h e  ground sample b e s t  depic ted  e x i s t i n g  f i e l d  cond i t ions  because on ly  

t h e  packing of t h e  g r a i n s  had been rearranged i n  t h e  columns. 

Leach Solu t ion  

The a l k a l i n e  l e a c h  s o l u t i o n  c o n s i s t e d  o f  ammonium c a r b o n a t e -  

b icarbonate  and hydrogen peroxide added t o  d i s t i l l e d  water. The amount o f  

s o l u b i l i z i n g  agent used was based on concen t r a t ions  used by i n - s i t u  mining 

ope ra to r s  and g e n e r a l l y  cons i s t ed  o f  one t o  f i v e  g / 1  (Tweeton and Pe terson ,  

1981). I n  t h e  experiments  0.5 g / 1  NH4HCO3 and 0.5 g / 1  (NH4>2CO3 was used. 

The concen t r a t ion  of hydrogen peroxide was based on the s t o i c h i o m e t r i c  

q u a n t i t y  r equ i r ed  t o  o x i d i z e  one-half of t h e  uranium i n  t h e  100 g sandstone 

as shown i n  t h e  fol lowing formula: 

2H+ + H202 + U4+ = U6+ + 2H20 

The Wyoming o r e  contained 560 ppm uranium and t h e  Texas o r e  t h a t  was used 

contained 3560 ppm of  uranium. 

H202 Content Used i n  Wyoming Ore 

0.056% U4+ = (.00056 g) x (100 g )  = 56.2 mg U4+ 

56.2 mg U4+ x 34.01 g/mole H202/238 g/mole U = 8.03 mg H202  
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Using 30% H202 w i t h  a mass of 8.03 mg i s  equ iva len t  t o  a volume of 0.027 m l  

H202 

H202 Concentrat ion Used f o r  Texas O r e  

0.356% U4+ = (.00356 g )  x 100 g U4+ = 356 mg U4+ 

356 mg U4+ x 34.01 g/mole H202/238 g/mole U = 50.9 mg H202 

The 50.9 mg's H202  i s  equ iva len t  t o  a volume o f  .I7 m l .  

Actual  volumes of  H202 used i n  t h e  experiments  for both  t h e  Wyoming and 

Texas o r e  was one-half of t h e  c a l c u l a t e d  volume so t h a t  on ly  one-half o f  

t h e  uranium i n  t h e  o r e  was oxid ized .  

One assumption made i n  t h e  c a l c u l a t i o n s  was t h a t  t h e  uranium i n  t h e  

s a n d s t o n e  used  i n  t h e  e x p e r i m e n t s  was s t i l l  i n  t h e  r e d u c e d  form. The 

sandstone appeared t o  be reduced judging from t h e  c h a r a c t e r i s t i c  gray  c o l o r  

o f  t h e  rock .  A s econd  a s s u m p t i o n  f o r  t h e  H202 c a l c u l a t i o n s  was t h a t  

uranium was t h e  on ly  mine ra l  which s i g n i f i c a n t l y  consumed oxygen and o t h e r  

mine ra l s  (such as p y r i t e )  d id  no t  consume oxygen. I f  oxygen was consumed 

by o t h e r  mine ra l s ,  t hen  a f r a c t i o n  less than  one-half of t h e  uranium would 

h a v e  been  o x i d i z e d .  However, t h e  o x i d a t i o n  o f  less t h a n  h a l f  o f  t h e  

uranium would not  a f f e c t  t h e  r e s u l t s  or i n t e r p r e t a t i o n s  of t h e  experiments  

s i n c e  t h e  purpose of t h e  s tudy was no t  t o  l each  t h e  o r e  q u a n t i t a t i v e l y .  

Addit ion of Leach So lu t ion  

The l each  s o l u t i o n  was added t o  t h e  r e s e r v o i r  w i th  a funnel through 

t h e  t o p  connector  whi le  t h e  gas  l i n e  was disconnected. To p r e s s u r i z e  t h e  

system, t h e  s o l u t i o n  was pumped u n t i l  t h e  f l u i d  had r e c i r c u l a t e d  back i n t o  

t h e  r e s e r v o i r .  The pump was t u r n e d  off, t h e  c l amp  was c l o s e d  on  t h e  

r e s e r v o i r  i n f low tube  and n i t rogen  gas was added t o  a pressure  of f i v e  ps i .  
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The clamp on the  gas l i n e  was closed t o  the  r e se rvo i r ,  gas was turned o f f ,  

and the  so lu t ion  was pumped a s  the  clamp on the  inflow tube t o  the  reser- 

voi r  was opened. The d i r ec t ion  of flow was up-column. The flow r a t e  during 

t h e  leaching s tage  varied from 4 t o  50 ml/min depending on the  flowmeter 

t h a t  was used. 

Measurement of Leaching T i m e  

The t i m e  required t o  leach the  uranium was dependent on the  k i n e t i c s  

of t h e  oxygen-consuming reac t ions  wi th in  the  closed system. One method t o  

determine when the  reac t ions  terminated was t o  measure the  dissolved oxygen 

c o n c e n t r a t i o n  o f  t h e  s o l u t i o n  w i t h  t i m e  u n t i l  t h e r e  was an absence  of  

oxygen, o r  a constant oxygen concentration, i n  the  leach solution. Several 

problems occurred i n  measuring the  dissolved oxygen of t he  solution. W e t  

chemica l  methods were n o t  v e r y  s e n s i t i v e  a t  low d i s s o l v e d  oxygen 

c o n c e n t r a t i o n s .  A d i s s o l v e d  oxygen meter was found t o  have good 

s e n s i t i v i t y  a t  low oxygen concentrations while the  sample was open to  the  

atmosphere. Unfortunately, t he  e lec t rode  behaved poorly when placed i n  a 

closed environment. Various techniques t o  cover the  e lec t rode  from the  a i r  

were used including rubber balloons and a sealed g l a s s  tube so t h a t  t he  

sample could be in j ec t ed  i n t o  the  e lec t rode  without a i r  contamination. 

Removing t h e  surrounding a i r  i n  t h e  e lec t rode  resu l ted  i n  very e r r a t i c  

readings of dissolved oxygen due t o  t h e  change i n  the  p a r t i a l  pressure a t  

t h e  membrane surface. It was found t h a t  t he  meter could only be used i n  

an open environment with l a rge  (100 ml) samples. In  ac tua l  i n - s i tu  mining 

of uranium, t h e  leaching of t he  uranium is terminated when t h e  dissolved 

oxygen c o n t e n t  of t h e  s o l u t i o n  i s  a t ,  o r  below, 8 mg/l  oxygen. I n  t h e  

experiments, t he  dissolved oxygen content of  t he  leach so lu t ion  so lu t ion  
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change from 10 mg/l t o  approximately 2 mg/l  from t h e  s t a r t  t o  t h e  f i n i s h  of 

t h e  leaching  s tage .  The leaching  s t a g e  was t y p i c a l l y  run  f o r  a t  least  t e n  

days a t  30 ml/min t o  ensure  t h a t  t h e  oxygen had been consumed i n  t h e  

c losed  system. 

The pH of t h e  leach  s o l u t i o n  g e n e r a l l y  changed from 9.0 t o  8.5 from 

t h e  beginning t o  t h e  end o f  t h e  leaching  s t a g e  and was measured w i t h  a 

F i she r  Accumet meter. The accuracy o f  t h e  meter was p lus  o r  minus 0.2 pH 

un i t s .  Once t h e  leaching  s t a g e  

was complete,  t h e  pump tube  was separa ted  from t h e  tygon tube and t h e  f l u i d  

was pumped ou t  i n t o  a f lask .  Pore f l u i d  was removed from t h e  column by 

r eve r s ing  t h e  pump and d i s p l a c i n g  t h e  f l u i d  wi th  gas  i n t o  t h e  r e se rvo i r .  

E x t r e m e  care was taken  to ensure  t h a t  oxygen d i d  n o t  e n t e r  back i n t o  t h e  

r e s e r v o i r .  

The tempera ture  o f  t h e  s o l u t i o n  was 25' C. 

A r t  i f i c  i a l  Groundwater Cal cufa  t ions  

Using b a s e l i n e  water q u a l i t y  d a t a  from groundwater c o l l e c t e d  a t  t h e  

I r i g r a r y  Mine W e l l  No. KP-44 ( loca t ed  approximately 70 f e e t  o f  co re  hole  

KP-45C where t h e  Wyoming ore was cored) t h e  q u a n t i t i e s  of compounds added 

t o  d i s t i l l e d  water were c a l c u l a t e d  t o  r e p l i c a t e  t h e  n a t u r a l  groundwater,  

Only t h e  m a j o r  a n i o n s  and c a t i o n s  were used  f o r  making  t h e  a r t i f i c i a l  

groundwater. Base l ine  groundwater ana lyses  are given i n  Appendix E and 

were averaged over  t h r e e  sampling d a t e s  i n  cons t ruc t ing  t h e  groundwater. 

The b a s e l i n e  ana lyses  were converted t o  m o l a r i t y  (M) and equ iva len t s  (Eq 

Wt) as shown in Table 11. The charge ba lance  f o r  t h e  c a t i o n s  was 6.89 x 

M and 6.98 x loo3 M f o r  t h e  anions which was a n e g l i g i b l e  d i f f e rence .  

Highly so lub le  s a l t s  were mixed i n  d i s t i l l e d  water. Ca lcu la t ions  t o  f ind  
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TABLE I1 

Major Ions Used for Artificial Groundwater 

2+ Ca 
Mg2+ 

K+ 

c03 - 

so42- 

+ Na 

2- 

HC03 

c1- 

MglR 

10.5 
1.15 

143 
2.1 

18.9 
75.5 
232 
10.0 

M x 

2.62 
0.47 
62.2 
0.537 
3.15 
12.375 
24.17 
2.82 

Eq Wt x lom4 

5.24 
0.95 
62.2 
0.537 
6.3 
12.375 
48.3 
2.82 

t h e  mass of each compound are shown i n  Table 111. The formula weight was 

d iv ided  by two f o r  complexes t h a t  have two moles per  c a t i o n .  

TABLE 111 
Calculations of Artificial Groundwater 

glmole x M x 10-14 - a= 

K2S04 174.2712 0.537 10 
MgS04 246.498 0.95 10 
+7 H20 
CaS04 136.14 5.24 10 
NaCl 58.44 2.82 10 
Na2C03 105.991 2 6.3 10 
NaHC03 84.01 12 . 375 10 
Na2S04 142.0412 40.71 10 

Dearat ion and Addit ion of Groundwater 

To remove oxygen from t h e  s y n t h e t i c  groundwater and 

1 

.047 . 234 
0.713 
0.165 
0 . 334 
1.04 
2.89 

t o  prevent  a i r  

from contaminat ing t h e  s o l u t i o n ,  a double set  of g l a s s  con ta ine r s  w i th  

d i f f u s i o n  t u b e s  were set  up as shown i n  F i g u r e  9. The end o f  t h e  g a s  

manifold was connected by tygon tubing  t o  a tube wi th  a d i f f u s i o n  s tone  

i n s i d e  a rubber s toppered f lask .  The 1000 m l  f l a s k  was connected wi th  tygon 



tub ing  t o  a 4 0 / 5 0  Pyrex c y l i n d e r  t h a t  had a b u i l t  i n  gas  d i s p e r s i o n  tube. 

Pump tub ing  was sea led  i n t o  t h e  tygon tub ing  and r a n  t o  t h e  f l a s k  so f l u i d  

could be pumped out  wi thout  a i r  contaminat ion.  The gas  t r a v e l e d  from t h e  

n i t r o g e n  b o t t l e  through t h e  manifold,  i n t o  t h e  f l a s k  and was d i spe r sed  a s  

small bubbles i n  t h e  f lu id .  The gas  moved from t h e  f l u i d  i n t o  t h e  water i n  

t h e  c y l i n d e r  and then  ou t  t o  t h e  a i r .  It was found t h a t  t h e  t o t a l  t i m e  

needed t o  d e a e r a t e  t h e  groundwater was two hours by measuring t h e  change i n  

d i s so lved  oxygen wi th  t i m e  using a d i s so lved  meter. The groundwater was 

dearea ted  to less than  I mg/l  d i s so lved  oxygen. Once t h e  groundwater was 

deaera ted ,  t h e  va lve  t o  t h e  pump tubing  i n t o  t h e  f l a s k  was opened and a few 

drops of  s o l u t i o n  were allowed t o  d r i p  out.  The tub ing  i n t o  t h e  f l a s k  was 

hooked up t o  t h e  p i p e t  t i p  on t h e  pump tubing. The pump was reversed  and 

t h e  f l u i d  was added wh i l e  n i t r o g e n  cont inued t o  d e a r e a t e  t h e  groundwater. 

F ive  hundred m l  o f  groundwater were added i n  t h e  experiment.  Once t h e  

f l u i d  was added to  t h e  r e s e r v o i r ,  t h e  pump was switched t o  forward, t h e  

tubes  were disconnected,  and some o f  t h e  f l u i d  was taken o u t  o f  t h e  pump 

t u b i n g .  The l i n e s  were hooked b a c k  up t o  t h e  o r i g i n a l  se t -up .  The 

p r e s s u r i z a t i o n  s t e p  followed using t h e  same procedure as descr ibed  f o r  t h e  

leaching  s t  age.  

Sample Co l l ec t ion  and Analysis  

A MPL mult idraw needle ,which is used f o r  blood c o l l e c t i o n ,  was found 

t o  be ve ry  u s e f u l  i n  t h e  experiments.  The needle  was i n j e c t e d  i n t o  t h e  

tygon tubing  i n  t h e  d i r e c t i o n  of f low and sea led  wi th  s i l i c o n e  adhesive. 

The two-pronged needle  had a rubber  diaphram va lve  t h a t  opened on ly  when an 

evacuated tube was inse r t ed .  The tubes  were evacuated by withdrawing a i r  

ou t  o f  t h e  tube  w i t h  a syr inge.  This  sampling method was p re fe r r ed  over  
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t he  septum-type sampling port  due t o  clogging problems of t he  needle and 

the  necessary reduction i n  the  tubing size.  Approximately s i x  m l  samples 

were collectedand put i n t o  polyethylene, seven m l  min iv ia l s  (Cole Parmer) 

w i t h  screw-on caps.  The  samples  were p rese rved  t o  a pH o f  two a s  

recommended by the  EPA for  preserving t r a c e  metals (U.S.E.P.A., 1974). 

Problems with the  type of sample containers used include adsorption 

and replacement of elements on the  wal l s  of t he  container. P l a s t i c s  were 

recommended fo r  a l l  t h e  t r a c e  metals t h a t  a r e  t h e  subject of t h i s  report. 

However, some a u t h o r s  have r e p o r t e d  l o s s e s  of a r s e n i c  when s t o r e d  i n  

p l a s t i c s  and recommended the  storage of a rsen ic  so lu t ions  i n  g l a s s  (Cherry 

and o t h e r s ,  1979). I n  t h e  e x p e r i m e n t s ,  bo th  p l a s t i c  and g l a s s  sample 

containers were used. 

The prevention of sample contamination, e spec ia l ly  i n  t r a c e  metal 

inves t iga t ions ,  i s  extremely important. A l l  sample test  tubes were cleaned 

with n i t r i c  acid. Samples were not f i l t e r e d  for  ana lys i s  following the  

recommendations of Danielsson (1982) who c i t e s  e r r o r s  including adsorption 

onto f i l t e r s ,  leaching of metals which increases the  concentration of the  

f i l t r a t e ,  and contamination among samples. Furthermore, t h e  use of f i l t e r s  

t o  s e p a r a t e  t h e  p a r t i c u l a t e  and d i s s o l v e d  f r a c t i o n s  a t  0.45 m i s  an 

a r t i f i c i a l  boundary and n o t  an a b s o l u t e  boundary between immobi le  and 

mobile species i n  waters. Thus, t he  da t a  represents t o t a l  concentration of 

p a r t i c u l a t e s  and dissolved f r ac t ions  for each species. Since the  samples 

were v e r y  c l e a r  and g l a s s  wool was used i n  t h e  columns, t h e  amount of 

p a r t i c u l a t e  matter i n  the  l i qu id  samples was minimal. 

Two types of analytical. methods were used i n  the ana lys i s  of t r a c e  

elements. A fluorometric technique spec i f i c  for  t he  anal y s i s 
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of  uranium requ i r ed  approximately f i v e  ml samples and 

was a d i f f i c u l t  and dangerous p r  oc ed ur  e . A second techni -  

que was used f o r  t h e  a n a l y s i s  of t r a c e  metals and appeared t o  be t h e  b e s t  

method f o r  r a p i d  a n a l y s i s  o f  s e v e r a l  e l e m e n t s  u s i n g  s m a l l  vo lumes .  

Several  s a m p l e s  were a n a l y z e d  a t  t h e  U n i v e r s i t y  o f  Wyoming R e s e a r c h  

C o r p o r a t i o n  (UWYRC, p r e v i o u s l y  t h e  Laramie Energy  and Technology 

Center)  u s i n g  an I n d u c t i v e l y  Coupled Argon P la sma  (ICAP) e m i s s i o n  

spectometex. Several  c u r r e n t  papers  desc r ibe  t h e  methods o f  a n a l y s i s  us ing  

t h e  ICAP (Crock and Lichte ,  1982, Taggart  and o t h e r s ,  1981). The ICAP had 

t h e  c a p a b i l i t y  o f  ana lyz ing  42 e lements  using only  s i x  m l  o f  sample wi th  

f i v e  r e p l i c a t e  ana lyses  per sample. Each sample was averaged f o r  t h e  f i v e  

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

a n a l y s i s  procedure were found t o  be i n c o n s i s t e n t  among samples poss ib ly  due 

t o  t h e  averaging o f  t h e  f i v e  r e p l i c a t e  analyses .  The method o f  a n a l y s i s  

was modif ied f o r  exper imenta l  Runs J and N so t h a t  each 

sample was analyzed 10 t i m e s  and va lues  f o r  each r e p l i c a t e  a n a l y s i s  were 

repor ted .  The 10 r e p l i c a t e s  were then  lumped as t h e  median concen t r a t ion  

t o  e l i m i n a t e  i n c o n s i s t e n t  ana lyses  caused by p a r t i c u l a t e  matter o r  o t h e r  

sources  t h a t  r e s u l t e d  i n  h igh  o r  low values. The d e t e c t i o n  l i m i t s  were 

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

element.  The d e t e c t i o n  l i m i t s  f o r  t h e  trace e lements  improved dur ing  t h e  

s tudy  due o p t i m i z a t i o n  o f  t h e  ins t rument  and replacement  o f  pa r t s .  

The ICAP was c o n n e c t e d  t o  a D i g i t a l  PDP-11 m i n i c o m p u t e r  which f i t  

c a l i b r a t i o n  c u r v e s  t o  measu red  i n t e n s i t i e s  s o  t h a t  a l l  s a m p l e s  were 

analyzed w i t h i n  t h e  l i n e a r  working range. Chemical i n t e r f e r e n c e s  between 

e lements  were n e g l i g i b l e  on t h e  ICAP due t o  t h e  o p e r a t i o n a l  tempera ture  

used by t h e  instrument  (10,000"K). Caution was taken f o r  elements having 
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s i m i l a r  s p e c t r a l  w a v e l e n g t h s  i f  t h e r e  e x i s t e d  a l a r g e  v a r i a t i o n  i n  

absorbance which might have caused i n c o r r e c t  measurements. 

K ine t i c  Model 

The k i n e t i c  model assumed t h a t  a f t e r  leaching  t h e  concen t r a t ion  of 

heavy e lements  i n  a l l  pores  o f  t h e  rock were uniform. I n  t h e  experiments ,  

t h e  f l u i d  i n  t h e  l a r g e  pores  was removed so leach  and groundwater s o l u t i o n s  

were no t  s i g n i f i c a n t l y  mixed. However, some leach  f l u i d  was he ld  i n  t h e  

pore spaces  due t o  su r face  tension.  With t h e  i n t r o d u c t i o n  of groundwater,  

t h e  heavy  e l e m e n t s  i n  t h e  l a r g e  p o r e  s p a c e s  may b e  s w e p t  o u t .  Heavy 

e lements  may exis t  i n  h igher  concent ra t ions  w i t h i n  t h e  smaller pore spaces  

and e i t h e r  d i f f u s e  o r  d i s p e r s e  i n t o  t h e  groundwater f lowing through t h e  

l a r g e r  pores. I f  molecular  d i f f u s i o n  i s  assumed t o  c o n t r o l  t h e  exchange of 

e lements  t hen  f l u i d  v e l o c i t y  should not  a f f e c t  t h e  rate o f  mass t r a n s f e r  

from small pores  t o  l a r g e  pores. I f  hydrodynamic d i s p e r s i o n  i s  assumed t o  

c o n t r o l  t h e  e l emen ta l  exchange, t hen  t h e  rate o f  mass t r a n s f e r  should be a 

func t ion  of f l u i d  ve loc i ty .  I n  t h e s e  experiments  t h e  v a r i a t i o n  o f  mass 

t r a n s f e r  c o e f f i c i e n t  w i th  f low v e l o c i t y  can be used t o  i n f e r  t h e  rate- 

c o n t r o l l i n g  p r o c e s s .  F i g u r e  10 shows t h a t  t h e  c o n c e n t r a t i o n  o f  a 

p a r t i c u l a r  metal in t h e  f l u i d  o f  t h e  smaller pore spaces  was des igna ted  C* 

and t h e  concen t r a t ion  of t h e  heavy e lements  i n  t h e  bu lk  groundwater was 

des igna ted  as C .  

Conservation of mass i n  t h e  l a r g e r  pores where d i s p e r s i o n  i s  not  a f a c t o r  

i n  t h e  l a r g e r  pores is shown i n  Equation 1. 

1 ac ac - + V - = K ( C * - C )  . . . . . . . . . . . . . a t  ax 
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Figure 10. The kinetic model assumed that heavy elements were 
concentrated in the fluid in smaller pore spaces (C*) 
and were released to the bulk groundwater that had 
heavy element concenrtations (C). 
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For a sho r t  column, as  used i n  t h e  experiments,  t h e  change i n  concent ra t ion  

with d i s t ance  i s  approximately zero so Equation 1 is reduced t o  t h e  form 

shown i n  Equation 2.  

. . . . . . . . . . . . . . . . . . . . . * .  2 - -  a' - K(C* - C)  a t ,  

Equation 2 s t a t e s  t h a t  t h e  change i n  concent ra t ion  of t h e  bulk  f l u i d  wi th  

r e spec t  to t i m e  equa ls  t h e  r a t e  of  mass t r a n s f e r  between t h e  sma l l e r  pores 

i n  t h e  sandstone and t h e  groundwater. The c o e f f i c i e n t  of mass t r a n s f e r  (k) 

has t h e  u n i t s  o f  t h e  r ec ip roca l  o f  t i m e  (t"). Le t t i ng  t h e  two v a r i a b l e s  

(C - C*) equal  a t h i r d  v a r i a b l e  c 

I n t e g r a t i n g  both s i d e s  o f  t h e  d i f f e r e n t i a l  equat ion 

- K t  - - 
c ( ( t )  = Co e 

or:  - K t  C - C* = (C - C*)o e 

Since t h e r e  were no meta ls  i n  t h e  pore f l u i d  i n i t i a l l y  (Co = 0) 

- K t  C ( t )  = C * ( l  - e ) 

o r :  l n ( C * / C *  - C) = K t  

I f  t h e  n a t u r a l  log  o f  (C*/C* - C) i s  p lo t t ed  aga ins t  t i m e ,  t h e  slope of  t h e  

l i n e  is t h e  c o e f f i c i e n t  of mass t r a n s f e r  (k). 

The va lue  C* was obtained using a mass balance approach which took 

i n t o  account t h e  amount of t h e  meta l  t h a t  was re leased  i n t o  so lu t ion  f o r  

e a c h  sample.  Appendix C shows t h e  method used t o  c a l c u l a t e  C* and a 
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F o r t r a n  program used  t o  p r o c e s s  t h e  d a t a  e f f i c i e n t l y .  S l o p e s  were 

c a l c u l a t e d  us ing  l i n e a r  r eg res s ion  f o r  t h e  l i n e  o f  b e s t  f i t .  A t  t h e  end o f  

t h e  exper imenta l  run, C* equa l led  C so t h e  va lue  of ln(C*/C* - C) tended 

towards i n f i n i t y .  Only t h e  va lues  t h a t  approximated a s t r a i g h t  l i n e  were 

used i n  t h e  l i n e a r  r eg res s ion .  

Geochemical Modeling 

The compute r  program WATEQFC was used  f o r  s p e c i a t i o n - s a t u r a t i o n  

c a l c u l a t i o n s  o f  t h e  exper imenta l  da ta .  The o r i g i n a l  program (WATEQ) was 

w r i t t e n  by Truesde l l  and Jones (1973) and then  w r i t t e n  i n  For t r an  IV and 

expanded by Plummer and o t h e r s  (1976)  who renamed the program WATEQF. 

Lueck (1978)  added u ran ium t o  t h e  model  u s i n g  t h e  b e s t  a v a i l a b l e  

thermodynamic d a t a  compiled p r i m a r i l y  by Langmuir (1978). Runnells and 

L i n d b e r g  (1981)  added molybdenum and vanadium,  expanded t h e  u ran ium 

d i s t r i b u t i o n ,  and renamed t h e  v e r s i o n  WATEQFC. 

The program requi red  an accu ra t e  chemical  a n a l y s i s  of major anions and 

c a t i o n s ,  pH, Eh, and t e m p e r a t u r e .  I n p u t  o f  v a r i o u s  o t h e r  e l e m e n t s  was 

necessary  f o r  c a l c u l a t i o n s  of mine ra l s  t h a t  con ta in  t h a t  element.  For 

in s t ance ,  an a n a l y s i s  o f  aluminum was r equ i r ed  f o r  cons ide ra t ion  o f  alumi- 

n o s i l i c a t e s  (which inc ludes  s e v e r a l  c l a y  mine ra l s )  i n  t h e  program. From 

t h e  inpu t  water a n a l y s i s  t h e  program c a l c u l a t e d  t h e  t h e o r e t i c a l  d i s t r i b u -  

t i o n  o f  s p e c i e s  o f  an e l e m e n t  i n  s o l u t i o n ,  t h e  a c t i v i t i e s  and a c t i v i t y  

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

s o l u t i o n  wi th  r e s p e c t  t o  t h e  va r ious  s o l i d  phases. 

T h i s  v e r s i o n  o f  WATEQFC s o l v e d  t h e  s i m u l t a n e o u s  e q u i l i b r i a  f o r  47 

c h e m i c a l  e l e m e n t s  r e p r e s e n t e d  by a p p r o x i m a t e l y  540 m i n e r a l s  and s o l i d  
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compounds and 650 aqueous spec ie s  (Runnells and Lindberg, 1981). Stumm and 

Morgan (1981) have r epor t ed  s i g n i f i c a n t  d i sc repanc ie s  between c a l c u l a t e d  

p r e d i c t i o n s  f rom c h e m i c a l  e q u i l i b r i u m  mode l s  and a c t u a l  c h e m i c a l  

composi t ions,  poss ib ly  due t o  l i m i t e d  o r  i n c o n s i s t e n t  thermodynamic d a t a ,  

poor chemical  ana lyses ,  slow ra tes  of chemical  r e a c t i o n ,  and problems of 

d e f i n i n g  t h e  redox s ta te .  

Probably t h e  most impor tan t  and most d i f f i c u l t  t o  measure or d e f i n e  

parameter  used i n  spec ia t ion - sa tu ra t ion  models is t h e  ox ida t ion  p o t e n t i a l  

(Eh). I n  genera l ,  Eh i s  measured i n  v o l t s  by an e l e c t r o d e  and expresses  

t h e  a c t i v i t y  o f  e l e c t r o n s  i n  so lu t ion .  The problems o f  measuring Eh are 

d i s c u s s e d  by  Stumm and Morgan (1981).  These  b a s i c a l l y  i n v o l v e  poor  

response  of t h e  e l e c t r o d e  t o  most o f  t h e  redox p a i r s  i n  n a t u r a l  systems 

and t h e  p rob lem o f  m e a s u r i n g  mixed p o t e n t i a l s  (more  t h a n  o n e  r e a c t i o n  

o c c u r r i n g  a t  one  t i m e ) ,  A l l  t h i s  o f t e n  r e s u l t s  i n  a m e a n i n g l e s s  

measu remen t  o f  Eh. WATEQFC h a s  s e v e r a l  me thods  of d e f i n i n g  Eh and 

c a l c u l a t i n g  pe ( t h e  nega t ive  l o g  of t h e  a c t i v i t y  o f  e l e c t r o n s )  from a redox 

reac t ion .  For in s t ance ,  t h e  d i s s o l u t i o n  of l i m o n i t e  t o  form fe r rous  i r o n  

i s  shown: 

Fe(OH)3(solid) + 3H+(aq) + e- = Fe2+(aq) + 3H20 

This equat ion  can be w r i t t e n  i n  terms o f  pe: 

2+ p e  = log[Fe ] + 3 log %,O - 3 pH - log K 

pe and Eh are r e l a t e d  by t h e  equat ion  pe = F/(Eh * 2.303 * RT) where 

F is t h e  Faraday cons t an t  (23.06 k c a l l v o l t  gram) and R i s  t h e  gas  
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cons tan t  (.001987 kcal /deg mole) and T i s  t h e  abso lu te  temperature .  Thus, 

an e s t i m a t i o n  of Eh can be obta ined  from c a l c u l a t i n g  pe which r e q u i r e s  t h a t  

an a n a l y s i s  i s  made of t h e  spec ie s  of t h e  redox pa i r .  For example, i f  t h e  

above i r o n  r e a c t i o n  is used, one must have a chemical  a n a l y s i s  of f e r rous  

i r o n  and make t h e  assumption t h a t  a l l  of t h e  i r o n  i n  s o l u t i o n  is i n  t h e  

reduced s t a t e  and t h a t  Fe(OH)3 i s  present .  Other redox r e a c t i o n s  can  be 

used inc luding  SOb2-/H2S and N2/NH4+. For a f u r t h e r  exp lana t ion  of t h e  

theo ry  and a p p l i c a t i o n  of  redox chemis t ry ,  d e t a i l e d  d i scuss ions  may be 

found i n  Drever (1982). Lueck (1978) p re sen t s  t h e  s e v e r a l  methods used i n  

WATEQFC t o  estimate Eh. These l i m i t a t i o n s  must be taken i n t o  account i n  

i n t e r p r e t i n g  t h e  o u t p u t  o f  t h e  compute r  model.  D e s p i t e  t h e  many 

l i m i t a t i o n s ,  s e v e r a l  au tho r s  have proven t h e  a p p l i c a b i l i t y  of t h e  model t o  

e x p l o r a t i o n  of uranium o r e  d e p o s i t s  and i n - s i t u  uranium mining (Runnells 

and o t h e r s ,  1980, Runnefls and Lindberg,  1981). 
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RESULTS AND DISCUSSION 

The r e s u l t s  are presented i n  four  s ec t ions .  The f i r s t  s e c t i o n  shows 

t h e  d a t a  used  t o  i d e n t i f y  t h e  mechanism o f  heavy e l e m e n t  re lease .  The 

second s e c t i o n  examines t h e  r e s u l t s  o f  t h e  k i n e t i c s  o f  release. The t h i r d  

s e c t i o n  p r e s e n t s  t h e  r e l a t i o n s h i p s  needed  t o  p e r f o r m  mass b a l a n c e s  i n  

s u b s e q u e n t  s i m u l a t i o n  model  s t u d i e s .  F i n a l l y ,  s e c t i o n  f o u r  d i s c u s s e s  

t h e o r e t i c a l  a spec t s  of heavy element  release, t r a n s p o r t ,  and i m p l i c a t i o n s  

r e l a t e d  t o  t h e  geochemistry o f  t h e  groundwater system. 

Mechanism of Release 

P r e l i m i n a r y  s t u d i e s  were p e r f o r m e d  t o  e s t a b l i s h  t h e  mechanism o f  

re lease f o r  t h e  heavy  e l e m e n t s ,  The p r o c e d u r e  used  was t o  l e a c h  t h e  

sandstone o r e  i n  t h e  r e c i r c u l a t i n g  system u n t i l  t h e  oxidant  was used up, 

Then t h e  l i x i v i e n t  was dra ined  and deoxygenated groundwater was placed i n  

t h e  r e s e r v o i r  and c i r c u l a t e d  u n t i l  t h e  concen t r a t ion  of heavy e lements  i n  

t h e  r e c i r c u l a t i n g  f l u i d  became constant .  Next, t h e  f l u i d  i n  t h e  r e s e r v o i r  

was removed and a new ba tch  of deoxygenated groundwater was placed i n  t h e  

r e s e r v o i r  and c i r c u l a t e d  through t h e  column conta in ing  t h e  sandstone ore.  

Again,  c o n c e n t r a t i o n  as a f u n c t i o n  o f  t i m e  and volume t h r o u g h o u t  was 

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

subsequent e l u t i o n s  r e v e a l  t h e  mechanism of release, 

F igures  11, 12 and 13 show t h e  r e s u l t s  o f  two e l u t i o n s  o f  groundwater. 

These d a t a  were c o l l e c t e d  us ing  Texas sandstone o r e  and a r e c i r c u l a t i o n  

ra te  o f  50 ml/min (142 m/day s u p e r f i c i a l  f low ve loc i ty ) .  This v e l o c i t y  

was much h igher  than  normal groundwater f low rates. However, t h e  purpose 
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of  t h e s e  experiments  was t o  i d e n t i f y  t h e  mechanism of release and not  t o  

o b t a i n  k i n e t i c  d a t a ,  

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

mechanisms o f  release. F o r  example ,  i f  e a c h  e l u t i o n  i n d i c a t e d  an  

exponent ia l  r ise  i n  concen t r a t ion  t o  some l i m i t i n g  va lue ,  t h e  l i m i t i n g  

va lue  would be  c n t r o l l e d  by an e q u i l i b r a t i o n  process  such as adsorp t ion ,  

i on  exchange, or s o l u b i l i t y .  Examination of F igure  11, 12 and 13 i n d i c a t e  

t h a t  t h e s e  equ i l ib r ium processes  do not  e x i s t  f o r  t h e  heavy e lements  shown 

(uranium, molybdenum and selenium).  

F igure  11 shows t h e  d a t a  f o r  uranium. The f i r s t  e l u t i o n  fo l lows  an 

i n v e r s e  exponent ia l  r ise  t o  a maximum value.  However, subsequent e l u t i o n s  

wi th  groundwater show no rise i n  concent ra t ion .  The i n i t i a l  va lue  f o r  

uranium on e l u t i o n s  two and t h r e e  i s  due t o  t h e  r e s i d u a l  pore f l u i d  which 

was no t  dra ined  from t h e  ore column between e l u t i o n s .  

Thus, t h e  mechanism o f  release i s  proposed t o  be s imple  d i f f u s i o n  o f  

ox id ized  and mobile  heavy e lements  from l o c a t i o n s  w i t h i n  t h e  sandstone ore 

which d o  not  see t h e  main f low of pore f lu id .  This model i s  d iscussed  i n  

more d e t a i l  i n  a subsequent s ec t ion .  

The  d a t a  f o r  a r s e n i c  and  v a n a d i u m  was  n o t  u s e f u l  b e c a u s e  

c o n c e n t r a t i o n s  o f  t h e s e  e l e m e n t s  were v e r y  low and n e a r  t h e  d e t e c t i o n  

l i m i t s  of  t h e  a v a i l a b l e  a n a l y t i c a l  equ ipmen t .  Because  o f  t h e  s i m i l a r  

n a t u r e  o f  t h e s e  e lements  compared wi th  uranium, molybdenum, and selenium, 

it was assumed t h a t  t h e  same d i f f u s i o n a l  mechanism a p p l i e s  t o  a r s e n i c  and 

vanadium. 

During some of t h e  p re l imina ry  runs t h e  second e l u t i o n  showed slow 

For t h e s e  r u n s  t h e r e  was good i n c r e a s e s  of  heavy  e l e m e n t s  w i t h  t i m e .  
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evidence t h a t  a i r  en tered  t h e  system e i t h e r  dur ing  t h e  r e s e r v o i r  emptying 

and f i l l i n g  s t e p  or du r ing  t h e  second e l u t i o n  when equipment su f fe red  

breakdown. It must be s t a t e d  t h a t  t h e  exper imenta l  procedure used i s  ve ry  

d i f f i c u l t  because o f  t h e  many ways oxygen can g e t  i n t o  t h e  system and cause 

subsequent release of reduced heavy e lements  by oxidat ion.  Also, because 

t h e  r e l ease  o f  heavy e l e m e n t s  i s  v e r y  slow under  t h e  f l o w  c o n d i t i o n s  

s tud ied ,  t h e r e  i s  a h igh  p r o b a b i l i t y  of  mechanical f a i l u r e  i n  t h e  pumping 

system and r e a c t o r  appurtenances dur ing  t h e  long runs.  

K ine t i c s  of Release 

The E n e t i c  model of heavy element  release t o  f lowing groundwater has  

b e e n  p r e s e n t e d  ea r l i e r .  To summar ize ,  t h e  model  i s  b a s e d  on  a r a t e  o f  

release p ropor t iona l  t o  a d r i v i n g  fo rce  given by a concen t r a t ion  d i f f e r e n c e  

b e t w e e n  t h e  b u l k  stream c o n c e n t r a t i o n ,  C ,  and a n  i n t e r n a l  o r  s h i e l d e d  

concent ra t ion ,  C*. Thus, a p l o t  of ln(C*/(C* - C)) v s  t i m e  should g ive  a 

s t r a i g h t  l i n e  wi th  a s lope  equal  t o  k ,  t h e  mass t r a n s f e r  c o e f f i c i e n t .  

A l l  t h e  d a t a  f o r  t h e  l c h e t i c  runs are t abu la t ed  i n  Appendix A. Runs 

C ,  D ,  and F used  Wyoming o r e  w h i l e  Runs J ,  N, and T used  Texas  o r e .  

Aappendix C d i scusses  t h e  manner i n  which mass ba lances  were performed t o  

o b t a i n  C* as a func t ion  o f  t i m e  and then  t h e  subsequent c a l c u l a t i o n  o f  t h e  

mass t r a n s f e r  c o e f f i c i e n t ,  k. 

F igure  14 shows t h e  r e s u l t s  of t h r e e  runs f o r  uranium using Wyoming 

ore .  Cor re l a t ion  c o e f f i c i e n t s  f o r  t h e  d a t a  range from 97 t o  99 percent .  

F igure  14 i s  presented as an example. Values f o r  ln(C*/(C* - C)) f o r  a l l  

runs  and e lements  are t abu la t ed  i n  Appendix A. Table I V  shows t h e  r e s u l t s  

o f  d a t a  a n a l y s i s  t o  o b t a i n  t h e  mass t r a n s f e r  c o e f f i c i e n t ,  k, for t h e  

va r ious  runs.  
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TABLE IV 

Determination of t he  Mass Transfer Coefficient, k 

Run m l  /min m/day* U Mo V Se A s  
Flow Rate 

C 10 28.4 0 . 010 0.012 - 0 . 053 

D 10 28.4 0.017 - - 0 b 012 - 
- 

F 5 14.2 0.048 - 0.089 0.043 0 . 118 

J 
N 

2 5.7 0.031 0.047 0.016 0.009 0 . 010 

1 0  28.4 0.089 0.128 0.010 0.032 0 . 072 

T 50 142 0.86 0.110 - 0.30 - 

Table I V  i nd ica t e s  t h a t  k i s  a function of groundwater flow velocity.  

However, t he  pa t t e rn  i s  not always consistent.  Deviation from a cons is ten t  

pa t t e rn  i s  probably due to experimental and ana ly t i ca l  e r r o r s ,  p a r t i c u l a r l y  

when some concentrations of elements were near de tec t ion  l i m i t s .  Run F 

seemed p a r t i c u l a r l y  ou t  of sequence. The mass t r a n s f e r  c o e f f i c i e n t s  

obtained fo r  runs J, N, and T were seen t o  be roughly proportional t o  flow 

ve loc i ty  as one would expect. 

Available Heavy Element Release 

The f i n a l  information needed t o  use the  k ine t i c  da t a  to  simulate in- 

s i t u  migration of heavy elements i s  t he  amount of  heavy element ava i l ab le  

for transport .  This t e r m  i s  ca l l ed  mass i n i t i a l  and i t s  ca l cu la t ion  i s  
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descr ibed  i n  Appendix C. F igures  15 and 16 show t h e  amount of mass i n i t i a l  

t o  be a func t ion  of t h e  s t a r t i n g  concen t r a t ion  o f  t h e  heavy element  i n  t h e  

bulk  f l u i d  a t  t h e  s t a r t  of t h e  run. This va lue  i s  given f o r  our  experiment 

as t h e  f i n a l  concen t r a t ion  of  heavy element  i n  t h e  l i x i v i e n t  a t  t h e  end of 

t h e  leach  s tep.  Table V summarizes t h e  r e s u l t s  of t h e s e  c a l c u l a t i o n s  by 

i n d i c a t i n g  t h e  s lope  o f  t h e  assumed s t r a i g h t  l i n e  response.  It can be seen 

t h a t  t h e  s lopes  do not  va ry  much wi th  t h e  except ion  of vanadium. The l i n e s  

drawn on Figures  15 and 16 are assumed to go through t h e  poin t  zero-zero. 

Thus, t h e  l i n e s  are drawn as a b e s t  estimate. 

TABLE V 

Slope of Mass Initial vs Concentration 

Element 

Uranium 

Molybdenum 

Vanadium 

Selenium 

Arsenic 

~ - 

3 . 1  

2.4 

10.0 

4.6 

5.2 
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Photomicrography 

Scanning Elec t ron  Microscope (SEMI photomicrographs were taken f o r  

samples o f  t h e  sandstones p r i o r  t o  experimental  a l t e r a t i o n .  P l a t e s  1 and 2 

show rep resen ta t ive  photomicrographs of the Wyoming sand gra ins .  P l a t e  1 

i s  enlarged 220 times and P l a t e  2 i s  enlarged 2400 t imes.  1, two 

g r a i n s  a r e  shown on t h e  l e f t  and r i g h t  s i d e s  of t h e  p i c t u r e  wi th  t y p i c a l  

p o r e  s p a c e  i n  be tween  the g r a i n s .  A r a t h e r  l a r g e  amount o f  d e b r i s  

inc luding  c l a y  P l a t e  2 shows an 

enlargement o f  t h e  contac t  o f  t h e  g r a i n  on t h e  left with  the m a t e r i a l  i n  

t h e  pore from P l a t e  1. P l a t e  2 shows a l a r g e  amount of m a t e r i a l  i n  between 

t h e  g r a i n s  and shows p o t e n t i a l  zones o f  higher  permeabi l i ty  which a r e  t h e  

dark  a reas  on t h e  photomicrograph. These zones of higher  permeabi l i ty  

occur a t  t h e  contac t  wi th  t h e  g r a i n  and pore m a t e r i a l  and i n  between t h e  

fine-grained m a t e r i a l  t h a t  f i l l s  t h e  pore space. In  general., t h e  g r a i n s  

themselves were found t o  be s o l i d  p a r t i c l e s  wi th  no zones of  permeabi l i ty  

which could t r ansmi t  water. P l a t e  2 shows t h a t  t h e r e  a r e  zones, such as  

between c l a y  minera ls ,  where water  may be t r ansmi t t ed  a t  a f a s t e r  r a t e  and 

zones where w a t e r  may be t r a p p e d .  SEM a n a l y s i s  t e n d s  t o  s u p p o r t  t h e  

k i n e t i c  model t h a t  proposed t h e  ex i s t ence  of  l a r g e  and smal l  pore spaces 

which al low transmission of f l u i d  a t  d i f f e r e n t  rates.  

I n  P l a t e  

minera ls  can be seen between t h e  gra ins .  

Spec ia t ion  of  Heavy Elements 

The geochemical computer model, WATEQFC, was used t o  c a l c u l a t e  t h e  

spec ia t ion  o f  heavy elements  i n  t h e  experimental  leach and groundwater 

so lu t ions .  Appendix B shows t h e  experimental  condi t ions  and concent ra t ions  
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o f  t h e  l e a c h  s o l u t i o n  used i n  each  run, For t h e  l e a c h  s o l u t i o n  i n p u t  

analyses consisted of t he  concentrations of ammonia (301 ppm), bicarbonate 

(309.9 ppm) and c a r b o n a t e  (249,6 ppm), b a s e l i n e  c o n c e n t r a t i o n s  f o r  t h e  

o ther  anions and ca t ions ,  and t h e  metal concentrations which were analyzed 

i n  the  leach solutions.  PE was calculated from an assumed value of d i sso l -  

ved oxygen (1.0 ppm) which seemed t o  be a reasonable value a t  t h e  end of 

t he  leaching stage i n  the  experiments. The input pH of t he  leach so lu t ion  

was 8.5 and temperature was 25” C. Input values f o r  groundwater calcula- 

t i o n s  consisted of t he  metal concentrations determined from the  groundwater 

analyses and base l ine  analyses f o r  major ions. Dissolved oxygen concentra- 

t i o n s  fo r  t he  groundwater ca lcu la t ions  were varied between 1.0 and 0.01 

ppm t o  examine t h e  e f f e c t s  of changing the  redox conditions on t h e  specia- 

t i o n  and sa tu ra t ion  of t he  metals. Groundwater pH was 8.0 and the  tempera- 

t u r e  was 25” C. 

WATEQFC ana lys i s  showed t h a t  fo r  water analyses from runs using both 

t h e  Wyoming and Texas sandstones the  metals occurred a s  anionic species. 

In  the  f i n a l  leach so lu t ion  the  following species were predicted to  be 

s tab le :  Uranium was predicted t o  be 

speciated as u02(C03)34- with much lower concentrations of U02(C03)22- and 

U02(HP04)22-. The computer model sugges t ed  t h a t  t h e  m e t a l s  i n  t h e  

H2AsO4-, MoO4’-, SeO4’-, and HVO4’-. 

experimental leach so lu t ions  were i n  the  oxidized form. Supersaturation 

with respec t  t o  so l id  phases was ca lcu la ted  f a r  uranium (and molybdenum i n  

runs with the  Texas sandstone). Uranium was s l i g h t l y  supersaturated w i t h  

respec t  t o  uramphite ((NH4)2(U02)2(P04)2. Supersaturated molybdenum phases 

include wulfenite (PbMo04) and powelli te (CaMoO4). 
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WATEQFC c a l c u l a t i o n s  of t h e  groundwater s o l u t i o n  shows t h a t  t h e  metals 

may form t h e  same s p e c i e s  a s  i n  t h e  l each  s o l u t i o n  and would be much lower 

i n  c o n c e n t r a t i o n .  The c o n c e n t r a t i o n  o f  vanadium i n  t h e  e x p e r i m e n t a l  

groundwater s o l u t i o n s  appears  t o  be high enough to p r e r c i p i t a t e  uranium i n  

t h e  form o f  c a r n o t i t e  o r  t y u y a m u n i t e  (Ca o r  K2(U02)2(V04)2'n(H20) 

r e spec t ive ly ) .  Var i a t ions  of t h e  inpu t  d i s so lved  oxygen concen t r a t ion  (and 

t h e  c a l c u l a t e d  va lues  f o r  pE) d id  no t  apprec iab ly  change t h e  r e s u l t s  of 

WATEQFC. Even f o r  ve ry  low r e s i d u a l  concen t r a t ions  o f  d i s so lved  oxygen, 

t h e  computer model p red ic t ed  t h a t  t h e  metals would be p r i m a r i l y  i n  t h e  

oxid ized  form of  t h e  spec ie s .  

The computer model a l s o  showed t h a t  i r o n  oxides  inc lud ing  h e m a t i t e  and 

Fe(OH)g(amorphous) could be expected t o  be s t a b l e  phases i n  t h e  leach  and 

groundwater s o l u t i o n s  i n  t h e  experiments.  The exper imenta l  cond i t ions  were 

not  so h igh ly  reducing t h a t  i r o n  would be reduced t o  Fez+ i n  t h e  s o l u t i o n s .  

To summar ize  t h e  r e s u l t  o f  t h e  m o b i l i t y  o f  t h e  heavy e l e m e n t s  i n  

graundwaters  f lowing through i n - s i t u  mine s i tes ,  t h e  metals axe l i k e l y  t o  

be oxidized,  an ionic  spec ies .  Since s t rong  oxidants  are used t o  leach  t h e  

uranium, o t h e r  metals are oxidized and i n  t h e i r  mobile  forms. I r o n  and 

manganese oxides  p lay  a ve ry  l a r g e  role in adsorp t ion  and p r e c i p i t a t i o n  

processes  of t h e  metals. However, s i n c e  t h e  metals were t y p i c a l l y  i n  t h e  

a n i o n i c  form and t h e  s u r f a c e  c h a r g e  on  t h e  i r o n  o x i d e s  i n  an  a l k a l i n e  

s o l u t i o n  i s  nega t ive ,  adso rp t ion  may tend to be minimized. Arsenate  may be  

o n l y  s l i g h t l y  a d s o r b e d  i n  t h e  a l k a l i n e  g r o u n d w a t e r  ( F r o s t  and G r i f f i n ,  

1977)  and may c o p r e c i p i t a t e  w i t h  i r o n  ( W i l s o n  and Hawkins,  1978).  

Molybdenum a p p e a r s  t o  be  a b s e n t  i n  many o f  t h e  s a n d s t o n e  d e p o s i t s  i n  

Wyoming. However, molybdenum may be mobile  as t h e  oxidized form where it 
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is present such as i n  the  South Texas deposits. Selenium i s  most l i k e l y  i n  

the reduced s e l e n i t e  (Se032-) form and i t s  concentration in groundwater is 

expec ted  to be low due t o  a d s o r p t i o n  on i r o n  o x i d e s  (Howard, 1977). 

Uranium is  i n  t he  oxidized form as  complexed carbonate species. Vanadium 

is probably l imi t ed  in concentration i n  the  groundwater due t o  formation of 

uranium-vanadium phases such a s  ca rno t i t e .  

CONCLUSIONS 

The spec i f i c  conclusions of t h e  research a r e  a s  follows: 

1. The mechanism of r e l ease  of heavy elements t o  groundwater under 

l a b o r a t o r y  c o n d i t i o n s  u s i n g  a t y p i c a l  Wyoming and Texas sands tone  o r e  

appears t o  be cont ro l led  by a d i f fus ion  process. 

2. The r a t e  of r e l ease  of heavy elements studied i n  t h i s  work w a s  

seen to be r e a d i l y  modeled by an ove ra l l  mass t r a n s f e r  model. The r a t e  of 

mass t r a n s f e r  was proportional t o  t h e  concentration d i f fe rence  between t h e  

bulk f l u i d  and the  i n t e r n a l  f l u i d  i n  the  r e s t r i c t e d  flow passages. 

3. The r e l ease  of heavy elements was seen t o  be a slow process with 

o v e r a l l  mas s t r a n s f e r  c o e f f i c i e n t s  less t h a n  0.05 days- l  a t  t y p i c a l  

groundwater flow v e l o c i t i e s .  

4. The form of heavy elements were predicted t o  be anions such as 

H2As04-,  MOO^^-, Se03'-, HV04'-, and U02(C03)34-. 
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Sample 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

1 2  

13  

1 4  

15 

16 

1 7  
18 

1 9  

20 

2 1  

A s  

0.01 

0.06 

0.01 

0.03 

0.04 

0.04 

0.07 

0.03 

0.04 

0.04 

0.05 

0.05 

0.06 

0.06 

0.06 

0.06 

0.06 

0.06 

0.05 

0.05 

0.06 

- 

Groundwater Data i n  PPM When Appropriate 

Ln(C*/C*-C) 

U 

0.37 

0.36 

0.35 

0.39 

0.40 

0.41 

0.45 

0.81 

0.93 

0.99 

1.09 

1.30 

1.55 

1.60 

1.65 

1.50 

2.05 

2.15 

2.30 

2.34 

2.47 

V 

0.04 

0.05 

0.05 

0.07 

0.07 

0.08 

0.08 

0.09 

0.09 

0.10 

0.10 

0.10 

0.11 

0.10 

0.10 

0.10 

0.11 

0.11 

0.11 

0.11 

0.11 

F ina l  Leach Solu t ion  (C*Ini t ia l )  

Mass I n i t i a l  

A s  

0.10 

0.92 

0.10 

0.34 

0.50 

0.50 

1.32 

0.35 

0.53 

0.10 

0.77 

0.79 

1.16 

1.23 

1.33 

1 . 4 4  

1.60 

1.83 

1 .27  

1 .44  

0.00 

- U 

0.05 

0.05 

0.05 

0.05 

0.05 

0.06 

0.06 

0.12 

0.14 

0.16 

0.18 

0.23 

0.29 

0.33 

0.36 

0.33 

0.58 

0.72 

1.00 

1.40 

0.00 

V 

0.09 

0.12 

0.12 

0.18 

0.18 

0.22 

0.22 

0.26 

0.27 

0.32 

0.34 

0.36 

0.44 

0.41 

0.44 

0.49 

0.65 

0.76 

0.95 

1.30 

0.00 

Days 

0 .1  

0.5 

0.7 

2.7 

3.6 

4 . 1  

4.6 

10.1 

12.8 

1 4 . 1  

16.2 

19.1 

20.2 

25.2 

28.2 

29.3 

33.4 

34.3 

37.2 

40.0 

42.8 

A s  U V 

. 11 7.9 . 47 

.32 6.0 .38 

- 

Bed Volumes 

26 

108 

142 

540 

713 

813 

923 

2018 

2564 

2827 

3252 

3825 

4050 

5053 

5647 

5864 

6677 

6865 

7447 

8007 

8564 
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Sample 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

1 2  

13 

Se - A s  - 
0.06 0.00 

0.06 0.00 

0.05 0.13 

0.10 0.20 

0.06 0.15 

0.08 0.13 

0.07 0.12 

0.09 0.15 

0.11 0.14 

0.10 0.19 

0.20 0.25 

0.15 0.19 

0.14 0.20 

RUN D 

(Using Wyoming Ore) 

Groundwater Data i n  PPM When Appropriate  

LN(c*/c*-C) 

U V 

3.00 0.16 

3.40 0.17 

4.50 0.17 

7.70 0.26 

4.80 0.16 

6.50 0.19 

6.20 0.16 

7.10 0.20 

7.90 0.20 

5.10 0.21 

8.10 0.25 

10.00 0.23 

8.40 0.21 

- -  

F i n a l  Leach So lu t ion  (C* I n i t i a l )  

Mass I n i t i a l  

A s  

0.13 

0.17 

0.13 

0.39 

0.18 

0.29 

0.25 

0.43 

0.83 

0.83 

0.00 

0.00 

0.00 

- Se 

0.00 

0.00 

0.11 

0.30 

0.19 

0.16 

0.15 

0.22 

0.21 

0.43 

1.82 

0.82 

0.00 

- U 

0.10 

0.12 

0.17 

0.39 

0.19 

0.31 

0.31 

0.41 

0.57 

0.29 

0.84 

0.00 

0.00 

- V 

0.42 

0.96 

1.02 

0.00 

1.10 

0.00 

1.95 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

Days 

0.4 

1.2 

1.5 

2.5 

3.4 

6.3 

9.7 

11 .4  

25.3 

27.2 

30.4 

42.6 

45.2 

V - Se  U A s  

-50 1.3 35.1 47 

.14 -25 13.1 -52 

- - 

Bed Volumes 

88 

253 

316 

526 

716 

1326 

2042 

2400 

5326 

5726 

6400 

8968 

9516 
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Sample 

1 

2 

3 

4 

5 

6 

7 

8 

A s  

0.05 

0.06 

0.05 

0.04 

0.05 

0.06 

0.06 

0.06 

- 

RUN F 

(Using Wyoming Ore) 

Groundwater Data i n  PPM When Appropriate  

LN(c*/c*-c) 

Se 

0.08 

0.06 

0.06 

0.11 

0.09 

0.11 

0.11 

0.13 

- U 

2.80 

3.20 

3.40 

3.50 

3.80 

4.00 

4.10 

4.30 

V 

0.17 

0.18 

0.17 

0.18 

0.17 

0.17 

0.18 

0.18 

F i n a l  Leach So lu t ion  (C* I n i t i a l )  

Mass I n i t i a l  

- As - U V Days Bed Volume Se - -- 

0.38 0.16 0.13 0.49 2.0 

0.99 0.16 0.27 1.12 4.2 

0.66 0.16 0.32 1.00 6.0 

0.45 0.50 0.36 1.29 6.8 

0.75 0.35 0.48 1 . 2 2  9.0 

1.47 0.61 0.66 1.45 11.1 

2.00 0.72 0.99 2.97 14.4 

0.00 0.00 0.00 0.00 16.5 

V - Se U 

-16 . 54 22.3 . 44 

07 1 3  4 .1  .23 

- A s  - 

196 

412 

588 

666 

882 

1088 

1411 

1617 
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APPENDIX "A" RUN J 

(Using Texas Ore) 

Groundwater Data i n  PPM When Appropriate 

LN(c*/c*-C) 

U - Se - A s  Mo - U V - -  S e  Sample - A s  - Mo - 
1 0.03 2.00 0.05 4.90 0.02 0.13 0.20 0.18 0.14 

2 0.05 2.50 0.05 6.60 0.02 0.30 0.69 0.23 0.38 

3 0.05 2.60 0.06 7.40 0.02 0.30 0.85 0.31 0.53 

4 0.05 2.50 0.09 7.40 0.02 0.31 0.85 0.65 0.58 

5 0.05 2.50 0.06 7.80 0.03 0 .31  1.06 0.33 0 .81  

6 0.12 2.80 0.13 9.20 0.03 0.00 0.00 0.00 0.00 

V Days 

0.25 0.7 

0.44 7 .9  

0.46 13.0 

0.49 15.0 

2.77 18.0 

0.00 25.0 

Se U V - Mo - As - 
Fina l  Leach Solu t ion  (C* I n i t i a l )  .24 10.8 . 03 37.8 . 09 

Bed 
Volume 

32 

35 9 

591 

682 

818 

1137 

Mass I n i t i a l  .12 2.4 -13  7.5 .03 
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Sample 

1 

2 

3 

4 

5 

6 

7 

8 

A s  

0.04 

0.04 

0.05 

0.07 

0.06 

0.07 

0.07 

0.11 

- Mo 

1.80 

2.30 

2.40 

2.40 

2.50 

2.50 

2.40 

2.60 

- 

RUN N 

(Using Texas Ore) 

Groundwater Data i n  PPM When Appropriate 

Se 

0.05 

0.06 

0.06 

0.07 

0.06 

0.06 

0.06 

0.09 

- U 

3.00 

3.90 

4.40 

4.70 

4.90 

5.00 

5.20 

5.40 

V 

0.02 

0.02 

0.02 

0.02 

0.02 

0.03 

0.02 

0.03 

Fina l  Leach Solu t ion  (C* I n i t i a l )  

LN(c*/c*-c) 
A s  

0.17 

0.21 

0.29 

0.50 

0.40 

0.55 

0.59 

0.00 

- Mo 

0.19 

0.48 

0.56 

0.60 

0.76 

0.92 

1.05 

0.00 

- Se 

0.14 

0.27 

0.28 

0.39 

0.31 

0.34 

0.38 

0.00 

- U V 

0.09 

0.21 

0.28 

0.35 

0.47 

0.56 

0.91 

0.00 

0.34 

0.38 

0.39 

0.39 

0.40 

0.75 

0.41 

0.00 

Days 

0.8 

2.0 

3.0 

4.0 

5.0 

6.0 

7.0 

7.7 

Se  U V - Mo - A s  - 
.25 10.4 .38 33.7 .07 

Bed 
Volume 

175 

437 

656 

874 

1093 

1312 

1530 

1683 

Mass I n i t i a l  5.0  . 10 2.78 .09 -13  
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Run T 

(Using Texas Ore) 

Sample 

1 
2 
3 
4 
5 
6 
7 
8 

9 
10 

11 
12 

Groundwater Data (PPM) LN(c*/c*-C) 

Mo 

0 
- 

-- 
-- 
2.9 
6.4 
8.9 
-- 
12 
12.5 
13.8 
12.6 
14.7 

Mo 

0 
- 

-- 
-- 
. 22 
. 57 
-92 
-- 
1.67 
1.86 
2.69 
1.91 
2.95 

Mo - 

Days 

0 
0.1 
0.3 
1.0 
2.0 
5.0 
7.0 
10.0 

15.0 
20.0 
26 
30 

Se U - 
Final Lixivient Concentration (C* Initial) 14.8 104 14.1 



APPENDIX "B" - EXPERIMENTAL CONDITIONS 

Ore Ore Ore Groundwater 
Run Type Weight (g) Volume (cm3) Leach Solution Flow Rate (mR/min) Length of Run 

C Wyoming 99.765 71.95 -03  mR H202 

- 5  g/R NH4HC03 

C '  (Second Elution) 

D Wyoming 93  

D '  (Second Elution) 

F Wyoming 97.943 

J Texas 100 

68.40 

73.47 

63.34 

1 R distilled H20 

New 500 mR groundwater 
added 

-03 mR H202 

.5 g/R NH4 HC03 

1 R distilled H20 

New 500 m groundwater 

* 5  g/R (NH4)2C03 

added 

- 0 3  mR H202 

.5 g/R NH4 HCO 3 
- 5  g/R (NH4)2 Co3 

1 R artificial groundwater 

. l o  mR H202 

.5 g/R NH4 HC03 

10 4 3  

10 

10 

10 

5 

2 

45 

45 

50 

1 6  

25 

1 R distilled H20 



APPENDIX "B" - EXPERIMENTAL CONDITIONS (Cont ' d o  ) 

Ore Ore O r e  
Run Type Weight (g) Volume (cm3) Leach So lu t ion  Flow Rate (MR/min) Length of Run 

N Texas 99.738 65.87 . l o  mR H20 t 10 8 
- 5  g/R NH4 HC03 

T Texas 100 g 

T '  (Second E lu t ion )  

- 5  g/R (NH4I2 co3 
1 R d i s t i l l e d  H20 

.25 g NH4 HC03 

- 2  H202 
1 R d i s t i l l e d  H20 

50 

50 

40 

40 
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APPENDIX C 

MASS BALANCE APPROACH TO CALCULATE C* 

The concentration of the fluid within the micropores of the rock (C*) at 

the beginning of the groundwater stage was equal to the final concentration 

of the lixivient (C*initial). At the end of the groundwater stage, C* equaled 

the equilibrium concentration of the pore fluid (C*end). 

values of C* at any time, equations 1 and 2 were used: 

To calculate the 

mass released = C (Cspls) (Vspls) + (Cend) (Vres) + (Cend) (Vcol) (1) 

C* = C*initial ((mass initial - mass released)/mass initial) (2) 

where: 

cspls = Concentration in Samples, mg/R 

Vspls - Volume of samples ( R )  

Cend 

Vres = Fluid volume in reservoir (R) at the end of run 

Vcol = Volume of fluid in the column (measured at 0.06 R) 

= Concentration of groundwater at any time in the bulk fluid 

C*initial = Lixivient concentration (mg/R) at the end of the leach step 

C* = Concentration associated with the micropore structure at any 

time, mg/R 

Equation 2 is solved first to obtain mass initial. This is achieved by 

running the experiments until no more heavy element is released to the circula- 

ting fluid. At- that time, C = C*. C* initial is taken as the final lixivient 

concentration of heavy element. Thus, the only unknown is mass initial which 

can be determined. 

Equation 2 is then used to calculate C* at any time throughout the run. 

All other terms in the equation are known. Values for mass initial are given 

in Figures 15 and 16 for the heavy elements studied. 

proportional to the final lixivient concentration. 

The value was seen to be 
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APPENDIX C (Cont'd.) 

Values for mass initial are required for modeling and simulation of 

heavy element transport under field conditions. 

Sample concentrations and volumes were summed, and the volume in the 

reservoir (Vres) equaled the starting groundwater volume (0.5 R) less the 

total volume of samples less the fluid volume of the column. Values were 

known for C*initial, C*end and the total mass released at the end (using 

equation 2), so that the mass initial (which is a constant for each run) was 

calculated as shown in equation 3 .  

(C*initial) (mass released) 
(C*initial - C*end) mass initial = (3)  

From the calculated value for mass initial using equation 3 ,  values for C* 

were found using equation 2 for each sample. A FORTRAN V program was used 

to calculate values for mass released, C* and LN(C*/C*-C) for each sample. Since 

the last value for C* will equal the final groundwater equilibrium value (C), 

the ratio of C*/C*-C will be undefined, so the program prints out the value of 

zero when this occurs. 
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PROGRAM CSTAR(INPUT,OUTPUT,TAPE5) 

C 
C 
C THIS PROGRAM CALCULATES THE CONCENTRATIONS OF THE FLUID 
C INSIDE THE MINERAL MICROPORES (C*) FOR EACH SAMPLE 
C FOR EACH ELEMENT. 
C 
C INPUT VALUES ARE: 
C 
C THE FINAL LIXIVIENT CONCENTRATION (C*INITIAL) 
C MASS INITIAL 
C NUMBER OF SAMPLES IN THE RUN 
C SAMPLE CONCENTRATIONS (MG/L) 
C AND SAMPLE VOLUMES (L). 
C 
C**DATA TABLE** 
C VSPL,VRES,VCOL : VOLUMES OF SAMPLES, RESERVOIR, AND COLUMN (L) 
C C,CSTR,CLIX : CONCENTRATIONS OF SAMPLES, C*, AND LIXIVIENT 
C******************************************************************** 

REAL C(29),C1(29),CLIX,CSTR,CLN,MI,MR 
REAL VCOL,VRES ,VSPL(29) ,VSPL1(29) 
INTEGER N, I, J 
PRINT*,'INPUT LIXIVIENT CONCOYMASS INITIAL, NUMBER OF SAMPLES' 
READ*, CLIX,MI, N 
DO 10 I=l,N 

PRINT*,'INPUT SAMPLE CONCENTRATION AND SAMPLE VOLUME' 
READ*, C (I) ,VSPL (I) 

10 CONTINUE 
WRITE(S,*) 'RUN N VANADIUM DATA' 
WRITE (5, *) 'LIXIVIENT CONCENTRATION = ' , CLIX 
WRITE (5, *) 'MASS INITIAL=' ,MI 
VCOL=OoO6O 

c1(1)= c(1) 
VSPLl(1) = VSPL (1) 

VRES=0.440-VSPL(l) 

DO 20 J=l,N 
MR=C1 (J) *VSPL1 (J)+C (J) *VRES+C (J) *VCOL 
CSTR=CLIX* ( (MI-MR) / (MI) ) 
IF (J. EQ .1) CSTR-CLIX 

IF ((CSTR-C(J)) .GT.O) THEN 
IF(J.EQ.N) CSTR=C(N) 

CLN=ALOG(CSTR/ (CSTR-c(J))) 
ELSE 
CLN=O 

ENDIF 
 WRITE(^,*) ~ ~ _ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ _ _ _ _ _ _ _ _ _ _ t  

WRITE (5, *) ' SAMPLE VOLUME= ' , VSPL (J) 
WRITE (5, *) ' SAMPLE CONCENTRATION = ' , C (J) 

WRITE(5,*) 'C STAR =',CSTR 

Cl(J+l)=Cl(J)+C(J+l) 
VSPLl (J+1) = VSPLl (J) + VSPL (J+1) 

 WRITE(^,*) 'MASS RELEASED=',MR 

WRITE&*) 'LN (c* / c* -c)=',cLN 

VRES=VRES - VSPL(J+l) 
20 CONTINUE 

STOP 
END 
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APPENDIX D 

HEAVY ELEMENT CONCENTRATIONS OF A URANIUM SANDSTONE DEPOSIT 
IN THE SOUTHERN POWDER RIVER BASIN, WYOMING (from Harris, 1982). 

Core # 

Mxc-1 
Mxc-1 
Mxc-1 
Mxc-1 
Mxc-2 
Mxc-2 
Mxc-2 
Mxc-2 
Mxc-2 
Mxc-2 
Mxc-2 
Mxc-2 
Mxc-2 
Mxc-2 
Mxc-2 
Mxc-3 
Mxc-3 
Mxc-3 
Mxc-3 
Mxc-3 
Mxc-3 
Mxc-3 
Mxc-3 
Mxc-3 
Mxc-3 
Mxc-4 
Mxc-4 
Mxc-4 
Mxc-4 
Mxc-4 
Mxc-4 
Mxc-4 
Mxc-4 
Mxc-5 
MXD-5 
Mxc-5 
Mxc-5 
Mxc-5 

Elevation 

4884 
4881 
4878 
4875 
4879 
4876 
4873 
4871 
4869 
4858 
4853 
4851 
4849 
4847 
4845 
4874 
4871 
4868 
4866 
4862 
4860 
4858 
4856 
4853 
4850 
4865 
4862 
4860 
4858 
4856 
4854 
4852 
4849 
4865 
4860 
4855 
4850 
4846 

U% 

ND 
0.178 

ND 
ND 
ND 

0 . 010 
0.286 
0.323 

ND 
ND 
ND 
0.052 
1.16 
0.443 

ND 
ND 
0.104 
0.262 
ND 
ND 
0.114 
0.027 
0.233 
0.471 
0.263 
NE 
0.092 
0.305 
0.198 
0.197 
0.181 
0.047 
0.044 

ND 
ND 
ND 
ND 
ND 

A s  % 

ND 
0.003 
0 . 002 
0.005 
0.004 
0.008 
0.007 
0.003 
0.001 
0.005 
0 . 012 
0.010 
0.008 
0.005 
0 . 009 

ND 
0.004 
0.016 
0.016 
0.008 
0.004 
0.011 
0.007 
0.002 
0.003 
0.010 
0.002 
0.010 
0.003 
0.007 
0.007 
0.005 
0.006 
0.008 
0.010 

ND 
ND 
0.008 

Se% 

ND 
0.005 
0.004 
0 . 021 
0 . 001 
0.001 
0.008 
0 . 001 
0.018 
0 . 014 
0.019 
0.086 
0.004 
0 . 002 
0.008 

ND 
0.007 
0.005 
0.103 
0.015 
0.007 
0.008 
0.010 
0.005 
0.002 
0.002 
0.002 
0.006 
ND 
0.012 
0.006 
0.008 
0.002 
0.005 
0.006 

ND 
0.006 
0.004 

V% 

0.018 
0 . 010 
0.015 
0 . 009 
0.056 
0.015 
0.026 
0.056 
0.004 
0.005 
0.035 
0.047 
0 . 091 
0.026 
0.041 
0.038 
m 
0.045 
0.034 
0.006 
0.010 
0.002 
0.014 
0.003 
0.018 
ND 
ND 
ND 
ND 
ND 
0.001 
0.003 

ND 
0.004 

ND 
ND 
0.004 
0.007 

ND - Not detected 
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APPENDIX E 

BASELINE GROUNDWATER ANALYSIS, IRIGARAY SITE 
( In  mg/R where appropriate)  

Date Collected 

C a1 c ium 

Magne s ium 

Sodium 

Po t as s ium 

Ammonium 

Carbonate 

Bicarbonate 

Su l f a t e  

Chloride 

Tota l  Nitrogen (NO - HN03) 

Fluoride 

S i l i ca  (Si02) 

TDS 

Conductance 

Alka l in i ty  (CaC03) 

PH 

2 

Aluminum 

Arsenic 

Barium 

Boron 

Cadmium 

Chromium 

Copper 

I ron  

Lead 

Manganese 

Mercury 

Molybdenum 

Nickel 

Selenium 

4/23/80 4/30/80 5/7/80 

10.6 

1.20 

143 

1.8 

<0.5 

20.04 

72.47 

234 

10.2 

C1.0 

0.3 

8.9 

482.2 

722 

92.8 

9.2 

< .05 

< 0002 

< .05 

< 02 

< 0002 

.005 

< .005 

. 2 1  

< .005 

. 009 

< .0002 

< .05 

< .01 

< 0002 

10.7 

1.14 

144 

2 .2  

~ 0 . 5  

23.4 

68.2 

228 

10.3 

<1.0 

0.3 

8.7 

488.4 

775 

95.6 

9.2 

< .05 

< 0002 

< .05 

< 02 

< 0002 

.005 

< .005 

-08 

< .005 

.008 

< .0002 

< -05 

001 

< 0002 

10.3 

1.07 

142 

2.3 

<0.5 

13.2 

85.8 

233 

9.5 

<1.0 

0.3 

8.1 

503.8 

769 

92.3 

8.6 

< .05 

< 0002 

< -05 

< . 2  

< 0002 

.005 

< .005 

.02 

< .005 

-005 

< .0002 

< -05 

< 001 

< 0002 



7 1  

Date Col lec ted  

S i l v e r  

Uranium (U 0 ) 

Vanadium 

Zinc 

3 8  

APPENDIX E (Cont'd.) 

4 / 2 3 / 8 0  4 / 3 0 / 8 0  5 / 7 / 8 0  

< .002 < .002 c .002 

0 02 0 01 0 09 

.05 < .05 < .05 

- 0 3  0 0 1  < 001 




