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ABSTRACT 

I n  s i t u  m i n i n g  o f  uran ium i n v o l v e s  i n j e c t i o n  o f  a  l e a c h i n g  
s o l u t i o n  ( l i x i v i a n t )  i n t o  an o r e - b e a r i n g  a q u i f e r .  F r e q u e n t l y ,  t h e  
ground wa te r  i n  t h e  mined a q u i f e r  i s  a  domest ic  o r  l i v e s t o c k  wa te r  
supp ly .  As t h e  l i x i v i a n t  m i g r a t e s  th rough  t h e  o r e  body,  uran ium and 
v a r i o u s  a s s o c i a t e d  e lements such as a r s e n i c ,  se len ium,  molybdenum, 
vanadium and radium-226 a r e  m o b i l i z e d  i n  t h e  ground wa te r .  A q u i f e r  
r e s t o r a t i o n  a f t e r  i n  s i t u  m i n i n g  i s  n o t  f u l l y  understood.  Severa l  
methods have been developed t o  r e s t o r e  mined a q u i f e r s  t o  p r e - m i n i n g  
( b a s e l i n e )  q u a l i t y .  Commonly used methods i n c l u d e  ground wa te r  
sweeping, c lea t )  wa te r  i n j e c t i o n ,  and t r e a t m e n t  by i o n  exchange and 
r e v e r s e  osmosis t e c h n o l o g i e s .  

Ammonium carbonat,e 1 i x i v i a n t  was used a t  one R&D i n  s i t u  mine. 
A t tempts  were made t o  r e s t o r e  t h e  a q u i f e r  u s i n g  a  v a r i e t y  o f  methods. 
E f f o r t s  were success fu l  i n  r e d u c i n g  c o n c e n t r a t i o n s  o f  t h e  m a j o r i t y  o f  
contaminants  t o  b a s e l i n e  l e v e l s .  Concen t ra t i ons  o f  c e r t a i n  
pa ramete rs ,  however, r'ernained a t  l e v e l s  above b a s e l i n e  s i x  months 
a f t e r  r e s t , o r a t i o n  ceased. R e l a t i v e l y  l a r g e  q u a n t i t i e s  o f  ground wa te r  
were processed i n  t h e  r e s t o r a t i o n  a t t e m p t  c o n s i d e r i n g  t h e  smal l  s i z e  
o f  t h e  p r o j e c t  ( 1 . 2 5  a c r e ) .  More tho rough  c h a r a c t e r i z a t i o n  o f  t h e  
hydrogeology o f  t h e  s i t e  may have enhanced t h e  e f f e c t i v e n e s s  o f  
r e s t o r a t i o n  and reduced p o t e n t i a l  env i ronmen ta l  impacts  a s s o c i a t e d  
w i t h  t h e  p r o j e c t .  

T h i s  paper  p resen ts  some o f  t h e  f i n d i n g s  o f  a research  p r o j e c t  
conducted by t h e  M i n e r a l  Resources Waste Management Team a t  t h e  
U n i v e r s i t y  of Idaho i n  Moscow, Idaho .  Views c o n t a i n e d  h e r e i n  do no t  
r e f l e c t  U. S. Nuc lea r  Regu la to ry  Commission p o l  i c y .  

I n t r o d u c t i o n  -- 

I n  s i t ~  m i n i n g  o f  uran ium i n  t h e  U n i t e d  S t a t e s  i s  r e g u l a t e d  by 
t h e  U. 5.  Nuc lea r  Regu la to ry  Commission (NRC) o r  by s t a t e  agencies 
under agreements w i t h  t h e  NRC. To o b t a i n  a  l i c e n s e  f rom t h e  
a p p r o p r i a t e  agency f o r  commercial p r o d u c t i o n  o f  uran ium by i n  s i t u  
m i n i n g ,  a  Research and Development (R&G) p r o j e c t  must f i r s t  be 
i ~ n d e r t a k e r i .  An e s s e n t i a l  p a r t  o f  a  success fu l  R&D p r o j e c t  i s  
den~ons t r -d t i ng  t h e  f e k ~ s i b i  1 i t y  o f  r e s t o r i n g  a f f e c t e d  a q u i f e r s  t o  
D r  e-mi 1r)irig o r  ' ' base1 i ne" quai  i t y  f o l  l o w i  ng nii  l i i n g .  



A q u i f e r  r e s t o r a t i o n  i s  n o t  f u l l y  unders tood  and i t  i s  o f t e n  more 
d i f f i c u l t  and t i m e  consuming t h a n  p r e d i c t e d  a t  t h e  b e g i n n i n g  o f  an i n  
s i t u  p r o j e c t .  The purpose o f  t h i s  paper  i s  t o  examine some o f  t h e  
prob lems encoun te red  i n  r e s t o r i n g  t h e  mined a q u i f e r  a t  one R&D p r o j e c t  
w i t h  t h e  o b j e c t i v e  o f  t r a n s f e r r i n g  t h i s  i n f o r m a t i o n  t o  o t h e r  s i t e s  so 
t h a t  s i m i l a r  prob lems e lsewhere can be avoided.  

I n  S i t u  M i n i n g  - What 's  I n v o l v e d  

Uranium i n  s i t u  m i n i n g  beg ins  w i t h  i d e n t i f i c a t i o n  o f  an o r e  body 
wh ich  i d e a l l y  i s  i s o l a t e d  by impermeable s t r a t a .  A  m i n i n g  s o l u t i o n  
( l i x i v i a n t )  such as sodium b i c a r b o n a t e  and hydrogen p e r o x i d e  i s  
i n j e c t e d  i n t o  t h e  o r e  body th rough  w e l l s .  Recovery c o n s i s t s  o f  
removal  o f  t h e  complexed uranium from s o l u t i o n s  pumped f rom t h e  o r e  
body t h r o u g h  r e c o v e r y  w e l l s .  F i g u r e  1 shows p l a n  v iews o f  t y p i c a l  R&D 
mine we1 1  f i e l d s .  Uranium o r e  bod ies  mined by  t h i s  techn ique  occu r  i n  
permeable sandstone u n i t s ;  t h e  h y d r o s t r a t i g r a p h y  a t  t hese  s i t e s  
t y p i c a l l y  c o n s i s t s  o f  i n te rbedded  sandstones,  s i l t s t o n e s  and c l a y s  
w i t h  coa rse  channel  sand and g r a v e l  l enses  o f  v a r i a b l e  e x t e n t .  
W i l l i a m s ,  Osiensky,  Anas tas i  and Rogness (1984) p r o v i d e  a  d e t a i l e d  
d i s c u s s i o n  o f  t h e  h y d r o g e o l o g i c a l  aspec ts  o f  i n  s i t u  m i n i n g .  

I n  s i t u  m i n i n g  g r e a t l y  reduces t h e  t y p e s  o f  env i ronmen ta l  impac ts  
usua l  l y  a s s o c i a t e d  w i t h  open-pi t and underground u r a n i  um min ing .  Large 
q u a n t i t i e s  o f  waste r o c k  and m i l l  t a i l i n g s  a r e  n o t  genera ted  because 
t h e  uran ium i s  removed f rom the o re  body i n  s i t u .  The p o t e n t i a l  f o r  
s i g n i f i c a n t  adverse impacts  e x i s t s ,  however, i n  terms o f  c o n t a m i n a t i n g  
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p o t a b l e  g round  w a t e r  suppl  i e s .  T h e o r e t i c a l  l y ,  once t h e  uran ium has 
been recovered ,  w a t e r  q u a l i t y  i n  t h e  mined p o r t i o n  o f  t h e  a q u i f e r  can 
b e  r e t u r n e d  t o  b a s e l i n e  c o n d i t i o n s .  I n  r e a l i t y ,  e f f o r t s  t o  r e s t o r e  
mined a q u i f e r s  t o  b a s e l i n e  c o n d i t i o n s  have n o t  been success fu l  a t  many 
i n  s i t u  mines. 

Case H i s t o r y  

A t  one R&D i n  s i t u  mine, a  l i x i v i a n t  o f  ammonium ca rbona te  and 
hydrogen p e r o x i d e  and/or  oxygen was used i n  two sma l l  w e l l  f i e l d s  
( A n a s t a s i ,  1984). The f i r s t  w e l l  f i e l d  c o n s i s t e d  o f  12 w e l l s  and 
occup ied  a p p r o x i m a t e l y  0 .25 ac re  s u r f a c e  a rea ;  m i n i n g  o p e r a t i o n s  were 
conduc ted  f o r  abou t  6 months. When t h e  o r e  body was exhausted,  
l i x i v i a n t  was w i thd rawn  and t r a n s f e r r e d  t o  a  second w e l l  f i e l d  
c o n s i s t i n g  o f  a p p r o x i m a t e l y  20 w e l l s  and occupy ing  a p p r o x i m a t e l y  1 . 0  
a c r e .  The o r e  body a t  t h e  second w e l l  f i e l d  was mined f o r  about  9 
months.  F o l l o w i n g  m i n i n g  o p e r a t i o n s ,  t h e  ammonia c o n c e n t r a t i o n  i n  t h e  
ore-zone a q u i f e r  was ove r  700 mg/E i n  t h e  f i r s t  w e l l  f i e l d  and ove r  
3,000 mg/t i n  t h e  s e c o ~ d .  Consequent ly ,  r e s t o r a t i o n  was geared toward  
ammonia removal .  

Numerous a t t e m p t s  were made t o  r e s t o r e  wa te r  q u a l i t y  i n  t h e  
ore-zone a q u i f e r  a t  t h e  mine t o  b a s e l i n e  c o n d i t i o n s .  R e s t o r a t i o n  o f  
t h e  f i r s t  w e l l  f i e l d  commenced w i t h  t r a n s f e r  o f  l i x i v i a n t  t o  t h e  
second w e l l  f i e l d .  A t o t a l  o f  abou t  3 . 5 ~ 1 0 "  2 (9 .2x lO"a l )  o f  
s o l u t i o n ,  o r  about. 5 . 4  po re  volumes, were pumped f rom t h e  f i r s t  w e l l  
f i e l d  o r e  zone. T h i s  p rocedure  produced a  p a r t i a l  ground wa te r  sweep 
o f  t h e  mined a rea .  Ground wa te r  sweeping i s  a  h y d r a u l i c  method o f  
r e s t o r a t i o n  wh ich  removes con tamina ted  ground wa te r  f rom t h e  mined 
p o r t i o n  o f  t h e  a q u i f e r  and r e p l a c e s  i t  w i t h  f r e s h  ground wa te r  f rom 
s u r r o u n d i n g    or ti ons o f  t h e  aqu i  fe i - .  A genera l  i lnprovement i r~ qround 
w a t e r  q u a l j t y  r e s u l t e d  f rom t h i s  p roce3k~re .  Ammonia conce t i t ra t i o r?s  
were reduced t o  about  420 mg/:, howevel, t h i s  c o n c e n t r a t i o n  was s t i l l  
w e l l  above b a s e i i n e  A more complete ground wa te r  sweep was 
i m p r a c t i c a l  because no e v a p o r a t i o n  ponds had been c o n s t r u c t e d  a t  t h e  
s i t e  t o  c o n t a i n  t h e  q u a n t i t y  o f  w a t e r  which would be produced by an 
extended ground wa te r  sweep. 

Clean w a t e r  r e c i r c u l a t i o n  w i t h  t r e a t m e n t  by c a t i o n  exchange was 
employed subsequent t o  t h e  l i x i v i a n t  t r a n s f e r .  The purpose o f  t h i s  
a d d i t i o n a l  e f f o r t  was t o  reduce t h e  c o n c e n t r a t i o n s  o f  ammonium (NH4+) 
and uranium i n  t h e  ground w a t e r .  I n  t h i s  wa te r  t r e a t m e n t  method, 
s o l u t i o n s  were pumped f rom t h e  o r e  zone, r u n  t h r o u g h  two i o n  exchange 
columns (one f o r  uran ium removal and one f o r  ammonium remova l )  and 
r e i n j e c t e d  i n t o  t h e  o r e  zone. However, t h e  l ower  pH wa te r  i n j e c t e d  
i n t o  t h e  o r e  zone d i s s o l v e d  c a l c i u m  f rom t h e  h o s t  sandstone;  i nc reased  
c a l  c i  um c o n c e n t r a t i o n s  r e s u l t e d  i n  t h e  d i sp lacemen t  o f  ammoni um and 
hydrogen i o n s  by  c a l c i u m  i n  t h e  c a t i o n  exchange r e s i n  and i n  t h e  
p r o d u c t i o n  zone c l a y s .  T h i s  s e r i e s  o f  chemic31 c h a ~ g e s  r e s u l t e d  i n  an 
i n c r e a s e  i n  ammonia c o n c e n t r a t i o n  i n  t h e  a q u i f e r  f rom 420 t o  630 mg l i  . 
T h i s  method was abandoned a f t e r  abou t  2 . 8 ~ 1 0 ~  2 (7.5xlO"al) o f  wa te r  
were t r e a t e d  by  c a t i o n  exchange. It i s  no tewor thy  t h a t  t h i s  p rocedure  
i n c r e a s e d  t h e  ammonia c o n c e n t r a t i o n  r a t h e r  t h a n  decreased i t ;  some 
lessons  o b v i o u s l y  can be l e a r n e d  f rom t h i s  exper ience .  



Reverse osmosis techno logy  was u t i l i z e d  n e x t  f o r  r e s t o r a t i o n  o f  
t h e  f i r s t  w e l l  f i e l d .  I n  t h i s  method o f  wa te r  t r e a t m e n t ,  s o l u t i o n s  
were pumped f r ~ m  t h e  o r e  zone and r u n  t h r o u g h  a system wh ich  u t i l i z e s  
membranes t o  c o n c e n t r a t e  d i s s o l v e d  c o n s t i t u e n t s  i n t o  a  waste stream. 
The r e s u l t a n t  c leansed  wa te r  was r e i n j e c t e d  i n t o  t h e  o r e  zone. T h i s  
method was used h r  o n l y  33 days. About 6 .5  p o r e  volumes o f  wa te r  
were t r e a t e d  by r e v e r s e  osmosis. 

Removal o f  ammonia by a i r  s t r i p p i n g  was t h e  f i n a l  method o f  
r e s t o r a t i o n  used a t  t h e  f i r s t  w e l l  f i e l d .  Sodium and/or  po tass ium was 
added t o  ground w a t e r  produced f rom t h e  w e l l  f i e l d  t o  promote t h e  
v o l a t i l i z a t i o n  o f  ammonia. The wa te r  t h e n  was c i r c u l a t e d  t h r o u g h  a n  
a i r  s t r i p p i n g  column t o  a i d  d i s p e r s i o n  o f  ammonia t o  t h e  atmosphere. 
The t r e a t e d  wa te r  was r e i n j e c t e d  i n t o  t h e  o r e  zone f o l l o w i n g  t h i s  
procedure.  A i r  s t r i p p i n g  was d i s c o n t i n u e d  when ammonia 1 eve1 s  
a p p a r e n t l y  had s t a b i l i z e d  a t  25 mg/a. Approx ima te l y  26 p o r e  volumes 
were c i r c u l a t e d  t h r o u g h  t h e  a i r  s t r i p p i n g  c o l  umn and subsequenl. ly 
r e i n j e c t e d .  

A summary o f  t h e  r e s t o r a t i o n  e f f o r t s  conducted a t  t h e  f i r s t  w e l l  
f i e l d  i s  p r e s e n t e d  i n  l a b l e  I. A t o t a l  o f  ove r  42 a q u i f e r  p o r e  
volumes (7 m i l l i o n  g a l l o n s )  o f  ground w a t e r  were removed oi- t r e a t e d  i r r  
t h e  a t t e m p t s  t o  r e s t o r e  t h e  f i r s t  we1 1 f i e l d .  A l though  these  e f f o r t s  
reduced s i g n i f i c a n t l y  t h e  c o n c e n t r a t i o n  o f  ammonia i n  t h e  a q u i f e r ,  
w a t e r  qua1 i t y  d a t a  f o r  a  s i x  month p o s t - r e s t o r a t i o r l  s t a b i  1 i t y  p e r i o d  
i n d i c a t e s  t h a t  average concent , ra t ions o f  TDS, ammonia, a rsen ' c ,  
se len ium,  vanadium, 2Z6Ra and pH exceeded b a s e l i n e  o r  Wyoming 
Department of Env i ronmenta l  Qua1 i t y  Class I (Domest ic)  s tandards .  
Tab le  2 p r e s e n t s  a summary o f  t hese  d a t a .  

TABLE 1 

SUMMARY OF R E S ' T C R A I I O N  

GALLONS PORE TIME NH, 
METHOD (x106)  -- VOLUMES' (days )  -- (N,PI?~)  

Ground Water Sweep 0 . 9  5 . 4  15 4 2 ~ ~  
C a t i o n  Exchange 0.75 4 . 5  11 630 
Reverse Osmosl s  1.1 6 . 5  3 3 140 
A i r  S t r i p p i n g  4 . 4  26 .0  132 2 '7 

l ~ e s t o r a t i o n  was expec ted  t o  r e q u i r e  t r e a t m e n t  o f  2 t o  ? p $ ~ i  v o  \ ~ m e ~ ,  
by r e v e r s e  osmosis, o r  removal o f  up t o  20 pore  v o l ~ ~ ~ n e s  by qi-oanrl 
wa te r  sweep. 



TABLE 2  

PARAMETERS NOT RESTORED TO ACCEPTABLE LEVELS 

AVERAGE POST- 
PARAMETER -- --  BASELINE^ ..- RESTORA~JW 

T o t a l  D isso lved  S o l i d s  (TDS) 
P H 
Ammonia 
Arsen ic  
Sel en i  urn 
Urani  um 
Vanadi urn 
Radi um-226 
Sul f a t e  

l ~ a l u e s  i n  except pH (s tandard  u n i t s )  and Radium-226 ( p C i / a )  

R e s t o r a t i o n  o f  t h e  second w e l l  f i e l d  began w i t h  a i r  s t r i p p i n g  f o r  
ammonia removal. Over 12 pore volumes o f  ground water  were t r e a t e d ;  
ammonia l e v e l s  were reduced from about 3400 t o  185 mg/P. A ground 
water  sweep was then i n i t i a t e d  subsequent t3 t h e  a c q u i s i t i o n  o f  an 
NPDES sur face  d ischarge p e r m i t  f o r  re lease  o f  withdrawn water  
Approximately 1 . 6  pore volumes o f  grourw water  were removed from the  
3 re  zone, c i r c u l a t e d  through i o n  exchange columns t o  reduce 
csntam;nants t o  l e v e l s  p r e s c r i b e d  ny t h e  p e r m i t ,  a n d  discharged t o  the  
sur face .  O v e r a l l  ground water  q u a l i t y  was improved and ammonia l e v e l s  
dropped t o  120 mg/2 f o l l o w i n g  t h i s  s e s t o r a t i o n  wovk. A f t e r  tne  ground 
water  sweep, a i r  s t r i p p i n g  was employed again t o  reduce ammonia. An 
a:ldi: iona? 5 . 6  pore v ~ l u m e s  o f  water  were t r e a t e d  and r e i n j e c t e d  
d u r i n g  t h i s  t ime.  Ground water  sweeping was conducted again t o  reduce 
f u r t h e r  t h e  concent ra t ions  o f  ammonia and o t h e r  contaminants. 
Approximately 7.5x105 J?, (2.Gx105 g a l )  o f  f r e s h  water pumped from an 
a q u i f e r  o v e r l y i n g  the  ore zone were i n j e c t e d  i n t o  the  o re  zone near 
t h e  end o f  t .his l a s t  phase o f  r e s t o r a t i o n  o f  t h e  second w e l l  f i e l d  i n  
a  f i n a l  a t tempt  t o  reduce ammonia concent ra t ions  i n  l o c a l i z e d  areas. 

Ammonia l e v e l s  averaged 2.54 rng/R a t  the  end o f  the  second w e l l  
f i e l d  r e s t o r a t i o n  a c t i v i t i e s .  A  t o t a l  o f  over 22 a q u i f e r  pore volumes 
( 2 0 0 ~  M i l l i o n  l i t r e )  were t r e a t e d  o r  removed i n  a t tempt ing  t o  r e s t o r e  
t he  ore zone. Al though t h e  ammonia concent ra t ion  was reduced t o  2 .54  
mg/L, s i x  months o f  p o s t - r e s t o r a t i o n  s t a b i  1  i t y  m o n i t o r i n g  i n  t h e  
second w e l l  f i e l d  i n d i c a t e d  t h a t  ammonia, TDS, selenium, uranium, 
s u l f a t e ,  pH and 2Z6Ra concent ra t ions  con t inued t o  exceed base l ine  
and/or domestic q u a l i t y  s tandards.  Furthermore,concentrations o f  
ammonia, selenium and uranium i n  t h e  second w e l l  f i e l d  were observed 
t o  be i n c r e a s i n g  d u r i n g  the  s t a b i l i z a t i o n  p e r i o d  (F igure  2). 
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FIGURE 2. CONCENTRATIONS OF AMMONIA AND URANIUM 
AFTER RESTORATION CEASED. 

P o s s i b l e  E x p l a n a t i o n s  f o r  R e s t o r a t i o n  Problems 

Numerous p o s s i b l e  e x p l a n a t i o n s  may be o f f e r e d  f o r  t h e  prob lems 
encoun te red  i n  r e s t o r a t i o n  a t  t h i s  i n  s i t u  mine. The case rnajl be made 
t h a t  b e s t  p r a c t i c a b l e  techno logy  was n o t  u t i  1 i zed i n  t h e  r e s t o r - a t i o n  
a t t e m p t s .  The absence o f  an e v a p o r a t i c n  pot id a t  t h e  s i t e  prec l r i t ie r l  
c o n d u c t i  ng an e x t e n s i v e  ground wa te r  sweep; t h i  s  niettiod has t;eer? 
s u c c e s s f u l  a t  o t h e r  i n  s i t u  mines.  A d d i t i o n a l l y ,  t h e  enphas;\ on 
ammonia r e d u c t i o n  l e d  t o  r e 1  iar lce on t h e  a i r  s t r i p p i  rig t , e ~ . h ~ ~ i c l l ~ e .  
Wh i le  t h e  method i s  e f f e c t i v e  a t  ammonia r e d u c t i o n ,  i t  does l i t t i e  o r  
n o t h i n g  i n  r e d u c i n g  concen t r ,a t i ons  c f  o t h e r  d i  sso l \ i ed  contarni nant,s 
r e s u l t i n g  f rom i n  s i t 11  uraniurn m i n i  rig. Reverse osmosis and 
e l e c t r o d i a l y s i  s  water, t r e a t m e n t  techr?!'ques have beer! used success fu l  l y  
a t  some i n  s i t 11  mines t o  reduce t h e  fil l 1 s l ; ~ c t r ~ r m  o f  con tami~ ia r .~ ts .  



Another  p o s s i b l e  e x p l a n a t i o n  o f  t hese  d i f f i c u l t i e s  may be t h a t  
cornp; ex hydrogeol  o g i c a l  cond i  t i  ons a t  t h e  s i t e  have compl i c a t e d  t h e  
r e s t o r a t i o n  e f f o r t s .  Leaky a q u i f e r / a q u i t a r d  systems a r e  n o t  uncommon 
a t  i n  s i t u  mine s i t e s .  I d e a l l y ,  t h e  o r e - b e a r i n g  sandstone a q u i f e r  i s  
o v e r l a i n  and u n d e r l a i n  by " impermeable" sha le  o r  c l a y  u n i t s .  I t  i s  
p o s s i b l e ,  however, t h a t  t h e  a q u i t a r d s  a t  t h e  s i t e  have s u f f i c i e n t  
h y d r a u l i c  c o n d u c t i v i t y  and s p e c i f i c  s to rage  t o  t a k e  l i x i v i a n t  i n t o  
s t o r a g e  d u r i n g  m i n i n g  o p e r a t i o n s .  When h y d r a u l i c  g r a d i e n t s  a r e  
r e v e r s e d  by r e s t o r a t i o n  o p e r a t i o n s ,  l i x i v i a n t  and d i s s o l v e d  
c o n s t i t u e n t s  may b l e e d  s l o w l y  back i n t o  t h e  a q u i f e r  ( F i g u r e  3 ) .  T h i s  
i n t e r p r e t a t i o n  c o u l d  e x p l a i n  t h e  g radua l  i nc rease  i n  con taminan t  
c o n c e n t r a t i o n s  observed a f t e r  r e s t o r a t i o n  o p e r a t i o n s  ceased a t  t h e  
mine d i scussed  above. T h i s  phenomenon has been observed a t  o t h e r  i n  
s i t u  mines a l s o .  

H e t e r o g e n e i t y  and a n i s o t r o p i c  c o n d i t i o n s  w i t h i n  t h e  ore-zone 
sandstone a q u i f e r  m i g h t  be c o m p l i c a t i n g  r e s t o r a t i o n  e f f o r t s  a l s o .  
Complex v e l o c i t y  f i e l d s  w i t h i n  t h e  a q u i f e r  would r e s u l t  f rom such 
c o n d i t i o n s ?  and l i x i v i a n t  c o u l d  m i g r a t e  i n  p r e f e r r e d  d i r e c t i o n s  d u r i n g  
m i n i n g  a l o n g  zones o f  h i g h  h y d r a u l i c  c o n d u c t i v i t y .  A d d i t i o n a l l y ,  
! i x i v i a n t  may be f o r c e d  t h r o u g h  zones o f  l ower  h y d r a u l i c  c o n d u c t i v i t y  
under  r e v e r s e d  h y d r a u l i c  g r a d i e n t s  induced by r e s t o r a t i o n  a c t i v i t i e s .  
The r e s u l t  would be i n e f f i c i e n t  removal o f  l i x i v i a n t  and contaminated 
ground w a t e r  f rom t h e  mined a q u i f e r .  

'g contominoted zone not to scale 
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FIGURE 3. LlXlVlANT RELEASED FROM STORAGE IN 

COMPRESSIBLE AQUITARDS. 



Recommendations f o r  M i n i m i z i n g  R e s t o r a t i o n  Problems 

Thorough c h a r a c t e r i z a t i o n  o f  t h e  hyd rogeo logy  a t  an i n  s i t u  mine 
s i t e  i s  e s s e n t i a l  t o  ensure a  s u c c e s s f u l  p r o j e c t .  Once t h e  
c o m p l e x i t i e s  o f  t h e  h y d r o s t r a t i g r a p h y  a r e  i d e n t i f i e d ,  m i n i n g  and 
r e s t o r a t i o n  o p e r a t i o n s  can be p lanned  w i t h  t h e s e  c o n s i d e r a t i o n s  i n  
mind. E x t e n s i v e  b o r e h o l e  geophys ica l ,  d a t a  o f t e n  a r e  n o t  c o l l e c t e d  a t  
i n  s i t u  mines. G iven  t h e  f a c t  t h a t  numerous bo reho les  a r e  d r i l l e d  a t  
a  s i t e  f o r  w e l l  i n s t a l l a t i o n ,  e f f o r t  s h o u l d  be made t o  o b t a i n  s e v e r a l  
i m p o r t a n t  geophys ica l  l o g s  f rom t h e  bo reho les .  These d a t a  can a i d  
g r e a t l y  i n  d e l i n e a t i n g  h e t e r o g e n e i t i e s  and s t r u c t u r a l  d i s c o n t i n u i t i e s  
wh ich  may a f f e c t  m i n i n g  and r e s t o r a t i o n  a c t i v i t i e s .  S o p h i s t i c a t e d  
hyd rogeo log ic  t e s t i n g  methods and d a t a  a n a l y s i s  techn iques  s h o u l d  be 
u t i  1  i zed t o  de te rm ine  t h e  e x i  s tence  o f  1  eakage and a n i  s o t r o p i  c  
c o n d i t i o n s .  H y d r a u l i c  p r o p e r t i e s  o f  a q u i t a r d s  as w e l l  as a q u i f e r s  
shou ld  be de te rm ined  by f i e l d  t e s t i n g  a t  each i n  s i t u  s i t e .  

M u l t i p l e  we1 1  a q u i f e r  pumping t e s t s  s t r e s s  r e l a t i v e l y  l a r g e  
p o r t i o n s  o f  t h e  hyd rogeo log ic  system under  i n  s i t u  c o n d i t i o n s .  
Methods f o r  e v a l u a t i n g  1  eaky a q u i f e r  c o n d i t i o n s  i n c l u d e  those  
d e s c r i b e d  by  Hantush and Jacob (1955), Hantush (1960), and Neuman and 
Wi therspoon (1972). These methods g e n e r a l l y  u t i l i z e  o b s e r v a t i o n  w e l l s  
completed i n  t h e  o r e - b e a r i n g  a q u i f e r  and i n  o v e r l y i n g  and u n d e r l y i n g  
a q u i t a r d s ;  v e r t i c a l  h y d r a u l i c  c o n d u c t i v i t y  o f  t h e  a q u i t a r d s  can be 
e s t i m a t e d  and wa te r  s u p p l i e d  f rom leakage can be d e t e c t e d  u s i n g  t h e s e  
methods. P l o t s  o f  drawdown d a t a  vs.  t i m e  t h a t  match t h e  Hantush and 
Jacob (1955) t y p e  cu rves  u s u a l l y  i n d i c a t e  s i g n i f i c a n t  v e r t i c a l  leakage 
f rom o v e r l y i n g  and/or  u n d e r l y i n g  a q u i f e r s  occu rs  under  pumping 
c o n d i t i o n s .  S i m i l a r l y ,  d a t a  p l o t s  t h a t  match t h e  Hantush (1960) 
m o d i f i e d  t y p e  cu rves  usual  1  y  i n d i  c a t e  t h a t  w a t e r  i s  r e 1  eased f rom 
s t o r a g e  w i t h i n  c o n f i n i n g  aqu i  t a r d s .  The a b i  1  i t y  o f  aqu i  t a r d s  t o  
r e 1  ease w a t e r  f rom s t o r a g e  under pumping c o n d i t i o n s  i n d i c a t e s  t h a t  
l i x i v i a n t  may be d r i v e n  i n t o  t h e  a q u i t a r d s  d u r i n g  m i n i n g  and i t  may 
b l e e d  s l o w l y  back i n t o  t h e  a q u i f e r  d u r i n g  and a f t e r  r e s t o r a t i o n .  
Q u a n t i f i c a t i o n  o f  t h e  v e r t i c a l  h y d r a u l i c  c o n d u c t i v i t y  o f  a q u i t a r d s  can 
g i v e  an i n d i c a t i o n  o f  t h e  degree t o  wh ich  l i x i v i a n t  w i l l  i n f i l t r a t e  
t h e  c o n f i n i n g  u n i t s  d u r i n g  m i n i n g .  Under i d e a l  h y d r o s t r a t i g r a p h i c  
c o n d i t i o n s  t h i s  p rob lem shou ld  n o t  o c c u r ;  b u t  i f  c o n f i n i n g  u n i t s  a r e  
compress ib le ,  permeable o r  d i s c o n t i n u o u s  l i x i v i a n t  can be s t o r e d  
w i t h i n  them o r  move t h r o u g h  them t o  o v e r l y i n g  o r  u n d e r l y i n g  a q u i f e r s  
where l i x i v i a n t  may be s t o r e d .  

The r a t i o  o f  h o r i z o n t a l  t o  v e r t i c a l  h y d r a u l i c  c o n d u c t i v i t y  
( a n i s o t r o p y )  o f  t h e  ore-zone a q u i f e r  may be de te rm ined  by a q u i f e r  
t e s t i n g  u s i n q  t h e  method o f  Weeks (1969) .  T h i s  method o f  a n d l y s i s  
i ~ t i l i z e s  drawdown d a t a  c o l l e c t e d  f rom p a r t i a l l y  p e n e t r a t i n g  
p iezomete rs  o r  o b s e r v a t i o n  we1 1  s  near' a  p a r t i a  l l y  p e n e t r a t i n g  pumping 
w e l l  and can be a p p l i e d  t o  uncon f ined  and c o n f i n e d  ore-zone a q u i f e r s .  
Knowledge o f  a n i s o t r o p y  may be used t o  model t h e  expec ted  d i s t r i b u t i o n  
of 1 i x i v i  a n t  t h r o u q h o u t  t h e  a q u i f e r  d u r i n g  m i n i n g ,  and r e s t o r a t i o n  
o p e r d t i  ons can be t a i  1  or-ed a c c o r d i n g l y  t a k i n g  such a i i i  s o t r o p y  i n t o  
account-. 



F i n a l l y ,  s u f f i c i e n t  impoundment c a p a c i t y  should be a v a i l a b l e  t o  
f a c i l i t a t e  ground water  sweeping. Al though methods of water  t rea tment  
may be u t i l i z e d  a l s o ,  t h i s  h y d r a u l i c  method has been demonstrated t o  
be an e f f e c t i v e  means o f  a q u i f e r  r e s t o r a t i o n .  An evapora t ion  pond 
must be cons t ruc ted  a t  t h e  s i t e  f o r  t h i s  technique t o  be an o p t i o n .  

Unfo r tuna te ly ,  such s o p h i s t i c a t e d  hydrogeologic t e s t i n g  and 
geophysical  l o g g i n g  techniques have n o t  been u t i l i z e d  a t  many i n  s i t u  
p r o j e c t s  i n  t h e  pas t .  T y p i c a l l y ,  hydrogeologic t e s t i n g  has emphasized 
d e t e r m i n a t i o n  o f  d i r e c t i o n a l  t ransmi s s i v i  t i e s  o f  the  o re -bear i  ng 
a q u i f e r  i n  t h e  h o r i z o n t a l  p lane  ( n o t  t h e  v e r t i c a l  p lane)  t o  guide 
placement of i n j e c t i o n  and recovery w e l l s  t o  maximize uranium recovery 
e f f i c i e n c y .  Geophysical l o g g i n g  i s  used ma in ly  t o  i d e n t i f y  
o re -bear ing  hor izons i n  t h e  h o s t  sandstones. I n  view o f  t h e  problems 
assoc ia ted  w i t h  a q u i f e r  r e s t o r a t i o n  a f t e r  i n  s i t u  m in ing  as 
demonstrated by the  preceeding d iscuss ion ,  and i n  view o f  t h e  obvious 
r e l a t i o n s h i p  o f  hydrogeologic c o n d i t i o n s  t o  these problems, i t  seems 
1  i k e l y  t h a t  thorough de te rmina t ion  o f  the  hydraul  i c  p r o p e r t i e s  o f  
a q u i t a r d s  and o f  ore-zone a q u i f e r s  a t  p o t e n t i a l  mine s i t e s  wi 11 
enhance t h e  e f f e c t i v e n e s s  o f  r e s t o r a t i o n  and b e n e f i t  the  i n  s i t u  
m in ing  process i n  general .  I n  t h e  long  run,  the  economics o f  i n  s i t u  
m in ing  w i l l  be enhanced by such t e s t i n g  because the  c o s t  o f  ore-zone 
a q u i f e r  r e s t o r a t i o n  w i l l  be reduced. 
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