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SUMMARY 
n 

The s tudy  of  r o l l - t y p e  d e p o s i t s  du r ing  t h e  p a s t  20 yea r s ,  s i n c e  t h e  f i r s t  
d e s c r i p t i o n  of  a d e p o s i t  i n  t h e  United S t a t e s ,  has  developed g e n e r a l  concepts  
of o r e  format ion  which are accepted widely and are compatible  wi th  a v a i l a b l e  
d a t a .  I f  t h i s  were n o t  t h e  case t h e  concepts  would no t  have endured and could 
n o t  have been so  s u c c e s s f u l l y  app l i ed  t o  e x p l o r a t i o n  u s i n g  t h e  r e l a t i o n s  of  
a l t e r ed -una l t e red  sandstone.  The comparative s i m p l i c i t y  o f  t h e  model, and t h e  
ease w i t h  which i t  has  been app l i ed  t o  e x p l o r a t i o n  have, oddly enough, prob- 
ab ly  i n h i b i t e d  d e t a i l e d  s t u d i e s  o f  ore d i s t r i c t s  t h a t  would have provided d a t a  
now needed f o r  re f inement  of o r e  c o n t r o l s  f o r  e x p l o r a t i o n  and r e source  assess- 
ment programs. 
t h e  S h i r l e y  Basin (Harshman, 1972)  which i s  drawn on h e a v i l y  i n  t h i s  r e p o r t .  

The most thorough s tudy  of a ro l l - type  d i s t r i c t  w a s  t h a t  of 

The gene ra l  concept of r o l l - t y p e  formation provides  a s t r o n g  b a s i s  f o r  the 
development of geo log ica l  obse rva t ions  and guides ,  o r  r e c o g n i t i o n  cr i ter ia ,  
f o r  r e source  s t u d i e s  and exp lo ra t ion .  Indeed, i n d u s t r y  h a s  been developing 
and u s i n g  them f o r  20 years .  A s  t h e  o b j e c t i v e  of  t h i s  s tudy  w a s  t o  i d e n t i f y  
t h e  most u s e f u l  r ecogn i t ion  c r i t e r i a  and develop a method f o r  t h e i r  sys t ema t i c  
u se  i n  r e source  s t u d i e s  and exp lo ra t ion ,  t h e  s tudy  i s  b e s t  summarized by r e f -  
e r ence  t o  t h e  important  geo log ica l  obse rva t ions  about  r o l l - t y p e  d e p o s i t s .  

Source of  Uranium 

(1) The source  of  t h e  uranium i n  r o l l - t y p e  d e p o s i t s  i s  s t i l l  no t  known wi th  
any c e r t a i n t y .  Although w e  have l ea rned  t o  recognize  leached g r a n i t e s  through 
uranium-lead s t u d i e s  and have i d e n t i f i e d  t h e  a v a i l a b i l i t y  and movement of 
uranium a s s o c i a t e d  wi th  c e r t a i n  t u f f s ,  t h e r e  i s  no assurance  t h a t  t h e  uranium 
i n  any o f  t h e  known d i s t r i c t s  came from any i d e n t i f i e d  source  rock.  

( 2 )  A l l  r o l l - t y p e  d e p o s i t s  of  any consequence occur  i n  proximi ty  t o  rocks  
which a re  cons idered  t o  con ta in  anomalous concen t r a t ions  of  uranium, g e n e r a l l y  
e i t h e r  g r a n i t e s  o r  t u f f s .  I n  some cases, both  u r a n i f e r o u s  g r a n i t e s  and t u f f s  
are present as i n  t h e  v i c i n i t y  of the  Wyoming bas ins ,  increasing one 's  conf i -  
dence t h a t  t h e s e  are  indeed anomalous r eg ions  o r ,  more s p e c i f i c a l l y ,  u r a n i f -  
e rous  provinces .  The  importance of a u r a n i f e r o u s  province,  i . e .  a n  area i n  
which one o r  more important  rock  types  con ta in  anomalously h igh  concen t r a t ions  
o f  uranium, f o r  t h e  formation of uranium d e p o s i t s  i s  deba tab le .  Even w e  are 
n o t  i n  agreement on whether anomalous rocks  are r equ i r ed  f o r  t h e  format ion  of  
a uranium d e p o s i t ,  o r  whether t h e  l each ing  of  normal concen t r a t ions  of uranium 
from, say ,  t u f f s  o r  g r a n i t e s ,  i s  adequate.  

( 3 )  The occurrence  of t u f f s ,  o r  t h e i r  a l t e r a t i o n  products  b e n t o n i t i c  c l a y s ,  
w i th in  t h e  major r o l l - t y p e  d i s t r i c t s  o f  t h e  United S t a t e s  ( i . e . ,  Wyoming and 
Texas) as w e l l  as i n  a s s o c i a t i o n  wi th  o t h e r  major t ypes  of  sandstone d e p o s i t s  
i n  t h e  Colorado P la t eau ,  p r e s e n t s  a s t r o n g  c i r c u m s t a n t i a l  argument t h a t  t hese  
v o l c a n i c l a s t i c  and a i r f a l l  t u f f  d e p o s i t s  were important  t o  t h e  formation of 
t h e  d e p o s i t s .  Th i s  i s  our  b i a s ,  bu t  t h e r e  remains no proof t h a t  t h i s  w a s  t h e  
case .  The r e s o l u t i o n  of t h i s  ques t ion  i s  of g r e a t  importance as i t  could 
s u b s t a n t i a l l y  sharpen t h e  s e l e c t i o n  of p o t e n t i a l  areas. 
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I 

( 4 )  
l a t e d  t o  u r a n i f e r o u s  g r a n i t i c  rocks.  Although t h e  b e s t  examples are no t  
r o l l - t y p e  d e p o s i t s  i n  t h e  c l a s s i c a l  s ense  ( f o r  example, t h e  Sherwood Deposi t ,  
Washington, and t h e  "basal" d e p o s i t s  of Japan) ,  t h e  occurrence of t h e s e  depos- 
i t s  i n  immediate proximity t o  underlying anomalous p lu tons  s t r o n g l y  sugges t s  
t h a t  such rocks  are v i a b l e  sources  f o r  uranium i n  nearby d e p o s i t s .  We accept  
t h i s  as evidence t h a t  such rocks  could equa l ly  supply uranium f o r  r o l l - t y p e  
d e p o s i t s .  

A s  with t h e  t u f f s ,  t h e r e  are uranium d e p o s i t s  which seem s p a t i a l l y  re- 

I Host Rocks 

(1) The f a v o r i t e  hos t  rocks f o r  r o l l - t y p e  type  uranium d e p o s i t s  are a r k o s i c  
and suba rkos i c  sandstones.  Phys ica l  c h a r a c t e r i s t i c s  of t h e s e  sediments,  such 
as t h e i r  p o r o s i t y ,  pe rmeab i l i t y ,  and p h y s i c a l  s u i t a b i l i t y ,  are f avorab le  f o r  
t h e  formation of uranium d e p o s i t s ,  bu t  much more than t h a t ,  t h e  sediments 
r e f l e c t  an e n t i r e  t e c t o n i c ,  erosiozlal  and hydrologic  regime f a v o r a b l e  f o r  t h e  
formation of r o l l - t y p e  d e p o s i t s  and discussed below. Some d e p o s i t s  occur 
w i t h i n  mul t i - s t age  qua r t z - r i ch  sandstones,  t h a t  form p a r t  of f l u v i a l  t o  mar- 

, g i n a l  marine sediments such as occur i n  t h e  Black H i l l s ,  Weld County, Colorado, 
and t h e  Texas Coas t a l  P l a i n .  These types of t a r g e t s  o f f e r  s i g n i f i c a n t  explora- 
t i o n  oppor tun i t i e s .  

( 2 )  Most r o l l - t y p e  d e p o s i t s  occur w i t h i n  interbedded sequences of f l u v i a l  
sandstones and vo lcan ic - r i ch  sediments which were deposi ted without  major t i m e  
o r  e r o s i o n a l  breaks.  These sequences are  t y p i c a l  of Wyoming bas ins .  Other 
d e p o s i t s ,  such as t h o s e  i n  t h e  Black H i l l s  and Weld County, Colorado, occur 
where a vo lcan ic - r i ch  source rock  is  superimposed upon a reduced a q u i f e r .  
t h e  cases c i t e d ,  t h e  source rock i s  of T e r t i a r y  age, t h e  h o s t  rocks  of L a t e  
Cretaceous age,  and t h e  m i n e r a l i z a t i o n  almost c e r t a i n l y  occurred a c r o s s  an 
unconformity. Such geologic  s e t t i n g s  are somewhat more d i f f i c u l t  t o  un rave l  
than t h e  t y p i c a l  Wyoming b a s i n  t a r g e t ,  and t h e r e f o r e  they  o f f e r  some promise 
f o r  t h e  f u t u r e .  On t h e  o t h e r  hand, t h e  d e p o s i t s  t h u s  f a r  discovered tend t o  
be of lower grade and c o n t i n u i t y ,  hence less a t t rac t ive  as e x p l o r a t i o n  t a r g e t s ,  
but  w e  b e l i e v e  t h a t  t h i s  should no t  n e c e s s a r i l y  be t h e  case. 

(3) 
r o l l - t y p e  uranium d e p o s i t s  exerts an enormous i n f l u e n c e  on t h e  formation and 
p o t e n t i a l  of any r o l l - t y p e  d e p o s i t s .  The m a n i f e s t a t i o n s  of d e p o s i t i o n a l  
environment, such as pe rmeab i l i t y ,  t h i ckness ,  areal  e x t e n t ,  ox ida t ion  s t a t e  of 
sediments,  t h e  shapes of sand bodies  and t h e  sequence of i n t e rbedd ing  between 
sands and mudstones, have a l l  been considered important obse rva t ions  i n  uranium 
exp lo ra t ion .  However, it has  been customary t o  s tudy t h e s e  v a r i o u s  f e a t u r e s  
i n  a d i s j o i n t e d  f a s h i o n  t h a t  has  probably i n h i b i t e d  an understanding of t h e i r  
i n d i v i d u a l  and c o l l e c t i v e  importances and t h e  g e n e t i c  r e l a t i o n s  between them. 
Once t h e  d e t a i l e d  obse rva t ions  have been made, it is  important t o  t a k e  t h e  
next  s t e p  and i n t e r p r e t  d e p o s i t i o n a l  environments. W e  see cons ide rab le  v a l u e  
i n  i d e n t i f y i n g  t h e  environment of sediment d e p o s i t i o n  as e a r l y  as p o s s i b l e  i n  
any r e source  s tudy  o r . e x p l o r a t i o n  program, -as ,an important guide t o  e s t i m a t i n g  
t h e  p o t e n t i a l  of an are,a. , A s  discussed a t  
l a r g e l y  on t h e  important work of Galloway and co-workers, sediments depos i t ed  
i n  proximal f a n  o r  suspended-load d e p o s i t i o n a l  regimes are unfavorable  f o r  

I n  

The d e p o s i t i o n a l  environment of h o s t  o r  po ten t i a l -hos t  sediments f o r  

ome l e n g t h  i n  t h e  r e p o r t ,  based 
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major uranium occurrences,  b u t  t h e i r  r e c o g n i t i o n  should guide t h e  sea rch  
toward t h e  b ra ided ,  c o a r s e r  c l a s t i c  sediments w i t h i n  t h e  mid and d i s t a l  f a n  @ and mixed-load sedimentary environments. This approach relies on customary 
l i t h o l o g i c  and sed imen to log ica l  obse rva t ions  augmented by a few a d d i t i o n a l  
measurements and i n t e r p r e t a t i o n s ,  b u t  it y i e l d s  a powerful e a r l y  reconnais- 
sance t o o l  t h a t  can be used when on ly  widely-spaced f i e l d  obse rva t ions  are 
a v a i l a b l e .  

’ ( 4 )  On a somewhat more d e t a i l e d  scale, t h e  c h a r a c t e r i s t i c s  of t h e  sediments 
exert s t r o n g  c o n t r o l  on, f o r  example, t h e  l o c a t i o n  and shape of a l t e r a t i o n  
tongues and their  a s s o c i a t e d  r o l l - t y p e  depos i t s .  Some of t h e s e  sedimentologi- 
cal  c o n t r o l s  might be p r e d i c t e d ,  such as a t  t h e  confluence of two major braided 
streams o r  t h e  f a c i e s - r e l a t i o n s  between a coa r se  a r k o s i c  d i s t a l  f a n  sediment 
and f ine-grained l a c u s t r i n e  environment. Recognition of such sedimentary 
f e a t u r e s  may s u b s t a n t i a l l y  improve r e source  s t u d i e s  and exp lo ra t ion .  Many 
sed imen to log ica l  f e a t u r e s  which have s t r o n g  i n f l u e n c e  on t h e  d e t a i l s  of r o l l -  
t ype  d e p o s i t s  are of such a l o c a l  n a t u r e  as t o  be unpred ic t ab le  i n  reconnais- 
sance work. The development of l a r g e  o rgan ic  t r a s h  pockets  o r  t h e  d i v e r s i o n  
of a major channel around a basement high,  w i l l  produce convolut ions i n  t h e  
boundary of an a l t e r e d  tongue and, commonly, accompanying f a v o r a b l e  v a r i a t i o n s  
i n  t h e  t h i c k n e s s  and grade of t h e  a s soc ia t ed  d e p o s i t .  
p a r t i c u l a r l y  c h a r a c t e r i s t i c  of some d i s t r i c t s  and wi th  experience can be 
a n t i c i p a t e d  o r  perhaps even p r e d i c t e d ,  bu t  they are too  f i n e  s c a l e  f o r  consid- 
e r a t i o n  a t  t h e  reconnaissance s t a g e .  Examples would inc lude  many d e p o s i t s  i n  
t h e  Crooks Gap Dis t r ic t  l o c a t e d  where changes i n  h o s t  rock pe rmeab i l i t y  occur,  
and the  lack of  o r e  c o n t i n u i t y  i n  the sinuous t h i n  sands of the Lance-Laramie 
of Weld County, Colorado. 

These f e a t u r e s  may be 

A l t e r a t i o n  

A l t e r a t i o n  a s s o c i a t e d  wi th  r o l l - t y p e  d e p o s i t s  is  more v a r i a b l e  i n  i t s  h a b i t  
than t h e  s i m p l i c i t y  of t h e  ore-forming mechanism might suggest .  The c o l o r s ,  
mineralogy, w id ths ,  and sequences of a l t e r a t i o n  types  va ry  s i g n i f i c a n t l y  
between d i s t r i c t s  and t o  some e x t e n t  even w i t h i n  d i s t r i c t s .  Whereas some of 
t he  v a r i a t i o n s  are due t o  the super-posi t ion of late oxidizing events on o l d e r  
a l t e r a t i o n  p a t t e r n s  r e l a t e d  t o  r o l l - t y p e  d e p o s i t  formation,  t h e r e  appear t o  be 
i n h e r e n t  d i f f e r e n c e s  i n  the  a l t e r a t i o n  a s s o c i a t e d  wi th  o r e  formation.  All t h e  
p a t t e r n s  can b e  recognized wi th  some experience,  bu t  t h e  v a r i e t y  i n d i c a t e s  we  
have n o t  y e t  s een  a l l  types.  This  sugges t s  t h a t  improved techniques f o r  
r ecogn iz ing  a l t e r a t i o n ,  p a r t i c u l a r l y  on bases  o t h e r  than c o l o r ,  should be 
developed so t h a t  r e source  s t u d i e s  and e x p l o r a t i o n  w i l l  no t  be undermined by 
r e l a t i o n s  n o t  y e t  apprec i a t ed .  It may be t h a t  ou r  f a i l u r e  t o  d i scove r  new 
r o l l - t y p e  d i s t r i c t s  i n  r e c e n t  y e a r s  i s  due, i n  p a r t ,  t o  ou r  preoccupat ion wi th  
t h e  e a s i l y  recognized a l t e r a t i o n  types  of known d i s t r i c t s  which may w e l l  n o t  
c h a r a c t e r i z e  as  y e t  undiscovered d i s t r i c t s .  Some of t h e  observed p a t t e r n s  are 
b r i e f l y  desc r ibed  below. 

. (1) The t y p i c a l  h e m a t i t i c  o r  pink a l t e r a t i o n s  so g e n e r a l l y  thought of  i n  
connect ion w i t h  r o l l - t y p e  a l t e r a t i o n  i s  t y p i c a l  of t h e  Powder River Basin and 
Black H i l l s  d e p o s i t s  as w e l l  as t h o s e  i n  the’Kaycee area, Wyoming, and Weld 
County, Colorado. 



( 2 )  
a l t e r e d  sands i n  t h e  G a s  H i l l s  and Crooks Gap Dis t r ic t s ,  both no tab ly  irmnedi- 
a t e l y  ad jacen t  t o  t h e  G r a n i t e  Mountains. 
Basin,  t h u s  f a r  only explored i n  subsu r face ,  are r epor t ed  t o  c o n t a i n  cream o r  
gray a l t e r a t i o n  zones of v a r i a b l e  b u t  cons ide rab le  width between t h e  r o l l  
f r o n t  and a t r a i l i n g  zone of r e d ,  t a n ,  and ye l lowish  i r o n  oxides  f a r t h e r  updip 
w i t h i n  t h e  a l t e r e d  sandstone. I n  t h e  S h i r l e y  Basin t h e  a l t e r e d  sandstone i s  
c h a r a c t e r i z e d  by a greenish-yellow t o  yel lowish c o l o r  due t o  t h e  presence of 
i ron-bearing c l a y  and t h e  absence of i r o n  oxides .  
t h a t  t h e s e  two d i s t r i c t s  are marginal  t o  t h e  Gran i t e  Mountains, b u t  somewhat ' 

more d i s t a n t  t han  t h e  Gas H i l l s  and Crooks Gap D i s t r i c t s .  

A l t e r a t i o n  desc r ibed  as "bleached" i s  c h a r a c t e r i s t i c  of most of t h e  

The d e p o s i t s  of t h e  Great Divide 

It is  perhaps important 

n 

( 3 )  
bleached zone bu t  f o r  t he  sequence of a l t e r a t i o n  zones p re sen t  i n  t h e  a l t e r e d  
tongues. I n  g e n e r a l  t h e  p a t t e r n ,  i n t e r p r e t e d  from d r i l l i n g  d a t a  and s u b j e c t  
t o  subsu r face  confirmation,  sugges t s  concen t r a t ions  of orange f e l d s p a r  and 
iron-oxide s t a i n e d  c l a s t s  s e p a r a t i n g  t h e  o r e  of t h e  r o l l  f r o n t  from t h e  
bleached g ray  o r  cream zones of t h e  a l t e r e d  sandstone which i n  t u r n  g i v e s  way 
f a r t h e r  updip w i t h i n  t h e  a l t e r e d  Songue t o  r e d ,  t a n ,  and yel lowish sands.  
These zones are hundreds of f e e t  wide and t h e i r  widths  are be l i eved  t o  b e  
r e l a t e d  t o  sympathetic changes i n  t h e  width and grade of t h e  d e p o s i t  i t s e l f .  

The d e p o s i t s  of t h e  Great Divide Basin are unusual n o t  only f o r  t h e i r  

( 4 )  F i n a l l y ,  t h e  d e p o s i t s  of several d i s t r i c t s  d i s p l a y  r e l a t i v e l y  t h i n  zones 
of l i m o n i t e  o r  goe th i t e - s t a ined  sands immediately ad jacen t  t o  t h e  r o l l  f r o n t .  
These zones may be a few inches  t o  several t e n s  of f e e t  wide and are be l i eved  
t o  b e  t h e  product of r e c e n t  ground water movement which has  oxidized p a r t  of 
t h e  d e p o s i t ,  an  i n t e r p r e t a t i o n  which f i n d s  b a s i s  i n  s t r o n g  d i s e q u i l i b r i u m  and 
p a r t i c u l a r l y  i n  t h e  presence of "no-count ore". D i s t r i c t s  d i s p l a y i n g  t h e s e  
f e a t u r e s  inc lude  those  of t h e  Powder River Basin,  Gas H i l l s ,  Black H i l l s ,  and 
Weld County, Colorado. 

Ore Habi ts  

(1) The shape of r o l l - t y p e  d e p o s i t s  i s  s t r o n g l y  c o n t r o l l e d  by t h e  hydrology 
of t h e  h o s t  rocks which is  i n  t u r n  c o n t r o l l e d  by t h e i r  environments of deposi-  
t i o n .  I n  t h e  s i m p l e r  cases, t h e  shape i s  r e l a t e d  t o  t h e  hydrology of a s i n g l e  
d e p o s i t i o n a l  u n i t ,  whereas i n  o t h e r  cases t h e  presence of angu la r  unconformi- 
t i e s ,  scouring of one channel i n t o  ano the r ,  and r e l a t e d  sedimentological  fea-  
t u r e s  complicate  but  commonly improve t h e  o r e  d e p o s i t .  These f e a t u r e s  may 
occur on r e g i o n a l  o r  l o c a l  scales, hence, may be d e t e c t a b l e  wi th  reconnais-  
sance s c a l e  information o r  may be def ined only during o f f s e t  d r i l l i n g .  

( 2 )  There are s t r o n g  i n d i c a t i o n s  t h a t  t h e  d i s t r i b u t i o n  of r e d u c t a n t s  e x e r t s  a 
s t r o n g  i n f l u e n c e  on t h e  formation and h a b i t  of r o l l - t y p e  d e p o s i t s .  The depos- 
i t s  i n  t h e  Great Divide Basin and t h e  Beverley d e p o s i t ,  South A u s t r a l i a ,  seem 
t o  p r e f e r e n t i a l l y  form t a b u l a r  uranium occurrences a g a i n s t  underlying carbona- 
ceous-rich s h a l e s .  I n  t h e  Great Divide Basin c r e s c e n t i c  r o l l  f r o n t s  are a l s o  
important ,  bu t  t hey  have n o t  been recognized i n  t h e  Beverley d e p o s i t .  There i s  
a l s o  some i n d i c a t i o n  t h a t  t h e  d e p o s i t s  i n  t h e  Gas H i l l s  develop more limb 
m i n e r a l i z a t i o n  a g a i n s t  carbonaceous-rich s h a l e s  and t h e  r o l l  f r o n t s  i n  t h e  
Yarramba d e p o s i t ,  South A u s t r a l i a  occur a t  t h e  margins of i n c i s e d  and oxidized 
channels  a g a i n s t  t h e  enclosing carbonaceous s h a l e s .  These obse rva t ions  
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sugges t  t h a t  had n o t  t h e  extremely carbonaceous s h a l e s  been p resen t ,  a t  least 
t h e  h a b i t  of t h e  r e s u l t i n g  r o l l  f r o n t s  would have been d i f f e r e n t ,  o r  perhaps 
they  would have been destroyed a l t o g e t h e r .  Considerable  a t t e n t i o n  should be 
paid t o  t h e  h a b i t  of carbon d i s t r i b u t i o n  w i t h i n  p o t e n t i a l  h o s t  sediments.  

(3)  There are a l s o  s t r o n g  i n d i c a t i o n s  t h a t  t h e  amount and d i s t r i b u t i o n  of 
r e d u c t a n t s  w i t h i n  t h e  hos t  sands g r e a t l y  a f f e c t  t h e  h a b i t  of o r e .  
Great Divide Basin,  f o r  example, t h e  width of t h e  v a r i o u s  a l t e r a t i o n  zones of 
t h e  a l t e r e d  tongue seem t o  re la te  t o  t h e  width and t enor  of t h e  r o l l  f r o n t .  
I n  t h e  Powder River Basin,  i t  has  been r epor t ed  t h a t  where t h e  r o l l  f r o n t  i s  
wide i t  tends t o  be of low grade and vice ve r sa .  
seems l i k e l y  tha t  the width-grade relations within a roll f r o n t  will be con- 
t r o l l e d  by t h e  reducing c h a r a c t e r i s t i c s  of t h e  u n a l t e r e d  sandstone,  t h e  r a t e  
of ground water flow, and t h e  o x i d i z i n g  c a p a c i t y  of t h e  introduced ground 
waters. 
rates ( inf luenced by low d i p s  and r e s t r i c t e d  t r a n s m i s s i v i t y )  should y i e l d  
sha rp ,  narrow, high-grade d e p o s i t s .  By c o n t r a s t ,  t h e  combination of low 
c o n c e n t r a t i o n s  of r e d u c t a n t s ,  h igh  t r a n s m i s s i v i t y ,  and steeper d i p s  should pro- 
duce broader  more d i f f u s e  r o l l  f r o n t s .  I n s o f a r  as t h e s e  f e a t u r e s  are con- 
t r o l l e d  by measurable c h a r a c t e r i s t i c s  of t h e  h o s t  sediments,  improved pre- 
d i c t i o n  of o r e  types  should be p o s s i b l e ,  bu t  d a t a  t o  confirm t h e s e  supposi-  
t i o n s  o r  develop b e t t e r  ones are no t  c u r r e n t l y  a v a i l a b l e .  

I n  t h e  

Although d a t a  i s  l ack ing ,  it 

Abundant o rgan ic  material and/or  p y r i t e  and slow ground water f low 

Recognit i o n  Criteria 

(1) 
r e f e r  t o  as r e c o g n i t i o n  c r i te r ia .  The use  of such obse rva t ions  t o  draw i n f e r -  
ences about f a v o r a b i l i t y  has  been employed f o r  decades,  bu t  i n  an informal  way. 
Informal methods w i l l  cont inue t o  be p a r t  of any i n t e r p r e t i v e  p rocess ,  and w e  
b e l i e v e  t h i s  t o  be appropr i a t e .  We see m e r i t ,  however, i n  a t t empt ing  t o  
i d e n t i f y  those  geologic  c r i t e r i a  t h a t  are t h e  most important gu ides  t o  r o l l -  
t ype  d e p o s i t s  and e s t a b l i s h  a t  least  t h e i r  re la t ive  importances.  

A method i s  presented f o r  o rgan iz ing  geologic  obse rva t ions  i n t o  what we  

(2)  Recognition c r i t e r i a  are presented f o r  t h e  a p p r a i s a l  of areas f a v o r a b l e  
f o r  t h e  occurrence of r o l l - t y p e  d e p o s i t s .  Each c r i t e r i o n  has  v a r i o u s  condi- 
t i o n s  o r  s ta tes  of re la t ive  f a v o r a b i l i t y  and u n f a v o r a b i l i t y ,  and most incorpo- 
r a t e  r e f e r e n c e  t o  several types  of geologic  obse rva t ions .  
are new; i n  f a c t ,  they seem pedan t i c  and shopworn. However, i n  t h e  p rocess  of 
developing t h i s  r e p o r t ,  i n  p a r t i c u l a r  while  a t tempting t o  e s t a b l i s h  t h e  rela- 
t i ve  importance of t h e  v a r i o u s  c r i t e r i a ,  w e  found o u r s e l v e s  t h i n k i n g  about 
many of them d i f f e r e n t l y  than i n  t h e  p a s t ,  and we suspec t  t h a t  some r e a d e r s  
may have similar experiences.  
f o r  t hose  g e o l o g i s t s  expe r t  a t  r o l l - t y p e  d e p o s i t s  who have been u s i n g  them " in  
t h e i r  heads", but  t o  lend some cons i s t ency  t o  s t u d i e s  performed by those  w i t h  
less experience.  

None of t h e  c r i t e r i a  

The r e c o g n i t i o n  c r i te r ia  have n o t  been developed 

(3)' The re la t ive importances assigned t o  t h e  v a r i o u s  r e c o g n i t i o n  c r i t e r i a  are 
s u b j e c t i v e  judgements and w e  would have l i t t l e  argument wi th  comparable but  
d i f f e r e n t  numbers. On t h e  o t h e r  hand, t o  accept  s u b s t a n t i a l l y  d i f f e r e n t  
v a l u e s  would r e q u i r e ,  f o r  u s ,  t h e  p r e s e n t a t i o n  of d a t a  d i f f e r e n t  from t h a t  @ which w e  used. 
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(4) A method is a l s o  presented f o r  accumulating t h e  f a v o r a b i l i t y  of numerous 
r e c o g n i t i o n  cr i ter ia  i n  a simple bu t  sys t ema t i c  f a s h i o n  so t h a t  t h e  re la t ive 
f a v o r a b i l i t y  f o r  a r o l l - t y p e  d e p o s i t  can be est imated.  

(5) The methods p re sen ted  f o r  u s ing  r e c o g n i t i o n  cr i ter ia  s u f f e r  from several 
shortcomings inc lud ing  t h e  non-independence of t h e  r e c o g n i t i o n  c r i te r ia  them- 
selves. While t h e s e  problems d e t r a c t  from t h e  mathematical  and l o g i c a l  r i g o r  
of t h e  method, w e  suspec t  t h a t  t h e  e r r o r s  introduced are w e l l  w i t h i n  e r r o r s  
a s s o c i a t e d  w i t h  t h e  c o l l e c t i o n  and i n t e r p r e t a t i o n  of t h e  geologic  d a t a  i t s e l f .  
Our a t t empt  has  been t o  p r e s e n t  a system which i s  compatible wi th  t h e  q u a l i t y  
of e x i s t i n g  d a t a  b u t  a t  t h e  same t i m e  provides  a u s e f u l  mechanism f o r  working 
wi th  t h e  l a r g e  and complex volume of d a t a  and i n t e r p r e t a t i o n s .  

(6) 
geologic  obse rva t ions ,  t h e  r e s u l t s  should be u s e f u l  as a c h e c k l i s t  f o r  re- 
source  s t u d i e s  and e x p l o r a t i o n  and a b a s i s  f o r  improving upon c u r r e n t  concepts  
and methods. This  f i r s t  a t tempt  undoubtedly h a s  numerous l i m i t a t i o n s  which 
hope fu l ly  w i l l  s t i m u l a t e  improvements by o t h e r s .  

By t y i n g  t h e  r e c o g n i t i o n  cri teria as c l o s e l y  as p o s s i b l e  t o  documented 

Continuing S tud ie s  

Throughout t h i s  compilat ion and i n t e r p r e t a t i o n  of d a t a  f o r  r o l l - t y p e  d e p o s i t s ,  
we have been impressed wi th  t h e  fragmentary n a t u r e  of information on t h i s  
important  t ype  of depos i t .  We have, t h e r e f o r e ,  included sugges t ions  f o r  
con t inu ing  s t u d i e s  t h a t  might improve t h e  e v a l u a t i o n  of p o t e n t i a l  sou rces  and 
h o s t  rocks.  

U. S. P o t e n t i a l  

The numerous m a n i f e s t a t i o n s  of t h e  r o l l - t y p e  mechanism t h a t  l e a d  t o  t h e  forma- 
t i o n  o f  uranium d e p o s i t s  makes u s  o p t i m i s t i c  t h a t  discovery of new d e p o s i t s  
and new d i s t r i c t s  w i l l  occur.  The preoccupat ion wi th  s e t t i n g s  of t h e  Wyoming 
T e r t i a r y  basin-type has  i n h i b i t e d  t h e  sea rch  i n  areas wi th  less obvious poten- 
t i a l .  These areas w i l l ,  none the le s s ,  c o n t a i n  m a n i f e s t a t i o n s  of t h e  recogni- 
t i o n  cri teria d i scussed  i n  t h i s  r e p o r t ,  b u t  w i l l  no t  b e  t h e  obvious shallow, 
exposed types  of t a r g e t s  t y p i c a l  of t h e  Wyoming bas ins .  
w i l l  probably y i e l d  smaller d e p o s i t s ,  bu t  it would be u n j u s t i f i e d  t o  expect 
t h a t  t h e y  w i l l  n e c e s s a r i l y  be low grade, i n  f a c t ,  some of them may be substan- 
t i a l l y  b e t t e r  t han  t h e  customary r o l l - t y p e  d e p o s i t s .  
on t h e  grade and s i z e  of t h e  unusual Lisbon Val ley Dis t r ic t  t o  t a r n i s h  s i g n i f -  
i c a n t l y  t h e  glamour of bo th  t y p i c a l  r o l l - t y p e  d e p o s i t s  and t h e  deep d e p o s i t s  
of t h e  Grants  Mineral  B e l t .  The formation of r o l l - t y p e  d e p o s i t s  i s  c o n t r o l l e d  
by several independent and several r e l a t e d  v a r i a b l e s ,  and t h e r e  should be many 
v a r i a n t s  on t h e  ore-forming scheme t h a t  have no t  y e t  been widely encountered. 

It i s  o u r  hope t h a t  t h i s  e f f o r t  w i l l  r e k i n d l e  i n t e r e s t  i n  t h e  r e -eva lua t ion  of 
both known % r o l l - f r o n t  r eg ions  and those’which, based on imaginat ive i n t e r p r e -  
t a t i o n  o f  t h e  cr i ter ia  p resen ted ,  might j o i n  t h e  ranks of t h e  product ive.  

The new environments 

One has  on ly  t o  r e f l e c t  
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INTRODUCTION 
A 

This  r e p o r t  reviews t h e  geology, genes i s ,  and c o n t r o l s  of r o l l - t y p e  uranium 
d e p o s i t s  f o r  t h e  purpose of  d e s c r i b i n g  those geologic  r e c o g n i t i o n  c r i t e r i a  
which s e e m  most u s e f u l  f o r  t h e  e v a l u a t i o n  of a r e a s  wi th  p o t e n t i a l  f o r  new 
d e p o s i t s .  The review on which t h e  r e p o r t  i s  based i s  p a r t  of t h e  Nat ional  
Uranium Resource Evaluat ion (NURE) program of t h e  U. S .  Department of Energy 
(DOE). 

Roll-type uranium d e p o s i t s  w i l l  be  a major f a c t o r  i n  t h e  domestic uranium 
industry constituting as they do between 40 and 50 percent  of domestic re- 
serves and an a d d i t i o n a l  25 t o  35 pe rcen t  of c u r r e n t  e s t ima ted  U.S. r e sources  
p roduc ib le  a t  forward c o s t s  of $50 o r  less (DOE, 1979) .  The importance of 
t h e s e  d e p o s i t s  has  l e d  t o  i n t e n s i v e  exp lo ra t ion  act ivi t ies  over  t h e  p a s t  15 
y e a r s ,  from which numerous d i s c o v e r i e s  have r e s u l t e d  and much has  been l ea rned  
about t h e  c h a r a c t e r i s t i c s  and d i s t r i b u t i o n  of t h e s e  d e p o s i t s .  

The l i t e r a t u r e  on r o l l - t y p e  d e p o s i t s  i s  rep le te  with d e s c r i p t i o n s  of a s p e c t s  
of i n d i v i d u a l  d e p o s i t s  and i n t e r p r e t a t i o n s  of t h e i r  g e n e s i s  and c o n t r o l s .  
t h e  o t h e r  hand, t h e r e  i s  a pauc i ty  of thorough, sys t ema t i c  s t u d i e s  of i nd iv id -  
u a l  d e p o s i t s  o r  comparisons between d i f f e r e n t  d e p o s i t s .  Much of t h e  r e q u i s i t e  
d a t a  on t h e  composition, mineralogy, e tc . ,  of t h e  h o s t  and probable  source 
rocks  are l a c k i n g  and can on ly  be accumulated through c a r e f u l l y  designed 
geo log ic  s t u d i e s  of cons ide rab le  d u r a t i o n .  This review and s y n t h e s i s  of 
a v a i l a b l e  d a t a  on t h e  be t t e r -desc r ibed  areas, focus ing  on t h e  s i m i l a r i t i e s  and 
d i f f e r e n c e s  of i n d i v i d u a l  d e p o s i t s  and d i s t r i c t s ,  has attempted t o  develop an 
improved set o f  geologic  r e c o g n i t i o n  c r i t e r i a  f o r  purposes of r e source  evalu- 
a t i o n  and e x p l o r a t i o n ,  augmented wherever p o s s i b l e  by information from unpub- 
l i s h e d  sources .  

On 

The p r o j e c t  was o r i g i n a l l y  proposed i n  1978 by t h e  j u n i o r  au tho r  as one p a r t  
of a p r o j e c t  t o  review six major types  of uranium d e p o s i t s  considered t o  have 
s i g n i f i c a n t  p o t e n t i a l  f o r  discovery i n  t h e  United S t a t e s .  It w a s  t h e  i n t e n t  
t o  r e t a i n  t h e  s e r v i c e s  of  s i x  experts, each intimately familiar wi th  one of  
t h e  d e p o s i t  types.  
author was engaged t o  p repa re  the m a j o r i t y  of t h e  descriptive and i n t e r p r e -  
ta t ive material. 
manuscr ipt ,  and developed t h e  r e c o g n i t i o n  c r i t e r i a  s e c t i o n ,  which we t hen  
j o i n t l y  app l i ed  t o  t h e  r o l l - t y p e  d e p o s i t s .  

The c o n t r a c t  was awarded i n  November 1979, and t h e  s e n i o r  

The j u n i o r  author  e d i t e d  and c o l l a b o r a t e d  on p o r t i o n s  of t h e  

Ob j ec t ive s 

The o b j e c t i v e  of t h i s  s tudy  i s  t o  c o n t r i b u t e  t o  t h e  NURE program by providing 
a more comprehensive s y n t h e s i s  of t h e  geology of r o l l - t y p e  d e p o s i t s  and a more 
sys t ema t i c  methodology f o r  hand l ing  geologic  information.  The mis s ion  of t h e  
NURE program i s  t o  p repa re  more r e l i a b l e  and comprehensive uranium reserve and 
r e source  e s t i m a t e s  f o r  t h e  United S t a t e s .  Prel iminary r e p o r t s  have presented 
i n t e r i m  estimates of reserves i n  a series of c o s t  c a t e g o r i e s ,  and estimates of 
r e s o u r c e s  i n  c e r t a i n t y  c a t e g o r i e s  (probable ,  p o s s i b l e ,  and s p e c u l a t i v e ) .  
Reserve estimates are based almost e n t i r e l y  on company d a t a  supp l i ed  t o  t h e  

@ 
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Department of  Energy. By comparison, estimates of undiscovered resources  are 
based upon: (1) geologic  judgement, which compares t h e  geologic  c h a r a c t e r i s -  
t i c s  of  known uranium d i s t r i c t s  wi th  areas perceived t o  have uranium p o t e n t i a l ,  
and (2)  assigns t o  the la t ter  r e source -po ten t i a l  estimates based upon t h e  
gene ra l  geologic  s imilar i t ies ,  t h e  comparative areas involved,  and t h e  grade 
and tonnage c h a r a c t e r i s t i c s  of t h e  known d i s t r i c t .  

The u n c e r t a i n t i e s  a s soc ia t ed  wi th  r e source  e s t ima t ion  are cons iderable  and 
gene ra l ly  accepted procedures  f o r  prepar ing  such estimates have n o t  been 
a v a i l a b l e .  One major u n c e r t a i n t y ,  t o  u s  t h e  f i r s t  and most fundamental uncer- 
t a i n t y ,  i s  t h e  s e l e c t i o n ,  c o l l e c t i o n  and i n t e r p r e t a t i o n  of  geologic  informa- 
t i o n .  Whereas t h e  s u b j e c t i v i t y  of comparing geologic  c h a r a c t e r i s t i c s  of known 
d e p o s i t s  and d i s t r i c t s  w i t h  un te s t ed  areas w i l l  never be  e n t i r e l y  e l imina ted ,  
i t  seems t h a t  t h e  process  might be  improved by a t tempt ing  t o  i d e n t i f y  t h e  most 
c r i t i c a l  geologic  observa t ions ,  h e r e i n  r e f e r r e d  t o  as r ecogn i t ion  c r i t e r i a ,  
and then  t o  estimate and accumulate t h e  degree of geologic  s i m i l a r i t y  f o r  
t h e s e  obse rva t ions .  
t ives of t h i s  s tudy  which may b e  summarized as fol lows:  

This  p o s s i b i l i t y  became an important  p a r t  of t h e  objec- 

(1) R e v i e w  t h e  geology of  t h e  p r i n c i p a l  r o l l - t y p e  d i s t r i c t s  through 
d e s c r i p t i o n s  of t h e  geologic  c h a r a c t e r i s t i c s  of each and i d e n t i f y  t h e i r  
important  s imi la r i t i es  and d i f f e r e n c e s .  ', 

\ 

(2)  R e v i e w  concepts of genes is  and o r e  con t ro l ,  emphasizing the  develop- 
ment of  gene ra l  p r i n c i p a l s  based upon s imilar i t ies  between i n d i v i d u a l  
d i s t r i c t s  and d i f f e r e n c e s  which set  d i s t r i c t s  o r  a s p e c t s  of d i s t r i c t s  

' a p a r t  from t h e  t y p i c a l  d e p o s i t s .  

(3 )  E s t a b l i s h  i f  s i g n i f i c a n t l y  d i f f e r e n t  types  of ro l l - type  d e p o s i t s  
exis t  and i f  new v a r i a n t s  are l i k e l y  t o  be discovered.  

( 4 )  I d e n t i f y  geologic  c h a r a c t e r i s t i c s  which can be expressed as recog- 
n i t i o n  c r i te r ia ,  t h e  p r e s e n c e . o r  absence of which most s t r o n g l y  a f f e c t s  
t h e  f a v o r a b i l i t y  o r  p o t e n t i a l  of  an area f o r  t h e  occurrence of  a r o l l -  
type  d e p o s i t .  

(5) 
r ecogn i t ion  c r i t e r i a .  

Develop a s imple method f o r , r a n k i n g  t h e  re la t ive importance of t h e  

( 6 )  
i n d i v i d u a l  r ecogn i t ion  c r i t e r i a  s o  as t o  estimate t h e  f a v o r a b i l i t y  f o r  a 
r o l l - t y p e  d e p o s i t  i n  a reasonably sys temat ic  bu t  p r a c t i c a l  fash ion .  

Develop a method f o r  accumulating t h e  f a v o r a b i l i t i e s  der ived  from 

Sources of Information 

The d e s c r i p t i v e  and i n t e r p r e t a t i v e  material  i n  t h i s  r e p o r t  has  been taken from 
publ ished and unpublished r e p o r t s  on t h e  p r i n c i p a l  r o l l - t y p e  uranium d e p o s i t s  
i n  t h e  Wyoming T e r t i a r y  b a s i n s  and d e p o s i t s  elsewhere,  ob ta ined  through discus-  
s i o n s  w i t G  geol 'ogis ts  w i t H  f i r s t -hand  knowledge of t hese  d e p o s i t s  and through 
t h e  w r i t e r s '  i n t e r p r e t a t i o n s  and personal  i n v e s t i g a t i o n s  of uranium d e p o s i t s  
i n  t h e  Wyoming bas ins .  Although some minor d e p o s i t s  are d iscussed ,  much of  
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t h e  d a t a  concerns t h e  f i v e  major r o l l - t y p e  d i s t r i c t s  f o r  which t h e  a v a i l a b l e  
d a t a  base  pe rmi t s  a t  l eas t  a reasonable  d e s c r i p t i o n  of t h e  d e p o s i t s .  

Through numerous d i s c u s s i o n s  wi th  both e x p l o r a t i o n  and r e s e a r c h  g e o l o g i s t s ,  we 
have attempted t o  accumulate as much information and informed op in ion  as pos- 
s i b l e .  In  some c a s e s  p rev ious ly  unpublished d a t a  w a s  made a v a i l a b l e  t o  u s  and 
i s  included i n  t h e  t e x t .  I n  numerous o t h e r  cases, we  found t h a t  d a t a  simply 
does not  e x i s t  even f o r  t h e  seemingly most b a s i c  ques t ions ,  such as uranium 
mineralogy. We have attempted t o  be thorough i n  our  coverage of t h e  domestic 
r o l l - t y p e  d i s t r i c t s ,  but have included r e f e r e n c e s  t o  f o r e i g n  d e p o s i t s  on ly  
where s u b s t a n t i v e  d a t a  are p resen ted .  For example, w e  make r e f e r e n c e  t o  cer- 
t a i n  d e p o s i t s  i n  A u s t r a l i a  which are w e l l  descr ibed.  
d e p o s i t s  i n  Russia ,  by c o n t r a s t ,  has  had cons ide rab le  impact on t h e  geochemi- 
c a l  i n t e r p r e t a t i o n  of r o l l - f r o n t  d e p o s i t s  i n  t h i s  country but  d e p o s i t  desc r ip -  
t i o n s  themselves a re  less complete. 

The l i t e r a t u r e  on 

Our emphasis has  been on t h e  c o l l e c t i o n  and review of well-documented d a t a  and 
obse rva t ions  so  as t o  p r e s e n t  a r e l i a b l e  -- d a t a  base  f o r  t h e  i n t e r p r e t a t i o n  of 
o r e  g e n e s i s  and c o n t r o l s  and t h e  p r e p a r a t i o n  of broadly u s e f u l  r e c o g n i t i o n  
c r i t e r i a .  
w i th  g r e a t  success ,  mostly because of t h e  l a c k  of d a t a  f o r  most d e p o s i t s ,  b u t  
a l s o  because of t h e  d i f f e r e n c e s  between d e p o s i t s .  

Attempts t o  develop more s p e c i f i c  and r e f i n e d  c r i te r ia  have n o t  m e t  

L e s s  a t t e n t i o n  i s  paid t o  some of t h e  d e t a i l s  of o r e  s o l u t i o n  chemistry and 
o r e  p r e c i p i t a t i o n  than some r e a d e r s  might p r e f e r .  Many t o p i c s ,  such as t h e  
n a t u r e  of s o l u b l e  uranium-organic complexes, a l though poorly understood, con- 
t r i b u t e  r e l a t i v e l y  l i t t l e  u n c e r t a i n t y  t o  e x p l o r a t i o n  and r e source  s t u d i e s ,  and 
have no t  been considered.  S i m i l a r l y ,  a thorough d i s c u s s i o n  of t h e  re la t ive 
importance of carbon-bearing v e r s u s  carbon-free s u l f i d e  systems i n  r o l l - t y p e  
formations seems t o  u s  an unnecessary p u r s u i t  a t  t h i s  time. 
t o r y  d a t a  demonstrate t h e  dominance of t h e  carbon-bearing sysstems, as w e l l  as 
t h e  e f f e c t i v e n e s s  of r e l a t i v e l y  carbon-free systems. The real ques t ions ,  i n  
our minds, are t h e  e f f e c t s  of v a r i a b l e  amounts of carbon and p y r i t e  and d i f -  
f e r ences  i n  t h e i r  d i s t r i b u t i o n  on t h e  development, grade and tonnage charac- 
e r i s t i c s  of r o l l - t y p e  d e p o s i t s ,  and he re  t h e  b a s i c  d a t a  are g e n e r a l l y  l ack ing .  
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GENERAL STATEMENT 

@ The t e r m  "rol l - type" d e p o s i t s  has  been app l i ed  t o  e p i g e n e t i c  accumulations of 
reduced uranium and o t h e r  mine ra l s  l o c a t e d  along t h e  i n t e r f a c e  between a l t e r e d  
and una l t e red  p o r t i o n s  of a sandstone h o s t  rock. The o r e  gene ra l ly  c r o s s c u t s ,  
bu t  i n  p a r t  may be peneconcordant with sedimentary f e a t u r e s  of t h e  hos t .  
orebodies  are broadly c r e s c e n t i c  i n  c ros s  s e c t i o n  b u t  may e x h i b i t  many i r r e g u -  
lar i t ies  i n  o u t l i n e .  
s tone  i n  t h e  western United S t a t e s  t o  have had a similar genes i s ,  and they 
po in t  ou t  t h e  many similarities between t h e  v a r i o u s  types  desc r ibed  by earlier 
i n v e s t i g a t o r s .  We f e e l  t h a t  t h e  d e p o s i t s  t h a t  have become known as  " r o l l -  
type" have c e r t a i n  c h a r a c t e r i s t i c s  t h a t  suggest  a d i s t i n c t i v e  genes i s  and thus  
we p r e f e r  t o  cons ide r  them as occupying a s e p a r a t e  n i che  i n  any c l a s s i f i c a t i o n  
based on genes i s  and/or p h y s i c a l  c h a r a c t e r i s t i c s .  The Texas Coas t a l  P l a i n  
d e p o s i t s  are of a r o l l - t y p e ,  but  they w i l l  be d i scussed  i n  a separate r e p o r t  
t i t l e d ,  Geology and Recognition Criteria f o r  Sandstone Uranium Deposi ts  i n  
Mixed Fluvial-Shallow Marine Sedimentary Sequences, South Texas. 

The 

Some g e o l o g i s t s  consider  a l l  uranium orebodies  i n  sand- 

The d e s c r i p t i v e  and i n t e r p r e t a t i v e  material i n  t h i s  r e p o r t ,  i nc lud ing  t h e  
r e c o g n i t i o n  cr i ter ia ,  i s  based p r i n c i p a l l y  on t h e  fol lowing mining d i s t r i c t s  
t h a t  are shown i n  F igu re  1: 

(1) S h i r l e y  Basin Dis t r ic t ,  Wyoming 

( 2 )  Powder River Basin D i s t r i c t s ,  Wyoming 

(3 )  Gas H i l l s  Dis t r ic t ,  Wyoming 

( 4 )  Crooks Gap-Great Divide Basin D i s t r i c t ,  Wyoming 

( 5 )  Black H i l l s  D i s t r i c t ,  Wyoming and South Dakota 

Geologic d a t a  on several o t h e r  d i s t r i c t s  were reviewed. 
c h a r a c t e r i s t i c s  of r o l l - t y p e  d e p o s i t s  are discussed i n  t h i s  r e p o r t .  Those 
d i s t r i c t s  t h a t  f a i l e d  t o  meet t h e  d i a g n o s t i c  c r i t e r i a  of having t h e  p r i n c i p a l  
orebodies  l i m i t e d  t o  an  i n t e r f a c e  between a l t e r e d  and una l t e red  sandstone hos t  
are no t  d i scussed  i n  t h i s  r e p o r t .  

Some of those wi th  
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TECTONIC AND STRUCTURAL SETTING 

@ Se lec t ed  r e fe rences :  Houston, 1969; Keefer, 1970; Love, 1970; Lipman and 
o t h e r s ,  1972; G i l l u l y ,  1973; Tweto, 1975. 

The major r o l l - t y p e  d e p o s i t s  discovered t o  d a t e  are found i n  intermontane 
b a s i n s  f i l l e d  w i t h  c las t ic  sedimentary rocks (Fig. 1) and d i s t a n t  from t h e  
margins of c o n t i n e n t a l  blocks.  The bas ins  range i n  s i z e  from a few hundred 
square m i l e s  ( S h i r l e y  Basin) t o  several thousand square miles (Powder River 
Basin) .  
from t h e  g r a n i t i c  c o r e s  of major mountain ranges t h a t  f l a n k  them. Tectonic 
and e r o s i o n a l  p rocesses  were involved i n  b a s i n  formation and subsequent b a s i n  
f i l l i n g ,  b u t  i n  most p l a c e s  tectonism d i d  no t  g r e a t l y  a f f e c t  t he  b a s i n  f i l l  
t h a t  i s  h o s t  f o r  t h e  uranium o r e  d e p o s i t s .  

The b a s i n  c e n t e r s  are gene ra l ly  from a few t o  a few t e n s  of m i l e s  

The b a s i n s  i n  which r o l l - t y p e  d e p o s i t s  are found are a l l  r e l a t e d  t o  t h e  Laramide 
orogeny, and most of them were developing, as w e  know them today, by Late 
Cretaceous o r  Early Paleocene t i m e ,  Subsidence, u p l i f t ,  and displacement 
a long  f a u l t s  a t  t h e  margins of some b a s i n s  continued through most of t h e  
T e r t i a r y  and inf luenced t h e  type of sediment depos i t ed  i n  t h e  b a s i n s .  

Two p o s s i b l e  mechanisms have been proposed t o  e x p l a i n  t h e  orogenic f o r c e s  t h a t  
produced major tectonism and m a g m a t i s m  d i s t a n t  from t h e  c o n t i n e n t a l  margins. 
Lipman and o t h e r s  (1972) proposed a model t h a t  re la tes  t h e  Laramide orogeny i n  
t h e  Rocky Mountain province,  of which t h e  Wyoming intermontane b a s i n s  are a 
p a r t ,  t o  a suspended subduction zone extending several hundred miles westward 
from t h e  east f r o n t  of t h e  Rocky Mountains. G i l l u l y  (1973) rejects t h e  con- 
c e p t  of a subduction zone so  f a r  from c o n t i n e n t a l  margins and proposes i n s t e a d  
t h a t  orogeny w a s  caused by inhomogeneities i n  the  c r u s t  and mantle and by 
i r r e g u l a r i t i e s  i n  t h e  zone over which t h e  con t inen t  d r i f t e d .  

Tweto (1975) i n  a s tudy  of t h e  Rocky Mountains i n  southern Wyoming, Colorado, 
and n o r t h e r n  New Mexico, found t h a t  t e c t o n i c  f e a t u r e s  c o n t r o l l i n g  many of t h e  
u p l i f t s  d a t e  from the  Paleozoic  and Precambrian and t h a t  v e r t i c a l  f o r c e s  
r e a c t i v a t i n g  o l d  s t r u c t u r e s  r a t h e r  than h o r i z o n t a l  f o r c e s  played t h e  major 
part  i n  t h e  Larsmide orogeny. He believes t h a t  t h e r e  is  l i t t l e  support  f o r  
t h e  concept t h a t  h o r i z o n t a l  forces  were r e spons ib l e  f o r  t h e  Laramide  orogeny 
and m a g m a t i s m ,  b u t  he makes no cho ice  between t h e  Lipman and G i l l u l y  models. 

Smaller b u t  s i g n i f i c a n t  r o l l - t y p e  uranium d e p o s i t s  are found i n  Cretaceous 
sandstones on t h e  w e s t  f l a n k  of t h e  Black Hills u p l i f t  and on t h e  w e s t  s i d e  of 
t h e  Denver Basin i n  Weld County, Colorado. 
than those  i n  t h e  Wyoming b a s i n s ,  t h e  uranium d e p o s i t s  are be l i eved  t o  be 
r e l a t e d  t o  even t s  of Laramide and s l i g h t l y  younger age. 

Although t h e  h o s t  rocks are o l d e r  

A 
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Figure  1. Locat ion map and s t r u c t u r a l  s e t t i n g  f o r  t h e  p r i n c i p a l  uranium 
d i s t r i c t s  i n  Wyoming (modified from Harshman, 1970) .  



SEDIMENTARY SEQUENCES 

Black H i l l s ,  Wyoming-South Dakota 

Se lec ted  r e f e r e n c e s :  Waagg, 1959 ;  Robinson and o t h e r s ,  1964; Hart, 1968; 
Renfro,  1969; Got t  and o t h e r s ,  1974. 

The hos t  rocks  f o r  t h e  d e p o s i t s  d i scussed  i n  t h i s  r e p o r t  range i n  age from 
Cretaceous (Black H i l l s )  t o  Ear ly  Eocene (Sh i r l ey  Basin,  Gas H i l l s ,  Powder 
River Basin,  Crooks Gap-Great Divide Basin) .  The p r i n c i p a l  s t r a t i g r a p h i c  
u n i t s  are shown on F igure  2.  The d e p o s i t s  of t h e  Black H i l l s  d i s t r i c t ,  
Wyoming-South Dakota, and Weld County, Colorado, occur ,  r e s p e c t i v e l y ,  i n  o l d e r  
and younger Cretaceous sediments  whereas t h e  more important  d e p o s i t s  of t h e  
Wyoming Basins  occur  i n  T e r t i a r y  sediments.  

The h o s t  rocks  f o r  t h e  uranium d e p o s i t s  i n  t h e  Black H i l l s  area are sands tones  
of  t h e  Lower Cretaceous Inyan KaranGroup. The Group is  unde r l a in  by t h e  
c o n t i n e n t a l  s i l t s t o n e s  and c l a y s t o n e s  of t h e  J u r a s s i c  Morrison Formation and 
o v e r l a i n  by t h e  Lower Cretaceous marine Skul l  Creek Shale .  There i s  no re- 
g i o n a l  s t r a t i g r a p h i c  break  between t h e  Inyan Kara and t h e  under ly ing  Morrison 
Formation, nor  i s  t h e r e  one between t h e  Inyan Kara and t h e  ove r ly ing  Sku l l  
Creek Shale; t he  Group appears  t o  have been depos i t ed  dur ing  a per iod  of 
t r a n s i t i o n  from c o n t i n e n t a l  t o  marine cond i t ions  (Fig.  3 ) .  The Inyan Kara 
Group ranges i n  th i ckness  from 300 t o  600 f e e t .  

Waagg (1959) h a s  d iv ided  t h e  Inyan Kara Group i n t o  two formations--the 
Lakota Formation (lower) and t h e  F a l l  River Formation (upper) .  Both Renfro 
(1969) and Hart (1968) have desc r ibed  t h e  s t r a t i g r a p h y  i n  r e l a t i o n  t o  t h e  o r e  
d e p o s i t s  i n  t h e  Black H i l l s  area and t h e  d e s c r i p t i o n s  t h a t  fo l low are based 
l a r g e l y  on t h e i r  pub l i ca t ions .  

The Lakota ranges  i n  th i ckness  from about 200 t o  500 feet .  I t  is  non-marine, 
has  a poor ly  de f ined  c o n t a c t  w i t h  t h e  under ly ing  Morrison Formation, and i n  
many p l a c e s  t h e  c o n t a c t  must be  a r b i t r a r i l y  picked. The Lakota i s  a sequence 
of f i ne -  t o  coarse-grained,  buff  t o  whi te  channel sandstone and conglomerat ic  
sands tone ,  and in te rbedded  va r i co lo red  s i l t s t o n e  and c l ays tone .  The b a s a l  
p a r t  of  t h e  sequence c o n s i s t s  of t h i n ,  d i scont inuous ,  da rk  gray t o  b l ack ,  
sands tone  and c l ays tone  con ta in ing  o rgan ic  matter as humates and t h i n  seams of 
low-grade c o a l .  These beds grade upward i n t o ,  and i n  some p l a c e s  are c u t  ou t  
by, a sequence of i n t e r tongu ing  sands tones ,  da rk  gray and composed of c h e r t ,  
q u a r t z i t e ,  and q u a r t z  g ra ins .  These sandstones con ta in  cons ide rab le  o rgan ic  
matter and i n t e r s t i t i a l  p y r i t e .  The sands tones  range from f ine-gra ined  and 
s i l t y  t o  coarse-grained and conglomerat ic .  Some a r e  w e l l  cemented, o t h e r s  
con ta in  l i t t l e  cement and are f r i a b l e .  The c l ays tones  range from hard and 
s i l t y  t o  semi-p las t ic ;  many are b e n t o n i t i c .  Some of t h e  sandstone l e n s e s  are 
broad and shee t - l i ke ,  o t h e r s  are long  and narrow. These massive sands tones  
t h i n  from sou theas t  t o  nor thwes t ,  i n d i c a t i n g  t h a t  t h e  serlfment o r i g i n a t e d  i n  
an  u p l i f t e d  area t o  t h e  sou theas t  of t h e  p re sen t  Black H i l l s .  The th inn ing  of 
t h e s e  sands tones  accounts  f o r  t h e  th inn ing  o f  t h e  Lakota Formation from 
sou theas t  t o  northwest .  
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Figure 2. Principal stratigraphic units in the uranium districts of Wyoming 
and adjacent western South Dakota (modified from Harshman, 1968). 
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Figure  3 .  Diagramatic paleo-environment map and c r o s s  s e c t i o n  of t h e  Inyan 
Kara Group and r e l a t e d  sediments,  Black H i l l s  r eg ion ,  South 
Dakota (modified from Renfro, 1 9 6 9 ) .  
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The F a l l  River Formation o v e r l i e s  t h e  Lakota w i t h  marked disconformity.  It is  
75 t o  150 f e e t  t h i c k  and c o n s i s t s  predominantly of gray,  b u f f ,  o r  brown, f i n e -  
t o  medium-grained s i l i c i o u s  sandstone interbedded wi th  a few t h i n  gray t o  
b l ack  s i l t s t o n e s  and c l ays tones .  
t a b u l a r  c r o s s  laminated. 
r i p p l e  marks, and casts of marine organisms, f e a t u r e s  c h a r a c t e r i s t i c  of shal low 
marine environments. The thin-bedded, laminated, character-  of t h e  F a l l  River 
c o n t r a s t s  markedly wi th  t h e  massive c h a r a c t e r  of t h e  non-marine Lakota Forma- 
t i o n .  
(Fig.  3 ) .  

The sandstones are t h i n  bedded, t a b u l a r  o r  
The sandstones commonly contain worm borings , 

The uranium d e p o s i t s  occur i n  both t h e  Lakota and F a l l  River Formations 

Weld County, Colorado 

Se lec t ed  r e f e r e n c e s :  Weimer, 1973; Ch i lde r s ,  1974; Reade, 1976. 

I n  Weld County, Colorado (Fig.  4 ) ,  t h e  h o s t  rocks f o r  t h e  r o l l - t y p e  uranium 
d e p o s i t s  are t h e  Fox H i l l s  and Laramie Formations of Late Cretaceous age (Fig.  
2 ) .  
of several t h i c k ,  moderately cemented sandstones sepa ra t ed  by carbonaceous 
s h a l e .  
micaceous, and s i l i c i o u s ,  In  some places t h i n  lenticular beds of l i g n i t e  are 
p resen t  i n  t h e  s e c t i o n .  The Fox H i l l s  sediments were deposi ted i n  a l i t t o r a l  
environment and r e p r e s e n t  the t r a n s i t i o n  f r o m  m a r i n e  t o  f l u v i a l  c o n d i t i o n s  of 
sedimentat ion.  The Fox H i l l s  is  as much as 350 f e e t  t h i c k .  

The Fox H i l l s  conformably o v e r l i e s  t h e  marine P i e r r e  Shale.  

The sandstones are g e n e r a l l y  medium- t o  f ine-grained,  gray t o  wh i t e ,  

It c o n s i s t s  

The Lance Formation conformably o v e r l i e s  t h e  Fox H i l l s .  
s h a l e s ,  s i l t s t o n e s ,  and mudstones, occas iona l  l i g n i t e  beds and l a r g e  channel I 

sandstones depos i t ed  i n  f l u v i a l ,  mudflat ,  and l a c u s t r i n e  environments. The 
sandstones are medium- t o  f i n e - g r a h e d ,  .quartzose t o  f e l d s p a t h i c ,  micaceous, 
p y r i t i c  and c o n t a i n  cons ide rab le  f ine-grained carbonaceous material. 
l i g h t  gray t o  wh i t e  where unweathered. 
show slump f e a t u r e s ,  and appear t o  have been depos i t ed  i n  major stream chan- 
n e l s  w i th  moderate t o  low g r a d i e n t s .  The Lance i s  as much as 1600 f e e t  
t h i c k .  

It c o n s i s t s  of 

They are 
The sandstones are much cross-bedded, 

The White River Formation of Oligocene age (Fig.  2) unconformably o v e r l i e s  
much of t h e  l a t e  Cretaceous rocks i n  t h e  Weld County area. The White River 
comprises a sequence of a r k o s i c ,  coarse-grained t o  pebbley sandstones,  deposi-  
t ed  i n  channels  t h a t  i n  some p l a c e s  c u t  i n t o  t h e  underlying Cretaceous rocks ,  
o v e r l a i n  by s i l t s t o n e s  and mudstones. A l l  of t h e  Oligocene rocks  c o n t a i n  
cons ide rab le  tu f f aceous  material, t h e  source of which w a s  probably i n  north-  
western Wyoming. Except f o r  t h e  b a s a l  p a r t  of t h e  White River Formation, t h e  
rocks are of low permeabi l i ty .  The Arikaree Formation of Ea r ly  Miocene age 
disconformably o v e r l i e s ,  o r  a t  one time overlay,  t h e  White River Formation. 
It c o n s i s t s  of f l u v i a l  d e p o s i t s  of sand, g r a v e l ,  and c l a y ,  con ta in ing  consid- 
e r a b l e  tu f f aceous  material ,  de r ived  from t h e  mountains t h a t  l a y  t o  t h e  w e s t .  
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Figure  4 .  General ized map showing areal d i s t r i b u t i o n  of White River and 
Ar ikaree  Formations,  i n t e r p r e t e d  from p resen t  ou tcrop  d i s t r i b u t i o n ,  
and p r i n c i p a l  uranium d i s t r i c t s  (modified from Denson e t  a l ,  1959) .  
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Wyoming Basins 

Se lec t ed  r e fe rences :  Masursky, 1962; Sharp and o t h e r s ,  1964; Sharp and 
Gibbons, 1964; Stephens, 1964; Van Houten, 1964; S o i s t e r ,  1968; Houston, 1969; 
Keefer,  1970; Love, 1970; P i p i r i n g o s  and Denson, 1970; Denson and Chisholm, 
1971; Ch i lde r s ,  1974; Harshman, 1972; Dah1 and Hagmaier, 1976. 

The l a r g e s t  and h ighes t  grade ro l l - type  uranium d e p o s i t s  are found i n  T e r t i a r y  
rocks f i l l i n g  t h e  Wyoming bas ins .  The f i l l  ranges i n  age from Paleocene t o  
Quar,ternary, b u t  only t h e  Paleocene and Lower Eocene sandstones con ta in  s i g -  
n i f i c a n t  d e p o s i t s .  

The Paleocene For t  Union Formation i s  p resen t  i n  a l l  t h e  Wyoming b a s i n s ,  b u t  
i n  t h e  S h i r l e y  Basin i t  was 1argely.removed by e r o s i o n  p r i o r  t o  d e p o s i t i o n  of - -  
younger rocks.  
f ine-grained sandstone and q u a r t z i t e  w i th  admixed s i l t ,  c l a y ,  and c o a l ,  a l l  of 
f l u v i a l  o r  l a c u s t r i n e  o r i g i n .  
f ine-grained,  impervious formation,  i t  c o n t a i n s  coa r se  stream d e b r i s ,  p a r t i c u -  
l a r l y  nea r  t h e  mountain f r o n t s  t h a t  f l a n k  t h e  bas ins .  The c o a r s e  d e b r i s  i s  
composed l a r g e l y  of q u a r t z i t e ,  l imestone,  c h e r t ,  and sandstone pebbles de r ived  
from t h e  Paleozoic  and Mesozoic rocks exposed i n  t h e  u p l i f t s .  Arkosic m a t e -  
r i a l  i s  rare. The th i ckness  of  t h e  formation ranges from less than 100 f e e t  
i n  t h e  S h i r l e y  Basin t o  as much as 3000 f e e t  i n  the  Powder River Basin. The 
F o r t  Union rests on an e r o s i o n  s u r f a c e  of several hundred f e e t  r e l i e f  c u t  i n  
fo lded  and f a u l t e d  Paleozoic  and Mesozoic rocks t h a t  f l o o r  t h e  b a s i n s ,  and i t  
i s  o v e r l a i n  unconformably by r acks  of Ea r ly  Eocene age. 

The Wasatch, Wind River, and Bat t le  Spring Formations (Fig. 2)  of Early Eocene 
age are h o s t  t o  t h e  p r i n c i p a l  uranium d e p o s i t s  i n  Wyoming. The t h r e e  forma- 
t i o n s  are approximate t i m e  e q u i v a l e n t s ,  and have many l i t h o l o g i c ,  t e x t u r a l ,  
and compositional s imilar i t ies .  
s t o n e s ,  conglomerates, s i l t s t o n e s ,  c l ays tones ,  carbonaceous s h a l e s ,  and c o a l ,  
of f l u v i a l  and l a c u s t r i n e  o r i g i n .  I n  c o n t r a s t  w i th  t h e  underlying Paleocene 
rocks,  t h e  Wasatch and s t r a t i g r a p h i c  e q u i v a l e n t s  con ta in  much g r a n i t i c  d e b r i s  
i n d i c a t i n g  t h a t  e r o s i o n  had s t r i p p e d  t h e  sediments from and exposed t h e  gran- 
i t i c  c o r e s  o f  t h e  u p l i f t s  t h a t  border  t h e  bas ins .  

According t o  Denson and Chisholm (1971), i t  c o n s i s t s  of very 

Although t h e  F o r t  Union i s  predominantly a 

They comprise a sequence of a r k o s i c  sand- 

On a r e g i o n a l  b a s i s ,  Lower Eocene rocks can be d iv ided  i n t o  two d i s t i n c t i v e  
l i t h o l o g i c  units--a mountainward f a c i e s  comprising coa r se  c l a s t i c  rocks wi th  
boulders  as much as 25 f e e t  i n  diameter ,  and a basinward f a c i e s  comprising 
f ine-grained c las t ic  sediments w i th  some interbedded pebble ,  cobble ,  and 
boulder  beds. The two f a c i e s  i n t e r f i n g e r  and in t e r tongue ,  t h e  areal  e x t e n t  of 
e i t h e r  f a c i e s  be ing  determined by t h e  v igo r  of t h e  streams t r a n s p o r t i n g  the  
c las t ic  d e b r i s  toward t h e  c e n t e r  of t h e  b a s i n s .  I n t e r f i n g e r i n g  of t h e  Wasatch 
(basinward f a c i e s )  and Battle Spring (mountainward f a c i e s )  Formations i s  shown 
on .F igure  21. 
m i l e s ,  b u t  i n d i v i d u a l  coarse-grained beds have l i m i t e d  c o n t i n u i t y .  Sandstone 
u n i t s  range from a few t o  200 f e e t  i n  th i ckness .  They are sepa ra t ed  by s i l t -  
s t o n e s  and c l a y s t o n e s  of similar th i ckness .  Wasatch and equ iva len t  rocks a r e  
no t  p r e s e n t t i n  t h e  Black H i l l s  or.Weld County uranium d i s t r i c t s  bu t  are pres- 
e n t  i n  t h e  Gas H i l l s ,  S h i r l e y  Basin,,Powder River Basin, and Crooks Gap-Great 
Divide Basin. The t o t a l  t h i ckness  of t h e  Wasatch and equ iva len t  rocks ranges 

C o r r e l a t i o n  of g ross  l i t h o l o g i c  u n i t s  can be made over many 
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from about  500 f e e t  i n  t h e  S h i r l e y  Basin t o  more than  3000 f e e t  i n  t h e  Crooks 
Gap-Great Divide Basin area. 
sands tones  i n  t h e  Wasatch, Wind River, and Bat t le  Spring Formations w i l l  be  
found i n  a subsequent  s e c t i o n  of t h i s  r e p o r t .  

Rocks of t h e  Upper Eocene Wagon Bed Formation are p resen t  i n  t h e  Gas H i l l s  and 
S h i r l e y  Basin areas of Wyoming; and they  were probably p re sen t  a t  one t i m e  i n  
the Crooks Gap-Great Div ide  Basin area, 
apparent  conformity.  
i tes,  s i l t s t o n e s ,  mudstones, sandstones,  and ye l lowish  o r  greenish-gray 
t u f f s .  I n  some areas t h e  t u f f s  have been a l t e r e d  t o  c l i n o p t i l o l i t e ;  i n  o t h e r  
areas they are r e l a t i v e l y  una l t e red .  The lower p o r t i o n  of  t h e  Wagon Bed 
con ta ins  cons ide rab le  poorly-sor ted a r k o s i c  sandstone similar t o  t h a t  i n  t h e  
under ly ing  formation,  and t h e r e  appears  t o  be  no d e p o s i t i o n a l  break between 
t h e  two. The formation i s  l a r g e l y  of f l u v i a l  o r i g i n  and c o n t a i n s  apprec i ab le  
amounts of v o l c a n i c  ash.  According t o  Denson and Chisholm (1971) ,  t h i s  i s  t h e  
most impervious formation i n  t h e  T e r t i a r y  sequence. I n  some areas t h e  Wagon 
Bed Formation had been completely removed by e ros ion  a t  t h e  end of Eocene o r  
t h e  beginning  of Oligocene t i m e ,  bu t  where p r e s e n t ,  i t  may be  as much as 300 
feet  t h i c k .  

A more d e t a i l e d  d e s c r i p t i o n  of t h e  ore-bear ing 

@ 

They o v e r l i e  t h e  Lower Eocene w i t h  
The Wagon Bed comprises a series of  s i l i c i o u s  benton- 

Unconformably ove r ly ing  t h e  Wagon Bed, o r  t h e  Wasatch, Wind River o r  Bat t le  
Spr ing  where t h e  Wagon Bed has  been eroded, i s  t h e  White River Formation of  
Oligocene age. It i s  comprised of tuffaceous s i l t s tones ,  c laystones,  sand- 
s t o n e s ,  and conglomerates,  as w e l l  as some f r e s h  water l imes tone  and rela- 
t i v e l y  pure  t u f f  beds.  The c l a s t i c  rocks  are p a s t e l  shades of p ink ,  gray,  
green ,  and t a n ;  t h e  t u f f s  and l imes tones  are v h i t e .  

I n  t h e  Gas H i l l s  and S h i r l e y  Basin areas, t h e  White River Formation can be 
d iv ided ,  on t h e  b a s i s  of l i t h o l o g y ,  i n t o  two u n i t s  of about  equal  th ickness .  
The lower u n i t  c o n t a i n s  predominantly f ine-gra ined  rocks  wi th  l e n t i c u l a r  
sands tones  and conglomerates near  t h e  base  i n  some areas; i n  o t h e r  areas vari- 
gated c l ays tones  and/or  whi te  t u f f  beds are p resen t  a t  o r  near  t h e  base  of t h e  
u n i t .  The upper u n i t  c o n s i s t s  o f  f ine-grained rocks,  similar t o  those  i n  t h e  
lower u n i t ,  in te rbedded  wi th  coarse-grained,  l e n t i c u l a r  sandstones and con- 
glomerates .  The coarse-grained rocks  appear t o  be fanglomerates  depos i ted  by 
streams o r i g i n a t i n g  i n  t h e  mountains t h a t  f l a n k  t h e  b a s i n s .  These coa r se  
c l a s t i c s  are  good aqu i f e r s  and give rise to-many springs. 

The White River Formation a t  one t i m e  probably covered most of c e n t r a l  and . 

e a s t e r n  Wyoming, n o r t h e a s t e r n  Colorado, and t h e  western p a r t s  of  South Dakota 
and Nebraska (Fig.  4 ) .  
H i l l s  area, from t h e  Powder River Basin (except  f o r  a few s m a l l  remnants i n  
Pumpkin Bu t t e s )  and from t h e  Crooks Gap-Great Divide Basin area. Where 
p r e s e n t  i n  i t s  e n t i r e t y ,  t h e  White River averages about 850 f e e t  t h i ck .  

It has  been erodeh i n  r e c e n t  t i m e s  from t h e  Black 

The Ar ikaree  Formation of  Ear ly  Miocene age and t h e  Oga l l a l a  Formation of  L a t e  
Miocene and P l iocene  age o v e r l i e  t h e  White River i n  p a r t s  of  Wyoming and 
Colorado. The Ar ikaree  is  p resen t  i n  t h e  Weld County, S h i r l e y  Basin,  and Gas 
H i l l s  d i s t r i c t s ,  where i t  is  composed of whi te ,  b u f f ,  o r  t a n ,  f i n e -  t o  medium- 
gra ined ,  poor ly  bedded sandstone.  A chalky  whi te  conglomerate is  l o c a l l y  
p r e s e n t  near  t h e  base.  According t 6  Denson and Chisholm '(1971) "good s o r t i n g ,  
l a t e r a l l y  p e r s i s t e n t  l i t h o l o g y ,  and t h e  gene ra l  absence 'of  coa r se  d e t r i t u s  hnd 
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of l o c a l l y  de r ived  d e b r i s  are ou t s t and ing  c h a r a c t e r i s t i c s . "  
i n  p a r t  f l u v i a l ,  i n  p a r t  a e o l i a n ,  and c o n s i s t e n t l y  tu f f aceous .  I ts  eroded 
t h i c k n e s s  r a r e l y  exceeds 200 f e e t .  

The formation i s  

The O g a l l a l a  Formation has  been removed by r e c e n t  e r o s i o n  from most of t h e  
uranium-bearing d i s t r i c t s .  Where p r e s e n t ,  i t  is sepa ra t ed  from t h e  unde r ly ing  
Arikaree by a major unconformity. 
area, b u t  f o r  t h e  most p a r t  i t  i s  composed of f l u v i a l  s i l t s t o n e s ,  c l ays tones ,  
sandstones,  and conglomerates t h a t  may c o n t a i n  cons ide rab le  f luv io -vo lcan ic  
material and opal cement. 

Its  l i t h o l o g y  ranges g r e a t l y  from area t o  

Summary 

The sedimentary sequences which h o s t  t h e  uranium d e p o s i t s  of t h e  Black H i l l s  
and Weld County d i s t r i c t s  are marginal  marine sequences depos i t ed  r e s p e c t i v e l y  
i n  a marine t r a n s g r e s s i o n  and a marine r eg res s ion .  They are i n  marked con- 
trast  t o  t h e  T e r t i a r y  b a s i n  f i l l s  of c o n t i n e n t a l  c l a s t i c  sediments found i n  
t h e  Wyoming bas ins .  
r a p i d  e r o s i o n  caused by block f a u l t i n g  and mountain u p l i f t  which w a s  followed, 
no t  s u r p r i s i n g l y  by exp los ive  a c i d  vulcanism as evidenced by t h e  h igh  t u f f a -  
ceous con ten t  of t h e  Wagon Bed, White River, and Arikaree Formations. 

The b a s i n  f 2 l l  sediments r e f l e c t  t h e  h igh  r e l i e f  and 
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FAVORABLE HOST SANDSTONES 

n 

Se lec t ed  r e f e r e n c e s :  Harshman, 1968; Ch i lde r s ,  1974; Rackley, 1976; Galloway, 
1979; McGowen, 1979. 

Most h o s t  rocks f o r  r o l l - t y p e  uranium d e p o s i t s  are similar i n  t h e i r  phys i ca l ,  
mine ra log ica l ,  and geochemical c h a r a c t e r ,  as w e l l  as i n  t h e i r  p o s i t i o n  of 
d e p o s i t i o n  i n  t h e  f l u v i a l  sedimentary cyc le .  A knowledge of t h e s e  cha rac t e r -  
i s t i c s  and the sedimentary processes t h a t  produced them i s  of utmost impor- 
t ance  i n  o r e - p o t e n t i a l  estimates of l a r g e  areas and i n  s e l e c t i o n  of sma l l e r  
areas f o r  exp lo ra t ion .  A b r i e f  d i s c u s s i o n  o f  t h e  sedimentary d e p o s i t i o n a l  
system taken l a r g e l y  from Galloway (1979) and McGuwen (1979), w i l l  serve as  
background f o r  d i s c u s s i o n s  of t h e  h o s t  rocks i n  t h e  Wyoming b a s i n s  and Black 
H i l l s .  

Depos i t i ona l  systems are e f f i c i e n t  s o r t e r s  of c l a s t i c  material and d i f f e r e n t  
environments w i t h i n  t h e  system are g e n e r a l l y  c h a r a c t e r i z e d  by s p e c i f i c  geo- 
l o g i c  c h a r a c t e r i s t i c s  which make some environments subsequent ly  f avorab le  and 
some unfavorable  as h o s t s  f o r  uranium depos i t i on .  I n  gene ra l  t h e r e  i s  a pro- 
g r e s s i v e  dec rease  i n  t h e  c l a s t  s i z e  from t h e  upper o r  mountainward p a r t  toward 
t h e  d i s t a l  o r  basinward p a r t ,  a change t h a t  re la tes  d i r e c t l y  t o  h o s t  rock 
f a v o r a b i l i t y .  

F igu re  5 i s  a h y p o t h e t i c a l  p l a n  and s e c t i o n  of a complete d e p o s i t i o n a l  system, 
showing t h e  g r a d i e n t ,  c h a r a c t e r  of flow, physiographic r eg ions  t r a v e r s e d ,  
c h a r a c t e r  of t h e  s t r e a m  sediment l oad ,  and depth of t h e  water t a b l e .  I n  
t r a v e r s i n g  from t h e  proximal f a n  t o  t h e  d e l t a ,  t h e  t runk  channel changes from 
bed-load t o  mixed-load, and suspended load i n  response t o  changes i n  g r a d i e n t ,  
sediment and d i scha rge .  
t h e  Black H i l l s  f a l l  i n  t h e  upper ( r i g h t )  ha l f  of t h e  f i g u r e ,  t h a t  i s ,  i n  t h e  
bed load-mixed load p a r t  of t h e  d e p o s i t i o n a l  system. A t  t h e  mountainward end 
of t h e  c l a s t i c  d e p o s i t i o n a l  system is  t h e  a l l u v i a l  fan'  which may be e i t h e r  
w e t  o r  d r y  depending on t h e  n a t u r e  o f  t h e  c l i m a t e  du r ing  depos i t i on .  The f a n s  
i n  t h e  Wyoming b a s i n s  were depos i t ed  under t r o p i c a l  o r  s e m i t r o p i c a l  c o n d i t i o n s  
and are of t h e  w e t  type.  
range of t h e i r  d e t r i t u s  from boulders  several f e e t  i n  diameter t o  f ine-grained 
s i l t  and c l a y .  They are depos i t ed  near  t h e  sediment sou rce ,  under high energy 
i n t e r m i t t e n t  stream flow, and i n  areas where streams pass from mountain fronts 
i n t o  a d j a c e n t  b a s i n s .  I n  c r o s s  s e c t i o n  they are wedge-shaped p i l e s  of d e b r i s ,  
t h i c k e r  and coarser-grained nea r  t h e  mountain f r o n t ,  and t h i n n e r  and f i n e r -  
grained a t  t h e i r  basinward extremity.  Those i n  t h e  Wyoming b a s i n s  range i n  
l e n g t h  from a few m i l e s  o r  t e n s  of miles,  as i n  t h e  Gas H i l l s  and S h i r l e y  
Basin,  t o  as much as 30 t o  35 m i l e s  i n  t h e  Great Divide Basin. 

Most of t h e  h o s t  rocks i n  t h e  Wyoming b a s i n s  and i n  

A l l u v i a l  f a n s  are c h a r a c t e r i z e d  by t h e  g r e a t  s i z e  

' I n  t h i s  r e p o r t  t h e  term "fan" i s  r e s t r i c t e d  t o  those  cone-shaped p i l e s  of 
d e b r i s  depos i t ed  where streams i s s u e  from mountain f r o n t s  onto ad jacen t  low- 
l ands  (McGowan, 1979).  Galloway (1979) uses  t h e  term more broadly i n  d i s -  
cuss ing  t h e  Westwater Canyon member of t h e  Morrison Formation i n  t h e  Grants  
Mineral  B e l t ,  New Mexico. I n  t h a t  d i s t r i c t  he r e f e r s  t o  t h e  e n t i r e  Westwater 
d e p o s i t i o n a l  system as a " w e t  a l l u v i a l  fan" which may correspond t o  a l l u v i a l  
apron i n  some r e a d e r s '  terminology. 

Q 
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Figure  5. Hypothet ical  f l u v i a l  system t r a v e r s i n g  a montane b a s i n  and 
a s s o c i a t e d  r i v e r i n e  p l a i n  and debouching a c r o s s  a piedmont 
i n t o  a prograding d e l t a i c  c o a s t a l  p l a i n .  
Galloway, 1979).  

(modified'from 

A s i n g l e  s t r a i g h t  channel g e n e r a l l y  occupies t h e  upper (or  proximal) p a r t  of a 
w e t  f a n ,  b u t  a s h o r t  d i s t a n c e  down t h e  s l o p e  t h e  s i n g l e  channel g ives  way t o  
a b ra ided  stream wi th  many small channels.  
where t h e  c l a s t  s i z e  dec reases  and t h e  stream g r a d i e n t  becomes lower,  t h e  
b ra ided  stream system g i v e s  way t o  a s i n g l e  channel system. 

I n  t h e  d i s t a l  p a r t  of t h e  f a n ,  

P e r m e a b i l i t i e s  are ve ry  high i n  t h e  coa r se  d e b r i s  of t h e  proximal (upper) p a r t  
of t h e  f a n ,  water t a b l e s  are low and o rgan ic  material g e n e r a l l y  i s  spa r se .  
Boulders and g r a v e l  are t h e  dominant clasts. 
t ies  dec rease  somewhat but  remain high. Organic material remains s p a r s e ,  and 
water t a b l e s  are low. Gravel and sand are t h e  dominant materials. Toward t h e  
t o e  ( d i s t a l  p a r t )  of t h e  f a n ,  g r a i n  s i z e  and p e r m e a b i l i t i e s  dec rease ,  t h e  
amount of o rgan ic  material i n c r e a s e s ,  and t h e  water tab le ,  rises. 
predominant d e t r i t u s ,  b u t  some s i l t  and c l a y  may accumulate interbedded wi th  
i t .  
r o l l - t y p e  uranium d e p o s i t s .  

I n  t h e  midfan area permeabili-  

Sand i s  t h e  

This  d i s t a l  p a r t  of t h e  a l l u v i a l  f a n  system i s  a f avorab le  h o s t  rock f o r  

-34- 



Downstream t h e  d i s t a l  p a r t  of t h e  f a n  merges wi th  t h e  upper,  more vigorous,  
p a r t  of t h e  f l u v i a l  system, a system t h a t  serves mainly t o  c o l l e c t  and t r ans -  
p o r t  material toward t h e  sea. However, l a r g e  volumes of c l a s t i c  material  may 
accumulate i n  intermontane b a s i n s ,  l a r g e  i n t e r i o r  l a k e s ,  and s t a b l e  c o a s t a l  
p l a i n s .  

F l u v i a l  systems c o n s i s t  of a mixture  of channel f i l l ,  channel margin, and 
f lood-basin d e p o s i t s .  
system and i n c l u d e  both aggrada t iona l  and l a t e r a l - a c c r e t i o n  d e p o s i t i o n a l  
u n i t s .  
depos i t ed  along channel margins as w a t e r  overflows t h e  conf in ing  stream 
banks. 
e n t r a i n e d  sediment may reach t h e  broad i n t e r c h a n n e l  areas t o  form t h e  i n t e r -  
channel f lood-basin d e p o s i t s .  
reworking by burrowing and p l a n t  growth d e s t r o y s  t h e  primary sedimentary 
t e x t u r e s .  I n  moist  c l i m a t e s ,  o rgan ic  p r o d u c t i v i t y  i s  high and l i g n i t i c  
d e p o s i t s  may form. 

Channels have been c l a s s i f i e d  accqrding t o  t h e  r a t i o  of t h e  bed load t o  t h e  
suspended load which t h e  stream t r a n s p o r t s ,  and one such c l a s s i f i c a t i o n  i s  
summarized i n  F igu re  6 .  
members of channel t ypes  which evolve from t h e  upper o r  proximal t o  t h e  d i s t a l  

Channel f i l l  d e p o s i t s  form t h e  framework of a f l u v i a l  

Channel margin d e p o s i t s  occur  du r ing  f lood stage when sediment i s  

The v e l o c i t y  of t h e  unconfined water dec reases  r a p i d l y  and t h e  c o a r s e r  

Sedimentation i n  t h e  f lood-basin i s  s l o w  and 

Bed-load and suspended-load channels  are t h e  end 
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Figure  6 .  Geomorphic and sedimentary c h a r a c t e r i s t i c s  of bed-load, mixed- 
l o a d ,  and suspended-load channel segments (from Galloway, 1 9 7 9 ) .  
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o r  downstream p a r t  o f  t h e  f l u v i a l  system. 
by r e l a t i v e l y  s t e e p  g r a d i e n t s ,  s t r a i g h t  t o  s l i g h t l y  s inuous channels,  l a t e ra l  
e r o s i o n  and d e p o s i t i o n ,  coarse-grained channel f i l l ,  and high width/depth 

. r a t i o s .  I n  c o n t r a s t ,  suspended-load channels  a r e  c h a r a c t e r i z e d  by r e l a t i v e l y  
low g r a d i e n t s ,  sinuous channels ,  ver t ical  e r o s i o n  and depos i t i on ,  f ine-grained 
channel f i l l  con ta in ing  abundant suspended-load sediment,  and low width/depth 
r a t i o s .  

Bed-load channels  are c h a r a c t e r i z e d  

Mixed-load channels occupy a middle p o s i t i o n .  

Bed-load channel f i l l s  c o n s i s t  p r i n c i p a l l y  of f i n e -  t o  medium-grained sand, 
although c o a r s e  sand and g r a v e l  may be s ign i f icant  components. 
i n g  m u l t i l a t e r a l  sand bodies  are a common f e a t u r e .  Water t a b l e s  i n  t h e  i n t e r -  
channel areas are g e n e r a l l y  deep because t h e s e  systems occur i n  t h e  upper 
reaches of b a s i n s  and t h e  f lood  p l a i n  and channel sediments are permeable. 
Some carbonaceous material occur s  i n  both sandy and s i l t y  material. 
coarse-grained u n i t s  of bed-load channel f i l l s  are f avorab le  h o s t s  f o r  uranium 
d e p o s i t s .  

Mixed-load channel f i l l s  con ta in  cons ide rab le  sand along t h e  channel axes, bu t  
t h i s  material  may be subord ina te  t o  t h e  overbank d e p o s i t s .  Channel f i l l  u n i t s  
are v e r t i c a l l y  s tacked.  Water t a b l e  dep ths  are governed by water level i n  t h e  
channel and much of t h e  channel f i l l  and low l y i n g  backswamps remain s a t u r a t e d ;  
o rgan ic  material i s  common and i s  preserved by h igh  water t a b l e s .  
d e p o s i t s  occur i n  t h e  coarse-grained u n i t s  of mixed-load channel f i l l s .  

Interconnect- 

The 

Uranium 

Suspended-load channel f i l l s  are c h a r a c t e r i z e d  by low sand percentages,  and 
cons ide rab le  o rgan ic  d e b r i s  p r o t e c t e d  by high w a t e r  t a b l e s .  Sand u n i t s  are 
l e n t i c u l a r  i n  c r o s s  s e c t i o n ,  and tend t o  be s tacked and encased i n  f i n e -  
grained sediment. Flood b a s i n  d e p o s i t s  c o n s i s t  of swamp and l a c u s t r i n e  muds 
and c l ays .  Suspended-load channel f i l l s  are g e n e r a l l y  unfavorable  f o r  r o l l -  
type uranium d e p o s i t s ,  bu t  may c o n t a i n  uranium a s s o c i a t e d  wi th  t h e  l i g n i t i c  
material c m o n  i n  t h i s  class of f l u v i a l  sediments.  

The most f avorab le  h o s t  r o c k s  f o r  known r o l l - t y p e  d e p o s i t s ,  o r  perhaps more 
a c c u r a t e l y  t h e  h o s t s  con ta in ing  t h e  l a r g e s t  and/or  h i g h e s t  grade d e p o s i t s ,  are 
t h e  Ea r ly  Eocene sandstones of t he  Wyoming bas ins .  They are f r i a b l e ,  f i n e -  t o  
coarse-grained o r  pebbley, a r k o s i c ,  and con ta in  cons ide rab le  p y r i t e ,  carbona- 
ceous material, and occas iona l  i ron - s t a ined  mudstone clasts. The sandstones 
range from a few t o  a f e w  hundred feet  i n  th i ckness ,  and they c o n t a i n  t a b u l a r  
mudstone s p l i t s .  Crossbeds are u n i v e r s a l l y  p r e s e n t ,  as are sand- o r  silt- 
f i l l e d  channels.  I n d i v i d u a l  sandstone beds w i t h i n  u n i t s  t h a t  are predomi- 
n a n t l y  sandstone have l i m i t e d  l a t e ra l  c o n t i n u i t y ,  b u t  t h e  sandstone u n i t s  may 
extend f o r  as much as 20 o r  30 m i l e s  (Davis, 1969; Sherborne and o t h e r s ,  
1980). These sediments were depos i t ed  under c o a r s e  bed-load cond i t ions  o r  on 
t h e  d i s t a l  p a r t s  of wet a l luv ia l  f a n s  (Galloway, 1979).  

Carbonaceous material i s  d i spe r sed  through t h e  h o s t  sandstones wi th  somewhat 
g r e a t e r  concen t r a t ion  on c r o s s  s t r a t i f i c a t i o n  beds. This  o rgan ic  d e b r i s  is  
g e n e r a l l y  fragments of leaves and twigs,  a l though Ch i lde r s  (1974) r e p o r t s  
humic material c o a t i n g  sand g r a i n s  i n  some of t h e  Wyoming d e p o s i t s .  A few 
l a r g e  s e c t i o n s  of t ree  t runks  and branches,  some s i l i c i f i e d  and o t h e r s  car- 
bonized, a r e  p r e s e n t  i n  t h e  S h i r l e y  Basin hos t  rocks.  The o rgan ic  carbon 
content  of t h e  h o s t  rocks  ranges widely from p l a c e  t o  p l ace  bu t  probably 
averages 0.5 pe rcen t  o r  l e s s .  
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P y r i t e  i s  p r e s e n t  i n  a l l  of t h e  uranium h o s t  rocks.  It is  g e n e r a l l y  dissemi- 
na t ed  through t h e  sandstone,  bu t  a l s o  may be p re sen t  i n  l a r g e  amounts l o c a l l y  
as a cement i n  coarse-grained sandstone o r  r e p l a c i n g  carbonaceous material. 
P y r i t e  con ten t  of sandstone i n  an ore-bearing u n i t  (but una f fec t ed  by ore- 
forming p rocesses )  ranges from about 1 t o  3 percen t .  
be d i a g e n e t i c  and t o  have be,en:formed by t h e  r e a c t i o n  of b iogen ic  hydrogen 
s u l f i d e  with i ron-bearing mine ra l s  i n  t h e  sandstone. 
of p y r i t e  r e l a t e d  t o  t h e  ore-forming process  w i l l  be discussed la ter  i n  t h i s  
r e p o r t .  

@ The p y r i t e  i s  thought t o  

The h a b i t  and c h a r a c t e r  

There i s  l i t t l e  s i l i c e o u s  o r  ca lc i te  cement i n  t h e  Eocene h o s t  rocks al though 
these fr iable  sediments have been compacted by the weight of several thousand 
f e e t  of c l a s t i c  m a t e r i a l  t h a t  o v e r l i e s  o r  once o v e r l a i d  them. Calcite concre- 
t i o n s  are s p a r i n g l y  p re sen t  i n  t h e  h o s t  sandstones but  a r e  n o t  c h a r a c t e r i s t i c  
of them. C a l c i t e  c o n t e n t s  (based on ac id  s o l u b l e  and m i n e r a l  carbon d e t e r -  
minat ions)  of f a v o r a b l e  sandstones una f fec t ed  by t h e  m i n e r a l i z a t i o n  processes  
are  g e n e r a l l y  less than 1 pe rcen t .  C a l c i t e  r e l a t e d  t o  o r e  d e p o s i t i o n  w i l l  be  
d i scussed  l a t e r  i n  t h i s  r e p o r t .  

Det r i ta l  heavy mine ra l s  c o n s t i t u t e  2 t o  5 pe rcen t  of t h e  sandstone i n  t h e  
S h i r l e y  Basin (Harshman, 1972);  included are most of t h e  minerals cha rac t e r -  
i s t i c  of c l a s t i c  sediments de r ived  from p l u t o n i c  and metamorphic rocks.  
Denson and Chisholm (1971) show an average content  of about 1 pe rcen t  heavy 
mine ra l s  i n  t h e  Lower Eocene rocks of Wyoming and ad jacen t  s ta tes ,  and Ba i l ey  
(1969) shows somewhat less than 1 pe rcen t  of heav ie s  i n  t h e  Crooks Gap sand- 
stones.  

Below t h e  w a t e r  t a b l e ,  and where no t  a l t e r e d  by t h e  ore-bearing s o l u t i o n s ,  t h e  
h o s t  sandstones have no t  experienced ox ida t ion  e i t h e r  a t  t h e  t i m e  of t h e i r  
d e p o s i t i o n  o r  subsequent ly .  They are g e n e r a l l y  l i g h t  gray o r  greenish gray,  
t h e  c o l o r  being dependent on t h e  amount of p y r i t e ,  t h e  amount of o rgan ic  
material, and t h e  mine ra log ica l  composition of t h e  sediment. The f ine-grained 
rocks interbedded wi th  t h e  sandstones are  greenish gray,  da rk  gray,  brown t o  
t a n ,  and almost b l ack  when h igh  i n  organic  material. They range from f i r m  
c l ays tones  t o  compact b u t  somewhat f r i a b l e  s i l t s t o n e s ;  much of t h e  material 
can be c l a s s e d  as mudstone. 

Sandstones of t h e  type j u s t  desc r ibed  have a l i m i t e d  d i s t r i b u t i o n  i n  t h e  t o t a l  
volume of m a t e r i a l  deposi ted i n  t h e  Wyoming b a s i n s .  A b r i e f  d i s c u s s i o n  of t h e  
e a r l y  h i s t o r y  of sedimentat ion w i l l  he lp  p o s i t i o n  t h e  f avorab le  hos t  rocks 
geograph ica l ly  w i t h i n  t h e  b a s i n s  and r e l a t e  t h e  d e p o s i t i o n a l  environments t o  
t h e  f l u v i a l  system discussed i n  ear l ie r  paragraphs.  

Sedimentation began s h o r t l y  a f t e r  Laramide f a u l t i n g  and u p l i f t  o u t l i n e d  t h e  
Wyoming bas ins  and mountain ranges as we know them today. A s  e r o s i o n  s t r i p p e d  
t h e  sedimentary rocks  from t h e  f l a n k s  of t h e  u p l i f t s ,  f ine-grained second 
c y c l e  material  w a s  deposi ted i n  t h e  bas ins .  I n  some p l a c e s  t h e  g r a n i t i c  c o r e s  
were exposed i n  Paleocene t i m e  and coa r se  a r k o s i c  sediment w a s  depos i t ed  nea r  
t h e  mountain f r o n t s .  U p l i f t ,  and probably down warping continued i n t o  Lower 
Eocene, and well-defined braided streams c a r r i e d  a r k o s i c  d e b r i s  from t h e  
mountains i n t o  t h e  bas ins .  By present-day s t anda rds ,  t h e s e  streams were 
l a r g e ,  as  w a s  t h e i r  bed load.  Huge f a n s ,  some more than 30 m i l e s  long,  devel-  
oped on t h e  f l a n k s  of t h e  bas ins .  Coarse boulders  were depos i t ed  toward t h e  
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c e n t e r s  of t h e  b a s i n s .  I n  pe r iods  of high flow t h e  streams l e f t  t h e i r  banks 
and depos i t ed  f ine-grained c l a s t i c  d e b r i s  i n  in t e r - s t r eam areas and on f lood  
p l a i n s  wh i l e  a t  t h e  same t i m e  coarse-grained material w a s  deposi ted i n  t h e  
stream channels.  There w a s  cons ide rab le  la teral  s h i f t i n g  of t h e  streams and 
some channel ing of p rev ious ly  depos i t ed  sediment. 
t h e  Wind River and Wasatch Formations which h o s t  t h e  o r e  d e p o s i t s .  Although 
t h e  lowest p a r t s  of some o f  t h e  b a s i n s  were occupied by shal low l a k e s  and c o a l  
swamps, a l l  of t h e  ore-bearing Wyoming b a s i n s  had e x t e r i o r  drainage.  

These are t h e  sediments of 

F o s s i l  evidence i n d i c a t e s  t h a t  t h e  humid warm climate t h a t  began i n  t h e  Creta- 
ceous continued through t h e  Ea r ly  T e r t i a r y ,  probably becoming temperate by 
Middle Oligocene, The t r o p i c a l  climate supported growth of l u sh  vegetation i n  
uplands and along streams. It a l s o  caused deep weathering of t h e  g r a n i t i c  
rocks  i n  t h e  u p l i f t s ,  r a p i d  t r a n s f e r  of t he -e roded  a rkose  down t h e  b a s i n  
s l o p e s ,  and massive d e p o s i t i o n  of mater ia l  i n  t h e  bas ins .  Dry pe r iods  may 
have a l t e r n a t e d  wi th  w e t  p e r i o d s ,  b u t  most of t h e  a rkose  remained s a t u r a t e d  
and reduced chemical ly ,  a c r i t i c a l  f a c t o r  i n  subsequent o r e  depos i t i on .  
F igu re  7 (Galloway, 1979) shows t h e  two major Paleocene-Early Eocene d ra inage  
systems i n  Wyoming, as w e l l  as o t b e r  geologic  f e a t u r e s  r e l a t e d  t o  t h e  p r i n c i -  
p a l  uranium mining areas. 

A s  t h e  uplands were eroded and t h e  b a s i n s  were f i l l e d ,  t h e  v i g o r  of t h e  streams 
decreased and t h e  a rkoses  depos i t ed  i n  Ea r ly  Eocene were bu r i ed  by f i n e -  
grained c l a s t i c  sediments admixed wi th  v o l c a n i c  d e b r i s  from v e n t s  t h a t  became 
a c t i v e  i n  western and c e n t r a l  Wyoming i n  Middle Eocene t i m e  and remained 
a c t i v e  through t h e  P l iocene  (Houston, 1969). 
and younger formations subsequent ly  served t o  p r o t e c t  t h e  Ea r ly  Eocene a r k o s i c  
rocks  and t h e i r  uranium d e p o s i t s  from P l e i s t o c e n e  and Recent e r o s i o n  and 
ox ida t  ion.  

This  b u r i a l  by t h e  White River 

The l i t h o l o g i e s  f a v o r a b l e  f o r  o r e  d e p o s i t i o n  are found p r i n c i p a l l y  i n  t h e  
c e n t r a l  p a r t  of  t h e  f l u v i a l  system b r i e f l y  desc r ibed  above. The ve ry  coa r se  
d e b r i s  depos i t ed  high on a b a s i n  margin i s  probably s u b j e c t  t o  i n t e n s i v e  
ox ida t ion  du r ing  d r y  pe r iods  when stream flow i s  low and ground water t a b l e s  
f a l l .  The reducing environment so  necessary t o  t h e  ore-forming p rocess  i s  
thus  destroyed soon a f t e r  t h e ' d e p o s i t i o n  of any o rgan ic  d e b r i s ,  i f  i n  f a c t  
reducing c o n d i t i o n s  ever e x i s t e d .  
through t h i s  material is  probably much g r e a t e r  than t h a t  be l i eved  t o  be o p t i -  
mum f o r  forming t h e  oxidat ion-reduct ion i n t e r f a c e  necessary f o r  o r e  d e p o s i t i o n .  
This environment would correspond t o  t h e  proximal p a r t s  of t h e  f an .  

Add i t iona l ly ,  t h e  r a t e  of ground water flow 

The f lood  p l a i n  and l a k e  bed d e p o s i t s  i n  t h e  lower p a r t  of a b a s i n  remain 
reducing long a f t e r  d e p o s i t i o n  bu t  t hey  are so  v e r y  f ine-grained and imperme- 
a b l e  t h a t  movement of water through them i s  g r e a t l y  i n h i b i t e d .  This  environ- 
ment would correspond t o  t h e  r i v e r i n e  p l a i n  i n  F igu re  5. Between t h e s e  two 
extremes i s  a r eg ion  where stream g r a d i e n t s  are moderate and permeable car- 
bonaceous channel sands with cons ide rab le  l o n g i t u d i n a l  c o n t i n u i t y ,  interbedded 
wi th  f ine-grained sediments,  a r e  deposi ted i n  shallow but  wide stream channels.  
These are t h e  sediments t h a t  c o n t a i n  most of t h e  uranium d e p o s i t s  of t h e  
Wyoming b a s i n s .  

The uranium d e p o s i t s  i n  t h e  Black H i l l s  and Weld County, Colorado, areas are 
found i n  rocks  deposi ted under hydrologic  cond i t ions  somewhat d i f f e r e n t  than 
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Figure  7 .  Regional  S e t t i n g  of t h e  p r i n c i p a l  uranium d i s t r i c t s ,  a l t e r a t i o n  
tongues and p r e s e n t  and i n f e r r e d  Paleocene/Eocene dra inage  systems, 
Wyoming intermontane bas ins  (modified from Galloway, 1979) .  
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t h o s e  i n  t h e  Wyoming b a s i n s .  I n  t h e  Black H i l l s  t h e  h o s t s  are p a r t  of a 
sequence of Lower Cretaceous (Inyan b r a )  sedimentary rocks  deposi ted by 
streams of moderate g r a d i e n t  f lowing no r thwes te r ly  somewhat pa ra l l e l  t o  t h e  
a x i s  of t h e  p r e s e n t  Black H i l l s  u p l i f t .  The sediment is  h igh ly  s i l i c e o u s  and 
according t o  Cuppels (1963) i t  w a s  deposi ted i n  a " s t a b l e  s h e l f  environment of 
a c o n t i n e n t a l  platform." 
invaded t h e  area a t  t h e  c l o s e  of Inyan Kara t i m e .  The lower p a r t ,  o r  Lakota 
Formation, c o n s i s t s  of many in t e r tongu ing  l e n s e s  of c r o s s - s t r a t i f i e d ,  f i n e -  t o  
coarse-grained f l u v i a l  sandstones,  f ine-grained f lood  p l a i n  d e p o s i t s ,  l a k e  
beds,  and occas iona l  beds of l i g n i t e .  Many of t h e  sandstones are i n  l a r g e  
in t e rconnec ted  l e n s e s ,  bu t  some l e n s e s  are small and i s o l a t e d .  The streams 
moved l a t e r a l l y  w i t h i n  t h e i r  r a t h e r  broad channels and changes i n  t h e  v igo r  of 
t h e  streams caused cons ide rab le  c u t t i n g  and f i l l i n g .  This  d e p o s i t i o n a l  envi- 
ronment would correspond t o  c o a s t a l  plain-piedmont environment of Figure 5. 

The s h e l f  l a y  t o  t h e  east of t h e  inland sea t h a t  

The upper p a r t  of t h e  Inyan Kara Group, o r  F a l l  River Formation, i s  t r a n s i t i o n -  
a l  between t h e  f l u v i a l  sediments of t h e  Lakota Formation and t h e  marine s h a l e s  
of t h e  o v e r l y i n g  Sku l l  Creek Shale .  According t o  Ryan (1964) t h e  F a l l  River 
rocks are of c o n t i n e n t a l  o r i g i n ,  but  they were depos i t ed  under lagoonal  o r  
c o a s t a l  swamp cond i t ions  i n  t h e  "terrestrial phase of a d e l t a i c  environment." 
This  concept a g r e e s  wi th  t h a t  expressed by Renfro (1969) who i d e n t i f i e s  t h e  
"Lower" Lakota as f l u v i a l  piedmont-plain, t h e  "Upper" Lakota as f l u v i a l  
c o a s t a l - p l a i n ,  and t h e  F a l l  River as marginal marine. The F a l l  River sand- 
stones, l i k e  t h o s e  of  t h e  Lakota ,  are h i g h l y  s i l i c i o u s  and carbonaceous.  The 
analogy i n  F igu re  5 would be t h e  c o a s t a l  p l a i n - d e l t a  d e p o s i t i o n a l  environment. 

I n  c o n t r a s t  t o  t h e  h o s t  rocks i n  t h e  Wyoming b a s i n s ,  t hose  i n  t h e  Black H i l l s  
are i n  smaller sandstone u n i t s ,  are of lower pe rmeab i l i t y ,  are l e s s  a r k o s i c ,  
and over l a r g e  a r e a s  are probably much less t r ansmiss ive .  These f a c t o r s  l i m i t  
t h e  s i z e  and grade of t h e  uranium d e p o s i t s  i n  t h e  Black H i l l s .  

The Weld County d e p o s i t s  are i n  Late Cretaceous f l u v i a l  and marginal marine 
sandstones of t h e  Fox H i l l s  and L a r a m i e  Formations. The h o s t  rocks are 
g e n e r a l l y  qua r t zose  t o  f e l d s p a t h i c ,  medium- t o  f ine-grained sandstones con- 
t a i n i n g  cons ide rab le  carbonaceous material. Sandstone th i cknesses  range from 
a few t o  as much as 100 f e e t .  The environment of d e p o s i t i o n ,  pa l eoc l ima te ,  
and gene ra l  c h a r a c t e r  of t h e  h o s t  sandstones are  more comparable t o  t h e  Black 
H i l l s  than t o  t h e  Wyoming b a s i n s .  
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0 
ORE DEPOSITS 

General Desc r ip t ion  

I n  d i s c u s s i o n s  t h a t  fol low,  a number of terms w i l l  be used t o  d e s c r i b e  t h e  
v a r i o u s  phys ica l  and chemical components of r o l l - t y p e  uranium d e p o s i t s .  The 
terms used i n  t h i s  r e p o r t  are those  used by Harshman (1972)  dur ing  t h e  l a s t  18 
years i n  d e s c r i b i n g  r o l l - t y p e  uranium d e p o s i t s  o f  Wyoming, South Dakota, and 
Texas. They have been g e n e r a l l y ,  but  c e r t a i n l y  n o t  u n i v e r s a l l y ,  accepted  by 
o t h e r  au tho r s  and f o r  t h i s  r eason  a c o r r e l a t i o n  o f  t h e  most commonly used 
t e r m s  i s  presented  t o  assist i n v e s t i g a t o r s  i n  apply ing  t h e  p r i n c i p l e s  d i s -  
cussed i n  t h i s  r e p o r t  t o  d e s c r i p t i o n s  of d e p o s i t s  prepared by au tho r s  us ing  
o t h e r  nomenclature.  F igu re  8 shows t h e  p r i n c i p a l  f e a t u r e s  of  r o l l - t y p e  
uranium d e p o s i t s  and a c o r r e l a t i o n  o f  t h e  more common terms used t o  d e s c r i b e  
them. 

Roll- type uranium d e p o s i t s  are everywhere g e n e t i c a l l y  and s p a t i a l l y  r e l a t e d  t o  
t a b u l a r  masses o r  tongues of a l t e r e d  sandstone.  The a l t e r e d  tongues range 
cons iderably  i n  s i z e  and shape; they  may be as much as one hundred o r  more 
square  m i l e s  i n  area and several t e n s  of feet  th i ck .  I n  most d i s t r i c t s  t h e r e  
a re  several a l t e r e d  tongues w i t h i n  a g e n e r a l l y  f avorab le  sequence of beds,  
each sepa ra t ed  from t h e  o t h e r  by an  i n t e r v a l  of f ine-grained impervious sed i -  
ment. I n  some i n s t a n c e s  superimposed tongues of  a l t e r e d  sands tone  are con- 
nec ted  by a l t e r e d  sand f i l l i n g  a d e p o s i t i o n a l  breach i n  t h e  bounding imperme- 
ab le  sediments .  Although a l t e r e d  tongues f requent ly  ove r l ap ,  t h e i r  edges are 
r a r e l y  superimposed. 
f i l l  t h e  sandy i n t e r v a l  i n  which they  are confined.  Incompletely f i l l e d  
i n t e r v a l s  occur  most f r e q u e n t l y  a t  t h e  ends of t h e  a l t e r e d  tongues.  

Tongues of  a l t e r e d  sandstone may o r  may n o t  completely 

The c h a r a c t e r  of t h e  a l t e r a t i o n  d i f f e r s  from d i s t r i c t  t o  d i s t r i c t ,  bu t  t h e  
o v e r a l l  e f f e c t  of  a l t e r a t i o n  i s  one of ox ida t ion .  S i m i l a r i t i e s  between a l t e r e d  
sandstone i n  t h e  major d i s t r i c t s  inc lude :  
from t h e  normal gray  of u n a l t e r e d  sand; ( 2 )  a selenium content  cons ide rab ly  
h igher  t han  i n  una l t e red  sand; ( 3 )  a e U / U  r a t i o  g e n e r a l l y  h igher '  t han  i n  
una l t e red  sand;  ( 4 )  calcium carbonate ,  o rganic  carbon and s u l f a t e  c o n t e n t s  
much lower than  i n  una l t e red  sand; and (5) p a r t i a l  o r  c o m p l e t e  d e s t r u c t i o n  of 
some o r  most o f  t h e  heavy minerals,  p a r t i c u l a r l y  p y r i t e  and magnet i te .  
i s  a s i m p l i f i e d  c r o s s  s e c t i o n  of t h e  p r i n c i p a l  t ypes  of a l t e r a t i o n  in some of 
t h e  uranifim mining d i s t r i c t s  d i scussed  l a t e r  i n  t h i s  r e p o r t .  

(1) a d i s t i n c t i v e  change i n  c o l o r  

F igure  9 

The l a r g e s t  o rebodies  occur  a t  t h e  margins of t h e  tongues of a l t e r e d  sands tone  
and extend outward f o r  d i s t a n c e s  of a few t o  as much as 300 f e e t .  They are 
somewhat c r e s c e n t i c  i n  c r o s s  s e c t i o n ,  bu t  s imple crescent-shaped orebodies  are 
rare. Ore i s  no t  cont inuous a long  t h e  edges of t h e  a l t e r e d  tongues,  b u t  i t  
may extend l a t e r a l l y  f o r  several thousand fee t .  
t h e  top  and bottom s u r f a c e s  of t h e  a l t e r e d  tongues and a s s o c i a t e d  wi th  small 
bodies  of r e s i d u a l  una l t e red  sands tone  enveloped by t h e  tongues.  

Small o rebodies  are found on 

Typ ica l ly ,  o r e  i n  a r o l l - t y p e  uranium d e p o s i t  i s  i n  sha rp  c o n t a c t  wi th  t h e  
hos t  sands tone  on t h e  concave s i d e  o r  t r a i l i n g  edge, bu t  on t h e  convex s i d e  o r  
l e a d i n g  edge t h e  uranium content  of t h e  o r e  g radua l ly  dec reases  u n t i l  i t  
merges w i t h  unmineral ized sandstone.  
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Figure 8. Correlation of terms used to describe various features of roll-type uranium deposits. 



TYPE OF ALTERATION I-- DISTRICT 

POWDER RIVER BASIN 
BLACK HILLS 
WELD COUNTY 
KAYCEE 

SHIRLEY BAS1 N 

GAS HILLS 
CROOKS GAP 

POWDER RIVER BASIN 
BLACK HILLS 
WELD COUNTY 

-- 

POWDER RIVER BASIN 
GREAT DIVIDE BASIN 

-- 
I 

Hemat i te  1 1  (Red a l tered sandstone) I Bleached a l te red  sandstone 

H igh- I ron  Clay 
(Yellowjsh- green altered 
sandstone 1 

L imoni te  
(Yellow a l te red  sandstone) 

Figure  9 .  S impl i f ied  c r o s s  s e c t i o n s  a c r o s s  t h e  edges of a l t e r e d  sandstone 
tongues showing t h e  most common types  of a l t e r a t i o n  p resen t  i n  
some uranium mining d i s t r i c t s .  
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Primary ore minerals are  uraninite and cof f in i te  emplaced as coatings on sand 
g r a i n s ,  as a cementing material f i l l i n g  t h e  voids  i n  t h e  sandstone,  and possi-  
b ly  r e p l a c i n g  o rgan ic  d e t r i t u s .  The uranium con ten t  of minera l ized  sandstone 
may be as h igh  as 60 percent  i n  small specimens, bu t  i s  gene ra l ly  less than  1 
percent .  S ince  t h e  term o r e  a p p l i e s  more t o  economics than  t o  geology, i t  i s  
imposs ib le  t o  determine a n  average grade f o r  o r e  i n  ro l l - type  depos i t s .  
average grade of o r e  as mined i n  most d e p o s i t s  ranges from 0.05 t o  0.25 
percent  U 3O 

The 

Sedimentary s t r u c t u r e s  appear  t o  have exe rc i sed  some c o n t r o l  on o re  depos i t i on ,  
bu t  i n  many cases o r e  ind i sc r iminan t ly  c u t s  a c r o s s  such s t r u c t u r e s .  I t  may be 
gene ra l i zed  t h a t  g ross  sedimentary f e a t u r e s  c o n t r o l l e d  t h e  p o s i t i o n  of t h e  
orebodies ,  and t h a t  t o  some e x t e n t  minor sedimentary f e a t u r e s  inf luenced  t h e i r  
form. 

S e v e r a l  e lements ,  i n  a d d i t i o n  t o  uranium, have been depos i ted  i n  t h e  mineral-  
i z e d  area ad jacen t  t o  t h e  a l t e r e d  tongue. 
s o l u t i o n ,  t r a n s p o r t a t i o n ,  and d e p o s i t i o n  of uranium must a l s o  account  f o r  t h e  
presence of t h e s e  elements  and t h e  sequence of t h e i r  depos i t ion .  

Gene t i c  t h e o r i e s  proposed t o  e x p l a i n  

The fo l lowing  summary of t h e  sedimentary environment, h a b i t ,  and mineralogy of 
t h e  d e p o s i t s  i n  t h e  most important  ro l l - t ype  uranium mining d i s t r i c t s  i s  
p resen ted  i n  o r d e r  t o  show t h e  many s imilar i t ies ,  as  w e l l  as t h e  d i f f e r e n c e s ,  
e x h i b i t e d  by t h e  depos i t s .  
genes is  of r o l l - t y p e  uranium d e p o s i t s  w i t h i n  t h e  bounds of reason. 

These d a t a  w i l l  be used t o  hold s p e c u l a t i o n  on t h e  

S h i r l e y  Bas in  Area 

S e l e c t e d  r e fe rences :  Melin,  1964, 1969; Bai ley ,  1965; Harshman, 1968, 1972; 
Rackley, 1972. 

The S h i r l e y  Bas in  i s  a s t r u c t u r a l  and poor ly  de f ined  topographic  b a s i n  l y i n g  
between t h e  Laramie Mountains on t h e  east  and t h e  southern  p a r t  of t h e  Sweet-  
water Mountains ( S h i r l e y  Mountains) on t h e  west (Fig.  7 ) .  Ore i s  a s s o c i a t e d  
wi th  two wel l -def ined tongues of a l t e r e d  sandstone.  The b a s i n  conta ined  
r e s e r v e s  of over  125,000,000 pounds of U,O;that have been and are being 
e x p l o i t e d  i n  one underground mine and s e v e r a l  open p i t s .  

The Wind River  Formation of E a r l y  Eocene age i s  t h e  h o s t  rock f o r  t h e  S h i r l e y  
Basin depos i t s .  I t  i s  a n  a rkose  der ived  p r i n c i p a l l y  from t h e  Sweetwater 
Mountains t o  t h e  west and depos i ted  w i t h i n  t h e  reaches of a bra ided  f a n  and 
channel  f l u v i a l  system f lowing  n o r t h e r l y  through a bas in ,  open t o  t h e  no r th ,  
eroded i n  Cretaceous and o l d e r  rocks (Fig.  7 ) .  Sediments i n  t h e  wes tern  p a r t  
of t h e  bas in  were depos i ted  on a broad a l l u v i a l  f an ,  t hose  i n  t h e  c e n t r a l  p a r t  
i n  t h e  main channel  and ad jacen t  overbank areas of t h e  t runk  stream, and those  
i n  t h e  e a s t  p a r t  i n  t r i b u t a r y  channels  and f l o o d  p l a i n s  of streams o r i g i n a t i n g  
i n  t h e  Laramie Mountains on t h e  east  f l a n k  of t h e  b a s i n  (Harshman, 1972). 

The major d e p o s i t s  are i n  a wel l -def ined b e l t  of f avorab le  sandstone t h a t  l i e s  
west of a 100 t o  400 f o o t  h igh  r idge  on t h e  Pre-Wind River  e ros ion  sur face .  
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The r idge ,  now bur i ed ,  i s  be l i eved  t o  have c o n t r o l l e d  t h e  p o s i t i o n  of t h e  
f avorab le  b e l t  by c o n t r o l l i n g  t h e  area i n  which e a s t e r l y  f lowing h igh  g r a d i e n t  
t r i b u t a r y  streams jo ined  t h e  nor thwes ter ly  f lowing low g r a d i e n t  t runk  stream. 
During pe r iods  of h igh  water, t h e  t r i b u t a r y  streams c a r r i e d  c o a r s e  a r k o s i c  
material i n t o  t h e  lower reaches  of t h e  b a s i n  where i t  was depos i t ed  and i n t e r -  
bedded w i t h  f ine-gra ined  material and l i g n i t e  being depos i t ed  by t h e  s l u g g i s h  
t runk  stream. Th i s  produced a sequence of coarse-grained a rkoses  in te rbedded  
w i t h  f ine-gra ined ,  l i g n i t i c  mudstones--an i d e a l  h o s t  f o r  subsequent uranium 
depos i t i on .  

@ 

Ore i n  the  favorable b e l t  has been depos i ted  a t  t h e  margins of two a l t e r e d  
sands tone  tongues developed a long  t h e  axis of t h e  o l d  t runk  stream. T h e i r  
s i z e ,  shape, and gene ra l i zed  boundaries  are shown i n  F igu re  10. The t w o  
a l t e r e d  tongues are sepa ra t ed  by 50 t o  75 f e e t  of s i l t s t o n e ,  bu t  hydro logic  
i n v e s t i g a t i o n s ,  r e l a t i n g  t o  s o l u t i o n  mining of orebodies ,  showed t h a t  t h e  two 
sandy i n t e r v a l s  are in te rconnec ted .  The lower a l t e r e d  tongue i s  i n  a s i n g l e  
sandy i n t e r v a l  t h a t  rests on t h e  o l d  Pre-Wind River e r o s i o n  su r face .  
upper  a l t e r e d  tongue i s  i n  two sandy i n t e r v a l s  t h a t  i n  some p laces  are sepa- 
r a t e d  by 3’0 t o  40 f e e t  of sandy s i l t s t o n e  and which i n  o t h e r  p l a c e s  rest one 
on t h e  o the r .  

The 

The upper a l t e r e d  sands tone  tongue ranges i n  th i ckness  from a few f e e t  nea r  
i t s  wes te rn  edge t o  about  70 f e e t  s e v e r a l  hundred f e e t  from t h e  edge. 
g e n e r a l l y  concordant w i t h  t h e  low d i p  of t h e  Wind River  Formation, bu t  i n  some 
p l a c e s  t h e  a l t e r ed -una l t e red  sands tone  con tac t  c u t s  sha rp ly  a c r o s s  sedimentary 
structures.  A t  i t s  no r the rn  end t h e  upper a l t e r e d  tongue l i e s  a t  a depth of 
about  450 f e e t .  
m i l e .  The l e n g t h  of t h e  upper a l t e r e d  tongue a t  one t i m e  may have been con- 
s i d e r a b l y  longe r  than  shown on F igure  10,  f o r  toward t h e  sou th  i t  l o s e s  i t s  
i d e n t i t y  when i t  passes  i n t o  t h e  zone of s u r f a c e  weather ing and even tua l ly  
c rops  out .  

I t  i s  

Toward t h e  sou th  i t  climbs a t  a ra te  of about  70 f e e t  p e r  

The p o s i t i o n s  of t h e  a l t e r e d  tongues w i t h i n  t h e  Wind River  sands tones  appear  
t o  be r e l a t e d  t o  pe rmeab i l i t y  f a c t o r s  i n  t h e  h o s t  sediments.  There i s  a 
n o t i c e a b l e  f i n i n g  of t h e  h o s t  sands i n  both t h e  upper and lower a l t e r e d  tongues 
toward t h e  east  and i n  t h e  lower a l t e r e d  tongue toward t h e  nor th .  The posi-  
t i o n  of t h e  no r the rn  p a r t  of t h e  upper tongue i s  governed by a pinchout  by 
onlap of t h e  sands on a h igh  area of t h e  Pre-Ter t ia ry  e r o s i o n  sur face .  Toward 
t h e  west t h e  sands i n  t h e  upper tongue pinchout  whi le  t hose  of the  lower 
tongue con t inue  f o r  s e v e r a l  miles but r i s e  w i t h  t h e  i n c r e a s e  i n  e l e v a t i o n  of 
t h e  Pre-Wind R ive r  e r o s i o n  su r face .  - 
S i z e  ana lyses  run  on 2 1  samples of sandstone (14 a l t e r e d  and 7 u n a l t e r e d )  
showed no obvious d i f f e r e n c e s  i n  t h e  phys ica l  p r o p e r t i e s  of t h e  sands. F igure  
11 shows t y p i c a l  f requence  and cumulat ive d i s t r i b u t i o n  curves.  I t  may be 
concluded from t h e s e  d a t a  t h a t :  (1) a l t e r a t i o n  has  not  no t i ceab ly  a f f e c t e d  
t h e  p h y s i c a l  p r o p e r t i e s  of t h e  sand,  and ( 2 )  t h a t  phys i ca l  p r o p e r t i e s  on a 
loca l  scale have not  determined t h e  l o c a t i o n  of t h e  a l t e r e d  sands tone  tongues,  
a l though on a r e g i o n a l  scale  those  p r o p e r t i e s  must have had a major i n f luence  
on t h e i r  l o c a t i o n s .  

Color  i s  t h e  most s t r i k i n g  d i f f e r e n c e  between a l t e r e d  and u n a l t e r e d  sands tone  
i n  t h e  S h i r l e y  Basin. Unal te red  sandstone,  where unweathered, i s  gene ra l ly  

A 
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Figure  10. Map showing l i m i t s  of a l t e r e d  sandstone a s soc ia t ed  wi th  an 
upper and lower ro l l - type  system i n  t h e  Wind River Formation, 
S h i r l e y  Basin,  Wyoming (modified from Harshman, 1972). 
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medium t o  l i g h t  gray ,  whi le  a l t e r e d  sandstone i s  almost  everywhere g reen i sh  
yel low,  a l though i n  one area nea r  t h e  N a l l  lease (Fig.  l o )  i t  is  orange, red ,  
o r  r edd i sh  brown. I n  most places t h e  c o l o r  d i f f e r e n c e  can be e a s i l y  recog- 
n ized  i n  undis turbed  samples o r  i n  d r i l l  c u t t i n g s ,  bu t  i n  some p laces  t h e  
c o l o r  d i f f e r e n c e  i s  very s u b t l e  and can be recognized only i n  c u t t i n g s  con- 
t a i n i n g  cons ide rab le  s i l t y  material. When samples of a l t e r e d  and u n a l t e r e d  

@ 
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Figure  11. Cumulative and frequency d i s t r i b u t i o n s o f  t h r e e  samples of sand- 
s tone  from t h e  ore-bear ing sandstone i n t e r v a l ,  Pe t ro tomics  Co. 
S e c t i o n  9 p i t ,  S h i r l e y  Basin,  Wyoming (from Barshman, 1972). 
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sandstone are screened,  t h e  d i a g n o s t i c  c o l o r s  are r e t a i n e d  by silt- and clay-  
s i z e d  f r a c t i o n s .  
s t o n e  sample contained 36 percen t  of t h e  i r o n  i n  t h e  t o t a l  sample al though 
t h a t  f r a c t i o n  c o n s t i t u t e d  on ly  3 . 3  percen t  of t h e  weight of t h e  t o t a l  sample. 
In sha rp  c o n t r a s t ,  t h e  minus 0.074 mm f r a c t i o n  of an u n a l t e r e d  sandstone 
contained on ly  1 2  pe rcen t  of t h e  t o t a l  i r o n  i n  t h e  sample. X-ray ana lyses  of 
t h e  clay-sized (-0.002 mm) f r a c t i o n  of a l t e r e d  sand show t h e  c l a y  mine ra l  t o  
be high-iron montmori l loni te .  S imi l a r  ana lyses  of u n a l t e r e d  sand show t h e  
c l a y  mine ra l  t o  be montmori l loni te  low i n  i r o n .  These d a t a  suggest t h a t  t h e  
c o l o r  d i f f e r e n c e s  between a l t e r e d  and u n a l t e r e d  sandstone r e s u l t  from t h e  
amount and o x i d a t i o n  s ta te  of i r o n  i n  t h e  f ine-grained f r a c t i o n  of t h e  sand- 
s tone .  

@ 
The minus 0.074 mm (200 mesh) f r a c t i o n  of an a l t e r e d  sand- 

The i r o n  probably s u b s t i t u t e s  f o r  aluminum i n  t h e  c l a y  la t t ice .  

Although n o t  found i n  t h e  minus 0.002 nnn f r a c t i o n ,  c o n s i d e r a b l e  k a o l i n i t e  w a s  
found i n  t h e  minus 0.074 mm (200 mesh) f r a c t i o n s  of both a l t e r e d  and u n a l t e r e d  
sandstone. Thin s e c t i o n s  of t h e  f r i a b l e  sandstones were poor,  bu t  t h e  c l a y  
mine ra l s  seemed t o  be evenly d i s t r i b u t e d  between t h e  sand g r a i n s  and t o  have 
been depos i t ed  wi th  t h e  sand. S .  R. Aust in  ( w r i t t e n  communication, 1980) 
r e p o r t s  t h a t  some i ron - r i ch  montmori l loni te  o r i g i n a t e d  by a l t e r a t i o n  of am- 
ph ibo le  mine ra l s .  A l t e r a t i o n  of f e l d s p a r ,  p a r t i c u l a r l y  m i c r o c l i n e ,  even i n  
t h e  a l t e r e d  sandstone w a s  minimal, a s u r p r i s i n g  f a c t  cons ide r ing  t h e  o t h e r  
changes i n  t h e  sandstone produced by t h e  m i n e r a l i z i n g  s o l u t i o n s .  

Table 1 summarizes t h e  r e s u l t s  of a s tudy of 39 samples of o r e ,  a l t e r e d  sand- 
s t o n e ,  and u n a l t e r e d  sandstone. Th i s  s tudy ,  made t o  determine t h e  changes 
caused by a l t e r a t i o n ,  confirms what can be seen i n  d r i l l  c u t t i n g s  and mine 
exposures.  The d a t a  suggest  t h a t  a l t e r a t i o n  has  destroyed p y r i t e  and calcium 
carbonate ,  had l i t t l e  e f f e c t  on t h e  heavy mine ra l s  o t h e r  than p y r i t e ,  and has 
no t  i nc reased  s i g n i f i c a n t l y  t h e  c l a y  and f i n e  s i l t  (-0.008 mm) f r a c t i o n  of t h e  
sandstone. 

F i e l d  and l a b o r a t o r y  evidence show t h a t  carbonaceous material, common i n  t h e  
Wind River sandstones has been l a r g e l y  destroyed du r ing  t h e  a l t e r a t i o n  proc- 
esses. Cross-beds con ta in ing  cons ide rab le  v i t r e o u s  carbonaceous material  w i th  
a woody t e x t u r e  on t h e  u n a l t e r e d  s i d e  of an a l t e r ed -una l t e red  con tac t  con t inue  
i n t o  t h e  a l t e r e d  sandstone,  but  t h e  carbonaceous mater ia l  becomes d u l l  and 
soo ty  and w i t h i n  a f o o t  o r  so from t h e  c o n t a c t  has been almost t o t a l l y  de- 
s t royed .  Chemical ana lyses  f o r  o rgan ic  carbon confirm t h i s  d e s t r u c t i o n .  

Fef2 /Fe+3 r a t i o s  i n  t h e  h o s t  sandstones changed cons ide rab ly  du r ing  a l t e r a t i o n .  
Analyses of several s u i t e s  of samples c r o s  orebodies  i n  t h e  S h i r l e y  Basin 
show t h a t  u n a l t e r e d  sandstone has  a Fea2/I?eT3 r a t i o  of from 2.0: l  t o  4 . 5 : 1 ,  
but  i n  sha rp  c o n t r a s t  t h e  r a t i o s  i n  a l t e r e d  sandstone range from 1 . 5 : l  t o  less 
than 0.4:l-.- The t o t a l  i r o n  c o n t e n t s  of a l t e r e d  and u n a l t e r e d  sandstone are 
about t h e  same. 

Altered and u n a l t e r e d  sandstone d i f f e r  markedly i n  t h e i r  selenium con ten t s .  
Analyses of s e v e r a l  hundred samples show t h a t  selenium i n  u n a l t e r e d  Wind River 
rocks ranges from about 1 t o  4 ppm; t h e  h ighe r  amounts are g e n e r a l l y  i n  t h e  
f ine-grained carbonaceous beds.  Selenium i n  t h e  a l t e r e d  sand i s  about one 
o rde r  of magnitude h ighe r ,  ranging from 10 t o  40 ppm. 

a 
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Uranium and i t s  daughter products  are h ighe r  i n  a l t e r e d  sandstone than i n  
u n a l t e r e d  sandstone d i s t a n t  from o re .  
t h e  ore-bearing i n t e r v a l  and b a r r e n  sandstone above t h e  ore-bearing i n t e r v a l  
c o n t a i n  from 4 t o  5 ppm uranium and averages about 5 ppm. Altered sandstone 
several thousand f e e t  behind t h e  r o l l  f r o n t  con ta ins  from 6 t o  15  ppm uranium 
and averages about 7 ppm. 

Unal tered,  unmineralized sandstone from 

Figure 1 2  i s  a p l o t  of t h e  U : e U  r a t i o s  of 175 samples from t h e  S h i r l e y  Basin 
d e p o s i t s .  
t a i n i n g  less than 0.1 pe rcen t  uranium, a common occurrence i n  many uranium 

It c l e a r l y  shows a d i s e q u i l i b r i u m  i n  f avor  of e U  i n  samples con- 
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Figure  12. Equilibrium r e l a t i o n s  of 175 samples of mineral ized sandstone 
from S h i r l e y  Basin,  Wyoming (from Harshman, 1972). n 
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d e p o s i t s ,  but  more t o  t h e  p o i n t  i t  shows tha t  i n  t h e s e  weakly mineralized 
samples  t h e  d i s e q u i l i b r i u m  i s  g r e a t e r  i n  t h e  a l t e r e d  than  i n  t h e  u n a l t e r e d  
sandstone. 

Other elements t h a t  have been a f f e c t e d  by a l t e r a t i o n  of t h e  h o s t  sandstone are 
copper,  s u l f a t e  s u l f u r  and a r s e n i c ,  which were removed dur ing  a l t e r a t i o n ,  and 
vanadium', p re sen t  i n  ve ry  minor amounts, which was added du r ing  a l t e r a t i o n .  
These and o t h e r  elements r e l a t e d  t o  t h e  ore-forming p rocesses  w i l l  be  d i s -  
cussed l a te r  i n  t h i s  r e p o r t .  

1 

The major o r e  d e p o s i t s  are a t  t h e  edges of t h e  a l t e r e d  sandstone tongues i n  
zones t h a t  s e p a r a t e  a l t e r e d  from u n a l t e r e d  sandstone. The i n n e r  c o n t a c t s  of 
o r e  and a l t e r e d  sandstone are g e n e r a l l y  sharp;  b u t  t h e  o u t e r  c o n t a c t s  of o r e  
and u n a l t e r e d  sandstone are g r a d a t i o n a l .  I n  i t s  simple form an orebody i s  
c r e s c e n t i c  i n  c r o s s  s e c t i o n ,  and i n  plan i t  i s  e l o n g a t e  p a r a l l e l  t o  t h e  mar- 
g i n s  of t h e  a l t e r e d  sandstone tongues. Ore boundaries generally cut t h e  bed- 
d ing  of t h e  hos t  sandstone a t  s h a r p  a n g l e s  a l though t h e  horns of t h e  c r e s c e n t  
may b e  peneconcordant w i th  t h e  bedding. 
c o n s i s t  of several r o l l s  connected by t h i n  zones of m i n e r a l i z a t i o n .  
and complex o r e  r o l l s  are shown ih F igure  13. 

Many of t h e  orebodies  are complex and 

Small o r e  pods are found on t h e  
Simple 
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.gure 13. Cross s e c t i o n s  a t  w e s t  edge of upper a l t e r ed - sands tone  tongue, 
S h i r l e y  Basin,  Wyoming ( see  Figure 7 ) .  Sec t ions  A and B are i n  
Petrotomics  Co. Sect ion 9 open p i t  mine. Sec t ion  C i s  a simple 
"C" r o l l  i n  t h e  Utah I n t e r n a t i o n a l  (now P a t h f i n d e r )  underground 
mine (from Harshman, 1972).  
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t op  and bottom s u r f a c e s  of t h e  a l t e r e d  sandstone tongues some d i s t a n c e  from 
t h e i r  edges,  and small o r e  pods are as soc ia t ed  wi th  s m a l l  i r r e g u l a r  bodies  of 
u n a l t e r e d  sandstone of low pe rmeab i l i t y  t h a t  extend i n t o  , t h e  a l t e r e d  tonghes 
o r  may be p r e s e n t  as i s l a n d s  w i t h i n  t h e  tongues. Such an o r e  pod is  shown i n  
F igu re  14. 

I n d i v i d u a l  orebodies  i n  t h e  S h i r l e y  Basin are n o t  e k t e n s i v e  e i t h e r  i n  la teral  
dimension o r  i n  t o t a l  tonnage. Ore may extend a few hundred f e e t  from t h e  
edge of an a l t e r e d  sandstone tongue, may extend l a t e r a l l y  f o r  2000 o r  3000 
f e e t ,  and may be as much as 30 f e e t  t h i c k .  Orebodies of t h i s  size c o n t a i n  
several hundred thousand t o n s  of o r e .  
Ore i n  p l a c e  c o n t a i n s  from a few hundredths t o  as much as 20 pe rcen t  U308. 
The grade of o r e  mined i n  t h e  S h i r l e y  Basin ranges from a f e w  hundredths t o  
a few t e n t h s  of a percent UsOs and ref lects  mining, m i l l i n g ,  and marketing 
c o s t s  more than  geologic  f a c t o r s .  The h i g h e s t  grade o r e  may o r  may no t  be 
immediately ad jacen t  t o  t h e  a l t e r e d  sandstone. I n  t h i s  c h a r a c t e r i s t i c ,  t h e  
S h i r l e y  Basin d e p o s i t s  are  s i m i l a r  t o  those  desc r ibed  by Kashir tseva (1964) 
from undesignated areas i n  Russia.  If orebodies  a t  t h e  margins of t h e  a l t e r e d  
tongues are asymmetric i n  c r o s s  s e c t i o n ,  t h e r e  a p p e a r s ' t o  be some tendency f o r  
t h e  h i g h e s t  grade and l a r g e s t  orebodies  t o  occur on t h e  lower limb o r  "horn" 
of t h e  c r e s c e n t  as shown i n  F igu res  1 3 A  and 1 3 C .  Exceptions are common. Ore 
n o t  a t  t h e  margins of t h e  a l t e r e d  tongues seems t o  be e q u a l l y  d i s t r i b u t e d  
along t h e  t o p  and bottom s u r f a c e s  of t h e  tongues.  

Most orebodies  are considerably smaller. 

0 10 20 30 F @ a l  
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Horizontal and Vertical Scale 

Figure 14. S m a l l  o r e  pods along t h e  bottom of t h e  al tered-sandstone tongue 
about 1200 f e e t  back from t h e  edge of t h e  tongue, Petrotomics  Co. 
Sec t ion  9 p i t ,  S h i r l e y  Basin,  Wyoming (from Harshman, 1972). 
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The S h i r l e y  Basin d e p o s i t s  are mine ra log ica l ly  s i m p l e .  The p r i n c i p a l  epige- 
n e t i c  minera ls  are p y r i t e ,  marcas i t e ,  u r a n i n i t e ,  n a t i v e  selenium, f e r r o s e l i t e ,  
hemat i te ,  and c a l c i t e .  P y r i t e  i s  abundant i n  t h e  o r e  and widely d i s t r i b u t e d  
i n  small amounts i n  t h e  hos t  sandstone,  as w e l l  as i n  a l t e r e d  sandstone very  
near  o re .  
through t h e  rock,  r ep lac ing  car,bonaceous material, surrounding c l a y  g a l l s ,  and 
i n  some p laces  cementing g r a v e l l y  c r o s s  beds. 
generally euhedra l  t o  subhedra l ,  and much of i t  i s  i n  very  small g r a i n s  
a t t ached  t o  t h e  sand g ra ins .  Some p y r i t e  r ep laces  c l a y  and some occurs  as 
g r a i n  aggrega tes .  The widely d i s t r i b u t e d  p y r i t e  i s  considered t o  be diage-  
n e t i c  and t o  have formed p r i o r  t o  o r e  depos i t i on .  

@ 
Unaltered sandstone con ta ins  about 1 percent  p y r i t e  disseminated 

The p y r i t e  i s  un ta rn i shed ,  

P y r i t e  r e l a t e d  t o  o r e  depos i t i on  i s  abundant, i n  some p laces  more abundant 
than uranium. It occurs  i n  t h e ' o r e  a s  small euhedra l  t o  subhedra l  c r y s t a l s ,  
as small aggrega tes  of g r a i n s ,  as coa t ings  on sand g r a i n s  and as bo t ryo ida l  
masses f i l l i n g  open spaces  i n  t h e  hos t  rock.  Most of t h e  euhedra l  p y r i t e  is  
untarn ished  or  on ly  s l i g h t l y  t a rn i shed ,  bu t  t h e  p y r i t e  c o a t i n g  sand g r a i n s  i s  
t a rn i shed  i r r i d e s c e n t  o r  bluish-black.  I n  pol ished s e c t i o n s  of o r e ,  p y r i t e  i s  
seen t o  r ep lace  f e l d s p a r  a long cleavage f r a c t u r e s  and t o  form s i n g l e  and mul- 
t i p l e  r i m s  on sand g r a i n s .  Mul t ip le  p y r i t e  r i m s  are gene ra l ly  separa ted  by a 
r i m  of u r a n i n i t e .  

Mineral ized sandstone wi th  t h e  h ighes t  p y r i t e  conten t  i s  most commonly i n  con- 
t a c t  w i th  a l t e r e d  sandstone,  but  i n  some p laces  i t  i s  separa ted  from a l t e r e d  
sandstone by a few f e e t  of m a t e r i a l  with a lower p y r i t e  con ten t .  On t h e  o u t e r  
ex t remi ty  of t h e  orebodies ,  p y r i t e  extends f a r t h e r  from t h e  a l t e r e d  sandstone 
tongue than does any o t h e r  o r e  minera l  except poss ib ly  c a l c i t e .  

Marcas i te  i s  p resen t  i n  o r e  i n  minor amounts. It i s  most abundant i n  o r e  near  
t h e  con tac t  w i th  a l t e r e d  sandstone where i t  occurs  i n  s m a l l  l a t h - l i k e  g r a i n s  
intergrown wi th  p y r i t e  o r  i n  small i s o l a t e d  g r a i n s  d ispersed  through c a l c i t e .  

Uran in i t e  i s  t h e  only  i d e n t i f i e d  uranium minera l  i n  t h e  S h i r l e y  Basin o r e  
a l though c o f f i n i t e  well may be p resen t .  
organic-uranium complex, o r  c h e l a t e ,  bu t  t h e  presence of such material remains 
unconfirmed. X-ray d i f f r a c t i o n  s t u d i e s  suggest  t h a t  t h e  u r a n i n i t e  con ta ins  
cons ide rab le  UO,. Uran in i t e  f i l l s  t h e  pores  of t h e  hos t  sands tone ,  c o a t s  and 
f i l l s  f r a c t u r e s  i n  sand g r a i n s ,  and replaces p a r t s  of g ra ins - -pa r t i cu la r ly  
f e l d s p a r .  Uran in i t e  forms t h e  inne r  rim on some sand g r a i n s ,  bu t  i n  most 
ca ses  i t  forms an o u t e r  r i m  on an inne r  p y r i t e  and/or  marcas i t e  r i m .  
r i m s  a r e  p r e s e n t ,  u r a n i n i t e  l i e s  between an inne r  and o u t e r  pyr i te -marcas i te  
r i m .  I n  some pol i shed  s e c t i o n s ,  t h i n  v e i n l e t s  of pyr i te -marcas i te  f i l l  what 
appear t o  be shr inkage  c racks  i n  u r a n i n i t e  sandwiched between two p y r i t e -  
marcas i t e  r i m s .  The l a t e r a l  e x t e n t  of t h e  zone of depos i t i on  of u r a n i n i t e  i s  
only s l i g h t l y  less than t h a t  f o r  p y r i t e .  

Some uranium may be p resen t  as an 

I f  t h r e e  

Selenium i s  p resen t  i n  a narrow sha rp ly  def ined zone a s t r i d e  t h e  c o n t a c t  
between a l t e r e d  sandstone and o r e .  I n  t h e  o re , '  selenium i s  p resen t  as small 
a c i c u l a r  c r y s t a l s  of n a t i v e  selenium; i n  a l t e r e d .  sandstone t h e  selenium mineral  
i s  f e r r o s e l i t e .  Addi t iona l  selenium i s  contained i n  p y r i t e ,  p a r t i c u l a r l y  i n  
t h e  unoxidized ore-bear ing p a r t  of t h e  selenium-bearing zone. 
enium mineralogy and d i s t r i b u t i o n  have been repor ted  i n  r o l l - t y p e  d e p o s i t s  i n  
t h e  USSR (Kashir tseva,  1 9 6 4 ) .  

S imi l a r  sel- 
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Calcite is  d i s t r i b u t e d  as a cementing material i n  o r e  and i n  a zone o r  h a l o  
surrounding o r e  (Fig.  13, A and C ) .  Its d i s t r i b u t i o n  i s  less uniform than 
t h a t  of o t h e r  e p i g e n e t i c  mine ra l s ,  and i t  tends t o  occur i n  conc re t iona ry  
masses ranging from a few inches  t o  several f e e t  i n  diameter.  I n  many p l a c e s  
ca lc i te  i s  l o c a l i z e d  around accumulations of carbonized p l a n t  d e b r i s ,  and 
g e n e r a l l y  t h i s  c a l c i t e  c o n t a i n s  hemati te .  The presence of hemat i t e  i n  t h i s  
reduced environment has not  been explained adequately,  bu t  i t  has  a l s o  been 
observed by S. R. Austin ( w r i t t e n  communication, 1980) a t  t h e  Peach mine i n  
t h e  Gas H i l l s ,  Wyoming. I n  some samples of high-grade, calcite-cemented o r e ,  
c a l c i t e  r e p l a c e s  f e l d s p a r  g r a i n s  around which u r a n i n i t e  previously had been 
depos i t ed ,  and t h i s  c a l c i t e  is  obviously younger than t h e  u r a n i n i t e .  I n  o t h e r  
samples ,  u r a n i n i t e  forms a r i n d  around c a l c i t e  conc re t ions  t h a t  are b a r r e n  i n  
t h e i r  i n t e r i o r .  This  c a l c i t e  is  o l d e r  t han  t h e  u r a n i n i t e  i n  t h e  sample, 
S m a l l  corroded c a l c i t e  conc re t ions  are found i n  a zone a few f e e t  wide t h a t  
bo rde r s  t h e  a l t e r e d  sandstone tongues. Almost a l l  of t h e  c a l c i t e  i n  and 
surrounding o rebod ies ,  be i t  younger o r  o l d e r  t han  t h e  u r a n i n i t e  w i th  which i t  
is  a s s o c i a t e d ,  i s  thought t o  be a p a r t  of t h e  g e n e t i c  processes  r e s p o n s i b l e  
f o r  t h e  S h i r l e y  Basin o r e  d e p o s i t s  as w i l l  be descr ibed i n  l a t e r  paragraphs.  

Figure 15  i s  a graphic  summary of ep igene t i c  minera l  d i s t r i b u t i o n  and deposi-  
t i o n  i n  t h e  S h i r l e y  Basin o r e  d e p o s i t s .  I n  a gene ra l  way, t h e  t a i l s  of t h e  
arrows a t  t h e  l e f t  s i d e  of t h e  f i g u r e  i n d i c a t e  t h e  p o i n t s  a t  which t h e  va r ious  
elements o r  compounds began t o  d e p o s i t  a s  a u n i t  of ore-bearing s o l u t i o n  
flowed toward the  r i g h t  from the a l t e r e d  sandstone tongue t o  t he  l e f t .  T h e  
arrow l e n g t h s  show t h e  re la t ive widths of t h e  bands through which d e p o s i t i o n  
occurred,  and t h e  arrow heads show t h e  p o i n t s  a t  which d e p o s i t i o n  stopped f o r  
t h e  p a r t i c u l a r  p o s i t i o n  of t h e  r o l l  f r o n t  shown. A s  t h e  r o l l  f r o n t  advanced 
t o  t h e  r i g h t ,  so a l s o  d i d  t h e  zone of p r e c i p i t a t i o n  f o r  each element o r  
compound. 

Selenium w a s  t h e  f i r s t  element t o  be deposi ted from a u n i t  of s o l u t i o n  flowing 
from t h e  a l t e r e d  tongue through t h e  zone of mine ra l  d e p o s i t i o n .  P y r i t e -  
marcasite, u r a n i n i t e ,  and c a l c i t e  followed i n  t h a t  o r d e r ,  bu t  w i th  consider-  
a b l e  ove r l ap  i n  t i m e  and p l ace  of depos i t i on .  H e m a t i t e  w a s  probably depos i t ed  
l a s t ,  bu t  i t s  p l a c e  i n  t h e  g e n e t i c  sequence i s  no t  w e l l  documented. 
hemat i t e  may have r e s u l t e d  from a l t e r a t i o n  of earlier i ron-bearing m i n e r a l s  as 
i t  commonly surrounds da rk  s p o t s  w i th in  t h e  c a l c i t e .  

This  

The sequence of d e p o s i t i o n  a t  any given po in t  i n  t h e  mineral ized zone w i l l  no t  
be t h e  same as t h e  sequence of d e p o s i t i o n  from a u n i t  of s o l u t i o n  flowing 
through t h e  mine ra l i zed  zone. 
f e a t u r e ,  mig ra t ing  i n  t h e  d i r e c t i o n  of s o l u t i o n  flow, t h e  f i r s t  mineral  t o  be 
deposi ted a t  a given p o i n t  w i l l  be t h a t  mine ra l  whose band of d e p o s i t i o n  
extends f a r t h e s t  i n  t h e  d i r e c t i o n  of flow, and t h e  las t  mineral  t o  be depos- 
i t e d  w i l l  be t h e  one whose band of d e p o s i t i o n  extends t h e  least  d i s t a n c e  i n  
t h e  d i r e c t i o n  of flow. The "downstream" l i m i t s  on t h e  d e p o s i t i o n  bands are 
shown by t h e  arrowheads i n  Figure 1 5 ,  and t h e  sequence of i n i t i a l  d e p o s i t i o n  
a t  a po in t  i n  t h e  mineral ized zone w i l l  be selenium, p y r i t e ,  hemati te ,  ca l -  
c i t e ,  u r a n i n i t e  and selenium. 

Because t h e  zone of d e p o s i t i o n  i s  a dynamic 

-54- 



I 

I 
ul 
ul 

I 

I 

Figure  15.  Summary of  minera l  d e p o s i t i o n  i n  S h i r l e y  Basin, Wyoming. 
p o s i t i o n s  and widths  of zones through which m i n e r a l s  w e r e  depos i ted ;  dashed  l i n e s  are  
p o s s i b l e  d e v i a t i o n s  from normal c o n d i t i o n s .  N o  scale (from Harshman, 1972) .  

Lengths of a r rows  show re l a t ive  



Gas H i l l s  Area 

Selec ted  r e fe rences :  S o i s t e r ,  1968; Harshman, 1968; Anderson, 1969; Armstrong,. 
1970; Rackley, 1972. 

The Gas H i l l s  d i s t r i c t  i s  on t h e  south  f l a n k  of t h e  Wind River Basin (Fig.  1). 
It l i e s  between t h e  Granice Mountains on t h e  sou th  and a series of northwest-  
e r l y  t r e n d i n g  f o l d s  i n  Cretaceous and o l d e r  rocks  t h a t  s e p a r a t e  t h e  d i s t r i c t  
from t h e  axis of t h e  Wind River Basin 10 o r  more m i l e s  t o  t h e  n o r t h  (Fig.  1 6 ) .  
The d i s t r i c t  has  product ion and reserves of  a t  l ea s t  150,000,000 pounds of 
U308 t h a t  i s  be ing  exp lo i t ed  by numerous open p i t  mines. 

The h o s t  rock  f o r  t h e  Gas Hills uranium d e p o s i t s  i s  the  Wind River Formation 
of Ea r ly  Eocene age.  S o i s t e r  (1968) d iv ided  t h e  Wind River i n t o  t h r e e  u n i t s :  
(1) a lower f ine-grained member, (2) t h e  Puddle Springs Arkose Member, and (3 )  
t h e  upper t r a n s i t i o n  zone. The lower f ine-gra ined  member ranges  i n  th i ckness  
from 0 t o  130 f e e t  and c o n s i s t s  p r i n c i p a l l y  of mudstone. 
bear ing .  The Puddle Springs Arkose Member ranges  i n  th i ckness  from 400 t o  800 
f e e t  and i s  t h e  h o s t  f o r  t h e  Gas H i l l s  uranium d e p o s i t s .  The upper t r a n s i t i o n  
zone i s  as much as 120 f e e t  t h i c k  i n  t h e  extreme wes tern  p a r t  of t h e  area, bu t  
i n  t h e  p r i n c i p a l  mining d i s t r i c t  i t  is  t h i n  and Armstrong (1970) has  included 
i t  w i t h  t h e  Puddle Spr ings  Arkose Member. 

It is  n o t  ore- 

The lower f ine-grained member w a s  depos i t ed  on t h e  n o r t h  f l a n k  o f  t h e  Gran i t e  
Mountains (Sweetwater u p l i f t )  by meandering streams f lowing northward i n t o  t h e  
Wind River Basin.  The b a s i n  s u r f a c e  was mature bu t  broken by rocks  i n  a 
northwest  t r end ing  sharp  f o l d .  The ear l ies t  Wind River sediments  were depos- 
i t e d  i n  t h e  c e n t r a l  p a r t  of t h e  Wind River Basin and p rogres s ive ly  younger 
sediments  were depos i ted  toward t h e  south  where they  onlapped t h e  Gran i t e  
Mountains . 
Following renewed u p l i f t  of t h e  Gran i t e  Mountains and exposure of t h e i r  gran- 
i t i c  co re ,  t h e  Puddle Spr ings  Arkose was depos i ted  on t h e  o l d e r  rocks.  This  
f avorab le  h o s t  i s  p a r t  of  two l a r g e  coa le sc ing  a l l u v i a l  f a n s  whose p o s i t i o n  
w e r e  governed by t h e  p r i n c i p a l  streams f lowing northward from t h e  Gran i t e  
Mountains i n t o  t h e  Wind River Basin,  and by topographic  f e a t u r e s  which pro- 
t ruded above t h e  gene ra l  level  of  t h e  sou th  f l a n k  of t h e  Basin (Fig.  1 6 ) .  
Here, as i n  t h e  S h i r l e y  Basin,  topographic  i r r e g u l a r i t i e s  have had consider-  
a b l e  in f luence  on t h e  d i s t r i b u t i o n  and c h a r a c t e r  of f avorab le  hos t  rocks .  For 
more d e t a i l  on depos i t i on  of t h e  Wind River sediments  i n  t h e  Gas H i l l s  area, 
t h e  r eade r  i s  r e f e r r e d  t o  Rackley (1972). 

Galloway (1979) d e s c r i b e s  t h e  p r i n c i p a l  f a c i e s  of t h e  Puddle Springs Arkose as 
fol lows:  

In t e rmed ia t e  and d i s t a l  a l l u v i a l  f a n  conglomerate and moderately-sor ted 
medium t o  coa r se  sandstone grade northward (downslope) i n t o  bed-load 
dominated f l u v i a l  c h a n n e l - f i l l  sands.  A f e w  sandy boulder-to-pebble 
conglomerate hor izons ,  which can be mapped over wide areas, are braided-  
channel  and sheetwash d e p o s i t s  of i n d i v i d u a l  f a n  lobes .  
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Figure  16. Depos i t iona l  p a t t e r n s  and d i s t r i b u t i o n  of a l t e r a t i o n  and a s soc i -  
a t e d  uranium m i n e r a l i z a t i o n  i n  the- Puddle Springs Formation w e t  
a l l u v i a l  f an  system, Gas H i l l s  uranium d i s t r i c t ,  Wyoming (modi- 
f i e d  from Galloway, 1979) .  

-57- 



H e  b e l i e v e s  t h a t  d e p o s i t i o n  w a s  by "mult iple ,  l a t e r a l l y  migrat ing,  shallow, 
f l a s h y ,  s t r a igh t - channe l  and braided bed-load streams." n 

The Gas H i l l s  o r e  d e p o s i t s  are similar, i n  many a s p e c t s ,  t o  d e p o s i t s  i n  t h e  
o t h e r  T e r t i a r y - f i l l e d  b a s i n s  of Wyoming. They are l o c a t e d  i n  t h r e e  somewhat 
p a r a l l e l  t r e n d s  o r  b e l t s  w i t h i n  t h e  l a r g e  m u l t i p l e  l o b a t e  tongue of Puddle 
Springs Arkose (Fig.  1 6 ) .  The orebodies  are l o c a t e d  p r i n c i p a l l y  a t  t h e  mar- 
g i n s  of a l a r g e  i r r e g u l a r  tongue of a l t e r e d  conglomeri t ic  sandstone al though 
some o r e  occur s  on t h e  t o p  and bottom s u r f a c e s .  The G a s  H i l l s  a l t e r e d  sand- 
s tone  tongue i s  l a r g e r ,  t h i c k e r  and considerably more complex than e i t h e r  of 
t h e  two a l t e r e d  tongues i n  t h e  S h i r l e y  Basin,  a f a c t  undoubtedly r e l a t e d  t o  
t h e  more complex sedimentary c h a r a c t e r  of t h e  Gas H i l l s  a l l u v i a l  f a n  compared 
with t h e  d i s t a l  a l l u v i a l  f an  and bed-load f l u v i a l  environment of t h e  S h i r l e y  
Basin. 

The a l t e r e d  sandstone tongue i n  t h e  c e n t r a l  Gas H i l l s  is  as much as 300 f e e t  
t h i c k  and c o n t a i n s  many mudstone l e n s e s  s e p a r a t i n g  permeable sandstones.  It 
is  g e n e r a l l y  concordant with t h e  d i p - o f  t h e  h o s t  rock which is  now 1 t o  3 
degrees  t o  t h e  south (toward t h e  source of t h e  a rkose ) .  The reversal of d i p  
from the  f l a t  n o r t h e r l y  d e p o s i t i o n a l  d i p  t o  t h e  p re sen t  f l a t  s o u t h e r l y  d i p  
occurred a f t e r  o r e  d e p o s i t i o n  as a r e s u l t  of c o l l a p s e  of t h e  Gran i t e  Mountains, 
probably i n  l a t e  Miocene t i m e .  

I n  t h e  Gas H i l l s  one can recognize aga in  a broad c o n t r o l  of t h e  a l t e r e d  sand- 
s t o n e  tongue 's  p o s i t i o n  by t h e  g ross  pe rmeab i l i t y  of t h e  h o s t  rock. There i s  ' 

a n o t i c e a b l e  f i n i n g  of t h e  material i n  t h e  f a n  toward t h e  east  and w e s t  and i n  
t h e  r eg ions  where t h e  sediments l a p  on pa leo topograph ica l ly  high areas. A s  
theory would sugges t ,  t h e  p o s i t i o n  and l o b a t e  n a t u r e  of t h e  a l t e r e d  tongue i s  
c o n t r o l l e d  by t h e  p o s i t i o n  of t h e  two p r i n c i p a l  paleostreams r e s p o n s i b l e  f o r  
t r a n s p o r t i n g  t h e  arkose i n t o  t h e  bas in .  

The c h a r a c t e r  of t h e  a l t e r a t i o n  i n  t h e  Gas H i l l s  i s  i n  p a r t  unique t o  t h i s  
b a s i n  and i n  p a r t  s i m i l a r  t o  t h a t  i n  o t h e r  Wyoming b a s i n s .  Color, a diagnos- 
t i c  c h a r a c t e r i s t i c  of a l t e r e d  sandstone tongues,  ranges from creamy t o  almost 
white  and has  been desc r ibed  as "bleached". 
t h e  a l t e r e d  sandstone and is  i n  marked c o n t r a s t  t o  most o t h e r  bas ins .  Accord- 
i n g  t o  King and Aust in  (1966), t h e  c o l o r  r e s u l t s  from a l t e r a t i o n  of f e l d s p a r  
and a l t e r a t i o n  and/or d i s s o l u t i o n  of da rk  d e t r i t a l  mine ra l s .  This  does no t  
e x p l a i n ,  however, t h e  absence of some f e r r i c  oxide phase i n  t h e  a l t e r e d  sand- 
s tone .  Normal u n a l t e r e d ,  unmineralized sand i s  gray t o  g reen i sh  gray, p y r i t i c ,  
and carbonaceous. Mineralized sandstone ranges f r o m , l i g h t  t o  da rk  gray depend- 
i n g  on i t s  mineral  con ten t .  

Various s t u d i e s  have been made on t h e  Gas H i l l s  o r e s ,  p a r t i c u l a r l y  on those  
from t h e  c e n t r a l  p a r t  of t h e  d i s t r i c t  (King and Aust in ,  1966; F i l e s ,  1970; 
Harshman, 1974) t o  determine t h e  d i s t r i b u t i o n  of elements and m i n e r a l s  i n  and 
near orebodies .  Combining t h e  r e s u l t s  of t h e s e  s t u d i e s ,  which are no t  always 
c o n s i s t e n t  with each o t h e r  o r  w i th in  themselves,  t h e  fol lowing conclusions can 
be made with reasonable  c e r t a i n t y :  (1) u s ing  una l t e red  sandstone as a r e f e r -  
ence,  t h e  a l t e r a t i o n  process  has  increased t h e  amounts of selenium, vanadium, 
f e r r i c  i r o n ,  and perhaps u ran iub  i n  t h e  a l t e r e d  sandstone; and (2)  t h e  a l t e r e d  
sandstone is dep le t ed  i n  calcium carbonate ,  s u l f a t e ,  p y r i t e ,  t o t a l  i r o n ,  or-  
ganic carbon, a r s e n i c ,  i l m e n i t e ,  magnet i te ,  and perhaps copper and molybdenum. 

This  is  t h e  pe rvas ive  c o l o r  of 
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Avai lab le  d a t a  sugges t  t h a t  o t h e r  changes may have t aken  p l a c e ,  bu t  they are 
not c o n s i s t e n t  enough t o  draw f i r m  conclusions.  
are considerably lower i n  a l t e r e d  than  i n  u n a l t e r e d  sandstone,  b u t  t h e  amounts 
of i r o n  i n  both t h e  a l t e r e d  and u n a l t e r e d  sandstone are cons ide rab ly  g r e a t e r  
t han  i n  t h e  S h i r l e y  Basin. The d i s e q u i l i b r i u m  i n  f avor  of eU i n  low-grade 
samples i s  g r e a t e r  i n  a l t e r e d  than  i n  u n a l t e r e d  sandstone,  b u t  t h e  d i f f e r e n c e  
i s  not  as g r e a t  as i n  t h e  S h i r l e y  Basin. The d i s t r i b u t i o n  of t h e s e  and o t h e r  
elements and mine ra l s  i n  and n e a r  t h e  o r e  d e p o s i t s  w i l l  be d i scussed  more 
f u l l y  i n  a fo l lowing  s e c t i o n  of t h i s  r epor t .  

F e r r o u s / f e r r i c  i r o n  r a t i o s  

@ 

The Gas H i l l s  orebodies  are cons ide rab ly  l a r g e r  t han  those  i n  t h e  S h i r l e y  
Basin, a l though t h e  grade of t h e  ore mined and the distribution of uranium in 
t h e  o r e  are  similar.  Orebodies a re  a s  much as 30 f e e t  t h i c k ,  b u t  according t o  
Armstrong (1970)  t h e  average t h i c k n e s s  03 "good orebodies"  i s  10 t o  15 f e e t .  
The b e s t  orebodies  extend l a t e r a l l y  f o r  several  thousand f e e t  w i t h  l i t t l e  o r  
no i n t e r r u p t i o n ;  t h i n n e r  orebodies  are of f a r  less l a t e r a l  e x t e n t .  The thick-  
nes s  and complexity of t h e  a l t e r e d  tongue i n  t h e  Gas H i l l s  (Fig.  1 7 )  has  given 
r ise  t o  a series of s t acked  e n  echelon orebodies  t h a t  i n  t o t a l  form t h e  edge 
of t h e  a l t e r e d  tongue. A s  a r e s u l t ,  orebodies  occur through an  i n t e r v a l  of 
about  300 f e e t  even though only one a l t e r e d  tongue i s  p resen t  i n  t h e  d i s t r i c t .  
I n  most p l aces  r o l l s  a re  s t acked  s o  t h a t  success ive ly  h ighe r  r o l l s  are d i s -  
placed f a r t h e r  i n t o  u n a l t e r e d  sandstone. The area of a l t e r a t i o n ,  t h e r e f o r e ,  
dec reases  downward i n  t h e  sandstone. I n  p l a n  view t h e  r o l l  f r o n t s  may p a r a l l e l  
one a n o t h e r  o r  they may c r o s s ,  f o r  each r o l l  f r o n t  has  i t s  own s i n u o s i t y .  
Anderson (1969)  n o t e s  t h a t  uneconomic calcite-cemented uranium and p y r i t e -  
bea r ing  sands "not a s s o c i a t e d  w i t h  t h e  a l t e r e d  sand" i n  t h e  lower p a r t  of t h e  
Puddle Spr ings  Formation may have formed be fo re  t h e  r o l l - t y p e  depos i t s .  

The lower l imb of crescent-shaped orebodies  g e n e r a l l y  extends f a r t h e r  back 
beneath t h e  a l t e r e d  tongue t h a n  does t h e  upper limb, and t h i s  o r e  i s  g e n e r a l l y  
t h i c k e r  t han  upper-limb ore.  The lower-limb o r e  i s  almost always u n d e r l a i n  by 
mudstone, upper-limb o r e  may or  may not be o v e r l a i n  by mudstone, and i f  n o t ,  
t h e  upper l imb and t h e  upper s u r f a c e  of t h e  a l t e r e d  tongue a re  s e p a r a t e d  from 
t h e  next  ove r ly ing  mudstone by u n a l t e r e d ,  unmineralized sandstone. 

Uranium i s  p r e s e n t  as u r a n i n i t e ,  c o f f i n i t e ,  and p o s s i b l y  as a complex w i t h  
o rgan ic  matter. Most i n v e s t i g a t o r s  r epor t  u r a n i n i t e  as t h e  m o s t  p r eva len t  
uranium mine ra l ,  bu t  F i l e s  (1970) r e p o r t s  t h e  u r a n i n i t e / c o f f i n i t e  r a t i o  t o  be 
about 4 0 / 6 0 .  Other  e p i g e n e t i c  minerals  i n  t h e  o r e  are  p y r i t e ,  marcasite, 
j o r d i s i t e ,  selenium (probably as f e r r o s e l i t e  and n a t i v e  selenium),  goe th i t e -  
l imon i t e ,  and c h l o r i t e .  F i l e s  (1970)  found very f ine-grained c o f f i n i t e  a s soc i -  
a t e d  wi th  t h e  c l a y  f r a c t i o n  of t h e  ore-bearing sandstone. Vanadium and phos- 
phate ,  a l though p r e s e n t  i n  small amounts, have been concen t r a t ed  i n  the ore .  
Urani fe rous  ca rbona te  f l u o r a p a t i t e  and a u t u n i t e  were found i n  s u r f a c e  ou tc rops  
a t  the t i m e  of discovery of t h e  d i s t r i c t  (S .  R. Aust in ,  w r i t t e n  communication, 
1980) ,  bu t  t h e  mine ra l  form i n  t h e  unoxidized o r e  i s  not known. 

The pa ragenes i s  of t h e  o r e  minerals  i n  t h e  Gas HiLls d e p o s i t s  appears  s imilar  
t o  t h a t  i n  t h e  S h i r l e y  Basin (Fig.  151, except  f o r  t h e  presence of j o r d i s i t e  
in t h e  Gas Hills s u i t e  of minerals .  Tlolybdenum, not  p re sen t  i n  t h e  S h i r l e y  
Basin,  i s  p l e n t i f u l  i n  t h e  Gas H i l l s  and j o r d i s i t e  was t h e  l a s t  mine ra l  t o  be 
depos i t ed  from t h e  ore-bearing s o l u t i o n .  
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Figure 17. Cross-section through the 4-5 pit, Lucky Mc (now Pathfinder) mine, Gas Hills 
uranium district, Wyoming (modified from Anderson, 1969). 



The preceding d i s c u s s i o n  of t h e  Gas H i l l s  mining d i s t r i c t  has  been l i m i t e d  t o  
t h o s e  d e p o s i t s  considered t o  be primary and t o  have s u f f e r e d  l i t t l e  o r  no 
change s i n c e  t h e i r  depos i t i on .  
however, near-surface oxidized d e p o s i t s ,  one of which l e d  t o  t h e  discovery of 
t h e  d i s t r i c t ,  and d e p o s i t s  of reduced o r e  t h a t  are g e n e r a l l y  l e n t i c u l a r  and 
r e p r e s e n t  uranium r e d i s t r i b u t e d  from o l d e r  r o l l - t y p e  d e p o s i t s .  
d i scussed  b r i e f l y  l a t e r  i n  t h i s  r e p o r t .  The primary o r e s ,  however, are t h e  
most important economically f o r  they con ta in  over 90 pe rcen t  of t h e  o r e  i n  t h e  
d i s t r i c t ,  and they are a l l  important i n  any at tempt  t o  understand t h e  o r i g i n  
of t h e  d e p o s i t s  and thus  determine e x p l o r a t i o n  guides  t o  new d e p o s i t s .  

@ I n  a d d i t i o n  t o  t h e  primary d e p o s i t s  t h e r e  are, 

They w i l l  be 

Powder River Basin 

Se lec t ed  r e f e r e n c e s :  Sharp and Gibbons, 1964; Sharp and o t h e r s ,  1964; Mrak, 
1968; Davis, 1969; Langen and Kidwell, 1974; Dahl and Hagmaier, 1976. 

The Powder River Basin i s  a topographic and s t r u c t u r a l  b a s i n ,  open t o  t h e  
n o r t h  and bounded by t h e  Laramie Mountains on t h e  south,  t h e  Hartville U p l i f t  
on t h e  s o u t h e a s t ,  t h e  Black H i l l s  on t h e  east, and t h e  Bighorn Mountains and 
Casper Arch on t h e  w e s t  (Fig.  1). The T e r t i a r y  h i s t o r y  of t h e  b a s i n  began i n  
Laramide t i m e  w i th  downwarping of t h e  b a s i n  and u p l i f t  of bo rde r ing  highlands.  
The e a r l y  Paleocene rocks (Lower F o r t  Union Formation) c o n s i s t  p r i n c i p a l l y  of 
second c y c l e  f ine-grained c l a y s ,  s i l ts ,  and muds de r ived  most ly  from Creta- 
ceous rocks and deposi ted by s lugg i sh  meandering streams f lowing northward 
through t h e  bas in .  In  L a t e  Paleocene o r  Early Eocene t i m e s ,  e r o s i o n  had 
exposed t h e  g r a n i t e  co res  of t h e  a n c i e n t  Laramie and Gran i t e  Mountains and 
with renewed u p l i f t  and inc reased  v i g o r  of t h e  streams a r k o s i c  d e b r i s  began t o  
enter t h e  bas in .  Deposi t ion w a s  by streams flowing toward t h e  topographic  
a x i s  of t h e  b a s i n  then northward through i t s  open end. According t o  Galloway 
(1979), t h e  " i n f l u x  of c o a r s e , ' a r k o s i c  d e b r i s  (was) through a w e l l  i n t e g r a t e d  
a x i a l l y  t r e n d i r z  bed-load t o  mixed-load f l u v i a l  system t h a t  i s  preserved as 
p a r t s  of both Upper F o r t  Union and Wasatch Formations (as  de f ined  by conven- 
t i o n a l  s t r a t i g r a p h i c  nomenclature)." 
a l l y  and downslope i n t o  f i n e  mixed-load and suspended-load channel f i l l s .  
a d d i t i o n  t o  t he  c h a n n e l - f i l l  f ac ies ,  there  are f lood  p l a i n  si l ts  conta in ing  
small  t r i b u t a r y  channel sands and silts, as w e l l  as swampy l a c u s t r i n e  d e p o s i t s  
of muds and coa l s .  The f l u v i a l  system i n  l a tes t  Paleocene time (Upper F o r t  
Union) i s  shown on F igure  18. The Paleocene rocks r each  a maximum th ickness  
of about 3000 f e e t  i n  t h e  southern Powder River Basin and t h e  Wasatch Forma- 
t i o n  ranges i n  th i ckness  from 1000 t o  1500 f e e t ,  t h i cken ing  from south t o  
n o r t h  (Sharp and Gibbons, 1964).  D i p s  i n  t he  southern and e a s t e r n  p a r t  of t h e  
b a s i n  are 2 deg rees  o r  less b u t  a r e  as high as 20 degrees  i n  t h e  western p a r t .  

This  bed/mixed load f a c i e s  grades l a te r -  
I n  

The ore-bear ing sandstones near  t h e  southern edge of t h e  Powder River Basin 
have been placed i n  t h e  upper p a r t  of t h e  For t  Union by some i n v e s t i g a t o r s  and 
i n  t h e  lower p a r t  of t h e  Wasatch by o t h e r s  (Dahl and Hagmaier, 1976; Davis, 
1969; Denson and Horn, 1975; Langen and Kidwell, 1974).  For t h e  purpose of 
t h i s  r e p o r t ,  fo l lowing  the  work of Denson and Horn (1975), they will be con- 
s ide red  t o  be lower Wasatch, f o r  i n  r e a l i t y  t h e  precise age has  l i t t l e  impor- 
t ance .  The o rebod ies  are a t  t h e  edges and t o  a l e s s e r  e x t e n t  on t h e  t o p  and 
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Figure  18. Basin framework, r e g i o n a l  f a c i e s  d i s t r i b u t i o n  of t h e  upper F o r t  
Union-Lower Wasatch(?) f l u v i a l  system, and uranium ope ra t ions ,  
South Powder River Basin,  Wyoming (modified a f t e r  Galloway, 1 9 7 9 ) .  
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bottom s u r f a c e s  of two o r  more composite tongues of a l t e r e d  sandstone several 
t i m e s  l a r g e r  t han  those  i n  o t h e r  Wyoming bas ins .  
occur i n  an area about 80 mi l e s - long  and 5 t o  20 m i l e s  wide (Curry, 1976).  
Within t h a t  area i n d i v i d u a l  sandstone u n i t s  are as’much as 300 f e e t  t h i c k .  
P r i n c i p a l  sand u n i t s  may be sepa ra t ed  by as much as 100 t o  200 f e e t  o r  more of 
c l a y s t o n e s  and s i l t s t o n e s  (Davis, 1969) a l though most of them are  in t e rcon-  
nected.  
system i n  t h e  southern p a r t  of t h e  Powder River Basin, as w e l l  as t h e  i n t e r -  
connect ing sands.  

A l t e red  sandstone tongues 

F igu re  19  shows t h e  complexity of t h e  F o r t  Union-Wasatch f l u v i a l  

\ 

The basement topographic  c o n t r o l s  which i n  p a r t  governed t h e  p o s i t i o n s  of t h e  
a l t e r e d  sandstone tongues i n  t h e  S h i r l e y  Basin and Gas H i l l s  areas are absen t  
i n  t h e  Powder River Basin. 
are governed by t h e  geographical  l o c a t i o n s  of t h e  h i g h l y  t r a n s m i s s i v e  channel 
sands depos i t ed  by t h e  p r i n c i p a l  streams flowing i n t o  t h e  b a s i n  from t h e  sou th  
and w e s t  and then  northward along t h e  a x i s  of t h e  bas in .  The lateral  bounda- 
ries of t h e  a l t e r e d  tongues are governed by dec reases  i n  p e r m e a b i l i t i e s  of t h e  
sediments away from t h e  stream channel toward areas of overbank, f l ood  p l a i n ,  
and suspended-load depos i t i on .  
t h e  predominance of fine-grained,’lacustrine, suspended-load meander b e l t ,  and 
swamp sediments.  The excep t iona l  l e n g t h  of some of t h e  a l t e r e d  sandstone 
tongues is  due t o  t h e  c o n t i n u i t y  of t h e  permeable sands i n  which an  i n d i v i d u a l  
bed can be t r a c e d  along t h e  b a s i n  axis f o r  many m i l e s  (Davis, 1969).  

The p o s i t i o n  of t h e  Powder River a l t e r e d  tongues 

Northward t h e  a l t e r e d  tongues are l i m i t e d  by 

The a l t e r e d  tongues i n  t h e  Powder River Basin d i f f e r  from those  of t h e  S h i r l e y  
Basin and Gas H i l l s  both i n  c o l o r  and complexity. The a l t e r e d  tongues i n  t h e  
Powder River Basin are c h a r a c t e r i z e d  by t h r e e  d i s t i n c t i v e  c o l o r s  t h a t  c o n t r a s t  
s h a r p l y  wi th  t h e  l i g h t  g ray  of normal unmineralized sandstone. The main body 
of an a l t e r e d  tongue i s  r e d ,  due t o  hemat i t e  s t a i n i n g  on t h e  sand g r a i n s .  A 
zone of yellow, goe th i t e -bea r ing  sandstone l i e s  between t h e  r e d  a l t e r e d  sand- 
s t o n e  and o re .  I n  some p l a c e s  a zone of wh i t e  bleached sandstone is  p r e s e n t  
between t h e  goethi te-bear ing zone and t h e  ore.  
sequence of r e d ,  yellow, and bleached a l t e r a t i o n  zones i n  an a l t e r e d  sandstone 
a d j a c e n t  t o  o re .  

F igu re  20 i l l u s t r a t e s  t h e  

I n  a d d i t i o n  t o  c o l o r  changes, . the  a l t e r a t i o n  process  has  inc reased  t h e  con ten t  
of se l en ium,  uranium, ferr ic  i r o n  and perhaps chromium i n  t h e  sandstone and 
decreased t h e  con ten t  of manganese, carbonate ,  o rgan ic  carbon, and s u l f i d e  
s u l f u r .  According t o  Langen and Kidwell (1974) some of t h e  heavy m i n e r a l s  
such as pyroxene, hornblende, and b i o t i t e ,  have been destroyed i n  t h e  a l t e r e d  
sandstone. The t o t a l  i r o n  con ten t  of l th-e  sandstone does n o t  appear t o  have 
been changed by a l t e r a t i o n ,  but a v a i l a b l e  chemical d a t a  (Sharp and o t h e r s ,  
1964) are from s u r f a c e  ou tc rops  where weathering may have a f f e c t e d  t h e  i r o n  
con ten t  of t h e  samples. The U/eU r a t i o s  are g e n e r a l l y  s l i g h t l y  more than  1 
f o r  samples con ta in ing  more than-0.10 pe rcen t  uranium and g e n e r a l l y  s l i g h t l y  
less than  1 f o r  samples with less than 0.10 pe rcen t  uranium, a common char- 
a c t e r i s t i c  of many uranium d e p o s i t s  i n  sandstone. 

The Powder River uranium d e p o s i t s  are s imilar  i n  most aspects t o  those  i n  t h e  
o t h e r  Wyoming b a s i n s .  
c r e s c e n t i c  i n  shape, and they  l i e  a t  t h e  edges of t h e  a l t e r e d  sandstone 
tongues.  Contact w i th  a l t e r e d  sandstone i s  g e n e r a l l y  sha rp  wh i l e  t h e  l ead ing  
edge of a d e p o s i t  p r o g r e s s i v e l y  c o n t a i n s  less and l e s s  uranium and f i n a l l y  

Although o f t e n  i r r e g u l a r  i n  o u t l i n e ,  they are roughly 
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f ades  i n t o  u n a l t e r e d  unmineral ized sandstone.  Some of  t h e  Powder River depos- 
i t s  d i f f e r  from those  i n  o t h e r  b a s i n s  i n  t h a t  t heyshave  a r e l a t i v e l y  wide zone 
of low-grade mineral ized sandstone ( l e s s  than  0.1 percent  U)  between t h e  
higher-grade o r e  and t h e  unmineral ized (una l t e red )  sandstone (Fig. 20).  This  
t r a n s i t i o n  zone, g e n e r a l l y  a few t e n s  of  f e e t  i n  o t h e r  d i s t r i c t s ,  can be 
several hundred f e e t  wide and 10  t o  40 f e e t  t h i c k  i n  t h e  Powder River Basin. 
The wid th  of t h i s  zone appears  t o  be i n v e r s e l y  r e l a t e d  t o  t h e  width and grade  
of  t h e  higher-grade o r e  i t  a d j o i n s  (Davis, 1969) .  The edge of an a l t e r e d  
sandstone tongue (o r  r o l l - f r o n t )  i s  g e n e r a l l y  mine ra l i zed ,  bu t  i t  is  n o t  
everywhere ore-bear ing.  Orebodies may extend f o r  several thousand f e e t  a long  
t h e  edge of  an  a l t e r e d  tongue and be as much as 30 f e e t  t h i c k ;  g e n e r a l l y  they  
are less ex tens ive .  

The p r i n c i p a l  o r e  minerals are u r a n i n i t e ,  c o f f i n i t e ,  and pyr i te -marcas i te ,  
n a t i v e  selenium, ca l c i t e  and poss ib ly  some u n i d e n t i f i e d  vanadium minera l .  The 
o r e  mine ra l s  f i l l  open spaces  i n  t h e  sands tone ,  c o a t  sand g r a i n s ,  and f i l l  
c r acks  i n  as w e l l  as r e p l a c e  p a r t s  of  t h e  sand g r a i n s .  
several elements and mine ra l s  i n  t h e  o r e  and ad jacen t  sandstone w i l l  be  d e a l t  
w i th  more f u l l y  l a t e r  i n  t h i s  r e p o r t .  

The d i s t r i b u t i o n  of 

Near-surface oxid ized  d e p o s i t s  have been d iscovered  and mined i n  t h e  Powder 
River Basin and, as i n  t h e  Gas H i l l s ,  such d e p o s i t s  (Pumpkin But tes  a r e a )  l e d  
t o  t h e  discovery of  t h e  d i s t r i c t .  Economically, t h e s e  secondary d e p o s i t s  are 
more important  than  those  i n  t h e  Gas H i l l s ,  bu t  they  are unimportant t o  an 
unders tanding  of t h e  pr imary r o l l - t y p e  d e p o s i t s  i n  t h e  bas in .  

Ore reserves and o r e  a l r eady  mined i n  t h e  Powder River Basin t o t a l  a t  least 
150,000,000 pounds of  UsOe .  
underground, and s o l u t i o n  mining methods. 

Th i s  r e source  i s  be ing  e x p l o i t e d  by open p i t ,  

Crooks Gap-Great Divide Basin 

Se lec ted  r e f e r e n c e s :  Stephens,  1964; Bai ley ,  1969; P i p i r i n g o s  and Denson, 
1970; Love, 1970; Ch i lde r s ,  1974; Sherborne e t  a l ,  1980. 

The Great Divide Basin i s  about 3500 square  m i l e s  i n  area and i s  bounded by 
t h e  Gran i t e  and Wind River Mountains on t h e  no r th ,  and Wamsutter Arch on t h e  
south ,  t h e  Rawlins U p l i f t  on t h e  east ,  and t h e  Rock Springs U p l i f t  on t h e  w e s t  
(Fig.  1). It i s  a s t r u c t u r a l  and topographic  b a s i n  wi th  i n t e r i o r  dra inage ,  
and i t  i s  l o c a t e d  a s t r i d e  t h e  Cont inenta l  Divide.  The b a s i n  con ta ins  t h r e e  
types  of uranium d e p o s i t s :  (1) low-grade (0.003+ % U) d e p o s i t s  i n  c o a l ,  de- 
s c r ibed  by Masursky (1962) ; (2) secondary,  near -sur face  d e p o s i t s  o f  schroeck- 
i n g e r i t e ,  descr ibed  by Sheridan e t  a1 (1961); and (3 )  r o l l - t y p e ,  t o  be d i s -  
cussed i n  t h i s  r e p o r t .  

The r o l l - t y p e  uranium d e p o s i t s  i n  t h e  Crooks Gap-Great Divide Basin area are 
i n  t h e  Bat t le  Spr ing  Formation of  Ear ly  Eocene age.  
i s  a mountainward f a c i e s  of  t h e  Wasatch Formation, some g e o l o g i s t s  do n o t  
accept  i t s  fo rma t iona l  rank  (Love, 1970) .  The Bat t le  Spring is  a composite 
w e t  a l l u v i a l  f an  depos i ted  by a t  l eas t  t h r e e  p r i n c i p a l  streams f lowing south- 
ward from t h e  Gran i t e  Mountains i n t o  t h e  a n c e s t r a l  Great  Divide Basin.  It i s  

Because t h e  Bat t le  Spring 
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t h e  s t r a t i g r a p h i c  equ iva len t  of t h e  Puddle Springs Arkose t h a t  was depos i t ed  
a t  about  t h e  same t i m e  i n  t h e  Gas H i l l s  area on t h e  n o r t h  f l a n k  of t h e  Gran i t e  
Mountains. The Battle Spring Formation i s  as much as 4000 f e e t  t h i ck .  It was 
depos i t ed  on t h e  s l i g h t l y  fo lded  f ine-grained rocks  of t h e  Paleocene F o r t  
Union Formation where p r e s e n t ,  and on t h e  fo lded  pre-Ter t ia ry  rocks  where t h e  
F o r t  Union w a s  absent .  It i s ,  o r  w a s ,  o v e r l a i n  by tu f f aceous  rocks  of l a t e  
Eocene, Oligocene, Miocene, and Pl iocene  age,  l i t h o l o g i c a l l y  similar t o  those  
i n  t h e  Gas H i l l s  and S h i r l e y  Basin areas.  

Concurrent w i t h  d e p o s i t i o n  of  t h e  coarse  d e b r i s  i n  t h e  a l l u v i a l  f a n s  c l o s e  t o  
t h e  Gran i t e  Mountains, t h e  Wasatch Formation was depos i ted  i n  t h e  c e n t e r  of  
t h e  bas in .  The Wasatch i s  of f l u v i a l ,  l a c u s t r i n e ,  and pa luda l  o r i g i n ,  and i t  
con ta ins  several tongues of t h e  Green River Formation. 
Green River Formation l i e s  t o  t h e  southwest i n  t h e  Green River Basin.  The 
Wasatch and Battle S p r i n g  Formations interfinger and in t e r tongue  i n  a b e l t  15  
t o  20 m i l e s  wide, t r end ing  no r thwes te r ly ,  and loca ted  20 t o  30 miles southwest 
o f  t h e  no r the rn  edge of t he  Great Divide Basin (F igs .  2 1  and 2 2 ) .  

The main body of t h e  

The f i r s t  r o l l - t y p e  orebodies  t o  be  discovered and mined, and t h e  ones about 
which t h e  most d a t a  are a v a i l a b l e ,  are those  i n  t h e  Crooks Gap area on t h e  
n o r t h e a s t  f l a n k  of t h e  Great Divide Basin. These d e p o s i t s  are i n  t h e  lower 
1500 fee t  of  t h e , B a t t l e  Spring Arkose i n  sediments t h a t  range from mudstone 
through coarse-grained sandstone t o  very  l a r g e  boulder  conglomerates.  Much 
of t h e  Bat t le  Spr ing  i s  poor ly  s o r t e d ,  and t h e r e  are  abrupt  changes i n  t h e  
c h a r a c t e r  and pe rmeab i l i t y  of t h e  a r k o s i c  d e b r i s .  This  m a t e r i a l  c o n t a i n s  some 
carbonaceous t r a s h  and some carbonaceous s i l t s t o n e  and mudstone, bu t  g e n e r a l l y  
t h e r e  i s  n o t  much p l a n t  d e b r i s .  In  McGowen's (1979) d e p o s i t i o n a l  system, i t  
would be c l a s s i f i e d  as a proximal o r  media l  w e t  f a n  sediment.  

Within t h e  Battle Spring a r k o s i c  p i l e  are  some areas of f l u v i a l  conglomerate,  
sands tone ,  s i l t ,  and c lay  t h a t  show moderate s o r t i n g  a s  w e l l  as moderate t o  
good l i t h o l o g i c  c o n t i n u i t y .  These rocks  a r e  r e l a t e d  t o  several p r i n c i p a l  
streams t h a t  flowed from t h e  Gran i t e  Mountains southward i n t o  t h e  Great Divide 
Basin. There is cons ide rab le  carbonaceous material a s soc ia t ed  wi th  t h e s e  
sediments ,  and they  appear t o  have been depos i ted  by bed-loaded streams i n  an 
aggrading f l u v i a l  system. Most of t h e  uranium d e p o s i t s  i n  t h e  Crooks Gap area 
o f  t h e  Great Divide  Basin are i n  t h e s e  f l u v i a l  rocks .  Dips i n  t h e  Crooks Gap 
area are s t e e p e r  than  i n  o t h e r  Wyoming b a s i n s ,  ranging  from a few t o  as much 
as 20  deg rees  s o u t h e a s t e r l y .  The s t e e p  d i p s  a r e  be l ieved  t o  have r e s u l t e d  
from post-ore  f a u l t i n g  t h a t  occurred a long  t h e  South Gran i t e  Mountain f a u l t  on 
t h e  southern  f l a n k  of t h e  Gran i t e  Mountains (Fig.  2 2 ) .  

I n  a d d i t i o n  t o  t h e  r o l l - t y p e  uranium d e p o s i t s  i n  t h e  Crooks Gap a r e a ,  s imi la r  
d e p o s i t s  are found i n  f l u v i a l  sandstones located w e l l  down t h e  no r the rn  f l a n k  
of t h e  Great Div ide  Basin,  where t h e  coarse-grained rocks  of t h e  Bat t le  Spr ing  
FQrmation i n t e r f i n g e r  w i th  and/or  grade i n t o  t h e  f iner -gra ined  f l u v i a l ,  
pa luda l ,  and l a c u s t r i n e  rocks  of t h e  Wasatch Formation (Fig.  2 1 ) .  I n  t h i s  
p a r t  of t h e  Great Divide Basin t h e  sediments  are b e t t e r  s o r t e d  and i n d i v i d u a l  
beds have b e t t e r  l a t e ra l  c o n t i n u i t y  than do t h e  sediments  nea r  t h e  edge of t h e  
b a s i n ,  f e a t u r e s  which a r e  c h a r a c t e r i s t i c  of d i s t a l  f a n  and bed-load stream 
sedimentary environments.  
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Figure  21.  Cross  s e c t i o n  of Battle Spring,  Wasatch, and younger f o r m a t i o n s  i n  t h e  c e n t r a l  p a r t  of 
Great Divide Basin,  Wyoming, showing i n t e r f i n g e r i n g  of the Wasatch and Battle Spring 
Formations and t h e  tongues of Green River Formation (Tglu and Tgl) w i t h i n  t h e  Wasatch 
Formation (modified from P i p i r i n g o s  and Denson, 1970'). 
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Figure  22. Gene ra l i zed  geo log ic  map of Great Divide Basin,  Wyoming, showing d i s t r i b u t i o n  of t h e  Rat t le  
S p r i n g ,  Wasatch and Green R ive r  Formations (modif ied from P i p i r i n g o s  and Denson, 1970). 



A s  f o r  t h e  d e p o s i t s  i n  t h i s  area, Sherborne et a1 (1980) n o t e  t h a t  most of t h e  
known o r e  i n  t h e  Sweetwater mine area (Fig.  2 2 )  is  found i n  two ex tens ive  sand- 
s t o n e  u n i t s  60 t o  150 f e e t  t h i c k ,  each o v e r l a i n  and unde r l a in  by r e l a t i v e l y  
t h i n  mudstones t h a t  pinch ou t  toward t h e  margins of t h e  b a s i n  (northward).  
Southward, toward t h e  c e n t e r  of t h e  b a s i n ,  t h e  mudstones grade i n t o  t h e  uran- 
i f e r o u s  l i g n i t e s  descr ibed by Masursky (1962) .  
sandstones u n d e r l i e  t h e  p r i n c i p a l  ore-bear ing sandstones.  They a l s o  are 
bounded t o p  and bottom by t h i n  mudstones. Some o r e  has been found i n  t h e s e  
two lower sandstones,  but  t h e  d e p o s i t s  are of minor economic importance and 
poorly explored;  t hey  w i l l  not  be d i scussed  i n  t h i s  r e p o r t .  
sandstone u n i t s  are  descr ibed by Sherborne e t  a1 as c o n s i s t i n g  of "complexly 
i n t e r l e n s e d  sandstone bodies  t h a t  range from less than t h r e e  f e e t  t o  g r e a t e r  
than s i x t y  f e e t  t h i ck . "  

@ 
Two t h i n n e r  and less e x t e n s i v e  

The two upper 

I n d i v i d u a l  l e n s e s  are c h a r a c t e r i z e d  by 

crude fining-upward sequences, commonly grading up from coa r se  pebbly 
sandstones near t h e  base of channel scours  t o  discont inuous sandy silt- 
s t o n e  nea r  t h e  top. These u n i t s  are c h a r a c t e r i z e d  by l o c a l  pebbly l a g s ,  
p l a n a r  f o r e s e t  beds,  and r i p p l e  d r i f t  cross- laminat ions.  Larger channels 
c o n t a i n  f e s t o o n  and p l a n a r  c r o s s - s t r a t i f i c a t i o n ,  slump structures, and 
rare  rip-up c l a s t s .  

Carbonaceous material c o n s i s t s  of fragments of l imbs,  stems, and l e a v e s  of 
deciduous p l a n t s  as w e 1 1  as r e e d s  and f e r n s .  

Orebodies i n  t h e  Crooks Gap-Great Divide Basin are g e n e t i c a l l y  r e l a t e d  t o  
t a b u l a r  bodies  o r  tongues of a l t e r e d  conglomerate and sandstone extending from 
t h e  no r the rn  edge of t h e  b a s i n  southward toward i t s  c e n t e r .  I n  t h e  Crooks Gap 
area a l t e r a t i o n  occurs  i n  t h e  lower 1500 f e e t  of t h e  Battle Spring Formation 
(Stephens,  1 9 6 4 ) ,  a t h i c k n e s s  considerably g r e a t e r  t han  t h a t  i n  t h e  S h i r l e y  
Basin,  Gas H i l l s ,  o r  Powder River Basin. The Crooks Gap a l t e r e d  sandstone 
tongue i s  complex and s inuous i n  p l an  as w e l l  as i n  s e c t i o n ,  and i t  t e rmina te s  
i n  a series of small, i r r e g u l a r ,  s inuous,  r o l l  f r o n t s  t h a t  are d i f f i c u l t  t o  
p r o j e c t  beyond such workings. The i r r e g u l a r i t i e s  i n  t h e  edges of t h e  tongue 
are due t o  t h e  r a p i d  changes i n  p e r m e a b i l i t i e s  of t h e  hos t  rocks ,  f o r  i n  t h e  
Crooks Gap area r a p i d  changes i n  l i t h o l o g y  are much more common than i n  t h e  
hos t  rocks of o t h e r  uranium b a s i n s .  

The Crooks Gap a l t e r e d  tongue has  no t  been w e l l  def ined because of i t s  extreme 
i r r e g u l a r i t i e s ,  but a l t e r e d  sandstone has  been recognized over a l e n g t h  of a t  
least  fou r  m i l e s  and a width of almost two m i l e s .  There are few d a t a  avail- 
a b l e  on t h e  f a c t o r s  t h a t  c o n t r o l l e d  t h e  p o s i t i o n  of t h e  a l t e r e d  sandstone 
tongue, but  i t  seems probable  t h a t  a l t e r a t i o n  i s  l i m i t e d  more o r  less t o  those  
permeable sandstones and conglomerates depos i t ed  along wi th  cons ide rab le  
carbonaceous d e b r i s  i n  t h e  channel of one o f  t h e  major streams flowing from 
t h e  Gran i t e  Mountains south i n t o  t h e  Great Divide Basin (Childers ,  M.  O . ,  o r a l  
communication, 1980) .  

According t o  Bai ley ( i 9 6 9 ) ,  t h e  a l t e r e d  sandstone i s  c h a r a c t e r i z e d  by shades 
of "pink, t o  pinkish-red,  t o  pinkish-brown" i n  s u r f a c e  exposures.  This  con- 
trasts with normal shades of "drab wh i t e  2.nd tan" i n  s u r f a c e  exposures of 
u n a l t e r e d  Battle Spring. Where una f fec t ed  by s u r f a c e  ox ida t ion ,  t h e  c o n t r a s t  
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is  between a "bleached w h i t i s h  co lo r "  and t h e  normal l i g h t - g r a y  of u n a l t e r e d  
and unmineralized sandstone. This  bleached a l t e r a t i o n  i s  s imi l a r  t o  t h a t  i n  
t h e  Gas H i l l s  and is d i f f i c u l t  t o  recognize i n  weathered outcrop.  

I n  a d d i t i o n  t o  c o l o r  changes i n  t h e  sandstone, t h e  passage of groundwater 
produced a number of chemical and mine ra log ica l  changes i n  t h e  h o s t  rock t h a t  
h e r e ,  as w e l l  as i n  t h e  o t h e r  Wyoming b a s i n s ,  g e n e r a l l y  can be c l a s s e d  as 
o x i d a t i v e  i n  c h a r a c t e r .  V i sua l  examination of mine workings une f fec t ed  by 
s u r f a c e  o x i d a t i o n ,  and s t u d i e s  of samples taken by Bai ley (1969) and F i l e s  
(1970) show t h a t  t h e  a l t e r e d  tongue i s  dep le t ed  i n  o rgan ic  carbon, gypsum, 
calcite,  p y r i t e ,  S O k ,  C a ,  t o t a l  Fe, MgO, T i 0 2 ,  S ,  and H 2 0 .  The amounts of 
selenium, marcasite, and perhaps uranium are g r e a t e r  i n  a l t e r e d  than  i n  unal-  
t e r e d  sandstone. 

The uranium d e p o s i t s  i n  t h e  Crooks Gap area l i e  a t  t h e  edge of t h e  poorly 
de f ined  a l t e r e d  tongue p rev ious ly  desc r ibed .  The orebodies  are s imilar  i n  
most ways t o  t h o s e  i n  t h e  Gas H i l l s  and S h i r l e y  Basin. They are of modest 
size, extending outward from t h e  a l t e r e d  tongue f o r  d i s t a n c e s  of a few t o  a 
f e w  t e n s  of f e e t .  
U and t h e  h i g h e s t  grade o r e  may o r  may not  be a t  t h e  r o l l  f r o n t .  The o r e  
minerals are u r a n i n i t e ,  p y r i t e ,  n a t i v e  selenium, m a r c a s i t e ,  and j o r d i s i t e .  
Most of t h e  o r e  i s  found in sandstone where t h e  o r e  mine ra l s  f i l l  open spaces  
i n  t h e  rock,  c o a t  sand g r a i n s  and p a r t l y  r e p l a c e  f e l d s p a r .  Some o r e  i s  found 
i n  c o a r s e  conglomerate where i t  c o a t s  pebbles and bou lde r s ,  as w e l l  as i n  
f ine-grained s i l t s t o n e  and mudstone where it  i s  a s s o c i a t e d  wi th  and p a r t l y  
r e p l a c e s  carbonaceous material. 

Ore c o n t a i n s  f r ?  a few hundredths t o  as much as 1 0  percent  

The Crooks Gap orebodies  d i f f e r  from those  i n  o t h e r  b a s i n s  only i n  t h e i r  l a c k  
of c o n t i n u i t y .  
and vertical c o n t i n u i t y  and o r e ,  o r  a t  least m i n e r a l i z a t i o n ,  extends cont inu-  
ous ly  a long  t h e  f r o n t  f o r  hundreds o r  even thousands of f e e t .  Not so a t  
Crooks Gap, f o r  a l though o r e  occur s  ad jacen t  t o  a l t e r e d  sandstone,  i t  has  
proved almost impossible  t o  p r o j e c t  r o l l  f r o n t s  o r  o r e  f o r  more than a few 
t e n s  o f  f e e t  from t h e i r  known p o s i t i o n s  (Bailey,  1 9 6 9 ) .  The extreme i r r e g u -  
l a r i t y  of t h e  i n t e r f a c e  between a l t e r e d  and mineral ized sandstone as w e l l  as 
t h e  poor c o n t i n u i t y  of o r e  undoubtedly r e l a t e s  t o  t h e  g r e a t  range of l i t h o l o -  
g i e s  and p e r m e a b i l i t i e s  i n  t h e  hos t  rock. 

I n  most o t h e r  b a s i n s  t h e  r o l l  f r o n t s  have cons ide rab le  l a t e r a l  

Uranium d e p o s i t s  i n  t h e  c e n t r a l  p a r t  of t h e  Great Divide Basin have been 
desc r ibed  by Sherborne e t  a1 (1980), whose r e p o r t  on t h e  S w e e t w a t e r  mine area 
p r e s e n t s  c o n s i d e r a b l e  p rev ious ly  unava i l ab le  d a t a .  M i n e r a l i z a t i o n  i n  t h e  
Sweetwater p i n e  area (Fig.  22) i s  s p a t i a l l y  and g e n e t i c a l l y  r e l a t e d  t o  a l t e r e d  
tongues i n  f o u r  s e p a r a t e  sandstone u n i t s  found w i t h i n  a s t r a t i g r a p h i c  i n t e r v a l  
of about 600 fee t .  From top t o  bottom t h e s e  are known as t h e  ENQ, Sweetwater- 
REB, A-1,  and A-3 sandstones (Fig.  23) .  The mudstones t h a t  s e p a r a t e  t h e s e  
f o u r  sandstone u n i t s  t h i n  and pinch out  toward t h e  margins of t h e  b a s i n  and 
t h e  f o u r  a l t e r e d  sandstone tongues probably merge i n t o  one t h i c k  tongue. The 
a l t e r e d  tongue i n  t h e  Sweetwater-REB sandstone p r o j e c t s  southward toward t h e  
c e n t e r  of t h e  b a s i n .  It has  a known l e n g t h  of about six m i l e s ,  a width of 
from f i v e  t o  seven m i l e s ,  and a t h i c k n e s s  of from 150 t o  160 f e e t  (Fig.  2 3 ) .  
On t h e  e a s t e r n  edge, nea r  t h e  S w e e t w a t e r  d e p o s i t ,  t h e  tongue c o n t a i n s  a few 
t h i n  l e n s e s  of gray-green s i l t s t o n e  o r  sandy c l ays tone  d i s t r i b u t e d  through t h e  
predominantly sandstone hos t  (Fig.  2 4 ) .  On t h e  western edge, nea r  t h e  REB 
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Figure  23.  General ized map and c r o s s  s e c t i o n  of Sweetwater Mine area, Great Divide Basin,  
Wyoming, showing t r end  and relative p o s i t i o n s  o f  a l t e r ed - sands tone  tongues and 
t h e  a s s o c i a t e d  mine ra l i zed  d e p o s i t s  (from Sherborne et a l ,  1980).  
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Figure 24. Cross section (B-B' Figure 23) through Sweetwater uranium deposit, ,Great Divide Basin, 
Wyoming (modified from Sherborne e t  a l ,  1980),-. 



d e p o s i t  , t he  tongue contains a number of l a t e ra l ly  continuous carbonaceous 
mudstones and poorly-sorted s i l t s t o n e s  which d i v i d e  t h e  tongue i n t o  f i v e  
s e p a r a t e  sandstone beds a l l  of which are a l t e r e d  (Fig. 25) .  

The predominant c o l o r  of a l t e r e d  sandstone i n  t h e  Sweetwater-REB and ENQ 
tongues i s  reddish-orange t o  orange and it c o n t r a s t s  n o t i c e a b l y  wi th  t h e  
l i gh t -g ray  c o l o r  of t h e  normal u n a l t e r e d  sandstone. 
and chemical and mine ra log ica l  ana lyses  on a l i m i t e d  number of samples of 
a l t e r e d  and u n a l t e r e d  sandstone (DeNault, i n  p r e s s )  show t h a t  carbonaceous 
material and p y r i t e ,  normally p r e s e n t  i n  small amounts i n  t h e  h o s t  rocks,  have 
been completely destroyed i n  t h e  a l t e r e d  sandstone. Also destroyed by altera- 
t i o n  a r e  hornblende, magnet i te ,  and z i r con .  
and p y r i t e  t o  g o e t h i t e  and hemati te .  Near t h e  edges of both tongues t h e r e  are 
changes i n  t h e  c h a r a c t e r  of t h e  a l t e r a t i o n  t h a t  appear t o  be r e l a t e d  t o  t h e  
width and grade of t h e  mineral ized sandstone ad jacen t  t o  tongue's edge. These 
changes w i l l  be  descr ibed i n  t h e  fol lowing d i s c u s s i o n  of t h e  p r i n c i p a l  d e p o s i t s  
i n  t h e  Sweetwater-REB and ENQ sandstones.  

V i sua l  i n s p e c t i o n  of c o r e  

I lmen i t e  has  a l t e r e d  t o  a n a t a s e  

The Sweetwater d e p o s i t  i s  l o c a t e d  along t h e  e a s t e r n  edge of t h e  Sweetwater-REB 
tongue. 
g radua l ly  g i v e s  way t o  t a n  and then  t o  cream-colored sandstone (Fig. 2 4 ) .  The 
dec rease  i n  t h e  i n t e n s i t y  of c o l o r a t i o n  is due t o  a dec rease  i n  t h e  amount of 
hemat i t e ,  g o e t h i t e ,  and smectite t h a t  coa t  t h e  g r a i n s  of t h e  a l t e r e d  sand- 
s tone .  The c o l o r  changes nea r  t h e  edge of t h e  tongue may t a k e  p l a c e  over 
d i s t a n c e s  of several thousand f e e t ,  i n  which case  t h e  d e p o s i t s  ad jacen t  t o  t h e  
tongue are wide and low-grade, o r  t hey  may occur over d i s t a n c e s  of a few t e n s  
of f e e t ,  i n  which case  t h e  d e p o s i t s  tend t o  be more narrow and of h ighe r  
grade.  

I n  t h i s  area t h e  normal reddish-orange c o l o r  of a l t e r e d  sandstone 

In t h e  Sweetwater Mine area, t h e  h o s t  sandstone can be broken i n t o  f o u r  sandy 
i n t e r v a l s  s epa ra t ed  by t h i n  l e n t i c u l a r  mudstones. Most of t h e  o r e  i s  a s soc i -  
a t ed  with t h e  two lower sandstone i n t e r v a l s  f o r  they are t h e  t h i c k e s t  and 
l a t e r a l l y  t h e  most p e r s i s t e n t .  
a long t h e  edge of  t h e  tongue and extends outward from i t  i n t o  t h e  u n a l t e r e d  
sandstone f o r  from 1000 t o  as much as 2500 f e e t .  Thickness of m i n e r a l i z a t i o n  
g e n e r a l l y  ranges from 6 t o  1 6  f e e t ,  but  may be as much as 65 f e e t  where 
s e v e r a l  sandy i n t e r v a l s  merge t o  form stacked d e p o s i t s .  Most of t h e  mineral-  
ized sandstone c o n t a i n s  about 0.05 percent  o r  less U 3 0 8 ,  bu t  some con ta ins  
0.10 percent  o r  more. 
t ons  o f  mineral ized sandstone i n  t h e  d e p o s i t  i s  0.046 percen t  UsOe.  

M i n e r a l i z a t i o n  p e r s i s t s  f o r  about f o u r  m i l e s  

The average grade of t h e  est imated 1 6  m i l l i o n  metric 

There i s  cons ide rab le  d i s e q u i l i b r i u m  between uranium and i t s  daughter  products  
i n  t h e  Sweetwater d e p o s i t .  Where m i n e r a l i z a t i o n  is  above t h e  p re sen t  water 
t a b l e  and t h e  o r e  c o n s i s t s  of yellow uranium mine ra l s ,  uranium may be less o r  
g r e a t e r  i n  amount than i n d i c a t e d  by t h e  gamma-ray a c t i v i t y  of t h e  daughters  
(cLJ 5 eU). Most of t h e  Sweetwater d e p o s i t  i s  below t h e  water t a b l e  and over- 
a l l  t h e  amount of uranium s l i g h t l y  exceeds t h a t  i n d i c a t e d  by t h e  gamma-ray 
a c t i v i t y  of t h e  daughters  (cU > eU) al though t h e  degree of d i s e q u i l i b r i u m  
ranges widely.  

The REB d e p o s i t  i s  ad jacen t  t o  t h e  western edge of t h e  Sweetwater-REB a l t e r e d  
tongue (Fig.  25).  According t o  Sherborne e t  a1 (1980), t h i s  edge i s  " t y p i f i e d  
by a zoned p a t t e r n  of iron-oxide s t a i n i n g  and orange f e l d s p a r  c o l o r a t i o n . "  
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The i n t e n s i t y  of t h e  i r o n  o x i d a t i o n ,  presumed t o  be hemati te  but  n o t  i d e n t i -  
f i e d  by t h e  au tho r s ,  i s  most i n t e n s e  several hundred f e e t  from t h e  tongue 's  
edge and g radua l ly  diminishes  toward t h e  edge. 
zone of a l t e r a t i o n  which i s  c h a r a c t e r i z e d  by l i g h t - g r a y  sandstones,  almost 
i n d i s t i n g u i s h a b l e  from una l t e red  sandstone,  and by oxidized mott led in t e rbed-  
ded s i l t s t o n e .  A t h i r d  zone of a l t e r a t i o n ,  g e n e r a l l y  less than 300 f e e t  from 
t h e  tongue 's  edge, i s  c h a r a c t e r i z e d  by orange-colored f e l d s p a r s .  The orange 
c o l o r  i n c r e a s e s  as t h e  edge of t h e  tongue is  approached and is  most i n t e n s e  
nea r  areas of h i g h e s t  grade m i n e r a l i z a t i o n .  

Closer  t o  t h e  edge i s  a second 

I n  t h e  v i c i n i t y  of t h e  REB d e p o s i t  (Fig.  23) t h e  Sweetwater-REB sandstone i s  
about 165 f e e t  t h i c k  and i s  broken i n t o  f i v e  t a b u l a r  o r  l e n t i c u l a r  sandstone 
u n i t s  s epa ra t ed  by l a t e r a l l y  continuous carbonaceous mudstones and poorly 
s o r t e d  s i l t s t o n e s .  In t h i s  area t h e  sandstone u n i t s  are t h i n n e r ,  and t h e  
mudstones are more carbonaceous and more ex tens ive  than  s i m i l a r  r ocks  on t h e  
east s i d e  of t h e  a l t e r e d  tongue nea r  t h e  S w e e t w a t e r  d e p o s i t .  

The REB d e p o s i t  is  about 5.5 m i l e s  long and extends from less than  50 t o  as 
much as 1000 f e e t  outward from t h e  a l t e r e d  sandstone tongue i n t o  t h e  u n a l t e r e d  
sandstone. Host of t h e  m i n e r a l i z a t i o n  i s  i n  t h e  coarse-grained, t h i c k ,  
l a t e r a l l y  continuous sandstones ( u n i t s  C and D ,  Fig.  25) where mine ra l i zed  
i n t e r c e p t s  commonly range from 3 t o  15  feet  but  may be as much as 35 f e e t .  
t h e  D u n i t ,  m i n e r a l i z a t i o n  i s  n e a r l y  continuous along t h e  5.5 m i l e  REB t r e n d ;  
i n  o t h e r  u n i t s  i t  i s  less continuous.  The  mineral ized bodies  are t y p i c a l l y  
"C"-shaped and t h e i r  average grade i s  n e a r l y  twice t h a t  of t h e  Sweetwater 
d e p o s i t .  There i s  a ve ry  narrow t r a n s i t i o n  zone between well-mineralized and 
ba r ren  sandstone. The wide bodies  of poorly mine ra l i zed  sandstone cha rac t e r -  
i s t i c  of t h e  Sweetwater d e p o s i t ,  and some areas i n  t h e  Powder River Basin, are 
no t  p re sen t  i n  t h e  REB d e p o s i t .  C h a r a c t e r i s t i c s  of t h e  REB d e p o s i t ;  t h e  h o s t  
sandstone, and t h e  a l t e r e d  sandstone tongue are shown i n  F igu re  25. 

I n  

The ENQ d e p o s i t  i s  i n  a 65-foot t h i c k ,  coarse-grained, t a b u l a r  sandstone u n i t  
t h a t  i s  bounded above and below by l a t e r a l l y  continuous mudstones (Fig. 26). 
This  u n i t  o v e r l i e s  t h e  S w e e t w a t e r - R E B  u n i t  and i s  t h e  h o s t  f o r  a l a r g e  tongue 
of a l t e r e d  sandstone p r o j e c t i n g  s o u t h e a s t e r l y  i n t o  t h e  Great Divide Basin 
(Fig.  23). 
width of one m i l e ,  a l though a d d i t i o n a l  e x p l o r a t i o n  w i l l  probably show i t  t o  be 
much wider.  The tongue l i es  above t h e  e a s t e r n  p a r t  of t h e  S w e e t w a t e r - R E B  
a l t e r e d  tongue, bu t  i t  does no t  extend as f a r  south (basinward) as does t h e  
S w e e t w a t e r - R E B  tongue. 

The a l t e r e d  tongue has a known l e n g t h  of f i v e  m i l e s  and a known 

A l t e r a t i o n  i n  t h e  ENQ tongue i s  c h a r a c t e r i z e d  by iron-oxide c o l o r a t i o n  s i m i l a r  
t o  t h a t  i n  t h e  western p a r t  of t h e  Sweetwater-REB tongue. Near t h e  sou theas t  
end of t h e  tongue t h e  a l t e r e d  sandstone is  yellow-gray t o  yellow-gray-green; 
u n a l t e r e d  sandstone i s  gray t o  gray-green. To t h e  northwest ,  a long t h e  edge 
of t h e  tongue, a zone of v e r y  s u b t l e  a l t e r a t i o n ,  as much as 1,000 f e e t  wide, 
w i th  c o l o r a t i o n  i n d i s t i n g u i s h a b l e  from u n a l t e r e d  sandstone,  s e p a r a t e s  t h e  
normal yel lowish a l t e r a t i o n  from t h e  m i n e r a l i z a t i o n  a t  t h e  edge of t h e  tongue. 
Where t h i s  zone of s u b t l e  a l t e r a t i o n  i s  p r e s e n t ,  mineral ized sandstone adja-  
cen t  t o  t h e  r o l l  f r o n t  c o n t a i n s  yellow and pink, i ron-stained q u a r t z  and 
f e l d s p a r  g r a i n s .  Mine ra l i za t ion  seems t o  be h i g h e s t  grade where t h e  zone of 
s u b t l e  a l t e r a t i o n  i s  widest .  
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M i n e r a l i z a t i o n  i s  g e n e r a l l y  found i n  t h e  lower p a r t  of t h e  ENQ sandstone where 
t h e r e  are few l e n t i c u l a r  mudstones. 
northwestern p a r t  of t h e  d e p o s i t  t han  i n  t h e  s o u t h e a s t e r n  p a r t  o r  i n  t h e  
ad jacen t  bu t  unde r ly inz  Sweetwater d e p o s i t .  
r o l l - t y p e  m i n e r a l i z a t i o n ,  t h e r e  i s  well-developed m i n e r a l i z a t i o n  on bo th  t h e  
upper and lower l imbs of t h e  r o l l .  
t h a t  on t h e  l imbs,  ranges from about 100 t o  1600 f e e t .  
much as 30 t o  40 f e e t .  
f e e t  wide in t h e  s o u t h e a s t e r n  and 20 feet  i n  t h e  northwestern part of t h e  
d e p o s i t ,  extends outward from t h e  h ighe r  grade r o l l - t y p e  o r e  (Fig.  2 7 ) .  
c h a r a c t e r  of t h e  ENQ d e p o s i t s ,  t h e  a s s o c i a t e d  a l t e r e d  sandstone tongue and t h e  
h o s t  sandstone i s  shown on F igures  26 and 27. 

It i s  h ighe r  grade bu t  narrower i n  t h e  

I n  a d d i t i o n  t o  well-developed 

Widths of mine ra l i zed  sandstone,  i nc lud ing  
Thicknesses are as 

A ha lo  of low-grade m i n e r a l i z a t i o n ,  as much as 1000 

The 

Sherborne e t  a1 (1980) have r e l a t e d  t h e  p o s i t i o n s  of  t h e  a l t e r e d  sandstone 
tongues and g e n e t i c a l l y  r e l a t e d  uranium d e p o s i t s  t o  t h e  basinward pinchout of 
t h e  permeable Battle Spring Formation and t h e  i s o l a t i o n  of ground water flow 
w i t h i n  a few a q u i f e r s  i n  t h e  Battle Spring Formation. I n  t h e  Sweetwater Mine 
area, a few t h i c k  t a b u l a r  sandstones,  such as  t h e  Sweetwater-REB and ENQ 
i n t e r v a l s ,  served as t h e  major l a t e r a l l y  continuous a q u i f e r s  i n  a t h i c k  sec- 
t i o n  o f . i n t e r t o n g u i n g  Battle Spring, Wasatch, and Green River sediments.  
m i n e r a l i z i n g  s o l u t i o n s ,  which only a few m i l e s  n o r t h  had been d i spe r sed  
throughout a t h i c k  s e c t i o n  of h igh ly  permeable Battle Spring Formation sand- 
s t o n e s ,  w e r e  funne l l ed  i n t o  t h e s e  t a b u l a r  u n i t s ,  where t a b u l a r ,  low-grade, 
large-tonnage d e p o s i t s ,  as w e l l  as h ighe r  grade t y p i c a l  "C"-shaped, moderate 
tonnage d e p o s i t s  were formed a t  t h e  edges of a l t e r e d  sandstone tongues. 

The 

SOOTH WEST 
D 

NORTHEAST 
d 

UTNcyoGy URANIUM YJNEiQALKA?WN 

0 SANDSTONE > 10% bU,o, 

0 MUDSTONE 02- 1oxdJ,o, 
RADIOACTIVE O 10 20 -YETEns 
CARBONACEOUS 
MUDSTONE 

A L T E R E D  SANDSTONE 

Figure  26. Cross s e c t i o n  (D-D' F igu re  23)  through e a s t e r n  p a r t  of ENQ uranium 
d e p o s i t ,  Great Divide Basin, Wyoming (modified from Sherborne et 
a l ,  1980). 
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Figure  27. Cross s e c t i o n  (E-E' F igure  23) through t h e  wes tern  p a r t  of  t h e  
ENQ uranium d e p o s i t ,  Great Divide Basin,  Wyoming (modified from 
Sherborne e t  a l ,  1980) .  

Black H i l l s  Area 

Se lec ted  r e fe rences :  
Gott  and Schnable,  1963; Robinson e t  a l ,  1964; Hart, 1968; Renfro,  1969; Gott  
e t  a l ,  1974. 

Yickers ,  1957; Waagg, 1959; Brobst ,  1961; Cuppels, 1963; 

The Black H i l l s  a r e  a broad domal u p l i f t  o f  Laramide age. 
i n  wes tern  South Dakota and n o r t h e a s t e r n  Wyoming and i s  about 150 miles long  
and 50 m i l e s  wide (Fig.  1). 
metamorphic co re  of  t h e  u p l i f t  and t runca ted  t h e  outwardly d ipping  Pa leozoic  
and Mesozoic rocks  t h a t  surround t h e  core .  
group, t h e  h o s t  f o r  t h e  Black H i l l s  uranium d e p o s i t s ,  c rops  o u t  i n  a bold 
inward-facing hogback of sands tones  t h a t  i s  t h e  outermost geomorphic expres- 
s i o n  of t h e  Black H i l l s  s t r u c t u r e .  

The domal area l i e s  

Erosion has  exposed t h e  Precambrian g r a n i t i c  and 

The Lower Cretaceous Inyan Kara 
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The Black H i l l s  uranium d e p o s i t s  are i n  a b e l t  of Inyan Kara rocks  ex tending  
f o r  about 125 m i l e s  a long  t h e  w e s t  f l a n k  of  t h e  Black H i l l s .  Minable uranium 
d e p o s i t s ,  con ta in ing  from a few hundredths  t o  more than  1.0 pe rcen t  U308 have 
been found i n  t h e  t h r e e  p r i n c i p a l  areas shown on Figure  28. Uranium i s  found 
i n  a l l  sands tone  f a c i e s  of t h e  Inyan Kara sediments ( informal ly  named from 
bottom t o  top ,  S-1 t o  S-6). 
1, S - 4 ,  and S-5, which are  a l l  f l u v i a l ,  coarse-grained,  channel sandstones as 
much as 250 f e e t  t h i c k ,  of  cons ide rab le  l a t e ra l  e x t e n t ,  and undoubtedly good 
a q u i f e r s .  

The b e s t  d e p o s i t s  are g e n e r a l l y  found i n  u n i t s  S- 

The Black H i l l s  d e p o s i t s  are found a t  t h e  d i s t a l  edge of  tongues of  a l t e r e d  
sandstone t h a t  extend downdip from t h e  outcrop  o f  t h e  enc los ing  sandstone.  I n  
t h e  l a r g e r  more permeable channel  sands tones ,  t h e  r o l l  f r o n t s  extend l a t e r a l l y  
f o r  several m i l e s  a long  t h e  s t r i k e  of  t h e  sandstone beds; t h e  e n t i r e  l e n g t h  of 
t h e  r o l l  f r o n t  may n o t  be  mine ra l i zed .  I n  sandy i n t e r v a l s  where t h e  beds are 
d i scon t inuous  and interbedded wi th  cons ide rab le  mudstone, t h e  a l t e r e d  tongues 
are g e n e r a l l y  small, i r r e g u l a r ,  and poor ly  mine ra l i zed .  The complexi ty  of t h e  
sed iments  i n  t h e  Inyan Kara group h a s  adverse ly  a f f e c t e d  t h e  r e g u l a r i t y ,  i n  
bo th  p l an  and s e c t i o n  of t h e  r o l l  f r o n t s ,  and t h e  s i z e  and mine ra l  con ten t  o f  
t h e  o r e  a s s o c i a t e d  wi th  them. 

Hart (1968) concludes t h a t  p o s i t i o n s  of t h e  t h r e e  mining areas i n  t h e  Black 
H i l l s  area, and t h e  a l t e r e d  tongues a long  which ore was .depos i ted ,  were gov- 
erned by movement of ground water toward t h e  t h r e e  p r i n c i p a l  streams t h a t  
denuded t h e  sedimentary success ion  and produced t h e  p re sen t  topography. 
J u x t a p o s i t i o n  of t h e  Cheyenne, Bel le  Fouche, and L i t t l e  Missour i  Rivers and 
t h e  Edgemont, Car l i le ,  and H u l e t t  d i s t r i c t s  (Fig.  28) i s  t h e  on ly  evidence 
g iven  as j u s t i f i c a t i o n  f o r  t h i s  conclus ion .  The c h a r a c t e r  o f  t h e  sandstones 
i n  t h e  t h r e e  a r e a s  and l a t e r a l  changes i n  pe rmeab i l i t y  may have had an equal  
o r  g r e a t e r  i n f l u e n c e  on t h e  d i s t r i c t s '  l o c a t i o n s .  

Mining and e x p l o r a t i o n  i n  t h e  southern  p a r t  of t h e  Black H i l l s  area has  made 
cons ide rab le  d a t a  a v a i l a b l e  on t h e  c h a r a c t e r  of t h e  hos t  sands tones ,  t h e  
c h a r a c t e r  of a l t e r a t i o n ,  and mineralogy of t h e  o re .  Discuss ions  t h a t  fo l low 
are based l a r g e l y  on t h e s e  d a t a .  

I n  t h e  Edgemont-Dewey area,  t he  hos t  rocks are coarse-grained, permeable, 
channel  sands tones  of cons ide rab le  l a t e r a l  c o n t i n u i t y  and bounded t o p  and 
bottom by impermeable mudstones. The sandstones are composed most ly  of qua r t z  
and c h e r t  g r a i n s ,  a l though a few pe rcen t  of  m i c r o c l i n e  and a l b i t e  are p resen t .  
Kaolin c o n s t i t u t e s  a few percent  of t h e  coarse-grained sandstone,  somewhat 
more i s  p resen t  i n  t h e  f iner -gra ined  rocks.  Kaol in  c o a t s  sand g r a i n s  and 
f i l l s  i n t e r s t i c e s  i n  t h e  sandstone.  Calcite may be  l o c a l l y  abundant bu t  
g e n e r a l l y  i t  i s  rare.  
r e p l a c e s  qua r t z .  The u n a l t e r e d  sandstone con ta ins  p y r i t e  as s m a l l  r od - l ike  
aggrega tes  r e p l a c i n g  carbonaceous m a t e r i a l ,  o r  i n t e r s t i t i a l l y  t o  sand g r a i n s .  
Carbonaceous v e g e t a l  material and humate i s  abundant i n  some sands tones ,  l e s s  
i n  o t h e r s .  Associated f ine-gra ined  sediments  are almost always carbonaceous.  
Heavy mine ra l s ,  exc luding  p y r i t e ,  c o n s t i t u t e  about  one percent  or less of t h e  
rock--considerably lower than i n  a rkoses  der ived  from g r a n i t i c  t e r r a i n s .  
Magnet i te  i s  p r e s e n t  i n  some bu t  no t  a l l  heavy minera l  s u i t e s .  

When o r e  i s  p r e s e n t  i t  f i l l s  v o i d s  i n  t h e  sandstone and 
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Figure 28. Generalized geologic  map of t h e  Black H i l l s  Region, Wyoming and 
South Dakota (modified from Renfro, 1969).  
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The s t r u c t u r e s  of t h e  w e s t  f l a n k  of t h e  Black H i l l s  are p r i n c i p a l l y  two mono- 
c l i n e s  sepa ra t ed  by a s t r u c t u r a l  terrace.  The rocks  t o  t h e  east o f  t h e  ter- 
race have d i p s  of 2 t o  1 0  degrees  w e s t e r l y ,  whi le  t o  t h e  w e s t  of t h e  terrace 
d i p s  s t eepen  t o  1 0  t o  25 degrees  wes te r ly .  Most o f  t h e  o r e  d e p o s i t s  are  i n  
t h e  terrace s t r u c t u r e  where d i p s  g e n e r a l l y  range from 1 t o  3 degrees  wes te r ly  
but  i n  some areas d i p s  reverse t o  a degree  o r  more e a s t e r l y .  Superimposed on 
t h e s e  g e n t l e  s t r u c t u r e s  are o t h e r  major and minor f o l d s  of  d i v e r s e  o r i e n t a -  
t i o n .  F a u l t s  are s t r u c t u r a l l y  less  important  than  f o l d s  and g e n e r a l l y  have 
d isp lacements  of  less  than  100 f ee t .  
are most common. 
Laramide tec tonism r e s p o n s i b l e  f o r  t h e  Black H i l l s  u p l i f t  and are pre-ore;  
ve ry  minor s t r u c t u r a l  f e a t u r e s ,  probably due t o  s o l u t i o n  o f  under ly ing  anhy- 
d r i t e  beds,  are post-ore .  

Northwester ly  s t r u c t u r e s  and s t e e p  d i p s  
The major s t r u c t u r a l  f e a t u r e s  i n  t h e  a r e a  are r e l a t e d  t o  t h e  

Ore d e p o s i t s  i n  t h e  southern  Black H i l l s  are r e l a t e d  t o  tongues of a l tered 
sands tone  t h a t  extend downdip from t h e  outcrop  f o r  d i s t a n c e s  of  from a few 
thousand f e e t  t o  a few mi l e s .  The s t r a t i g r a p h i c  complexi t ies  of t h e  h o s t  
sediments  d i r e c t l y  a f f e c t  t h e  complexi t ies  of t h e  a l t e r e d  tongues as w e l l  a s  
t h e  s i z e ,  shape, and grade  o f  t h e  orebodies .  A s  a gene ra l  r u l e ,  t h e  margins 
of t h e  tongues i n  t h e  Black H i l l :  are much more irregiiiar than  those  i n  t h e  
Wyoming b a s i n s .  Thicknesses  of a l t e r e d  tongues range g r e a t l y  i n  t h e  Black 
H i l l s  area,  but  may be a s  much as 30 f e e t ;  t h i cknesses  of 5 t o  15  f e e t  are 
common. 

A l t e r a t i o n  i n  t h e  Black H i l l s  i s  similar i n  most ways t o  t h a t  i n  t h e  Wyoming 
b a w s .  Comparisons wi th  u n a l t e r e d  sand show t h a t  t h e  amount o f  U ,  V ,  Se ,  
Fe and A s ,  i n  t h e  a l t e r e d  tongue has  been inc reased  and t h a t  t h e  amount of 
Few :p r inc ipa l ly  p y r i t e ) ,  o rgan ic  C ,  minera l  carbon,  and perhaps Cu has  been 
decreased. 
a l t e r e d  tongues is  e s s e n t i a l l y  complete.  
and i n  some areas t o  hemat i t e  and g o e t h i t e .  Both mine ra l s  c o a t  sand g r a i n s  
and occur  as s m a l l  masses pseudomorphic a f t e r  p y r i t e .  H e m a t i t e  impar t s  a r ed  
o r  pinkish-red c o l o r  t o  t h e  a l t e r e d  sandstone,  g o e t h i t e  a brownish-yellow 
c o l o r .  I n  those  d e p o s i t s  where g o e t h i t e  and hemat i te  occur  i n  t h e  a l t e r e d  
tongue, g o e t h i t e  i s  i n  zones a few f e e t  wide a t  t h e  edge of  t h e  tongue. 
t hus  l i e s  between t h e  r ed  hemat i te  i n t e r i o r  of t h e  tongue and t h e  r o l l  f r o n t ,  
much t h e  same a s  shown i n  F igure  20 f o r  t h e  Powder River Basin d e p o s i t s .  

The d e s t r u c t i o n  of p y r i t e ,  magnet i te  and o rgan ic  carbon i n  t h e  
P y r i t e  has  been oxid ized  t o  hematite 

It 

The Black H i l l s  d e p o s i t s  are of  a r o l l - t y p e  l o c a t e d  a t  t h e  edges and t o  a 
lesser e x t e n t  a long  t h e  t o p  and bottom s u r f a c e s  of tongues of a l t e r e d  sand- 
s tone .  
and wi th  somewhat i s o t r o p i c  p e r m e a b i l i t i e s  may approach t h e  i d e a l  ItC1'-shape so 
o f t e n  shown i n  i l l u s t r a t i o n s  of r o l l - t y p e  d e p o s i t s  (Fig.  2 0 ) .  The h ighes t  
grade and most ex tens ive  m i n e r a l i z a t i o n  i s  on t h e  nose of t h e  r o l l ,  but  
m i n e r a l i z a t i o n  o f  economic i n t e r e s t  may be found i n  t h e  upper and lower cusps 
of t h e  crescent-shaped o r e  r o l l  extending backward (updip) f o r  s e v e r a l  hundred 
fee t .  Such d e p o s i t s  range i n  s i z e  from a few hundred t o  a few t e n s  of thou- 
sands of t o n s  of minera l ized  sandstone con ta in ing  from a f e w  hundredths  t o  
over  1 .0  pe rcen t  uranium. Thicknesses  of minera l ized  sandstone may be a s  much 
as 30 f e e t  bu t  g e n e r a l l y  a r e  1 0  f e e t  o r  less. 

Depos i t s  i n  channel  sands tones  wi th  l a t e r a l  e x t e n t s  measured i n  miles 

Many o f  t h e  d e p o s i t s  r e f l e c t  t h e  inhomogeneity of t h e  h o s t  sediments  and t h e i r  
p e r m e a b i l i t i e s .  These d e p o s i t s  c o n s i s t  of s m a l l  t a b u l a r  o r  complex s inuous 
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bodies ,  some in t e rconnec ted  some n o t ,  but  a l l  are ad jacen t  t o  and i n  con tac t  
w i th  a l t e r e d  sandstone. 

The m i n e r a l i z a t i o n  i n  t h e  Black H i l l s  d i f f e r s  from t h a t  i n  t h e  Wyoming b a s i n s  
i n  t h a t  vanadium m i n e r a l s  are an important component. The vanadium con ten t  of 
t h e  o r e  o f t e n  equa l s  o r  exceeds t h e  uranium con ten t ;  vanadium/uranium r a t i o s  
commonly are about 1 .5/1.0.  U r a n i n i t e  and c o f f i n i t e  are t h e  p r i n c i p a l  uranium 
mine ra l s  i n  t h e  unoxidized o r e .  Vanadium mine ra l s  i n c l u d e  paramontrosei te ,  
h a g g i t e ,  mon t rose i t e ,  d o l o r e s i t e ,  and o t h e r s .  A2rfitional mine ra l s  depos i t ed  
a t  o r  downdip from t h e  r o l l  f r o n t  are p y r i t e ,  n a t i v e  selenium, c a l c i t e ,  and 
j o r d i s i t e .  U r a n i n i t e  and c o f f i n i t e  are f ine-grained,  intermixed,  and most 
g e n e r a l l y  occur  i n t e r s t i t i a l l y  t o  t h e  sand g r a i n s .  
intergrown wi th  bladed aggrega te s  of mon t rose i t e  and f r e q u e n t l y  replace p y r i t e .  
Paramontrosei te ,  hagg i t e ,  and d e l o r e s i t e  are a l l  i n t i m a t e l y  a s s o c i a t e d  with 
mont rose i te  and s i n c e  they occur  i n  the  oxidized sandstone a t  t h e  r o l l  f ron t  
they probably are ox ida t ion  products  of montrosei te .  Native selenium occurs  
as need le - l ike  c r y s t a l s  ad jacen t  t o  o r e  on t h e  ox id ized  s i d e  of t h e  r o l l  
f r o n t .  P y r i t e  i s  of two g e n e r a t i o n s ,  one i s  e a r l y ,  probably d i a g e n e t i c ,  t h e  
o t h e r  l a t e  and a s s o c i a t e d  wi th  o r e  depos i t i on .  The e a r l y  p y r i t e  i s  emplaced 
i n  t h e  v o i d s  of t h e  sandstone, i s  i n  f ine-grained cubic  c r y s t a l s ,  and i s  
f r e q u e n t l y  a s s o c i a t e d  with o rgan ic  mater ia l .  The la ter  p y r i t e  i s  c l o s e l y  
a s s o c i a t e d  w i t h  t h e  o r e  mine ra l s ,  is  coarse-grained t o  nodular ,  i s  intergrown 
wi th  marcasite nea r  t h e  r o l l  f r o n t ,  and f r e q u e n t l y  r e p l a c e s  qua r t z .  C a l c i t e  
completely fills the pore space in some deposits and has corroded and replaced 
some of t h e  q u a r t z  g r a i n s .  C a l c i t e  conc re t ions  are common a t  t h e  o u t e r  l i m i t s  
of o re .  

The two mine ra l s  are 

The pa ragenes i s  of t h e  o r e  m i n e r a l s  i n  samples  from t h e  Runge Mine are given 
by Gott  and Schnabel (1963) as fol lows:  c a l c i t e ,  p y r i t e ,  py r i t e -marcas i t e ,  
f i r s t  s t a g e  u r a n i n i t e ,  montrosei te-haggi te ,  second s t a g e  u r a n i n i t e .  J o r d i -  
s i te ' s  p l a c e  i n  t h e  pa ragene t i c  seqnence i s  unknown, but  s p a t i a l l y  i t  l i e s  
toward t h e  u n a l t e r e d  sandstone edge of t h e  o r e ,  hence w a s  probably p r e c i p i -  
t a t e d  l as t  from a u n i t  of s o l u t i o n .  

Other Distr ic ts  

Roll-type uranium d e p o s i t s  are found i n  areas o t h e r  than those  d i scussed  i n  
d e t a i l  i n  t h i s  r e p o r t ,  Ava i l ab le  d a t a  on t h e s e  less developed d e p o s i t s  sug- 
g e s t  t h a t  they are  s imi la r  i n  most ways t o  d e p o s i t s  i n  t h e  o l d e r  and b e t t e r  
known d i s t r i c t s .  
tance fol lows.  

A b r i e f  d e s c r i p t i o n  of some of t h e  d e p o s i t s  of lesser impor- 

Weld County, Colorado 

Selected r e f e r e n c e s :  Ch i lde r s ,  1974; Reade, 1976. 

Ore d e p o s i t s  i n  Weld County, northwestern Colorado (Fig.  4 ) ,  occur i n  sand- 
s t o n e s  of t h e  Fox H i l l s  and Laramie Formations of Late Cretaceous age (Reade, 
1976). 
conglomeratic i n  some p l a c e s ,  qua r t zose  t o  f e l d s p a t h i c ,  micaceous, and car-  
bonaceous. Marine f o s s i l s  are p r e s e n t  i n  some of t h e  sandstones.  The Fox 

The Fox H i l l s  hos t  rocks are medium- t o  f ine-grained sandstones,  

@ 
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H i l l s  Formation i s  t r a n s i t i o n a l  upward from marine t o  c o n t i n e n t a l  c o n d i t i o n s  
of sedimentat ion.  The o v e r l y i n g  Laramie (or  Lance) Formation h o s t  rocks  are 
medium- t o  f ine-grained a rkoses  con ta in ing  cons ide rab le  p y r i t e  and carbona- 
ceous d e b r i s .  Host sandstones range from a few f e e t  t o  as much as 100 f e e t  
i n  th i ckness .  Dips i n  t h e  western p a r t  of t h e  area are as much as 5 degrees  
eastward, bu t  f l a t t e n  t o  1 degree o r  less i n  t h e  e a s t e r n  p a r t .  The source of 
t h e  sediment w a s  t o  t h e  w e s t  and t h e  sediments were depos i t ed  under continen- 
t a l  o r  marginal  marine c o n d i t i o n s  by eastward flowing streams. 

The d e p o s i t s  are r e l a t e d  t o  tongues of a l t e r e d  sandstone extending downdip 
from t h e  ou tc rop  o r  paleo-outcrop. 
s i n g l e  and complex, o r  m u l t i p l e  and s tacked.  
h e m a t i t i c ,  i n  o t h e r s  l i m o n i t i c .  Ore and accessory m i n e r a l s  are u r a n i n i t e ,  
c o f f i n i t e ,  p y r i t e  and marcas i t e .  Vanadium content  i s  low and molybdenum i s  
appa ren t ly  absen t .  
as several m i l l i o n  pounds of UsOe i n  sandstone averaging about 0.10 pe rcen t  
U s 0 8  

Chi lde r s  (1974) re la tes  t h e  m i n e r a l i z a t i o n  t o  an e x t e n s i v e  e r o s i o n a l  uncon- 
fo rmi ty  between t h e  La ramie  (Lance) Formation and t h e  ove r ly ing  Brule  and 
Chadron Formations,  t h e  White River  Formation e q u i v a l e n t s  i n  t h i s  area'. 
F igu re  29  shows t h e s e  r e l a t i o n s  f o r  t h e  Goshen Hole a r e a  which i s  100 m i l e s  
n o r t h  o f ,  b u t  g e o l o g i c a l l y  similar t o ,  t h e  Weld County d e p o s i t s .  

The ore rolls may be s ingle  and simple,  
The a l t e r a t i o n  i n  some areas i s  

The d e p o s i t s  c o n t a i n  from a few thousand pounds t o  as much 

\ 
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No V e r t i c a l  Eaoggoration 

Figure 29. Cross s e c t i o n  i n  Goshen Hole on t h e  w e s t  f l a n k  of t h e  Cheyenne 
Basin (modified from C h i l d e r s ,  1 9 7 4 ) .  

' I n  Wyoming i t  i s  customary t o  u s e  t h e  t e r m  White River as a formation name 
recogn iz ing  t h a t  t o  the  east t h e  u n i t  becomes a group d i v i s i b l e  i n t o  t h e  
Chadron and Brule  Formations. 
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Formation rests on t h e  beveled edges of t h e  L a r a m i e  and i n  p l a c e s  t h e r e  are 
conglomerate-f i l led channels of Chadron c u t  4nto t h e  Laramie .  
t i o n  but no m i n e r a l i z a t i o n  i n  t h e  Lower Chadron channels ,  but  where t h e  a l ter-  
i n g  s o l u t i o n s  passed from t h e  Chadron downdip i n t o  t h e  reducing environment of 
t h e  L a r a m i e  o r  Fox H i l l s  sandstones,  mineral  d e p o s i t s  d i d  form. 

There i s  altera- 

The source of t h e  uranium w a s  probably t h e  tu f f aceous  material i n  t h e  Chadron 
and Brule Formations (White River Formation) which o v e r l i e s  o r  once ove r l ay  
t h e  area. The age of t h e  m i n e r a l i z a t i o n  has  n o t  been determined, b u t  it i s  
reasonable  t o  assume t h a t  m i n e r a l i z a t i o n  w a s  r e l a t e d  t o  t h e  same orogenic ,  
c l i m a t o l o g i c a l ,  and hydrologic  f a c t o r s  t h a t  produced t h e  d e p o s i t s  i n  t h e  
Wyoming b a s i n s  and thus  i s  Late Eocene t o  Middle o r  Late Oligocene. Some l a t e  
mod i f i ca t ion  of t he  d e p o s i t s ,  and re-reduct ion of t h e  a l t e r e d  oxidized sand- 
s t o n e  may be r e l a t e d  t o  t h e  p re sen t  hydrologic  system. 

Kaycee Area, Wyoming 

Selected r e f e r e n c e s :  Ch i lde r s ,  1970 ,  1974. 

The Kaycee area i s  on t h e  w e s t  f l a n k  of t h e  Powder River B'asin about 70 m i l e s  
n o r t h  of Casper, Wyoming (Fig.  18). Roll-type uranium d e p o s i t s ,  r e l a t e d  t o  
l a r g e  tongues of a l t e r e d  sandstone,  havelbeen found i n  t h e  area. 
desc r ibed  by Ch i lde r s  (1970) from which Auch of t h e  fo l lowing  d e s c r i p t i o n  i s  
taken. 

The hos t  f o r  t h e  Kaycee d e p o s i t s  i s  t h e  Paleocene F o r t  Union Formation. It 
rests with s l i g h t  angular  discordance on t h e  f l u v i a l  and l a c u s t r i n e  sandstones 
and s h a l e s  of t h e  Lance Formation of Late Cretaceous age and i s  o v e r l a i n  
unconformably by t h e  f l u v i a l  Wasatch Formation of e a r l y  Eocene age. The F o r t  
Union i n  t h e  Kaycee area may be d iv ided  i n t o  t h r e e  u n i t s :  (1) a b a s a l  sandy 
u n i t  about 1000 f e e t  t h i c k ;  (2) a middle gray s h a l e  and b e n t o n i t i c  u n i t  500 t o  
1000 f e e t  t h i c k ;  and (3) an upper sand and s h a l e  u n i t  about 1000 f e e t  t h i c k .  
The t h i c k e s t  and l a t e r a l l y  most ex tens ive  sandstones are  i n  t h e  b a s a l  sandy 
u n i t  where i n d i v i d u a l  sandstone beds are as much as 100 feet t h i c k .  The 
sandstones are crossbedded, c o n t a i n  c l a y  g a l l s  and conglomerate l e n s e s ,  and 
show o t h e r  f e a t u r e s  of l a r g e  high-energy streams. The p r i n c i p a l  stream drain-  
i n g  t h e  Wind River Basin may have flowed n o r t h e a s t e r l y  through t h e  Kaycee area 
and i n t o  t h e  Powder River Basin i n  e a r l y  Paleocene t i m e .  The upper sandy u n i t  
has an e x t e n s i v e  250-foot t h i c k  conglomeratic sandstone a t  t h e  base,  bu t  o t h e r  
sandstones i n  t h e  u n i t  are l e n t i c u l a r  and of l i m i t e d  la teral  e x t e n t ,  The 
upper u n i t  c o n t a i n s  cons ide rab le  s i l t ,  s h a l e ,  mudstone, and carbonaceous 
m a t e r i a l .  

/ They are 

The sandstones i n  t h e  ove r ly ing  Wasatch Formation are similar t o  those  i n  t h e  
upper p a r t  o f  t h e  F o r t  Union. They are interbedded with many mudstones, some 
of which are r e d  and green and c o n t r a s t  with t h e  gray of t h e  F o r t  Union mud- 
s t o n e s .  

The Kaycee area l ies  i n  a l a r g e  broad s y n c l i n e  developed on t h e  w e s t  f l a n k  of 
t h e  Powder River Basin. The s y n c l i n e  plunges t o  t h e  n o r t h e a s t  and t h e  F o r t  
Union and Wasatch s t r a t a  d i p  e a s t e r l y  a t  ang le s  of 10  t o  25 degrees .  Ch i lde r s  
(1970) b e l i e v e s  t h a t  t h e  beds were folded be fo re  t h e  d e p o s i t s  were formed. 
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The uranium d e p o s i t s  are related t o  large l o b a t e  tongues o f  altered Fort  Union 
sandstone t h a t  can be t r a c e d  on t h e  s u r f a c e  f o r  about 15 m i l e s .  There are 
some secondary uranium minerals i n  outcrops of a l t e r e d  sandstone where t h a t  
sandstone c o n t a i n s  cons ide rab le  o rgan ic  material. These s m a l l  d e p o s i t s  are 
probably r e s i d u a l  having been preserved i n  otherwise oxidized sandstone by 
l o c a l  high o rgan ic  concen t r a t ions  i n  t h e  sandstone. 'The a l t e r e d  tongues are 
s t a i n e d  r e d  by hemat i t e  c o a t i n g s  on t h e  sand g r a i n s ,  g e n e r a l l y  c o n t a i n  i ron -  
r i c h  ca lc i te  c o n c r e t i o n s ,  bu t  con ta in  l i t t l e  o r  no carbonaceous mater ia l  o r  
p y r i t e .  This  c o n t r a s t s  with t h e  gray, p y r i t i c ,  carbonaceous c h a r a c t e r  of t h e  
u n a l t e r e d  sandstone.  Ch i lde r s  r e p o r t s  "coarse aggrega te s  of p y r i t e ,  h e a v i l y  
s t a i n e d  wi th  humate" i n  some of t h e  u n a l t e r e d  reduced sandstone. 

The d e p o s i t s  are t y p i c a l  of  t h o s e  a s s o c i a t e d  wi th  redox i n t e r f a c e s  i n  t h e  
Wyoming b a s i n s ,  l y i n g  a t  t h e  edges of a l t e r e d  sand tongues,  somewhat c re s -  
c e n t i c  i n  shape, and composed of uran in i te  and/or cof f in i t e ,  p y r i t e ,  and a 
vanadium mine ra l ,  probably mon t rose i t e .  The high vanadium con ten t  ( o f t e n  
s e v e r a l  times t h a t  of uranium) of t h e  Kaycee d e p o s i t s  shows a s i m i l a r i t y  w i t h  
t h e  Black H i l l s  d e p o s i t s ,  r a t h e r  than wi th  those  i n  t h e  Powder R i v e r  Basin, 
S h i r l e y  Basin,  and Gas H i l l s .  The d e p o s i t s  are g e n e r a l l y  small having t h e  
t h i c k n e s s e s  of 5 t o  30 fee t  and extending 50 t o  75 f e e t  l a t e r a l l y  from t h e  
redox i n t e r f a c e .  
average about 0.15 pe rcen t .  

Grades range t o  as much as 1. percen t  U308, b u t  probably 

The source of t h e  uranium and vanadium i n  t h e  d e p o s i t s ,  and t h e i r  age,  i s  
c o n j e c t u r a l .  
they were depos i t ed  disconformably on t h e  F o r t  Union o r  from t h e  White River 
tu f f aceous  sediments s h o r t l y  a f t e r  t hey  were depos i t ed  unconformably over t h e  
Wasatch. Although t h e  White River i s  n o t  now p resen t  i n  t h e  area, i t  i s  
almost c e r t a i n  t h a t  i t  w a s  p re sen t  and was subsequent ly  removed by e ros ion .  

The uranium may have come from t h e  Wasatch a rkoses  s h o r t l y  a f t e r  

Lake Prome Area, South A u s t r a l i a  

Se lec t ed  r e fe rences :  Ca l l en ,  1975; Haynes, 1975; Brunt, 1978.  

Uranium d e p o s i t s ,  probably of t h e  r o l l - t y p e ,  have been found i n  Lower T e r t i a r y  
f l u v i a l  paleochannels  i n  t h e  Lake Frome area (Fig.  30) of South A u s t r a l i a  
(Brunt, 1978) .  Uranium occurs i n  the basal sands of t w o  paleochannels  sepa- 
r a t e d  by a bu r i ed  s t r u c t u r a l  high of g r a n i t i c  and metasedimentary rock. The 
channels  are Paleocene o r  Eocene i n  age and w e r e  c u t  i n  Cretaceous marine 
c l a y s ,  Cambrian s h a l e s ,  sands and l imes tones ,  and Precambrian igneous and 
metamorphic rocks.  
f o r  a l e n g t h  of about 25 m i l e s  and n e i t h e r  t h e  headwaters nor t h e  o u t l e t  has  
been determined (Fig.  31). The channel i s  sinuous,  ranges from about 1 t o  4 
m i l e s  wide, and c o n t a i n s  as much as 175 f e e t  of channel f i l l .  
channel i s  r ep resen ted  by a Lower Tertiary-Upper T e r t i a r y  unconformity which 
l i e s  a t  a depth of about 225 f e e t  below t h e  p r e s e n t  ground s u r f a c e .  

One channel ( t h e  Yarramba) has  been de f ined  by d r i l l i n g  

The t o p  of t h e  

The channel f i l l  c o n s i s t s  of t h r e e  f l a t - l y i n g  sand u n i t s  s epa ra t ed  by two c l a y  
u n i t s ,  a l l  of  which onlap t h e  banks c u t  i n t o  t h e  underlying Cretaceous strata 
(Fig.  3 2 ) .  The lowest sand u n i t  is  a high-energy, braided stream d e p o s i t  and 
t h e  shape of t h e  channel i n  which it w a s  depos i t ed  w a s  c o n t r o l l e d  by t h e  base- 
ment geology. Upward, t h e  sands r e p r e s e n t  p r o g r e s s i v e l y  lower-energy stream 
d e p o s i t s  culminat ing i n  t h e  meandering stream d e p o s i t s  of t h e  upper sand. 
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Figure  30. Uranium d e p o s i t s  and occurrences  of  t h e  Frome Embayment and sur- I 

@ rounding basement area, South A u s t r a l i a  (modified from Brunt,  1978) .  
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Figure  31.  Uranium depos i t  l o c a t i o n s  and s t r u c t u r e  contours  and basement 
geology of t h e  Yarramba Channel, South A u s t r a l i a  ( f rom Brunt ,  
1978) .  
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The channel con ta ins  pervas ive  anomalous r a d i o a c t i v i t y  gene ra l ly  a s s o c i a t e d  
wi th  t h i n  i n t e r v a l s  of c l a y  and s i l t  bounding t h e  major sand u n i t s .  The 
anomalous r a d i o a c t i v i t y  has  been determined t o  be due s o l e l y  t o  uranium 
daughter  products .  Uranium mine ra l i za t ion  is  r e l a t e d  t o  a l t e r a t i o n  i n  t h e  
sandstone,  presumably produced by s o l u t i o n s  moving northward down t h e  s l i g h t  
d i p  of t h e  channel .  
ceous.  Al te red  sand i s  yellow o r  orange,  l i m o n i t i c  and l ack ing  i n  carbon. 
Al te red  sand gene ra l ly  extends t o  wi th in  a few hundred f e e t  of the .channe1  
banks so t h a t  as much as 90 percent  of t h e  t o t a l  volume of sand i s  oxid ized .  
Where interbedded marginal  c l a y s  are absent  a l t e r a t i o n  may extend t o  t h e  
banks, occupying t h e  e n t i r e  channel f i l l .  

Unal tered sandstone i s  l i g h t  gray ,  p y r i t i c ,  and carbona- 

Several d e p o s i t s  have been discovered i n  t h e  Yarramba channel (Figs .  31 and 
32) .  
a l l e l  t o  and a few hundred t o  a few thousand f e e t  from t h e  banks. Orebodies 
i n  one depos i t  average about 1 5  f e e t  i n  th i ckness  a t  an average grade,  as 
i n t e r p r e t e d  from gama-ray l o g s ,  of about 0.26 percent  UsOe. 
d e p o s i t ,  m i n e r a l i z a t i o n  i s  about 5 f e e t  i n  th i ckness  a t  an average grade of  
0.20 percent  U308. Orebodies may be as much as 1000 f e e t  wide. Lower l imb 
o r e  i s  p a r t i c u l a r l y  well-developed and may c o n s t i t u t e  a s i g n i f i c a n t  p a r t  of 
t h e  orebody. 
c layey humic mater ia l .  There i s  l i t t l e  o r  no a s soc ia t ed  vanadium o r  molyb- 
denum, al though some copper and z i n c  are p resen t  i n  t h e  o re .  

A l l  are a s soc ia t ed  wi th  a redox i n t e r f a c e  t h a t  extends more o r  less par- 

In  another  

Ore minera ls  i nc lude  c o f f i n i t e  and p y r i t e  wi th  some as soc ia t ed  

Figure 3 2 .  Cross s e c t i o n s  ac ross  t h e  Yarramba Channel, South A u s t r a l i a  (from 
Brunt,  1978) .  Sec t ion  l o c a t i o n s  are shown i n  Figure 31. 
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These d e p o s i t s  are considered t o  be remnant d e p o s i t s  a long  t h e  edges of a long  
narrow tongue of a l t e r e d  sand produced by oxygenated uranium-bearing water 
f lowing down t h e  g e n t l e  d i p  of t h e  channel.  
t h e  l a t e ra l  margins of t h e  channel where reduced pe rmeab i l i t y  and sand th in -  
n ing  reduced ground water flow. Uranium w a s  p r e c i p i t a t e d  a t  p o i n t s  a long t h i s  
i n t e r f a c e  where p y r i t e  and carbon con ten t  of t h e  h o s t  rock w a s  h i g h e s t ,  gener- 
a l l y  near embayments i n  t h e  stream banks. 
dep le t ed  i n  uranium, sugges t ing  t h a t  t h e  h o s t  i t s e l f  may have been the  source 
of t h e  uranium i n  t h e  d e p o s i t s .  

Redox i n t e r f a c e s  developed n e a r '  

The ox id ized  a l t e r e d  hos t  rock i s  

The Beverley Deposit  i s  l o c a t e d  approximately 120 m i l e s  nor thwest  of t h e  
Yarramba d e p o s i t  (Fig.  30).  The d e p o s i t  occu r s  i n  sand lenses w i t h i n  f i n e  
a r g i l l a c e o u s  sediments of Miocene age. 
on Cretaceous s h a l e s  and sandstones.  The t a b u l a r  orebodies  extend over  a 
d i s t a n c e  of 1.8 miles north-south and widths  o f  300 t o  3000 f e e t .  The o r e  
l e n s e s  themselves occur  w i t h i n  sands t h a t  are u n d e r l a i n  by carbonaceous mud- 
s t o n e s  and o v e r l a i n  by non-carbonaceous c l a y s  (Fig.  33). The d e p o s i t s  are  
considered t o  be r o l l - t y p e  d e p o s i t s  (Haynes, 1975) and t o  occur  a t  "an oxida- 
t i o n  r e d u c t i o n  i n t e r f a c e " .  However, 

The hos t  sediments l i e  unconformably 

. . . f e a t u r e s  of t h e  Wyoming d e p o s i t s  are missing,  such as t h e  ba r ren  
i n t e r i o r ,  t h e  p l e n t i f u l  c o a r s e  secondary and f i n e  t e r t i a r y  p y r i t e ,  t h e  
s i g n i f i c a n t  q u a n t i t i e s  of molybdenum, copper, vanadium, and thorium i n  
t h e  f r o n t ,  and coa r se  c las t ics  t h a t  are t h e  more u s u a l  h o s t s .  

The g e n e s i s  of t h i s  d e p o s i t  i s  unc lea r ,  bu t  t h e  proximity of t h e  t a b u l a r  o r e  
zones t o  t h e  unde r ly ing  carbonaceous s h a l e  i s  noteworthy and w i l l  be discussed 
l a te r  i n  t h i s  r e p o r t .  
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ORIGIN OF THE DEPOSITS 

Se lec t ed  r e f e r e n c e s :  
1964; Cheney and Jensen,  1966; King and Aust in ,  1966; Harshman, 1966, 1968, 
1970, 1972, 1974; L i s i t s y n  and Kuznetsova, 1967; Adler and Sharp, 1967; Melin, 
1969; Ba i l ey ,  1969; Davis,  1969; Granger and Warren, 1969; F i s c h e r ,  1970; 
F i l e s ,  1970; Gabelman, 1970; Warren, 1971, 1 9 7 2 ;  Rackley, 1972, 1976; Adler ,  
1974; C h i l d e r s ,  1974; Dooley e t  a l ,  1974; Dah1 and Hagmier, 1976; Granger and 
Warren, 1978; Ludwig, 1978, 1979; Goldhsber and Reynolds, 1979; Bai ley,  1980. 

Gruner, 1956; Vickers ,  1957; Jensen,  1958; Kash i r t s eva ,  

For purposes of r e source  s t u d i e s  and e x p l o r a t i o n  t h e  g e o l o g i s t  r e q u i r e s  geo- 
l o g i c  c r i t e r i a  o r  "guides" t h a t  ( a )  i n d i c a t e  t h e  f a v o r a b i l i t y  f o r  o r  proximity 
of d e p o s i t s ,  and (b)  can be app l i ed  i n  reg iona l  reconnaissance studies. The 
fol lowing c o n s i d e r a t i o n s  of o r e  formation and c o n t r o l s  focus ,  t h e r e f o r e ,  on 
e s t a b l i s h i n g  t h e  r e l a t i o n s  between geo log ic  obse rva t ions  a t  t h a t  broad scale, 
p a r t i c u l a r l y  those  d i scussed  i n  t h e  preceding s e c t i o n  of t h i s  r e p o r t .  
g a t i o n s  of g e n e s i s  are a means of t e s t i n g  t h e  r e l a t i o n s  between geologic  
obse rva t ions  and e s t a b l i s h i n g  confidence as t o  which e m p i r i c a l  obse rva t ions  
are t r u l y  important t o  o r e  formation and c o n t r o l .  More s p e c i f i c a l l y ,  which 
obse rva t ions  are always r e l a t e d  t o  o r e ,  which o c c a s i o n a l l y  and under what 
c o n d i t i o n s ,  and which are randomly o r  unsys t ema t i ca l ly  r e l a t e d  t o  r o l l - t y p e  
d e p o s i t s .  Th i s  d i s c u s s i o n  of o r e  formation does n o t ,  t h e r e f o r e ,  cons ide r  many 
of t h e  d e t a i l e d  problems of s o l u t i o n  chemistry,  uranium mine ra l  i d e n t i t y  and 
s t a b i l i t y ,  o r  t h e  p r e c i s e  r o l e  of organic  matter i n  o r e  formation. Rather ,  w e  
a t t empt  t o  r each  r easonab le  conclusions on a scale of obse rva t ion  and level of 
d e t a i l  t h a t  r e f l e c t s  bo th  t h e  o b j e c t i v e s  of t h i s  review and t h e  d a t a  a v a i l a b l e .  

I n v e s t i -  

Any a c c e p t a b l e  theo ry  of o r i g i n  of r o l l - t y p e  uranium d e p o s i t s  must e x p l a i n  
t h e i r  r e s t r i c t e d  s t r a t i g r a p h i c  d i s t r i b u t i o n ,  t h e i r  s p a t i a l  r e l a t i o n  t o  l a r g e  
tongues of a l t e r e d  sandstone,  and t h e  sys t ema t i c  d i s t r i b u t i o n  of t h e i r  com- 
ponent mine ra l s .  It must encompass the  source of t h e  uranium and a s s o c i a t e d  
elements ,  t h e  n a t u r e  and hydrodynamics of t h e  m i n e r a l i z i n g  f l u i d ,  t h e  geochem- 
i s t r y  of mine ra l  p r e c i p i t a t i o n  and t h e  d i s p o s i t i o n  of t h e  spen t  m i n e r a l i z i n g  
f l u i d .  Reconstruct ion of p rocesses  t h a t  operated eons ago i s  of n e c e s s i t y  
s p e c u l a t i v e  and i n t e r p r e t a t i v e .  However, numerous p r i o r  s t u d i e s  on a s p e c t s  of 
r o l l - t y p e  d e p o s i t s  have i d e n t i f i e d  t h e  gene ra l  c o n d i t i o n s  of o r e  formation and 
s u f f i c i e n t  da t a  are  available t o  h e l p  keep t h a t  specula t ion  w i t h i n  reason 
whi le  i n t e r p r e t i n g  t h e  important processes  r e s p o n s i b l e  f o r  t h e  d e p o s i t s .  

Source of Uranium and Associated Elements 

The d e p o s i t s  are c l e a r l y  e p i g e n e t i c  f o r  m i n e r a l i z a t i o n  c u t s  s h a r p l y  a c r o s s  t h e  
d e p o s i t i o n a l  s t r u c t u r e s  of t h e  sandstone h o s t  rock. It is  p o s s i b l e  t h a t  some 
of t h e  uranium i n  carbonaceous s i l t s t o n e s  interbedded with t h e  sands tones  i s  
syngene t i c ,  bu t  t h e  amount of such uranium i n  any r o l l - t y p e  d e p o s i t  i s  prob- 
ab ly  i n s i g n i f i c a n t  . 
A f t e r  about twenty-five yea r s  of s tudy of r o l l - t y p e  uranium d e p o s i t s  i n  Wyo- 
ming, t h e  sou rce  of uranium and o t h e r  elements i n  t h e  d e p o s i t s  is  no t  known. 
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Uranium is  p resen t  i n  many geologic  environments, i s  r e a d i l y  s o l u b l e  i n  solu- 
t i o n s  similar i n  composition t o  present-day ground water, and can be e a s i l y  
p r e c i p i t a t e d  by changes i n  Eh and pH of t h e  t r a n s p o r t i n g  media. 
lowing paragraphs,  p o s s i b l e  sou rces  w i l l  be examined and evaluated i n  l i g h t  of 
present-day knowledge. ' The least  probable sou rces  w i l l  be examined f i r s t .  

I n  t h e  f o l -  

Few, i f  any, g e o l o g i s t s  now propose a magmatic hydrothermal source,  a l though 
t h i s  concept he ld  f avor  f o r  many yea r s .  Extensive mining and geologic  s tudy 
of o rebod ies  i n  Wyoming and South Dakota have no t  found one b i t  of evidence 
e i t h e r  i n  t h e  o r e ,  t h e  h o s t  rocks ,  o r  t h e  a l t e r a t i o n  accompanying t h e  o r e ,  
t h a t  s u g g e s t s  a d i r e c t  m a g m a t i c  source of elements i n  t h e  d e p o s i t s .  Further-  
more, t h e r e  i s  no known period of magmat i sm t h a t  can be r e l a t e d  i n  t i m e  o r  
space t o  t h e  d e p o s i t s .  
sou rce ,  t h e  s p a t i a l  r e l a t i o n s  of t h e  d e p o s i t s  t o  t h e  d i s t a l  p a r t s  of t h e  
tongues and t h e  f a c t  t h a t  many a l t e r e d  tongues extend updip t o  t h e  p re sen t  
s u r f a c e  imp l i e s  t h a t  t h e  m i n e r a l i z i n g  s o l u t i o n s  move downdip from high on t h e  
f l a n k s  of t h e  bas ins .  This  i s  a movement compatible w i t h  a source of t h e  
elements and s o l u t i o n s  above t h e  d e p o s i t s ,  probably a t  o r  c l o s e  t o  t h e  s u r f a c e  
a t  t h e  t i m e  of mineral  depos i t i on .  Thus, a magmatic hydrothermal source i s  
improbable. 

I n  a d d i t i o n  t o  t h e  l a c k  of evidence of a magmatic 

A v a r i a t i o n  on t h e  concept of a hydrothermal sou rce  has  been proposed by 
Gabelman (1970).  H e  concludes t h a t ,  

Because compressive orogeny i s  mostly c r u s t a l ,  t h e  m i n e r a l i z i n g  f l u i d s  it 
gene ra t e s  most l o g i c a l l y  and convenient ly  are connate  o r  ground waters, 
o r  water of c r y s t a l l i z a t i o n  squeezed from t h e  rocks.  They g a i n  inc reas -  
i n g  c o r r o s i v e  power t o  l e a c h  mobile elements from rocks  as t h e  rocks  are  
heated by deformation. 
p r e s s u r e s  as w e l l  as temperature.  They e n t e r  t h e  magmatic-hydrothermal 
c y c l e  when compression r eaches  t h e  a n a t e c t i c  s t age .  Without m a g m a t i s m ,  
t hey  may be termed t e c t o n i c  hydrothermal o r  simply hydrothermal f l u i d s .  
The d i f f e r e n t i a l  m o b i l i t y  of  t h e  v a r i o u s  elements i n  response t o  r i s i n g  
temperature  l i b e r a t e s  elements i n  reverse pa ragene t i c  sequence and moves 
them forelandward down t h e  m e t a l l o t e c t o n i c  temperature  g r a d i e n t  t o  new 
zones o f  s t a b i l i t y .  Thus, t h e  more mobile,  lower temperature  elements 
are f lushed from h i n t e r l a n d  r eg ions .  

The f l u i d s  are mobil ized by d i f f e r e n t i a l  t e c t o n i c  

The proof of t h i s  g e n e t i c  theory is  almost t o t a l l y  l ack ing .  I n  an ear l ier  
development of t h e  theo ry  (Gabelman and Krusiewski, 1 9 6 4 ) ,  t h e  a u t h o r s  j u s t i f y  
t h e i r  i d e a s  by p o i n t i n g  o u t  t h e  p o s i t i o n  of t h e  d e p o s i t s  i n  Wyoming p a r a l l e l  
t o  and a t  some d i s t a n c e  from t h e  axes of t h e  u p l i f t s  and on a purported metal 
zoning outward from t h e  mountain co res .  They do n o t  accept  t h e  f a c t  t h a t  t h e  
v e r y  f o r c e s  t h a t  gave r ise t o  t h e  u p l i f t s ,  set  i n  motion a sequence of even t s  
t h a t  formed t h e  b a s i n s  ad jacen t  t o  t h e  u p l i f t s ,  f i l l e d  t h e  b a s i n s  wi th  sed i -  
ments r e c e p t i v e  t o  subsequent m i n e r a l i z a t i o n ,  d i r e c t e d  ground water flow 
through t h e  f avorab le  h o s t  rocks  and exposed t h e  g r a n i t i c  c o r e s  t o  weathering 
p rocesses  t h a t  may have con t r ibu ted  uranium and o t h e r  elements t o  t h e  ground 
water. The concept i s  not  widely accepted and given t h e  u t t e r  l a c k  of cor- 
r o b o r a t i v e  d a t a  is  l i k e l y  t o  remain so. 

Two o t h e r  p o s s i b l e  sources  of  t h e  elements i n  t h e  d e p o s i t s  are: 
f ine-grained rocks  l y i n g  downdip from o r  s t r a t i g r a p h i c a l l y  below t h e  d e p o s i t s  

(1) from 
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(Vine and T o u r t e l o t ,  1970) ,  and (2) from s o l u b l e  anhydr i t e  beds s t r a t i g r a p h -  
i c a l l y  below t h e  Inyan Kara h o s t  rocks  i n  t h e  Black H i l l s  (Gott e t  a l ,  1974) .  
Since t h e r e  are no l a k e  beds a s s o c i a t e d  wi th  t h e  Wind River i n  t h e  S h i r l e y  
Basin and Gas H i l l s ,  nor  w i t h  t h e  Bat t le  Spring a t  Crooks Gap, and s i n c e  t h e  
l a k e  beds i n  t h e  Wasatch are 50 m i l e s  o r  more downdip from t h e  d e p o s i t s  a t  t h e  
sou th  end of t h e  Powder River Basin,  a l a k e  bed source f o r  t h e  elements i n  t h e  
d e p o s i t s  and t r a n s p o r t a t i o n  i n  po re  water expel led on compaction cannot be, 
and has  n o t  been, s e r i o u s l y  considered.  

Gott  e t  a1 (1974) propose t h a t  t h e  source of t h e  uranium and a s s o c i a t e d  ele- 
ments i n  t h e  Black H i l l s  d e p o s i t s  w a s  i n  a sequence of sedimentary rocks ,  
predominantly l imes tones  but  i nc lud ing  sandstones,  s h a l e s ,  and anhydr i t e .  
These rocks  range i n  age from Devonian t o  Permian and l i e  500 t o  about 2000 
f e e t  s t r a t i g r a p h i c a l l y  below t h e  h o s t  Inyan Kara Formation. The a u t h o r s  admit 
t h e  p o s s i b i l i t y  of some c o n t r i b u t i o n  of uranium from g r a n i t e s  o r  t u f f aceous  
rocks  via  r echa rge  of t h e  o l d e r  rocks  by s u r f a c e  water. They t h e o r i z e  t h a t  
t h e  mine ra l  elements were t r a n s f e r r e d  upward by a r t e s i a n  r echa rge  of t h e  Inyan 
Kara by waters from t h e  underlying rocks.  
day r echa rge  o f  t h e  type proposed, but  no evidence f o r  o r  a g a i n s t  such a 
r echa rge  a t  t h e  t i m e  t h e  d e p o s i t s  were formed. It is  d i f f i c u l t  t o  assess t h e  
v a l i d i t y  o f  t h i s  model. It does n o t  e x p l a i n  why t h e  a l t e r e d  sandstone tongues 
o f t e n  extend t o  t h e  p r e s e n t  ou tc rops  of t h e  hos t  sandstone,  sugges t ing  s u r f a c e  
o r  nea r  s u r f a c e  i n t r o d u c t i o n  o f  t h e  m i n e r a l i z i n g  s o l u t i o n ,  nor  does i t  q u a l i f y  
as t h e  s i m p l e s t  model t h a t  f i t s  t h e  facts--always a w i s e  choice.  
model were c o r r e c t ,  it would apply on ly  t o  t h e  Black H i l l s .  

There i s  some evidence of a present-  

I f  t h i s  

The h o s t  rock  i t s e l f ,  p a r t i c u l a r l y  i f  i t  i s  an a rkose ,  has  been considered by 
some g e o l o g i s t s  (Melin, 1964; Rackley e t  a l ,  1968; Renfro, 1969; and o t h e r s )  
t o  be t h e  sou rce  of the elements i n  the d e p o s i t s .  
b e l i e v e  t h a t  t h e  h o s t  rock i t s e l f  may n o t  be t h e  source.  
uranium i n  t h e  g r a n i t i c  rocks ,  from which t h e  a rkoses  i n  t h e  Wyoming b a s i n s  
were d e r i v e d ,  would have been leached during t h e  long per iod of o x i d a t i o n ,  
weather ing,  and d i s i n t e g r a t i o n  i n  t h e  uplands and subsequent t r a n s f e r  of t h i s  
a rkose  i n t o  t h e  b a s i n s .  The qua r t zose  h o s t  rocks  i n  t h e  Black H i l l s  should 
have contained even less  of t h e  elements needed t o  form t h e  d e p o s i t s  f o r  t hey  
are second-cycle sediments whose mine ra l  components have been through two 
cyc les  of weather ing,  d i s i n t e g r a t i o n ,  t r a n s p o r t a t i o n ,  and depos i t i on .  

However, there i s  reason t o  
The r e a d i l y  s o l u b l e  

A n a l y t i c a l  d a t a  on samples o f  a l t e r e d  and u n a l t e r e d  sandstones from t h e  S h i r l e y  
Basin (Harshman, 1972) , t h e  Powder River Basin (Davis, 1969) , Crooks Gap 
(Bai ley,  1969) ,  and t h e  Black H i l l s  (Harshman, 1974) ,  taken from a few t o  
several thousand f e e t  from o r e ,  support  t h e  con ten t ion  t h a t  t h e  h o s t  rock i s  
no t  t h e  source of t h e  elements i n  t h e  d e p o s i t s .  The above i n v e s t i g a t o r s  found 
from two t o  f i v e  times more selenium i n  a l t e r e d  than i n  u n a l t e r e d  sandstone. 
Samples from t h e  S h i r l e y  and Powder River Basins showed t h e  a l t e r e d  sandstone 
t o  c o n t a i n  from 1-1/2 t o  1 0  t i m e s  as much uranium as t h e  u n a l t e r e d  sandstone. 
Renfro (1969) r e p o r t s  t h a t  u n a l t e r e d  sandstone c o n t a i n s  less uranium (5 ppm) 
than does a l t e r e d  sandstone (14 ppm). The 14 ppm f i g u r e  is  about t h r e e  t i m e s  
t h e  amount of uranium i n  an "average" sandstone i n  t h e  Wyoming d i s t r i c t s  and 
sugges t s  t h a t  t h e  samples Renfro considered u n a l t e r e d  were a c t u a l l y  mineral-  
i z e d ,  and t h u s  h i s  conclusion t h a t  uranium had been removed dur ing  a l t e r a t i o n  
may be open t o  ques t ion .  One must conclude t h a t  uranium and selenium have 
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been introduced i n t o  t h e  sandstone from an o u t s i d e  source f o r  a material  
balance shows an i n c r e a s e  i n  t h e  amount of uranium and selenium i n  t h e  system 
a f t e r  a l t e r a t i o n  and m i n e r a l i z a t i o n .  

There i s  ample evidence t h a t  g r a n i t e s  and tu f f aceous  rocks ,  t h e  two sources  
most o f t e n  c i t e d  as c o n t r i b u t i n z  uranium and o t h e r  elements t o  r o l l - t y p e  
d e p o s i t s ,  can and are c o n t r i b u t i n g  t h e s e  elements t o  present-day ground 
water. By e x t r a p o l a t i o n ,  t h e s e  sou rces  a lone  o r  combined could have and 
probably d i d  f u r n i s h  t h e  bu lk  of t h e  elements i n  t h e  o r e .  

Samples of ground water i s s u i n g  from s p r i n g s  nea r  t h e  base of t h e  upper u n i t  
of t h e  t u f f a c e o u s  White River Formation i n  t h e  S h i r l e y  Basin,  waters t h a t  
because of topography are i s o l a t e d  i n  t h a t  formation,  contained from 8 t o  10  
p a r t s  pe r  b i l l i o n  (ppb) uranium. Water from s p r i n g s  a t  t h e  base of White 
River, i n  a more tu f f aceous  s e c t i o n ,  contained 19  t o  52 ppb uranium (Harshman, 
1972).  This  i s  2 t o  10  t i m e s  more uranium than w a s  found i n  waters from t h e  
Wind River Formation i n  an unmineralized area w e s t  of t h e  S h i r l e y  Basin. I n  
a d d i t i o n ,  t h e  water samples contained from a few t o  a few t e n s  of p a r t s  pe r  
b i l l i o n  l e a d ,  manganese, z inc ,  n i c k e l ,  vanadium, and selenium. 

Recent i n v e s t i g a t i o n s  by Z i e l i n s k i  (1980) i n  t h e  S h i r l e y  Basin show t h a t  
chalcedony c o l l e c t e d  from and d i r e c t l y  beneath accumulations of r h y o l i t e  ash 
i n  t h e  White River Formation c o n t a i n  as much as 250 ppm uranium. The uranium 
i s  d i s t r i b u t e d  homogeneously through the  s i l i c a ,  probably as a u r a n y l  species.  
He p o s t u l a t e s  t h a t  uranium and s i l i c a  were leached from t h e  ash by downward 
p e r c o l a t i n g  ground water and w e r e  p r e c i p i t a t e d  as a u r a n i f e r o u s  s i l i c a  g e l  
d i r e c t l y  above t h e  r e l a t i v e l y  impervious c l a y s t o n e  unde r ly ing  t h e  s i l i c i f i e d  
material. 
u r a n i f e r o u s  s i l i ca  and 32.4 + 2.6 m.y. f o r  t h e  ove r ly ing  r h y o l i t e  t u f f .  These 
i n v e s t i g a t i o n s  show t h a t  uraGium w a s  being leached from ash  and c a r r i e d  by 
ground water a t  t h e  t i m e  t h e  S h i r l e y  Basin d e p o s i t s  are though t o  have formed 
between 20 and 35 m i l l i o n  y e a r s  ago. 

A minimum age of 20 m i l l i o n  yea r s  (m.y.) w a s  ob ta ined  f o r  t h e  

In a l a b o r a t o r y  experiment t o  determine t h e  r a t e  of l each ing  of uranium and 
o t h e r  elements from g l a s s  sha rds ,  Z i e l i n s k i  sub jec t ed  samples of r h y o l i t i c  
g l a s s ,  i nc lud ing  one sample from t h e  White River Formation i n  t h e  S h i r l e y  
Basin,  t o  a t t a c k  by a e r a t e d  a l k a l i n e  s o l u t i o n s  t h a t  approximated t h e  composi- 
t i o n  of n a t u r a l  occu r r ing  waters i n  tu f f aceous  rocks.  Fresh s o l u t i o n  w a s  
e l u t e d  through each sample a t  a , con t ro l l ed  rate, temperature  and p res su re .  
Although t h e  experiments were run a t  1 2 O o C  and 7000 p s i  ( t o  speed t h e  r a t e  of 
r e a c t i o n ) ,  Z i e l i n s k i  b e l i e v e s  t h a t  t h e  gene ra l  r e s u l t s  would be s i m i l a r  i n  
tests run  a t  lower temperatures  and p res su res .  The sample of sha rds  from t h e  
S h i r l e y  Basin contained 5.6 ppm uranium be fo re  l each ing  and 5.3 ppm a f t e r  
l each ing ,  w i th  about 3700 m l  of s o l u t i o n  i n  a per iod of 113 days.  S l i g h t l y  
more than 5 pe rcen t  of t h e  uranium w a s  removed from t h e  g l a s s y  sha rds  by t h e  
l each  s o l u t i o n .  

Laboratory tes ts  and f i e l d  evidence show t h a t  uranium can be and i s  being 
leached from g r a n i t i c  rocks by o rd ina ry  ground water. Harshman (1972) r an  
l each  tests on 11 samples of g r a n i t e  from t h e  L a r a m i e  and S h i r l e y  Mountains, 
rocks  considered t o  be t h e  sou rces  of t h e  arkose i n  t h e  S h i r l e y  Basin. The 
samples contained from 0.5 t o  7.0 ppm uranium. They were crushed t o  about 
one-eighth inch  so  as t o  no t  p u l v e r i z e  t h e  component mine ra l s ,  and 50 ml 
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of  a l e a c h  s o l u t i o n  approximating t h e  composition and pH of  Sh i r l ey .Bas in  
ground water w a s  d r ipped  through 5 grams o f  t h e  crushed g r a n i t e  i n  a ten-hour 
per iod .  Although t h e  c o n t a c t  t i m e  between so lven t  and g r a n i t e  w a s  s h o r t ,  as 
much as 0.9 pe rcen t  of t h e  uranium i n  t h e  samples w a s  taken i n t o  s o l u t i o n ,  
i n d i s p u t a b l e  proof t h a t  g r a n i t e  can release uranium t o  ground water. 

Analyses of  water f lowing i n  g r a n i t i c  t e r r a i n s  s u b s t a n t i a t e  t h e  l a b o r a t o r y  
evidence t h a t  ground water can l e a c h  uranium from g r a n i t i c  rocks .  
s p r i n g  water from t h e  g r a n i t i c  c o r e s  of  t h e  L a r a m i e  and S h i r l e y  Mountains, 
which f l a n k  t h e  S h i r l e y  Basin on t h e  east and w e s t  and which served  as t h e  
source  o f  t h e  a rkose  i n  t h e  b a s i n ,  contained from 1 t o  8 ppm uranium (Harshman, 
unpubl ished d a t a ) ,  
tent  from 1 2  t o  99 ppm, and SO2; con ten t  from 5 t o  36 ppm and t h e  HCO; con ten t  
from 24 t o  92 ppm. 

Samples of  

The pH of t h e  water ranged from 6 . 2  t o  7 .0 ,  t h e  S iOl  con- 

L e s s  d i r e c t  p roo f ,  but  c e r t a i n l y  sugges t ive  t h a t  g r a n i t e  h a s  c o n t r i b u t e d  ura-  
nium and o t h e r  e lements  t o  t h e  Wyoming d e p o s i t s  are t h e  s t u d i e s  of  s u r f a c e  
samples and d r i l l  c o r e  from t h e  g r a n i t i c  rocks  i n  t h e  S w e e t w a t e r  u p l i f t .  
These rocks  fu rn i shed  much of  t h e  a r k o s i c  hos t  sediment f o r  t h e  S h i r l e y  Basin,  
Gas H i l l s  and Crooks Gap-Great Div ide  Basin areas. Both Roshol t  e t  a1 (1973) 
and S tuck le s s  and Nkomo (1978) f i n d  t h a t  samples o f  g r a n i t e  are g r e a t l y  de- 
p l e t e d  i n  t h e  m o u n t  of uranium requ i r ed  t o  produce t h e  amounts of r ad iogen ic  
l e a d  i n  t h e  samples.  Based on uranium-thorium-lead i s o t o p i c  ana lyses ,  t h e s e  
a u t h o r s  estimate a 70 t o  75 percent  d e p l e t i o n  of  uranium i n  g r a n i t e s  du r ing  
t h e  l a s t  40 m i l l i o n  y e a r s  (S tuck le s s  and Nkomo, 1978) o r  accord ing  t o  Roshol t  
e t  a1 (1973) i t  occurred  du r ing  t h e  Mesozoic-Cenozoic pe r iods .  They propose 
t h a t  t h i s  l o s t  uranium i s  t h e  p rogen i to r  of  t h e  Wyoming d e p o s i t s  f o r  several 
reasons :  (1) t h e  d i s t r i c t s  are on t h e  f l a n k s  of t h e  Gran i t e  Mountains; ( 2 )  
t h e  g r a n i t e s  have l o s t  large amounts of uranium; (3) t h e  a r k o s i c  h o s t  rock  
does no t  appear  t o  be  a rcasonable  source  of uranium; ( 4 )  r ad iomet r i c  d a t i n g  
of  t h e  o r e s  by Ludwig (1978) sugges t s  t h e  o r e s  are i n  p a r t  o l d e r  than  t h e  
v o l c a n i c  sou rce  rocks ;  and (5) t h e  t iming  of t h e  uranium l o s s  from t h e  g r a n i t e  
ag rees  wi th  t h e  r ad iomet r i c  d a t e  of  t h e  o r e s .  These r easons  do n o t  necessar -  
i l y  support  t h e i r  conclus ions  nor  do they  d i sp rove  a tu f f aceous  source  f o r  t h e  
uranium because: (1) tu f faceous  rocks  of  Middle and Upper Eocene age and of  
Ear ly  Oligocene age are s p a t i a l l y  more c l o s e l y  a s s o c i a t e d  w i t h  t h e  uranium 
d e p o s i t s  than are t h e  g r a n i t e s ;  ( 2 )  t h e  tu f f aceous  rocks  are now supplying 
uranium t o  the ground water and may have suppl ied  even more shortly a f t e r  
d e p o s i t i o n  and du r ing  t h e  compaction of t h e i r  ashy c o n s t i t u e n t s ;  (3 )  t h e  
a r k o s i c  sands tone  does n o t  appear  t o  be a l i k e l y  source  of uranium; 
ages  determined by Ludwig (1979) of 25 t o  35 m i l l i o n  y e a r s  f o r  t h e  S h i r l e y  
Basin,  Crooks Gap and Gas H i l l s  d e p o s i t s  are younger, no t  o l d e r ,  than  t h e  45.4 
t o  32 m i l l i o n  year  ages  r e s p e c t i v e l y  f o r  t h e  Wagon Bed and White River t u f f a -  
ceous rocks  i n  t h e  Gran i t e  Mountains area (Love, 1970) and S h i r l e y  Basin 
( Z i e l i n k s i ,  1980);  and (5) t h e  t iming of a c i d i c  v o l c a n i c  a c t i v i t y  and deposi-  
t i o n  o f  t u f f aceous  sediments  i n  t h e  c e n t r a l  Wyoming area ag rees  w e l l  w i t h  t h e  
r ad iomet r i c  ages  of  t h e  uranium d e p o s i t s .  

( 4 )  t h e  

Ludwig (1979),  u s ing  much of t h e  same rad iomet r i c  d a t a  as S tuck le s s  and Nkomo 
(1978) concludes t h a t ,  " the  i n f e r r e d  l i m i t s  on t h e  t i m e  of m i n e r a l i z a t i o n  i n  
t h e  two d i s t r i c t s  (Crooks Gap and Gas H i l l s )  do n o t  r e s o l v e  t h e  ques t ion  of  
t h e  major source  material  f o r  t h e  uranium except  t o  r e q u i r e  a source  t o  have 
existed from a t  l eas t  Oligocene t i m e . "  The major source  could have been 
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e i t h e r  t h e  g r a n i t i c  rocks  i n  t h e  c o r e s  of  t h e  u p l i f t s '  t h a t  f l a n k  t h e  Wyoming 
b a s i n s  o r  t h e  tuf faceous  rocks  o f  Eocene o r  0 l igocene . age  t h a t  overlie o r  once 
ove r l ay  t h e  b a s i n s .  

I n  summary, w e  may conclude from a v a i l a b l e  d a t a  t h a t  n e i t h e r  magmatic-hydro- 
thermal  s o l u t i o n s ,  tectonic-hydrothermal  s o l u t i o n s ,  nor  expel led  pore-water 
appear  t o  be v i a b l e  sources  f o r  t h e  uranium and a s soc ia t ed  elements  i n  t h e  
Wyoming d e p o s i t s .  It i s  a l s o  improbable t h a t  t h e  hos t  rock,  e i t h e r  a r k o s i c  
o r  qua r t zose ,  se rved  as a major source  o f  t h e  elements.  The most probable  
sources  are t h e  i n o r d i n a t e l y  u ran i f e rous  g r a n i t i c  rocks  t h a t  form t h e  c o r e s  of 
t h e  ranges  t h a t  f l a n k  t h e  Wyoming b a s i n s  o r  t h e  tu f f aceous  rocks  of  Eocene o r  
younger age t h a t  o v e r l i e  o r  once ove r l ay  t h e  bas ins .  The c l o s e  a s s o c i a t i o n  of  
t u f f s  and b e n t o n i t i c  v o l c a n i c l a s t i c  sediments w i th  a l l  bu t  t h e  A u s t r a l i a n  r o l l -  
type  d i s t r i c t s  and wi th  o t h e r  sandstone uranium d i s t r i c t s ,  i nc lud ing  t h e  Texas 
Coas ta l  P l a i n ,  Grants Mineral  Belt and Colorado P l a t e a u  r eg ions ,  i s  compelling 
c i r c u m s t a n t i a l  evidence t h a t  such sediments  have ac t ed  a s  sources  but  does n o t  
even imply t h a t  such was t h e  case i n  a l l  d i s t r i c t s .  The re la t ive importance 
of t h e  two p o t e n t i a l  sources  can be i n f e r r e d  bu t  n o t  eva lua ted  w i t h  a v a i l a b l e  
da t a .  Resource a p p r a i s a l  o r  exp lo ra t ion  programs should no t  y e t  be  based on a 
s i n g l e  type  of  uranium source ,  i . e .  g r a n i t e  o r  v o l c a n i c ,  bu t  should favor  
those  areas where one o r  more p o t e n t i a l  source  rocks  are i d e n t i f i e d .  

Character  of Mine ra l i z ing  So lu t ions  

There i s  gene ra l  agreement among almost a l l  i n v e s t i g a t o r s  t h a t  ground water 
f low was t h e  mechanism f o r  t h e  formation of  t h e  d e p o s i t s  and t h e  a l t e r a t i o n  
a s soc ia t ed  w i t h  them. A s  discussed  previous ly ,  t h e r e  i s  no evidence t h a t  
hydrothermal s o l u t i o n s ,  e i t h e r  metamorphic o r  magmatic, were involved i n  t h e  
d i s s o l u t i o n ,  t r a n s p o r t a t i o n ,  and d e p o s i t i o n  of t h e  elements  i n  t h e  d e p o s i t s .  
On t h e  c o n t r a r y ,  t h e r e  i s  cons ide rab le  evidence t h a t  t h e  s o l u t i o n s  o r i g i n a t e d  
a t  o r  near  t h e  s u r f a c e  and moved down t h e  f l a n k s  of t h e  bas ins .  Furthermore,  
a l l  of  t h e  elements  i n  t h e  d e p o s i t s  and t h e  c h a r a c t e r  of t h e  a l t e r a t i o n  a s soc i -  
a t e d  w i t h  them can be r e l a t e d  t o  t h e  geochemistry of ground water under t h e  
environmental  cond i t ions  e x t a n t  i n  t h e  Wyoming b a s i n s  a t  t h e  t i m e  t h e  d e p o s i t s  
are thought t o  have formed. 

There i s  some disagreement on t h e  c h a r a c t e r  of t h e  ground water. Harshman 
(1962) proposed t h a t  uranium w a s  t r anspor t ed  by weakly a c i d  moderately oxid iz -  
i n g  ground water, bu t  po in ted  o u t  t h e  d i f f i c u l t y  of  r e c o n c i l i n g  such s o l u t i o n s  
wi th  t h e  S h i r l e y  Basin geo log ic  environment. H e  subsequent ly  (Harshman, 1966) 
concluded t h a t  t h e  a l t e r a t i o n  accompanying t h e  d e p o s i t s  w a s  caused by n e u t r a l  
t o  somewhat a l k a l i n e ,  o x i d i z i n g  ground water. Melin (1964, 1969) proposed 
t h a t  t h e  S h i r l e y  Basin'bre-bearing s o l u t i o n  w a s  a c i d  (pH 4 - 1 / 2 + ) ,  dep le t ed  of  
oxygen, and charged wi th  H2S and C O z .  The source  of t h e  a c i d i t y  and H2S w a s  
sour  gas  from a "ruptured petroleum r e s e r v o i r . "  Mineral  d e p o s i t i o n  from t h e  
a c i d i c  s o l u t i o n  w a s  caused by an i n c r e a s e  i n  pH a t  t h e  edge of t h e  a l t e r e d  
tongue. Most r e c e n t  i n v e s t i g a t o r s  propose s l i g h t l y  a l k a l i n e  ox id iz ing  ground 
water as t h e  mineral-bear ing s o l u t i o n  ( F i l e s ,  1970; Rackley, 1976; Harshman, 
1974).  

-96- 



There i s  c o n s i d e r a b l e  d a t a  a v a i l a b l e  on which t o  base a reasonable  estimate of 
t h e  c h a r a c t e r  of t h e  m i n e r a l i z i n g  s o l u t i o n s .  The h o s t  rocks i n  t h e  Wyoming 
b a s i n s  are a rkoses  w i t h  cons ide rab le  o r t h o c l a s e  and mic roc l ine ,  as w e l l  as a 
small pe rcen t  of calcium carbonate .  The White River and Arikaree Formations 
t h a t  o v e r l i e  o r  once o v e r l a y  t h e  h o s t  a rkoses  are similar i n  composition, b u t  
i n  a d d i t i o n  they c o n t a i n  cons ide rab le  tu f f aceous  material  e i t h e r  d i spe r sed  o r  
i n  r e l a t i v e l y  pure t u f f  beds. 
environments and would tend t o  b u f f e r  any s o l u t i o n s  flowing through them. 
Garrels and Chr i s t  (1965) show that  water i n  contact w i t h  CaC03 generally has 
a pH g r e a t e r  t han  8.0, t h e  exact f i g u r e  is  dependent on t h e  p a r t i a l  p r e s s u r e  
of Con and o t h e r  f a c t o r s .  Hemley and Jones (1964) d i s c u s s  a t  l e n g t h  t h e  
i n c r e a s e  i n  a l k a l i n i t y  caused by h y d r o l y s i s  of s i l i c a t e  mine ra l s  such as 
f e l d s p a r .  Hay (1963) h a s  shown t h a t  a l t e r a t i o n  of s i l i c a  g l a s s  releases 
s i l i ca  and a l k a l i  i o n s  t o  ground water and produced pH v a l u e s  of 8 .0  o r  
h ighe r .  These t h e o r e t i c a l  c o n s i d e r a t i o n s  are confirmed by pH measurements of 
ground water i n  t h e  S h i r l e y  Basin (Harshman, 1972), Powder River Basin (Sharp 
and Gibbons, 19641, Great Divide Basin (Sheridan e t  a l ,  1961), and Black H i l l s  
(Gott et a l ,  1974).  Almost without  except ion,  t h e  pH of ground water i n  t h e s e  
d i s t r i c t s  ranged from 7.0 t o  about 8.5 wi th  an average pH of about 7.8. 
Analyses o f  ground water samples  from t h e  S h i r l e y  Basin are shown i n  Table 2. 
They are be l i eved  t o  be t y p i c a l  of most ground water i n  t h e  o t h e r  Wyoming 
b a s i n s .  
w e r e  n e c e s s a r i l y  e x t a n t  du r ing  o r e  formation,  on ly  t h a t  p r e s e n t  ground waters 
r e f l e c t  c o n d i t i o n s  w i t h i n  t h e  h o s t  rocks and t h a t  ground waters of more a c i d  
composition would no t  long endure. 

Both t h e  a rkoses  and t h e  t u f f s  are alkaline 

It i s  no t  ou r  argument t ha t  t h e  p re sen t  ground waters compositions 

Attempts t o  measure t h e  oxidat ion-reduct ion p o t e n t i a l  of ground w a t e r  from 
f lowing w e l l s  i n  t h e  Black H i l l s  (Gott e t  a l ,  1974) m e t  w i th  some success  and 
showed p o s i t i v e  Eh v a l u e s  of as much as +162 mv nea r  t h e  ou tc rop  of t h e  hos t  
sandstone (Inyan Kara) t o  n e g a t i v e  v a l u e s  of as much as -200 mv basinward from 
t h e  o r e  d e p o s i t s .  The a b s o l u t e  Eh v a l u e s  c i t e d  above may be somewhat i n  e r r o r  
because of l o s s  of H2S and CO, o r  a d d i t i o n  of 0, as t h e  waters approached t h e  
s u r f a c e .  Eh measurements were attempted i n  t h e  S h i r l e y  Basin, but  s i n c e  t h e r e  
were no flowing w e l l s  i n  t h e  area t h e  samples were taken from s u r f a c e  s p r i n g s  
and probably r ep resen ted  water i n  equ i l ib r ium with t h e  atmosphere and thus  n o t  
r e p r e s e n t a t i v e  of waters i n  t h e  h o s t  sandstone. Eh v a l u e s  i n  t h e  Wind River 
(host rock) and the  overlying White River i n  t h e  S h i r l e y  Basin ranged from 
3.300 t o  +360 mv. 

Considerable  i n d i r e c t  evidence of a l k a l i n e ,  o x i d i z i n g ,  ore-bear ing s o l u t i o n s  
can be found i n  t h e  c h a r a c t e r  of t h e  a l t e r a t i o n  they e f f e c t e d  and i n  t h e  
geochemistry of t h e  elements t r anspor t ed  by them. 
t h i s  r e p o r t ,  we  have desc r ibed  t h e  a l t e r a t i o n  caused by t h e  ore-bear ing solu- 
t i o n s ,  and i n  each d i s t r i c t  t h e  changes are s i m i l a r  and r e s u l t e d  from oxida- 
t i o n  of t h e  c o n s t i t u e n t s  i n  t h e  sandstone. P y r i t e  and marcasite have been 
l a r g e l y  destroyed and i n  t h e i r  p l a c e  we f i n d  g o e t h i t e ,  hemati te ,  and/or  high- 
i r o n  montmori l loni te .  
i n  p a r t  a t  least by o x i d a t i o n  t o  CO,. F e r r o u s / F e r r i c  i r o n  r a t i o s ,  where 
a v a i l a b l e ,  are 1:1 o r  less i n  t h e  a l t e r e d  sandstone, bu t  a t  least 2:l i n  
u n a l t e r e d  sandstone. 

I n  previous s e c t i o n s  of 

Carbonaceous p l a n t  d e b r i s  has  been l a r g e l y  destroyed,  

A l l  of t h e  e x t r i n s i c  elements i n  t h e  d e p o s i t s  can be c a r r i e d  a t  normal tempera- 
t u r e s  and p r e s s u r e s  i n  s o l u t i o n s  of composition s imilar  t o  present-day ground 
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Table 2.  Chemical ana lyses  of water samples f r o m  w e l l s ,  s p r i n g s ,  and d r i l l  
h o l e s ,  S h i r l e y  Basin,  Wyoming (from Harshman, 1972).  

Loeation Cation Anion 
k 

-- 
24 
33 
34 
37 
38 
42 
d l  

P W  
P W  
P W  
P W  
P W  
P W  

S 
PW 

9-60 
3-61 
6-61 

10-61 
7-62 
9-63 
9-63 
5-65 
7-60 
7-60 
7-60 
7-60 
7-60 
7-60 
7-60 
7-60 
9-60 
9-60 
9-60 

50 
49 
49 
49 
49 
49 
50 
48 
48 
48 
49 

60 

50 
50 
50 
50 
50 
49 
50 
53 
50 
50 
50 
49 
48 

.... 

.... 

- 
Y % 910% A1 Fe Mn Ca  M g  Li N a  K HCOsCOs SO, C1 F NO; POI Am Se B E= Y.  .E % 

C n  $- 
Sampla from Whit. Rlver Forrnatlon ____- ~ ~ ~ 

4 S 7-59 50 1 28 79 21 0.00 0.03 0.00 38.0 5.8 .... 12.0 1.8 152 0 6.2 7.0 0.3 7.2 0.05 _ _ _ _  0.002 ..__ 178 119 0 0.4) 0.1 7 .82 0.8 7.5 1 4 
26 S 9-60 44 1 28 77 50 .1 .08 .OO 50 6.8 _ _ _ _  9.5 4.4 202 0 11  2.0 .4 1.8 ,300.00 .ooO .... 234 153 0 .8f .2 12.0% 1.0 7.4 1 26 
35 S 10-61 43 34 29 79 46 .1 .01 .OO 33 5.40.00 20 5.8 162 0 17 4.0 .3 1.9 .10 .___ .OOO 0.00 206 105 0 .1f . l  9.7- .2 7.7 1 35 

19 f 2 7.6 2 3 3 S 7-59 50 21 28 78 58 .O .04 .OO 33 4.9 .... 24 3.2 170 0 20 2.0 .3 2.9 .02 __.. ,002 _ _ _ _  233 102 0 <.1 
21 S 8-60 43 21 28 79 52 .2 .OO .OO 30 7.3 .... 32 4.0. 158 2 33 4.0 .3 2.5 .02 _ _ _ _  ..._ .... 235 106 0 .3f . I  52 f 5 7.6 2 21 
22 S 8-60 54 20 28 78 43 .2 .03 .OO 37 5.6 .... 20 4.8 164 0 24 3.0 .2 .8 .07 .... .... .... 203 115 0 3.5f  .7 19 f 2 7.9 2 22 
23 S 8-60 45 22 28 78 55 .O .04 .OO 38 5.8 . . 34 6.6 202 0 26 4.0 .2 1.0 .07 ..__ .... _ _ _ _  253 119 0 .3f .I 25 f 2 7.5 2 23 
40 S 9-62 50 22 29 80 ' 50 .58 2 4  .OO 22 3.3 .OO 29 4.8 128 0 21 4.0 .3 3.5 .04 __.. .... _ _ _ _  208 69 0 .2f . I  18 f 2 8.0 2 40 

25 S 8-60 53 18 27 76 37 0.1 0.06 0.00 11 2.9 __ 92 6.4 165 0 91 16 0.3 1.4 0.24 _ _ _ _  ._.. .... 328 40 0 0.4'. 0.1 22 f 2 7.4 .... 25 

F W  5-59 50 14 27 78 10 0.1 0.13 0.00 40 13.0 _.__ 37 4.4 173 0 86 5.0 0.2 0.0 0.00 .... .... 280 153 12 100 f20 14 f 1 7.7 1 
P W  7-59 50 28 28 78 11 . I  .04 .OO 16 3.9 ..__ 126 2.4 271 0 94 8.0 .2 .O .02 .... 0.03 .... 406 56 0 19 f 4 19 f 4 7.7 1 
P W  7-59 50 28 28 78 14 . I  .04 .OO 16 2.9 _.._ 125 2.6 276 0 84 10.0 .2 .O .02 _ _ _ _  ,003 .... 395 52 0 8.5'. 1.7 16 f 2 7.8 1 
P W  9-59 47 28 28 78 20 .I .09 .OO 40 3.9 .... 67 6.4 280 0 24 6.0 .I  2.1 .I9 __._ ,002 _.  . 309 116 0 1.9f  .4 76 f 8 7.6 1 
P W  9-59 28 28 78 14 .O . I3  .OO 16 3.9 _ _ _ _  122 2.6 256 0 103 10.0 .1 .O .04 _. .OO2 .... 416 56 0 15 f 3 17 f 2 8.2 1 
DH 11-59 28 28 16 .2 .08 .OO 16 2.9 .... 121 2.8 260 0 86 10.0 .2 1.1 .OOO.OO .OOO _.._ 395 52 0 5.22 1 15 f 2 8.2 1 
P W  11-59 33 28 10 1.1 .01 .49 114 24.0 .... 268 8.4 116 0 794 32.0 .6 .6 .OO .OO .OO1 .... 1,250 383 288 6.82 1.4 14 f 1 8.2 1 

28 28 11 . I  .OO .oO 18 2.9 .... 134 3.0 256 0 120 11.0 .1 .I  .OO __._ .O00 0.00 429 57 0 8.7f  1.8 , 17 f 2 8.0 1 
_.__ 501 71 0 18 f 4 ' 14 f 1 7.8 1 

P W  4-60 
12 .O 2 0  2 4  I8 6.3 .... 138 2.2 240 0 153 12.0 . I  .8 .OO .... 
23 .2 .43 .OO 120 46.0 __  76 6.8 160 0 508. 3.0 .4 .O- .OO .01 .ooo _ _ _ _  851 488 358 .8f .2 .3f . I  7.5 1 
13 .I .06 .OO 21 4.9 _ _ _ _  154 3.6 239 0 191 12.0 .O 1.1 .03 _.__ _... .... 486 72 0 17 f 3 10 f 1 7.9 1 
13 .O .OO .OO 16 4.9 __. 130 4.8 266 0.100 10.0 .O .9 .04 .... . 412 60 0 12 f 2 21 f 2 8.1 1 
I5 . I  .06 .___ 19 5.8 _ _ _ _  129 1.1 262 0 108 15.0 .2 .6 .06 .OO 6% 1::: 370 71 0 9.72 1.9 24 f 2 8.0 1 
11 .06 .08 .OO 21 3.90.00 133 . 3.6 260 0 123 10.0 . I  .5 .16 __. .ooO 2 2  403 69 0 7.72 1.5 25 f 3 8.0 1 
12 .07 .07 .OO 2 0 .  4.3 .OO 118 3.6 268 0 83 10.0 . I  .5 .OO .... .... 392 68 0 .. 6.72 1.3 34 f 3 7.9 1 

6.9' 1.4 28 f 3 8.0 1 17 .04 .04 .O1 19 3.5 .OO 115 3.8 276 2 71 9.2 .O 1.2 .06 .OO .03 .... 372 
16 .O1 .OO .OO 72 19.0 .03 22 3.6 164 0 164 3.4 .5 .5 .12 .... .... . .. 390 258 123 . 2 f  .4 2 .7 f  .4 8.4 1 G 11 .07 5 4  .02 13 2.0 .... 118 3.2 263 0 64 12.0 . I  .2 .OO _.__ .... _ _ _ _  366 41 0 1.5f .3 18 f 1.8 8.1 1 

12 bii 12 .O .OO .OO 24 9.5 .... 12 2.0 102 0 36 2.0 .4 4.0 .06 _ _ _ _  ..._ .... 146 99 , I5 1.12 .2 .5f .1 7.8 2 
13 DH 18 .O .OO .OO 24 7.8 _ _ _  22 2.0. 134 0 29 2.0 .4 2.5 .31 _ _ _ _  _ _ _ _  .... 160 92 0 2.4-C .5 30 .f 3 7.8 2 
1 4 '  DH 17 .2 .OO .OO 43 9.2 . . 18 4.4 125 0 79 2.0 .2 .8 .28 _ _ _ _  .... .... 236 145 43 . 7 f  .1 8.32 . .8  7.3 2 
I5 DH 16 .4 .OO .OO 49 20.0 _ _ _ _  122 5.6 246 0 221 20.0 1.2 .6 .I7 .... _... ..,. 480 204 3 2.9' .6 420 240  8.0 2 
16 DH 14 .2 .OO .OO 66 13.0 . . 29 4.0 120 0 166 8.0 .8 3.6 .IO :... .... ._._ 362 218 120 4 .7 f  .9 360 '40 7.8 2 
17 DH 16 .I .OO .OO 34 8.8 .... 7.6 2.8 94 0 61 1.0 .4 .4 2 1  _ _ _ _  _ _ _ _  .. . 174 121 44 1.5f .3 20 f 2 7.7 2 
18 DH 9 .O .03 .OO . 38 16.0 .... 11.0 4.4 204 0 24 .O . I  .O .IO .... .... .... 212 161 0 .5f . I  6 .4f  .6 7.5 2 
19 DH 26 .I .W 00 50 6 3 .... 12.0 2.4 94 0 91 4.0 8 2.1 .21 .... 244 151 74 2.8f .6 65 f 6 7.4 2 
28 DH 20 .2 3 7  :OO 22 214 .... 24 4.2 ' 94 0 36 3.0 10. 5.0 3 8  .00 .ooo .63 159 65 0 3.45 .7 16 f 2 7.2 2 
29 DH 37 .O 5.90 .OO 28 6.4 . .. 70 6.2 114 0 136 7.0 .O 3.1 .42 .W .O00 3 4  322 96 1 8.4& 1.9 91 f 9 6.6 2 
30 DH 13 . I  .OO .OO 64 16.0 2 0  22 2.4 272 0 53 5.0 .3 .O .02 .W .ooO .04 341 226 2 11  f 2 120 f10 7.2 2 
31 DH 9-60 23 .O 7.60 .OO 126 18.0 . . 14 8.4 190 0 243 4.0 . I  6.6 .36 .OO .OOO .63 568 388 233 2 f ' .4 26 f 3 7.0 2 

Sample from W a r o n  Bed Formation 

Sampla  from Wlnd Rlver Formation 

32 DH 9-60 . 12 .o .OO- .OO 38 18.0 .e 13 2.8 128 o 78 10.0 .7 .o .is .oo ,000 .OO 246 169 .64 .3f .I 7.5f .8 7.2 2 ~- . 27 . 

39 s 8-62 50 28 29 75 12 2.3 2 0  .OO 6.3 1.1 0.00 2.6 2.8 24 0 5 1.6 .O 2.3 .08 _ _ _ _  _... .... 48 20 0 .5f .1 , I  f .4 6.2 39 

Sampla from rrmlte 
27 s 9-60 53 25 27 84 24 0.10 0.10 0.00 29 5.8 .... 7.8 2.2 92 0 36 2.0 0.2 . 1.5 0.10 _ _ _ _  0.O00 ___: 152 96 21 4 f 0.1 ].If 0.1 7.4 27 

Wieromieroeuriea per liter. 
'Pa& per billion. 
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water i n  t h e  Wyoming b a s i n s ,  b u t  selenium must be c a r r i e d  i n  such s o l u t i o n s .  
According t o  Lakin (1961) selenium, under cond i t ions  i n  n a t u r a l  environments, 
can be taken i n t o  s o l u t i o n  and t r a n s p o r t e d  on ly  under a l k a l i n e  o x i d i z i n g  
cond i t ions .  S e l e n i t e  i o n  [ (Sez03)-2] is  r e a d i l y  formed under a c i d  o r  a l k a l i n e  
c o n d i t i o n s  and moderate o x i d a t i o n  p o t e n t i a l s ,  b u t  i t  i s  almost immediately 
immobilized by r e a c t i n g  wi th  i r o n  t o  form an i n s o l u b l e  p r e c i p i t a t e  o f  b a s i c  
f e r r i c  s e l e n i t e .  Se l ena te  ion  i s  s o l u b l e  i n  a c i d  s o l u t i o n s  but  on ly  under 
c o n d i t i o n s  much more r i g o r o u s  than can be expected i n  n a t u r e .  I n  s o l u t i o n s  of 
pH 7 and g r e a t e r ,  c o n t a i n i n g  several hundred ppm SO2: and C 0 2 i ,  selenium i s  
easily oxid ized  t o  selenate and c a r r i e d  by normal s u r f a c e  and/or  ground water. 
Laboratory experiments by Warren (1968) suggest  t h a t  selenium travels i n  
ground water as a complex wi th  s u l f u r .  These complexes are s t a b l e  i n  a l k a l i n e  
o x i d i z i n g  s o l u t i o n s ,  bu t  u n s t a b l e  i n  a c i d  reducing s o l u t i o n s .  

There is no d i r e c t  evidence of t h e  exac t  form i n  which t h e  elements  i n  t h e  
d e p o s i t s  w e r e  c a r r i e d .  
is  s o l u b l e  a t  normal temperatures  and p r e s s u r e s  i n  e i t h e r  t h e  +4 o r  +6 v a l e n t  
state depending on t h e  Eh a 
i n  t h e  4-4 valent state (U02 r equ i r ed  pH and Eh v a l u e s  f a r  h i g h e r  than nor- 
ma l ly  a t t a i n a b l e  i n  n a t u r e ,  bu t  s b l u t i o n  i n  t h e  +6 v a l e n t  s t a t e  as a complex 
wi th  ca rbona te  [UO2(CO3)2 HzO-] i s  accomplished i n  ground waters similar t o  
t h o s e  shown i n  Table 2.  Langmuir and Applin ( 1 9 7 7 )  r e f i n e d  and expanded t h e  
work o f  H o s t e t l e r  and Garrels and showed t h a t  uranium can be p r e c i p i t a t e d  from 
ground waters f a r  more d i l u t e  than g e n e r a l l y  assumed. I n  a d d i t i o n ,  he shows 
t h a t  u r a n y l  (t6 valent) ions  formed predominant (>50%) complexes with  phos- 
pha te  between pH 4.5-7.5. 
complexes predominate above pH 4 . 5 ,  bu t  i n  t h e  presence of U02(HP04)?, they 
predominate on ly  above pH 7.5. 

H o s t e t l e r  and Garrels (1962) have shown t h a t  uranium 

pH of t h e  s o l u t i o n  and i t s  COz con ten t .  S o l u t i o n  

- 
?3 

In  t h e  absence of phosphate,  u rany l  ca rbona te  

Vanadium, selenium, a r s e n i c ,  and molybdenum a l l  form oxygenated a n i o n i c  com- 
p l e x e s  and can be c a r r i e d  i n  those  forms by s o l u t i o n s  of pH nea r  8 and Eh 
above -200 m v ,  c o n d i t i o n s  e x t a n t  i n  ground waters of t h e  Wyoming bas ins .  
Other elements i n  t h e  o r e  are probably c a r r i e d  i n  s o l u t i o n  as s imple c a t i o n s .  
It has  a l so  been shown t h a t  humic material complexes a l l  t h e  elements found i n  
r o l l - t y p e  d e p o s i t s ,  bu t  t h e r e  i s  no evidence t h a t  t h e  d i s s o l u t i o n ,  movement 
and r e p r e c i p i t a t i o n  of such o r g a n i c  matter i s  an i n t e g r a l  p a r t  of r o l l  f r o n t  
development. 

Geochemistry a t  t h e  R o l l  Front  

The r o l l  f r o n t ,  as considered by most g e o l o g i s t s  and as used i n  t h i s  r e p o r t ,  
i s  an ox ida t ion - reduc t ion  i n t e r f a c e  f o r  i r o n .  This  i n t e r f a c e  may, bu t  almost 
always does n o t ,  c o i n c i d e  wi th  redox i n t e r f a c e s  f o r  o t h e r  elements.  The r o l l  
f r o n t  is a dynamic f e a t u r e  m i g r a t i n g  down hydrologic  g r a d i e n t ,  g e n e r a l l y  
basinward, by o x i d a t i o n  and s o l u t i o n  on i t s  updip s i d e  and r e d u c t i o n  and 
d e p o s i t i o n  on i t s  downdip s i d e .  Most g e o l o g i s t s  accep t  t h e  concept of a 
m i g r a t i n g  f r o n t ,  but  t h e r e  i s  some disagreement on t h e  chemical and/or  bio- 
chemical p rocesses  involved. 
p l i s h e d  by b iogen ic  o r  non-biogenic p rocesses  o r  by a combination of both.  
The a l l  b iogen ic  system has been desc r ibed  by Rackley a t  a1 (1968). 
vo lves  two f a m i l i e s  of b a c t e r i a  f u n c t i o n i n g  i n  two ve ry  r e s t r i c t e d  zones, 

Oxidation migrat ion and r educ t ion  can be accom- 

It in-  
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under r e s t r i c t e d  c o n d i t i o n s  of Eh and pH, and sha rp ly  sepa ra t ed  one from t h e  
o t h e r  by t h e  r o l l  f r o n t  (Fig. 3 4 ) .  On t h e  reduced s i d e  of t h e  f r o n t ,  t h e  l e f t  
s i d e  i n  F igu re  3 4 ,  anaerobic  b a c t e r i a  of t h e  genus Desu l fov ib r io  predominate. 
They are s u l f a t e  r educe r s ,  d e r i v e  t h e i r  energy from o rgan ic  matter i n  t h e  
sandstone o r  i n  s o l u t i o n ,  and produce H2S. Other b a c t e r i a  may assist i n  
breaking down c e l l u l o s e  i n t o  p roduc t s  u sab le  by Desulfovibr io  i n  i t s  l i f e  
p rocess .  
7 . 8  t o  8 . 4  and an Eh of -200 mv o r  less. 

On t h e  ox id ized  o r  a l t e r e d  s i d e  of t h e  f r o n t ,  T h i o b a c i l l u s  f e r roox idans  and 
r e l a t e d  b a c t e r i a  predominate. They are s t r i c t l y  a e r o b i c ,  d e r i v e  t h e i r  carbon 
from CO?, t h e i r  energy from n i t rogen  and s u l f u r  compounds, hydrogen and i r o n ,  
and they  are capab le  of producing pH as low as 1.8, a l though t h e  optimum pH 
f o r  maximum a c t i v i t y  i s  from 2 t o  4 .  I n  a d d i t i o n  t o  producing a low pH, they 
are capab le  of producing Eh v a l u e s  as h igh  aS-+760 mv al though such h igh  
v a l u e s  are u n l i k e l y  i n  a n a t u r a l  environment. T h i o b a c i l l u s  is  thought t o  be 
an in t e rmed ia t e  s t e p  i n  t h e  conversion of p y r i t e  t o  i r o n  hydroxide and eventu- 
a l l y  t o  g o e t h i t e ,  hemati te ,  o r  high i r o n  montmori l loni te .  The f i r s t  s t e p  i s  
t h e  r e a c t i o n  of p y r i t e ,  f e r r i c  s u l f a t e  and water t o  produce f e r r o u s  s u l f a t e  
and s u l f u r i c  a c i d ;  t h e  second s t e p  t h e  biochemical o x i d a t i o n  (by Th iobac i l l u s )  
of f e r r o u s  s u l f a t e  and s u l f u r i c  a c i d  t o  f e r r i c  s u l f a t e  and water and f i n a l l y  

Q 
These b a c t e r i a  are s t r ic t  anaerobes and create an environment of pH 

t h e  h y d r o l y s i s  of f e r r i c  s u l f a t e  t o  f e r r i c  hydroxide and s u l f u r i c  a c i d .  
Excess s u l f a t e  i n  t h e  system is c a r r i e d  a c r o s s  t h e  f r o n t  i n t o  t h e  reducing 
environment of Desu l fov ib r io  where i t  is reduced t o  H2S. 

Figure  3 4 .  Some p o s s i b l e  chemical reactions a c r o s s  a r o l l  f r o n t ,  moving from - - 
r i g h t -  t o  l e f t  , dur ing  t h e  per iod of m i n e r a l i z a t i o n  (modified from 
Rackley, 1972).  
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The biogenic  system desc r ibed  by Rackley (1972) lis almost s e l f - p e r p e t u a t i n g  
and needs only oxygen, p y r i t e  , C02, and o rgan ic  matter t o  complete t h e  oxi- 
d a t i o n ,  mig ra t ion ,  and r e d u c t i o n  c y c l e  r equ i r ed  by a dynamic system of 
depos i t i on .  
o rgan ic  matter, C O a )  and t h e  ore-bearing s o l u t i o n  (oxygen and COZ). 

Some support  i s  given t h e  b iogen ic  system by t h e  i n v e s t i g a t i o n s  of L i s i t s y n  
and Kuznetsova (1967).  They sampled waters from w e l l s  and mine openings i n  
and nea r  r o l l - t y p e  d e p o s i t s  on t h e  f l a n k  of an a r t e s i a n  b a s i n  a t  an undis- 
c losed  p o i n t  i n  t h e  U.S.S.R. From t h e  l i m i t e d  g e o l o g i c a l  d a t a  given by t h e  
a u t h o r s ,  one can conclude t h a t  t h e  d e p o s i t  ( o r  d e p o s i t s )  w a s  similar i n  a l l  
major a s p e c t s  t o  those  found i n  t h e  Y.oming b a s i n s ,  and t h a t  i t  w a s  forming 
a t  t h e  time of t h e i r  i n v e s t i g a t i o n .  
sandstones. 
waters flowing i n  t h e  mine ra l i zed  zone. 
t i v e  Eh r e s u l t s  from t h e  anaerobic  a c t i v i t y  of m i c r o f l o r a  t h a t  produce HzS 
and H e ;  and (2) t h e  c h a r a c t e r  and d i s t r i b u t i o n  of elements w i t h i n  t h e  d e p o s i t  
depend on t h e  re la t ive amounts of t h e  v a r i o u s  products  of m i c r o b i o l o g i c a l  
a c t i v i t y .  The i r  d a t a  are d i f f i c u l t  t o  analyze,  b u t  they seem t o  confirm t h e  
presence of "Hz-forming" and "H2S-forming" b a c t e r i a  i n  t h e  water on t h e  re- 
duced and mine ra l i zed  s i d e  of t h e  oxidat ion-reduct ion i n t e r f a c e ,  b u t  t h e  
presence of "Thio-bacteria" i n  t h e  oxidized sandstone nea r  t h e  i n t e r f a c e  i s  
open t o  s e r i o u s  ques t ion .  

1 

The needs of t h e  system can be m e t  by t h e  h o s t  sandstone ( p y r i t e ,  

The h o s t  rocks  are permeable Cretaceous 
They report  a pH of about 7.5, an Eh of about -200 tuv i n  t h e  

They conclude: (1) t h a t  t h e  nega- 

The chemical-biochemical concept p o s t u l a t e s  t h a t  mineral-bear ing s o l u t i o n s  
are a l k a l i n e  and oxygenated when they  approach t h e  redox i n t e r f a c e .  
t h e  a i d  of b a c t e r i a ,  t h e  s o l u t i o n s  o x i d i z e  p y r i t e  t o  s u l f u r i c  a c i d  and f e r -  
rous  s u l f a t e .  
f i d e ,  b u t  much f a s t e r  i f  marcasite o r  o t h e r  s u l f u r - d e f i c i e n t  s p e c i e s  are  
p r e s e n t .  These products  are  c a r r i e d  downd-ip i n t o  t h e  reduced mine ra l i zed  
zone where su l f a t e - r educ ing  b a c t e r i a  convert  t h e  s u l f a t e  t o  H2S and t h e  s u l -  
f u r i c  a c i d  i s  converted t o  gypsum by t h e  a l k a l i n e  environment of t h e  s l i g h t l y  
ca l ca reous  arkose.  

Without 

The o x i d a t i o n  process  w i l l  be slow i f  p y r i t e  i s  t h e  on ly  sul-  

, 

Considerable work has  been done i n  an  e f f o r t  t o  determine t h e  r o l e  played by 
su l f a t e - r educ ing  b a c t e r i a  i n  t h e  d e p o s i t i o n  of t h e  reduced o r e  mine ra l s .  A s  
e a r l y  as 1910, Lindgren et a1 (1910) proposed t h a t  H2S of b iogen ic  o r i g i n  w a s  
t h e  p r e c i p i t a n t  f o r  t h e  sedimentary r ed  bed copper d e p o s i t s  of New Mexico. 

I S .  R. Aust in  ( w r i t t e n  communication, 1980) c o r r e c t l y  p o i n t s  ou t  t h a t  ''as long 
as t h e r e  i s  a supply of s u l f a t e  i n  t h e  ground water t h e r e  is  no need f o r  s u l -  
f i d e  t o  i n i t i a t e  t h e  process .  However, i t  i s  l i k e l y  t h a t  once t h e  process  i s  
s t a r t e d  a t  least  p a r t  of t h e  s u l f a t e  w i l l  be provided by o x i d a t i o n  of p y r i t e  
o r  o t h e r  s u l f i d e s ,  and i f  t h e  s u l f i d e  i s  p y r i t e ,  o x i d i z i n g  b a c t e r i a  can, and 
most l i k e l y  w i l l ,  speed up t h e  process  and provide t h e  cont inuous system 
desc r ibed .  . . . I f  t h e  s u l f i d e  i s  a less s t a b l e  s p e c i e s ,  such as  marcasite, 
mackinawite, o r  g r i e g i t e ,  and probably some o t h e r  metal s u l f i d e s ,  t h e  p rocess  
has  much less need of o x i d i z i n g  b a c t e r i a . "  The b iogen ic  system " r e q u i r e s  no 
s u l f u r  more reduced than s u l f a t e  f o r  i n i t i a t i o n ,  whereas t h e  ino rgan ic  system" 
(descr ibed l a t e r )  " r equ i r e s  s u l f i d e  o r  intermediate-valence species." 
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Thode, Kleerekoper and McElchern (1951) found tha t  su l f a t e - r educ ing  bacteria 
s e l e c t i v e l y  reduce t h e  l i g h t e r  S32. Jensen (1958) and Cheney and Jensen 
(1966) publ ished t h e  r e s u l t s  of s u l f u r  i s o t o p e  s t u d i e s  on p y r i t e  from t h e  Gas 
H i l l s .  They found t h a t  both t h e  d i a g e n e t i c  p y r i t e  d i spe r sed  through t h e  
u n a l t e r e d  sandstone and t h e  p y r i t e  i n  t h e  d e p o s i t s  had t h e  wide i s o t o p i c  
spread i n  t h e  S32/S34 r a t i o s  and t h e  relative enrichment i n  S32 c h a r a c t e r i s -  
t i c  of H2S o f  biogenic  o r i g i n .  Add i t iona l  s t u d i e s  by Austin (1970) reached 
t h e  same conclusion.  

.' 

Granger and Warren (1969) have shown t h a t  s o l u t i o n ,  migrat ion,  and redeposi-  
t i o n  o f  t h e  elements a long a r o l l  f r o n t  can be accomplished by ino rgan ic  
chemical r e a c t i o n s  and without  t h e  i n t e r v e n t i o n  of b a c t e r i a .  They recognize 
t h e  p r o b a b i l i t y  t h a t  t h e  widely dissemimated p y r i t e  i n  t h e  u n a l t e r e d  ground 
and t h a t  destroyed i n  t h e  a l t e r e d  tongue i s  of b iogen ic  o r i g i n  and formed 
s h o r t l y  a f t e r  d e p o s i t i o n  of t h e  h o s t  sediments.  
t i o n  of p y r i t e  a t  t h e  r o l l  f r o n t  i s  accomplished by t h e  ore-bearing s o l u t i o n ,  
bu t  t h a t  t h e  amount of oxygen i n  t h a t  s o l u t i o n  i s  l i m i t e d .  
t h e  formation of s o l u b l e ,  me tas t ab le ,  p a r t l y  ox id i zed  s u l f u r  s p e c i e s  which 
are c a r r i e d  downdip by t h e  ore-bear ing s o l u t i o n  u n t i l  they spontaneously 
undergo d i s p r o p o r t i o n a t i o n ;  t h a t  is, they d i v i d e  i n t o  equ iva len t  amounts of 
more-reduced s p e c i e s  such as H2S, and more ox id ized  s p e c i e s  such as s u l f a t e  
(SO4-). 
r e a c t i o n s  and t h i s  leaves t h e  more reactive reduced me tas t ab le  s u l f u r  s p e c i e s  
and H 2 S  t o  c o n t r o l  the  environment. C h e m i c a l  theory and l a b o r a t o r y  experi- 
ments support  t h e  above c o n s i d e r a t i o n s  and show t h a t  i s o t o p i c  f r a c t i o n a t i o n  
of s u l f u r ,  similar t o  t h a t  caused by biochemical r e a c t i o n s ,  can r e s u l t  from 
ino rgan ic  chemical r e a c t i o n s .  It appears  t h e r e f o r e ,  t h a t  a py r i t e -bea r ing  
sandstone i s  completely capab le  of e s t a b l i s h i n g  and ma in ta in ing  a r o l l  f r o n t ,  
once oxygenated waters are in t roduced ,  without  t h e  p a r t i c i p a t i o n  o f  any 
o rgan ic  components whatsoever. 

The i r  t h e s i s  is  t h a t  oxida- 

This  r e s u l t s  i n  

S u l f a t e  i s  k i n e t i c a l l y  i n e r t  t o  f u r t h e r  r educ t ion  o r  o x i d a t i o n  

Some o f  ' t h e  r e a c t i o n s  proposed by Granger and Warren (1969) fol low: 
- 

2FeS2 + 5-1/2O2 +5H20 -f 2FeO(OH) + 4H + 4HSo3 

3HSO3 -+ H2O + H+ + S + 2so4 

FeS2 + 1-1/202 -f Fe* + S 2 0 3  

Fe* + 2S203 + HzO -+ FeS2 + SO4 
OH + S2O3- -+ HS- + SO4 
HS + Fe* -+ FeS + H+ 

H2S + Fe* -f FeSz + 2H+ 

FeS + So -t FeSz 

- - - 

- - 

- - + HS03 + H+ 
- - - 

Two o t h e r  r e d u c t a n t s  have been proposed because of t h e i r  s p a t i a l  r e l a t i o n  t o  
t h e  d e p o s i t s .  C o a l i f i e d  woody-material, o r  humates der ived from such material, 
are p r e s e n t  i n  a l l  of t h e  h o s t  rocks of t h e  Wyoming d e p o s i t s .  For t h i s  reason,  
as w e l l  as f o r  t h e  f a c t  t h a t  some o r e  c o n t a i n s  as much as 0.5 t o  1 .0  pe rcen t  

. 
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organ ic  carbon, some i n v e s t i g a t o r s  suggest t h a t  o rgan ic  carbon is  t h e  d i r e c t  
r e d u c t a n t  of uranium and a s s o c i a t e d  elements. While some samples con ta in ing  
0.50 pe rcen t  o r  more uranium c o n t a i n  0.50 t o  1.0 pe rcen t  o r g a n i c  carbon, o t h e r  
samples wi th  similar amounts o f  uranium c o n t a i n  a trace o r  a few hundredths 
pe rcen t  o rgan ic  carbon (Gru t t ,  1957; King and Aust in ,  1966; Harshman, 1972, 
1974; F i l e s ,  1970).  A sandstone wi th  a high carbon con ten t  v e r y  c l o s e  t o  o r e  
may c o n t a i n  l i t t l e  o r  no uranium. 
c o r r e l a t i o n  between high uranium and h igh  o rgan ic  carbon i n  a sample of  o r e  i n  
t h e  S h i r l e y  Basin,  but  two samples r e s p e c t i v e l y  5 and 10 f e e t  down d i p  from 
o r e  wi th  e q u a l l y  h igh  o rgan ic  carbon c o n t e n t s  c o n t a i n  e s s e n t i a l l y  no uranium 
(20 ppm). 
H i l l s  sample s u i t e  (Figs .  36 and 41) shows l i t t l e  o r  no correlation between 
uranium and o rgan ic  carbon. By c o n t r a s t ,  t h e  d a t a  of King and Aust in  (1966) 
as r ep resen ted  i n  F igu re  42 may be i n t e r p r e t e d  t o  demonstrate t h e  high o rgan ic  
carbon con ten t  of sands extending from t h e  r o l l  f r o n t  toward u n a l t e r e d  sand- 
s tone .  These d a t a  suggest  t h a t  t h e  c o r r e l a t i o n  between uranium and o rgan ic  
carbon w i t h i n  t h e  r o l l - t y p e  system i s  n e i t h e r  simple nor c o n s i s t e n t ,  hence t h e  
p r e c i p i t a t i o n  of uranium by o rgan ic  material may n o t  be t h e  only important 
mechanism. S t u d i e s  by Schmidt-Collerus (1969 , 1979) , Kochenov (1965) , and 
o t h e r s ,  suggest  t h a t  t h e  o rgan ic  matter may i n i t i a l l y  complex uranium from 
s o l u t i o n  t o  subsequent ly  be reduced by t h e  o x i d a t i o n  of some combination of 
carbon and s u l f i d e ,  and perhaps o t h e r  elements. 

F igu res  36 and 41 o f  t h i s  r e p o r t  show a 

A comparison of t h e  uranium and o rgan ic  carbon c o n t e n t s  of t h e  Gas 

The c l o s e  s p a t i a l  r e l a t i o n  between t h e  uranium d e p o s i t s  i n  t h e  Wyoming b a s i n s  
and Cretaceous Formations t h a t  are o i l  and/or  gas-producing i n  Wyoming, sug- 
g e s t s  a p o s s i b l e  g e n e t i c  r e l a t i o n  between uranium d e p o s i t i o n  and HzS from sour  
gas.  Grutt 919570 concluded that H2S derived from sour gas was the precipi-  
t a n t  f o r  t h e  o r e  m i n e r a l s  i n  t h e  Gas H i l l s  area. H e  pointed o u t  t h a t  produc- 
i n g  o i l  and gas  wells are a d j a c e n t  t o  t h e  area, that t h e  g a s  from t h e  w e l l s  
c o n t a i n s  as much as  2 pe rcen t  HzS, that t h e r e  are gas seeps  i n  t h e  area, and 
t h a t  e x p l o r a t i o n  d r i l l i n g  encountered H2S i n  t h e  Wind River Formation. 
proposed t h a t  sour  gas ascended along t h e  f a u l t s  t h a t  border  t h e  d i s t r i c t  on 
t h e  sou th ,  en te red  t h e  unconformity a t  t h e  base  of t h e  Wind River Formation, 
and en te red  t h e  h o s t  sandstone where i t  r e s t e d  on t h e  unconformity. 

H e  

Subsequent i n v e s t i g a t i o n s  by Cheney and Jensen (1966) determined t h a t  t h e  
sulfur i n  the pyrite in the Gas Hills orebodies  w a s  much l i g h t e r  t han  i n  f o u r  
samples of H,S t hey  c o l l e c t e d  from w e l l s  i n  t h e  area. 
proposal .  
i s o t o p i c  comgositions of t h e  crude o i l s ,  s u l f a t e  waters, and HzS a s s o c i a t e d  
wi th  t h e  o i l s  l ead  them t o  conclude among o t h e r  t h i n g s  t h a t  

They r e j e c t e d  G r u t t ' s  
S t i l l  l a t e r ,  i n v e s t i g a t i o n s  by Vredenburgh and Cheney (1971) on t h e  

i f  t h e  o r i g i n a l  petroleum-derived hydrogen s u l f i d e s  w e r e  dep le t ed  i n  S34 
compared t o  t h e  petroleum from which they were generated,  t hey  might have 
had compositions s imi l a r  t o  [samples] GH 2 ,  93, and 94. Accordingly, 
G r u t t ' s  hypo thes i s  could have cons ide rab ly  more m e r i t  t han  Cheney and 
Jensen thought.  Nonetheless,  p y r i t e  enriched i n  S32 and calci te  enriched 
i n  C f 2  occur  around woody mater ia l  as w e l l  as i n  a s p h a l t  i n  t h e  Gas H i l l s  
d i s t r i c t ,  a f a c t  sugges t ing  t h a t  bac t e r i a l ly -gene ra t ed  hydrogen s u l f i d e  
w a s  a l s o  important .  

Although t h e s e  documentations leave us undecided as t o  t h e  r o l e  of introduced 
s u l f u r ,  i t  i s  noteworthy, as d i scussed  elsewhere,  t h a t  a t  l eas t  one of t h e  Gas 
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H i l l s  o r e s  w a s  i n o r d i n a t e l y  h igh  i n  i r o n  s u l f i d e s  and t h a t  uranium i s  gener- 
a l l y ' s e p a r a t e d  from a l t e r e d  sandstone (Fig.  47) by a zone con ta in ing  i r o n  
s u l f i d e s .  These d i f f e r e n c e s  may suggest  unique c o n d i t i o n s  i n  t h e  Gas H i l l s  
b u t  as of t h i s  moment, t h e  d a t a  n e i t h e r  prove nor  d i sp rove  t h e  proposal  t h a t  
H2S from sour  gas  w a s  t h e  p r e c i p i t a n t  f o r  t h e  Gas H i l l s  d e p o s i t s .  

We have examined several chemical,  biochemical,  and chemical-biochemical 
systems t h a t  may b e  Operat ive a t  t h e  r o l l  f r o n t  and account f o r  i t s  basinward 
(downdip) mig ra t ion .  There i s  no c e r t a i n t y  t h a t  any one system w a s  o p e r a t i v e  
a t  a l l  t imes  i n  t h e  d i s t r i c t s  d i scussed .  However, r e c e n t  work by Goldhaber 
and Reynolds (1979) on marcasite i n  t h e  Texas and Wyoming d e p o s i t s  has f u r -  
nished d a t a  t h a t  may be used t o  determine t h e  probable  n a t u r e  of t h e  r educ tan t  
r e s p o n s i b l e  f o r  a p a r t i c u l a r  d e p o s i t .  They have shown t h e o r e t i c a l l y  and by 
l a b o r a t o r y  s t u d i e s  t h a t  one of the dominant f a c t o r s  i n  t h e  formation of marca- 
s i t e  o r  p y r i t e  as ore-s tage m i n e r a l s  i s  

t h e  complex i n t e r r e l a t i o n s h i p  of pH and s u l f u r  s p e c i e s  t h a t  are t h e  
p r e c u r s o r s  of i r o n - d i s u l f i d e  mine ra l s .  Experimental work and s tudy of 
geochemical environments analogous t o  t h o s e  governing t h e  formation of 
t h e  r o l l - t y p e  d e p o s i t s  i n d i c k t e  t h a t  r e l a t i v e l y  low pH (less than about 
six) and t h e  presence of e lemental  s u l f u r  f a v o r  marcas i t e ,  whereas 
h ighe r  pH and t h e  presence of p o l y s u l f i d e  i o n s  f a v o r  p y r i t e .  

Condi t ions t h a t  f a v o r  marcasite as t h e  dominant ore-s tage i r o n  d i s u l f i d e  are 
m o s t  l i k e l y  t o  arise i n  non-carbonaceous rocks.  I n  rocks wi th  cons ide rab le  
o rgan ic  matter " the presence of p o l y s u l f i d e  i o n s  and pH b u f f e r i n g  by anae rob ic  
b a c t e r i a l  me tabo l i c  p rocesses  appa ren t ly  l e a d  t o  t h e  formation of o re - s t age  
p y r i t e . "  
have n o t e d . t h a t  most of t h e  ore-s tage i r o n  s u l f i d e  mine ra l s  are pyrite--a 
clear i m p l i c a t i o n  t h a t  biochemical a c t i v i t y  w a s  r e s p o n s i b l e  f o r  r e d u c t i o n  of 
t h e  d e p o s i t s .  
i s o t o p e  s t u d i e s  of t h e  Wyoming d e p o s i t s ,  n o t i n g  t h e  well-defined ox ida t ion -  
r e d u c t i o n  i n t e r f a c e  f o r  i r o n ,  t h e  l a c k  of i d e n t i f i c a t i o n  of i n t e rmed ia t e  
s u l f u r  s p e c i e s  r e s u l t i n g  from non-biochemical p rocesses ,  and t h e  ub iqu i tous  
n a t u r e  of su l f a t e - r educ ing  b a c t e r i a .  

I n  t h e ' p r e c e d i n g  d e s c r i p t i o n s  of t h e  Wyoming r o l l - t y p e  d e p o s i t s ,  we 

Aust in  (1970) reached a similar conclusion based on h i s  s u l f u r  

Roll-type uranium d e p o s i t s  have been desc r ibed  ear l ier  i n  t h i s  r e p o r t  as 
occur r ing  i n  r o c k s  ranging i n  age from Ear ly  Cretaceous t o  Ea r ly  T e r t i a r y .  
They are considered t o  b e  similar i n  t h e i r  geometry, t h e i r  r e l a t i o n  t o  a l t e r e d  
sandstone tongues,  t h e i r  mine ra l  composition and d i s t r i b u t i o n ,  and i n  t h e i r  
genes i s .  Although t h e i r  a b s o l u t e  age  may b e ' s i m i l a r ,  t h e  d e p o s i t s  i n  Creta- 
ceous rocks  d i f f e r  from those  i n  Ea r ly  T e r t i a r y  rocks  i n  t h e  sequence of 
even t s  from t h e  t i m e  of d e p o s i t i o n  of t h e  hos t  rocks  t o  t h e  t i m e  of d e p o s i t i o n  
of t h e  uranium d e p o s i t s .  The d e p o s i t s  i n  t h e  Ea r ly  T e r t i a r y  rocks  might be 
termed consequent d e p o s i t s ,  f o r  they are c l o s e l y  r e l a t e d  t o  t h e  hydrologic  
system r e s p o n s i b l e  f o r  d e p o s i t i o n  of t h e  h o s t  rock. 
ve ry  s h o r t l y  ( g e o l o g i c a l l y )  a f t e r  d e p o s i t i o n  of t h e  h o s t  rock  and m i n e r a l i z i n g  
f l u i d s  moved i n  response t o  t h e  same h q d r a u l i c  g r a d i e n t s  r e s p o n s i b l e  f o r  
d e p o s i t i o n  of t h e  h o s t .  The d e p o s i t s  are t h e  r e s u l t  of a s i n g l e  major cyc le  

M i n e r a l i z a t i o n  followed 
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of u p l i f t ,  e r o s i o n ,  sedimentat ion,  and m i n e r a l i z a t i o n ,  hence t h e  e v a l u a t i o n  of 
t h e i r  uranium p o t e n t i a l  i s  more s t r a igh t fo rward .  

I n  c o n t r a s t  t o  t h e  Ea r ly  T e r t i a r y  d e p o s i t s ,  t hose  i n  Cretaceous rocks  might 
be termed subsequent d e p o s i t s .  f o r  they are r e l a t e d - o n l y  t o  t h e  p h y s i c a l  and 
chemical n a t u r e  of t h e  h o s t  rocks ,  n o t  t o  t h e  hydrologic  system r e s p o n s i b l e  
f o r  h o s t  rock d e p o s i t i o n .  
rocks  under a second c y c l e  of u p l i f t ,  e r o s i o n ,  and d e p o s i t i o n ,  u n r e l a t e d  
h y d r o l o g i c a l l y  and i n  t i m e  t o  t h e  c y c l e  r e s p o n s i b l e  f o r  t h e  h o s t  rock. 

@ 

They were formed long af ter  d e p o s i t i o n  of t h e  h o s t  

Age d e t e r m i n a t i o n s o n s u c h  r e l a t i v e l y  young d e p o s i t s  as t h o s e  i n  t h e  Wyoming 
b a s i n s  r e q u i r e  p r e c i s e  a n a l y t i c a l  procedures and u n t i l  t h e  e a r l y  1970's  most 
of t h e  s t u d e n t s  of r o l l - t y p e  d e p o s i t s  based their  age estimates on geologic 
evidence and i n t u i t i o n .  Estimated ages r a n  t h e  gamut from Eocene t o  Recent 
bu t  t h e  per iod from Oligocene t o  P l iocene  has  been most f r e q u e n t l y  proposed. 
I s o t o p i c  lead-lead and uranium-lead r a t i o s  determined on samples o f  o r e  a t  
shal low dep ths  i n  t h e  Powder River Basin (Sharp et  a l ,  1964) i n d i c a t e d  ages  
of from 4.5 t o  13 m i l l i o n  y e a r s  and t h e  a u t h o r s  proposed a Middle o r  L a t e  
T e r t i a r y  age f o r  t h e  d e p o s i t s .  Using t o t a l  l e a d - t o t a l  uranium r a t i o s  f o r  
15 high-grade samples of o r e  from t h e  S h i r l e y  Basin, Harshman (1970) d e t e r -  
mined ages o f  from 10 t o  40 m i l l i o n  y e a r s  and an average of about 18 m i l l i o n  
y e a r s .  The e r r o r s  i n h e r e n t  i n  t h i s  method of age de t e rmina t ion  were 
recognized.  

As age d a t i n g  techniques improved, more r e l i a b l e  ages  became a v a i l a b l e .  
Dooley, Harshman, and Rosholt  (1974) determined uranium-lead ages  on two 
samples of massive u r a n i n i t e  from t h e  Gas H i l l s  and S h i r l e y  Basin,  as w e l l  
as on t h r e e  samples of high-grade o r e  from t h e  two d i s t r i c t s .  The age cal- 
c u l a t i o n s  were made from t h e  206Pb/238U and 207Pb/235U r a t i o s .  The massive 
u r a n i n i t e  samples gave an age of 22 t 3 m i l l i o n  years for both d i s t r i c t s .  
The high-grade o r e  samples gave ages-of from 29 t o  22 m i l l i o n  y e a r s  (Middle 
Oligocene t o  Ea r ly  Miocene). 
yea r  ( e a r l i e s t  Miocene) age i s  t h e  most r e l i a b l e .  

The a u t h o r s  conclude t h a t  t h e  22 - + 3 m i l l i o n  

More r e c e n t  age de t e rmina t ions  have been made by Ludwig on samples of uran- 
i n i t e  from t h e  S h i r l e y  Basin (Ludwig, 1978), and t h e  Gas H i l l s  and Crooks 
Gap ( L u d w i g ,  1 9 7 9 ) .  L u d w i g  found that even i n  the massive u r a n i n i t e  samples 
from t h e  S h i r l e y  Basin t h e r e  had been cons ide rab le  uranium-daughter migrat ion.  
H e  concludes 

Impermeasle ores, c o n t a i n i n g  mine ra l s  t h a t  have f i x e d  mobile radio-  
gen ic  l e a d ,  p r e s e n t  t h e  most f avorab le  samples f o r  r e l i a b l e  uranium 
o r e  geochronology. 
having abundant p y r i t e  intergrown w i t h  t h e  pi tchblende)  y i e l d e d  U-Pb 
i s o t o p i c  sys t ema t i c s  t h a t  l i m i t  t h e  age of t h e  o r e  t o  between 1 2  m.y. 
and 27 m y .  

One such o r e  sample (calcite-cemented, 12% U, 

H i s  s tudy of t h e  Gas H i l l s  and Crooks Gap o r e s  (Ludwig, 1979) l e a d  t o  t h e  
conclusion t h a t  

.A 

U-Pb i s o t o p e  ana lyses  of uranium o r y s  from t h e  Gas H i l l s .  and Crooks 
Gap d i s t r i c t s  i n d i c a t e  t h a t  o r e s  from both d i s t r i c t s  are a t  least  as 
o l d  as Oligocene. The d a t a  from t h e  highest-ranked samples ( i n  terms 
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of s u i t a b i l i t y  f o r  U-Pb i s o t o p e  d a t i n g )  g ive  U/Pb i s o t o p e  apparent  ages  
i n  t h e  range of 25 t o  35 m.y. A 

with  ages as young as 28 t o  30 m.y. being t h e  most probable.  

A concept not  widely accepted ,  but  deserving of s e r i o u s  cons idera t ion ,  pro- 
posed that  t h e  d e p o s i t s  i n  t h e  Wyoming b a s i n s  were formed concurrent  wi th  t h e  
depos i t i on  of t h e  h o s t  rock o r  very s h o r t l y  t h e r e a f t e r .  Ch i lde r s  (1974) 
relates t h e  development of t h e  ro l l - type  uranium d e p o s i t s  t h a t  are found i n  
Cretaceous,  Paleocene, and Eocene h o s t  rocks t o  t h e  climatic condi t ions  e x t a n t  
i n  Eocene and e a r l y  Oligocene time. He s ta tes  t h a t ,  

During Eocene and Ear ly  Oligocene t i m e ,  f l u v i a l  depos i t i on  under the 
in f luence  of a savannah climate wi th  pronounced c y c l i c  p r e c i p i t a t i o n  
r e s u l t e d  i n  t h e  development of two major f a c i e s  which grade l a t e r a l l y  and 
v e r t i c a l l y  i n t o  each o ther .  These f a c i e s  i nc lude  (1) an oxidized facies, 
c o n s i s t i n g  of red  and grey,  banded mudstone and t h i n  l e n t i c u l a r  sandstone 
and conglomerate; and ( 2 )  a reduced f a c i e s  c o n s i s t i n g  of t h i c k ,  w e l l -  
developed carbonaceous sandstone and conglomerate a s s o c i a t e d  w i t h  car- 
bonaceous mudstone and some ex tens ive  c o a l  beds. 

He de f ines  a savannah climate as being hot  and mois t  w i t h  pronounced long and 
s h o r t  term f l u c t u a t i o n s  i n  p r e c i p i t a t i o n .  H i s  climatic assumptions are sup- 
po r t ed  by v e r t e b r a t e  and p l a n t  f o s s i l  evidence. H e  p o s t u l a t e s  t h a t  ox id iz ing ,  
uranium-bearing waters from small i n t e r m i t t a n t  t r i b u t a r y  dra inages  i n  the 
ox id iz ing  environment invaded reducing environments of t h e  l a r g e  permanent 
streams (and, i n  some cases subcropping Pre-Eocene sands tones)  t o  produce t h e  
oxid ized  tongues and t h e  a s s o c i a t e d  uranium depos i t s .  Drainage p a t t e r n s  which 
c o n t r o l l e d  t h e  depos i t i on  of t h e  h o s t  rocks a l s o  c o n t r o l l e d  t h e  p o s i t i o n s  of 
t h e  a l t e r e d  sandstone tongues and t h e  d e p o s i t s  a s s o c i a t e d  w i t h  them. The 
savannah climate p e r s i s t e d  i n t o  Ea r ly  Oligocene time when t h e  climate moder- 
a t e d  and became more temperate. Ver t eb ra t e  f o s s i l  evidence suppor t s  t h i s  
change, and few i f  any ro l l - type  d e p o s i t s  are found i n  sedimentary rocks 
depos i ted  a f t e r  t h i s  c l i m a t i c  change. 

The gene ra l  t r end  i n  th ink ing  on ages  of m i n e r a l i z a t i o n  i n  t h e  Wyoming bas ins  
i s  toward ages  c l o s e r  t o  t h e  hos t  rock ages. 
pos tu l a t ed  ages  of "Miocene o r  l a te r"  f o r  t h e  d e p o s i t s  a t  Crooks Gap, now 
be l i eves  them t o  have been formed during depos i t i on  of t h e  Ea r ly  Eocene hos t  
rock. H e  be l i eves  t h a t  uranium-lead i s o t o p e  apparent  ages  are e n t i r e l y  
u n r e l i a b l e  and c i tes  a n  exposure where a conglomera te- f i l l ed  channel  may have 
c u t  i n t o  a minera l ized  t a b u l a r  s i l t s t o n e  in te rbedded  w i t h  f ine -  t o  coarse- 
g ra ined  sandstone (Ba i l ey ,  1980). Analyses show t h a t  two s i l t s t o n e  fragments 
i n  the channel f i l l  conta ined  0.02 and 0.03 percent  U,O,; samples of s i l t s t o n e  
and mudstone, i n  place contained from 0.Gi K O  0.09 percent  U,Oe ar13 several 
sandstones interbedded w i t h  t h e  s i l t s t o n e  contained 0.01 percent  UsOe ( o r  
poss ib ly  less s i n c e  t h e  U,Oe ana lyses  are r epor t ed  t o  t h e  n e a r e s t  0.01 per- 
c e n t ) .  
uranium depos i ted  i n  f ine-grained carbonaceous sediments,  p a r t i c u l a r l y  since 
t h e  more permeable sandstones ly ing  between t h e  minera l ized  s i l t s t o c e s  r.onra!.q 
almost no uranium (O.Ol+%). The conclusion,  drawn from t h i s  s i n g l e  exposure 
i n  t h e  Seismic Mine a t  Crooks Gap, that. some of t h e  uranium d e p o s i t s  i n  t h a t  

Bai ley  (19691, who o r i g i n a l l y  

I t  is p o s s i b l e  t h a t  t h i s  m i n e r a l i z a t i o n  i s  r e l a t e d  t o  syngenetj-r, 
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d i s t r i c t  are Eocene i n  age may b e  warranted, b u t  t h e  "extension ( t h a t )  most of 
t h e  d e p o s i t s  i n  Eocene rocks i n  Wyoming are Eocene i n  age'' does n o t  s e e m  
j u s t i f i e d  by t h e  evidence presented.  

R e l i a b l e  i s o t o p i c  apparent  ages  on t h e  Black H i l l s  d.eposits are no t  a v a i l a b l e .  
Vickers  (1957) proposed an a g e  r e l a t e d  c l o s e l y  t o  "the Pre-Oligocene pe r iod  of 
e r o s i o n  and o x i d a t i o n  noted i n  t h e  Black H i l l s  area. Gott  and o t h e r s  (1974) 
imply, b u t  do n o t  d e f i n i t e l y  s t a t e ,  t h a t  they t h i n k  d e p o s i t i o n  h a s  been more 
o r  less cont inuous s i n c e  Oligocene t i m e  and i s  going on today. Lacking more 
s p e c i f i c  d a t a  on which t o  base an apparent  age f o r  t h e  Black H i l l s  d e p o s i t s ,  
i t  seem reasonab le  t o  assume t h a t  t hey  are about t h e  same age as t h e  Powder 
River Basin deposits, for the west flank of the Black H i l l s  and t h e  east f l a n k  
of t h e  Powder River Basin have had about t h e  same geo log ic ,  c l i m a t o l o g i c ,  and 
hydrologic  h i s t o r i e s  s i n c e  u p l i f t  of t h e  Black H i l l s  and downwarp of t h e  b a s i n  
i n  Laramide t i m e .  

I n  summary, i t  may be s a i d  t h a t  a l l  a v a i l a b l e  d a t a  sugges t s  t h a t  mine ra l  
d e p o s i t i o n  may have.begun as e a r l y  as  middle Eocene t i m e ,  bu t  c e r t a i n l y  n o t  
la ter  than middle Oligocene t i m e ,  and may have continued f o r  several hundred 
thousand y e a r s  (Granger and Warren, 1978) o r  several m i l l i o n  y e a r s  (Ludwig, 
1979).  

Some o f  t h e  d e p o s i t s ,  p a r t i c u l a r l y  those  a s s o c i a t e d  with l imonite-bear ing 
a l t e r e d  tongues ( i . e . ,  Powder River Basin) may have undergone r e c e n t  remobil i -  
z a t i o n ,  mig ra t ion ,  and r e d e p o s i t i o n  of elements i n  t h e  o r i g i n a l  d e p o s i t s .  

The apparent  Middle Eocene t o  Middle Oligocene age of t h e  uranium d e p o s i t s  i n  
t h e  S h i r l e y  Basin, Gas H i l l s ,  and Crooks Gap d i s t r i c t s  suggests that mineral 
d e p o s i t i o n  occurred a t  re la t ive shal low depths ,  f o r  by Middle Oligocene t i m e  
t h e  p i l e  o f  t u f f aceous  rocks  ove r ly ing  t h e  Late Paleocene o r  Ea r ly  Eocene h o s t  
sandstones w a s  no t  more than 500 t o  1,000 f e e t  t h i c k  and may have been consid- 
e r a b l y  t h i n n e r .  The e a r l y  T e r t i a r y  age sugges t s  a l s o  t h a t  t h e  d e p o s i t s  formed 
dur ing  o r  s h o r t l y  a f t e r  pe r iods  when vo lcan ic  a c t i v i t y  c o n t r i b u t e d  l a r g e  
volumes of a s h  t o  t h e  ove r ly ing  Wagon Bed and White River Formations. 
be l i eved  t o  be more than coincidence t h a t  t h e  d e p o s i t s  formed s h o r t l y  a f t e r  
t h e  f i r s t  appearance of t u f f aceous  material i n  t h e  T e r t i a r y  s t r a t i g r a p h i c  
sequence, at a t i m e  when volcanic d e b r i s  should be m o s t  s u s c e p t i b l e  t o  leach-  
i n g  by p e r c o l a t i n g  ground wa te r , . and  a t  a t i m e  when t h e r e  had been l i t t l e  
change i n  t h e  hydrologic  c o n d i t i o n s  e x t a n t  when t h e  hos t  rocks  w e r e  depos i t ed .  

It i s  

D i s t r i b u t i o n  of Elements 

There is  a s t r i k i n g  s i m i l a r i t y  i n  t h e . d i s t r i b u t i o n  o f  elements and mine ra l s  i n  
a l l  o f  t h e  ro l l - type ,u ran ium d e p o s i t s  on which d e t a i l e d  s t u d i e s  have been 
made. Ne i the r  t h e  s i z e  of t h e  d e p o s i t  nor t h e  geo log ic  environment i n  which 
it  i s  found seem t o - h a v e  had much a f f e c t  on t h i s  d i s t r i b u t i o n ,  a f a c t  t h a t  
sugges t s  s i m i l a r  g e n e t i c  p rocesses  w e r e  r e s p o n s i b l e  f o r  all r o l l - t y p e  d e p o s i t s .  
Since any theory of o r i g i n  must e x p l a i n  t h e  presence and p o s i t i o n  of a l l  
elements i n  t h e  d e p o s i t s ,  t h e  fo l lowing  d a t a  are presented as a d d i t i o n a l  
c o n s t r a i n t s  on o r e  genes i s  s p e c u l a t i o n s .  
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The d i s t r i b u t i o n  p a t t e r n s  f o r  p y r i t e  and t e n  elements i n  t h e  S h i r l e y  Basin,  
G a s  H i l l s ,  and Black H i l l s  d e p o s i t s ,  are shown g r a p h i c a l l y  i n  F igu res  35 
through 46. Also shown are d i s t r i b u t i o n  p a t t e r n s  f o r  some elements i n  t h r e e  
uranium d e p o s i t s  i n  Texas. These d e p o s i t s  are n o t  d i scussed  i n  t h i s  r e p o r t ,  
b u t  are t h e  s u b j e c t  of a s e p a r a t e  r e p o r t .  The i l l u s t r a t i o n s  are s e c t i o n s  
a c r o s s  t h e  edges of a l t e r e d  sandstone tongues and t h e  o r e  a s s o c i a t e d  w i t h  
them. 
as i n d i c a t e d  i n  t h e  schematic c r o s s  s e c t i o n ,  and t h e  edge of t h e  a l t e r e d  
tongue i s  marked by t h e  ver t ical  dashed l i n e .  Where t h e  concen t r a t ion  l i n e s  
f o r  p y r i t e  and t h e  v a r i o u s  elements are dashed, a n a l y t i c a l  d a t a  has  been 
p r o j e c t e d  i n t o  p l ane  of s e c t i o n ,  bu t  t h e  d i s t a n c e  from t h e  r o l l  f r o n t  has  been 
preserved.  Included f o r  comparison purposes (Table 3 )  are a n a l y t i c a l  d a t a  on 
two s u i t e s  o f  samples c o l l e c t e d  by King and Austin (1965) a c r o s s  a l t e r e d  
sandstone tongues and mine ra l i zed  sandstone,  Gas H i l l s ,  Wyoming. 

I n  each i l l u s t r a t i o n  t h e  ore-bear ing s o l u t i o n  moved from l e f t  t o  r i g h t  

Pvr i t  e-Marcas it e 

P y r i t e  has  been added t o  and i s  most abundant i n  reduced mineral ized sandstone 
a t  t h e  edges o f  t h e  a l t e r e d  sandstone tongues (Fig.  35 ) .  It g r a d u a l l y  de- 
creases i n  amount away from t h e  'edges toward u n a l t e r e d  sandstone and i n  most 
d e p o s i t s  i t  extends f a r t h e r  away from t h e  a l t e r e d  sandstone than does uranium. 
P y r i t e  has  been destroyed i n  most of t h e  a l t e r e d  ox id ized  tongues al though 
some tongues c o n t a i n  minor amounts of p y r i t e  and marcasite, p a r t i c u l a r l y  nea r  
t h e i r  edges. Marcasite i s  most abundant (with p y r i t e )  i n  mine ra l i zed  reduced 
sandstone a t  and ad jacen t  t o  t h e  edges of t h e  a l t e r e d  tongues. P y r i t e  and 
marcasite i n  a l t e r e d  sandstone may r e s u l t  from e i t h e r  incomplete o x i d a t i o n  of 
o re - s t age  p y r i t e - m a r c a s i t e  o r  from post-ore  s u l f i d i z a t i o n  and r educ t ion  of 
hemat i t e ,  l i m o n i t e ,  and g o e t h i t e .  The relative p o s i t i o n  of p y r i t e  i n  t h e  Gas 
H i l l s  sample s u i t e  i s  t y p i c a l  of t h e  d i s t r i c t ,  bu t  t h e  amount (exceeding 40%) 
i n  t h e  samples from t h i s  o r e  zone i s  much h ighe r  (5 t o  1 0  t imes)  than i n  t h e  
average ore-bear ing zone. 

Uranium 

Uranium has  been added t o  reduced sandstone i n  zones c l o s e  t o  o r  i n  c o n t a c t  
w i th  t h e  edges of a l t e r e d  sandstone tongues (Fig.  36 ) .  The oxidation-reduc- 
t i o n  i n t e r f a c e  f o r  uranium c o i n c i d e s  wi th  t h a t  f o r  i r o n  i n  about h a l f  t h e  
d e p o s i t s  s t u d i e d ;  i n  t h e  o t h e r  h a l f  t h e  uranium ox ida t ion - reduc t ion  i n t e r f a c e  
is  sepa ra t ed  from t h e  i r o n  i n t e r f a c e  by as much as 1 5  f e e t  of py r i t e -bea r ing  
reduced sandstone. 
g r e a t e r  ( a t  6 ppm) than t h a t  of unmineralized reduced sandstone (2 t o  4 ppm), 
a t  l eas t  w i t h i n  1000 f e e t  of t h e  r o l l  f r o n t .  

The uranium con ten t  of a l t e r e d  sandstone i s  s l i g h t l y  

Selenium 

Selenium i s  p r e s e n t  i n  a l l  d e p o s i t s  s t u d i e d  (Fig.  37 ) .  It has  been depos i t ed  
i n  narrow zones a t  t h e  edges of t h e  a l t e r e d  tongues,  a s t r i d e  t h e  edges, o r  i n  
reduced mine ra l i zed  sandstone c l o s e  t o  t h e  edges. Selenium i n  t h e  a l t e r e d  
sandstones may b e  p r e s e n t  as f e r r o s e l i t e  (FeSen) o r  n a t i v e  selenium, bu t  i n  
t h e  reduced sandstones i t  i s  g e n e r a l l y  p r e s e n t  as n a t i v e  selenium. 
d a t a  on samples of p y r i t e  from mine ra l i zed ,  reduced sandstone nea r  t h e  r o l l  
f r o n t  show t h a t  some p y r i t e  g r a i n s  may con ta in  on ly  t r a c e  amounts ( F i l e s ,  
1970).  

A n a l y t i c a l  

Selenium d i s t r i b u t i o n  i n  marcasite i s  s imilar  t o  t h a t  i n  p y r i t e  but  i n  
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lesser amounts. The amounts of selenium i n  t h e  a l t e r e d  sandstone tongues are 
always g r e a t e r  t han  i n  u n a l t e r e d  unmineralized sandstones,  sometimes by one 
o r d e r  of magnitude. 

-t Vanadium 

Most r o l l - t y p e  uranium d e p o s i t s  c o n t a i n  only a few hundred p a r t s  p e r  m i l l i o n  
(ppm) vanadium, b u t  t hose  i n  t h e  Black H i l l s  r eg ion  may have vanadium c o n t e n t s  
equa l  t o  o r  several t i m e s  t h e  amount of uranium (Fig.  38). 
deposi ted i n  mine ra l i zed  reduced s a n d s t o m  i n  a zone c l o s e  t o  t h e  r o l l  f r o n t  
where i t  o v e r l a p s  t h e  zones i n  which f e r r o s e l i t e ,  p y r i t e  and uranium have been 
depos i t ed .  A l t e red  sandstone c o n t a i n s  more vanadium than  does unmineralized 
reduced sandstone,  p o s s i b l y  admixed with i r o n  oxides .  

Vanadium has  been 

Molybdenum 

Most r o l l - t y p e  uranium d e p o s i t s  c o n t a i n  s i g n i f i c a n t  amounts of molybdenum i n  
reduced sandstone a t  t h e  d i s t a l  edges of t h e  mine ra l i zed  zone (Fig.  39) .  The 
S h i r l e y  Basin d e p o s i t s  c o n t a i n  less than 3 pprn molybdenum. Amounts range from 
a few t e n s  o f  ppm t o  s e v e r a l  pe rcen t ,  and a r e  r e l a t i v e l y  h igh  i n  t h e  Gas H i l l s  
compared w i t h  t h e  S h i r l e y  Basin and Black H i l l s  area. 
(1976) r e p o r t  molybdenum absen t  i n  t h e  Powder River Basin, and Bai ley (1969) 
r e p o r t s  as much as 45  ppm molybdenum i n  t h e  Crooks Gap d e p o s i t s .  The molyb- 
denum is  probably contained i n  t h e  mine ra l  j o r d i s i t e  (MoS2), al though no 
p o s i t i v e  i d e n t i f i c a t i o n  has  been made. 
sandstone i s  s l i g h t l y  lower than  t h a t  of u n a l t e r e d  reduced sandstone. 

Dah1 and Hagmaier 

The molybdenum con ten t  of  a l t e r e d  

I r o n  

I r o n ,  p r i n c i p a l l y  as p y r i t e  and t o  a lesser e x t e n t  as m a r c a s i t e ,  has  been 
added t o  reduced sandstone a t  and f o r  some d i s t a n c e  away from t h e  edges of t h e  
a l t e r e d  tongues (Fig.  4 0 ) .  I n  some d e p o s i t s  t h e  amounts added w e r e  s m a l l  and 
t h e r e  i s  l i t t l e  d i f f e r e n c e  i n  t h e  t o t a l  i r o n  con ten t  of  samples  from una l t e red  
and m i n e r a l i i e d  sandstone,  f o r  example t h e  Black H i l l s .  I n  o t h e r  d e p o s i t s  t h e  
i r o n  con ten t  of mine ra l i zed  sandstone may be an o r d e r  of magnitude g r e a t e r  
than i n  unmineralized reduced sandstone, f o r  example t h e  Gas H i l l s .  The t o t a l  
i r o n  con ten t  o f  a l t e r e d  sandstone may be equal  t o  o r  somewhat less than tha t  
i n  u n a l t e r e d  sandstone.  F e r r i c  i r o n  predominates i n  a l t e r e d  sandstone,  f e r -  
rous  i r o n  predominates i n  u n a l t e r e d  reduced sandstone. 

Carbon 

Both mine ra l  and o rgan ic  carbon range g r e a t l y  i n  t h e i r  amount and t h e i r  d i s t r i -  
b u t i o n  (Figs .  4 1  and 4 2 ) .  Organic carbon con ten t  i s  less than 0.05 pe rcen t  i n  
t h e  u n a l t e r e d  sands a s s o c i a t e d  wi th  some d e p o s i t s  and is  as high as 2 pe rcen t  
i n  o t h e r s .  Even where i t  i s  a s i g n i f i c a n t  component of t h e  sands,  i t s  erratic 
d i s t r i b u t i o n  i n  d e t a i l  makes "average" concen t r a t ion  v a l u e s  of ques t ionab le  
va lue .  S i m i l a r  ranges are shown f o r  mineral  carbon ( p r i n c i p a l l y  ca lc i te ) .  I n  
most d e p o s i t s ,  both o rgan ic  and mineral  carbon c o n t e n t s  are h ighe r  i n  reduced 
Sandstone than i n  a l t e r e d  oxidized sandstone.  There seems t o  be no c o n s i s t e n t  
d i r e c t  c o r r e l a t i o n  between t h e  o rgan ic  carbon and uranium c o n t e n t s  of min- 
e r a l i z e d  sandsEone, a f a c t  t h a t  throws some doubt on t h e  b e l i e f  t h a t  o rgan ic  
carbon w a s  d i r e c t 1 1  involved i n  t h e  p r e c i p i t a t i o n  of uranium i n  r o l l - t y p e  
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a .  F i r s t  t r a v e r s e  

b. S e c o n d  t r o v e r o e  

Figure  4 2 .  Rela t ions  among U308, C O z ,  CaC03 and o rgan ic  carbon f o r  two 
traverses a c r o s s  a r o l l  f r o n t  i n  t h e  Gas H i l l s  District  (from 
King and Aust in ,  1966).  
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uranium d e p o s i t s .  There i s ,  however, an i n d i c a t i o n  i n  F igu res  41  and 42 t h a t  
t h e r e  has been some mig ra t ion  of o rgan ic  carbon, probably from t h e  a l t e r e d  
sandstone,  and d e p o s i t i o n  i n  t h e  mine ra l i zed  sandstone along wi th  uranium and 
a s s o c i a t e d  elements.  
are inadequate and t h e  documentfation of t h e  d i s s o l u t i o n ,  t r a n s p o r t  and repre-  
c i p i t a t i o n  of o rgan ic  material i n  a r o l l - t y p e  system might have important 
i m p l i c a t i o n s  f o r  o rgan ic  dominated systems such as t h e  Grants  Mineral  B e l t .  

This  p o s s i b i l i t y  needs confirmation because p re sen t  d a t a  

S u l f a t e  S u l f u r  

S u l f a t e  s u l f u r  h a s  been removed from t h e  a l t e r e d  sandstone where i t  w a s  o r i g i -  
n a l l y  p r e s e n t  as gypsum (Fig. 4 3 ) .  
more i n  t h e  mine ra l i zed  sandstone i n  t h e  Gas H i l l s  and S h i r l e y  Basin d e p o s i t s .  
Gypsum has  been i d e n t i f i e d  i n  o r e  from t h e  S h i r l e y  Basin and G a s  H i l l s  ( F i l e s ,  
1970).  
s u l f u r  when leached i n  d i s t i l l e d  water y i e lded  a f i l t r a t e  s a t u r a t e d  i n  calcium 
s u l f a t e  and high i n  i r o n  (Harshman, 1974),  sugges t ing  t h a t  a f e r r o u s  s u l f a t e  
mine ra l ,  as y e t  u n i d e n t i f i e d ,  is  p resen t  i n  t h e  o re .  

It is present in amounts of 1 percent or  

A sample of o r e  from t h e  S h i r l e y  Basin con ta in ing  3 . 3  percen t  s u l f a t e  

Arsenic 

Arsenic  is  p r e s e n t  i n  amounts of up t o  about 1 p e r c e n t ,  and i t  c o r r e l a t e s  w e l l  
w i t h  p y r i t e  i n  t h e  Gas H i l l s  (Fig.  44 ) .  I n  t h e  S h i r l e y  Basin and Black H i l l s  
t h e  amounts are g e n e r a l l y  less than  0.005 pe rcen t ,  and t h e  c o r r e l a t i o n  wi th  
p y r i t e  i s  on ly  f a i r .  Arsenic i s  s l i g h t l y  higher  i n  a l t e r e d  sandstone than  i n  
u n a l t e r e d  sandstone i n  t h e  Black H i l l s  d e p o s i t s  where i t  may be a s s o c i a t e d  
wi th  hemat i t e  and g o e t h i t e .  

B e r  v l 1  i u m  

Beryll ium is p r e s e n t  i n  amounts ranging from 1 .5  t o  5.5 ppm i n  t h e  Gas H i l l s  
and S h i r l e y  Basin (Fig. 4 5 ) .  It i s  a s s o c i a t e d  with uranium i n  t h e  o r e  and i s  
below 1.5 ppm i n  a l t e r e d  and u n a l t e r e d  sandstone. 

Copper 

Copper i s  p resen t  i n  amounts ranging from 10 t o  20 ppm (Fig. 46) .  
been depos i t ed  wi th  any of t h e  o t h e r  o r e  mine ra l s ,  a s u r p r i s i n g  f a c t  f o r  an 
element t h a t  i s  e a s i l y  ryduced. There appears  t o  have been some copper re- 
moved from t h e  a l t e r e d  sandstone,  b u t  i f  s o  i t - a p p a r e n t l y  remained i n  s o l u t i o n  
and w a s  t r a n s p o r t e d  beyond t h e  mine ra l i zed  area. 

It has  n o t  

Phosphate 

King and Aus t in  (1966), F i l e s  (1970), and Harshman (1972), have publ ished d a t a  
t h a t  r e l a t e d  h igh  phosphate t o  high uranium c o n t e n t s  i n  mine ra l i zed  sandstone 
i n  t h e  Gas H i l l s  and S h i r l e y  Basin areas. 
uranium may c o n t a i n  as much as 1..0 percen t  P205, but  g e n e r a l l y  phosphate con- 
t e n t s  of high-grade samples are  less than 0.5 pe rcen t .  
r a t i o s  range from 0.02 t o  about 30, so t h e  phosphate-uranium r e l a t i o n s h i p  i s  
n o t  a d i r e c t  one. 
t h r e e  i n v e s t i g a t o r s ,  bu t  Gru t t  (1957) mentions sandstone cemented wi th  
ca rbona te - f luo r -apa t i t e  i n  t h e  Gas H i l l s .  

Samples c o n t a i n i n g  2 o r  3 percen t  

Uranium/phosphate 

N o  uranium phosphate mineral  has  been i d e n t i f i e d  by t h e  
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Figure 4 3 .  Distribution of sulfate sulfur in roll-type uranium deposits in 
Wyoming, South Dakota, and Texas (from Harshman, 1974). 
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Figure 4 5 .  Distribution of beryllium in roll-type uranium deposits in 
Wyoming, South Dakota, and Texas (from Harshman, 1974). 

-122- 



A 

- 
Pfeil Pit 

KARNES ,CO, TEXAS 
15- 10- Ll - 

I 

KARNES CO, TEXAS 

Petrotomics Sec.9 Pit 
SHIRLEY BASIN, WYOMING 

0 -  

IO 4 

----- I . 

Lucky Mac 4K Pit 
GAS HILLS,  WYOMING 1 

SCHEMATIC ROLL- FRONT CROSS SECTION 

20 4p 60 feet  0 

0 5 lo meters 
1 1 

Figure 46 .  Distribution of copper in roll-type uranium deposits in 
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Figure  47 i s  a graphic  summary of t h e  d i s t r i b u t i o n  of  selenium, vanadium, 
molybdenum, uranium, and p y r i t e  i n  t h e  S h i r l e y  Basin,  G a s  H i l l s  and Texas 
d i s t r i c t s .  
o r  minera l  w a s  depos i ted .  

Also shown are t h e  widths  of t h e  zones through which each element 
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Figure 4 7 .  D i s t r i b u t i o n  of selenium, vanadium, molybdenum, uranium, and 
p y r i t e  i n  r o l l - t y p e  uranium d e p o s i t s  (from Harshman, 1 9 7 4 ) .  
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GEOLOGIC-GEOCHEMICAL MODEL 

This  s e c t i o n  of t h e  r e p o r t  summarizes and p l a c e s  i n  proper sequence t h e  even t s  
t h a t  gave rise t o  t h e  d e p o s i t s  descr ibed i n  t h e  preceding s e c t i o n s .  Of neces- 
s i t y ,  much of what fol lows i s  s p e c u l a t i v e ,  bu t  w e  b e l i e v e  t h e  accumulated 
l a b o r a t o r y  and f i e l d  d a t a  w i l l  keep t h a t  s p e c u l a t i o n  w i t h i n  reason.  A s  more 
d a t a  become a v a i l a b l e ,  t h e  model w i l l  change, bu t  u n t i l  t h a t  time i t  can s e r v e  
t o  guide exploration f o r  new d e p o s i t s  and t o  a s s e s s  the  uranium p o t e n t i a l  of 
unexplored areas. 

The need f o r  "ground preparat ion ' '  i s  as e s s e n t i a l  f o r  uranium d e p o s i t s  i n  
sedimentary rocks as i t  is  f o r  o t h e r  me ta l s  i n  o t h e r  h o s t s ,  f o r  without  i t  
t h e r e  would be no d e p o s i t s .  I n  t h e  Black H i l l s  area, ground p r e p a r a t i o n ,  
l e a d i n g  t o  o rgan ic - r i ch  permeable sediments,  began wi th  Late J u r a s s i c  and 
Ea r ly  Cretaceous u p l i f t  and e r o s i o n  of areas sou theas t  and southwest of t h e  
p r e s e n t  Black H i l l s .  The source areas appa ren t ly  were composed of J u r a s s i c  
and o l d e r  sedimentary r o c k s - a s  t h e r e  i s  an almost complete l a c k  of mine ra l s  of 
igneous o r  metamorphic o r i g i n  i n  t h e  Inyan Kara h o s t  rocks.  
t h e  lower p a r t  of t h e  Inyan Kara group w a s  de r ived  p r i n c i p a l l y  from t h e  south- 
w e s t  and some vo lcan ic  material  was included,  appa ren t ly  from a c t i v i t y  i n  t h e  
southwest source area. Moderate renewed u p l i f t  continued through Inyan Kara 
t i m e ,  ma in ta in ing  t h e  v i g o r  o f  t h e  no r thwes te r ly  flowing streams, b u t  by the 
middle of t h e  per iod t h e  p r i n c i p a l  sou rce  of c l a s t i c  material  s h i f t e d  from t h e  
southwest t o  t h e  s o u t h e a s t .  Climate, as i n d i c a t e d  by f o s s i l  p l a n t s  and spores ,  
w a s  h o t  and humid; t r o p i c a l  t o  s u b t r o p i c a l  v e g e t a t i o n  w a s  abundant. Host 
rocks  were i n  p l a c e  by t h e  end of Inyan Kara time when marine c o n d i t i o n s  
r e tu rned  t o  t h e  area. Host rocks c o n s i s t  o f  f l u v i a l  and marginal  marine 
channel s ands tones ,  interbedded and i n t e r t o n g u i n g  wi th  s i l t s t o n e s  and mud- 
s t o n e s ,  a l l  i n c o r p o r a t i n g  cons ide rab le  carbonaceous material. Reducing con- 
d i t i o n s  and d i a g e n i c  p y r i t e  developed i n  t h e  sediments s h o r t l y  a f t e r  t h e i r  
d e p o s i t i o n ,  cond i t ions  t h a t  were t o  be maintained by deep b u r i a l  u n t i l  t h e  
e a r l y  T e r t i a r y  pe r iod  of uranium m i n e r a l i z a t i o n  many m i l l i o n  y e a r s  la ter .  

The material i n  

The model f o r  t h e  uranium d e p o s i t s  i n  t h e  Wyoming b a s i n s  begins  wi th  t h e  
Laramide orogeny when t h e  mountain ranges and i n t e r v e n i n g  b a s i n s  as we know 
them today came i n t o  being.  U p l i f t  increased the  v igo r  of t he  s t r e a m s  and by 
Late Paleocene o r  e a r l y  Eocene they had s t r i p p e d  most of t h e  sediments from 
t h e  f l a n k s  of  t h e  ranges and exposed t h e i r  g r a n i t i c  co res .  Large w e t  a l l u v i a l  
f a n s  were depos i t ed  by braided streams h igh  on t h e  b a s i n  f l a n k s  and bed-load 
streams depos i t ed  coa r se  a r k o s i c  sediment i n  t h e  lower reaches of t h e  bas ins .  
The c l i m a t e  w a s  t r o p i c a l  t o  semitropical--hot ,  mo i s t ,  w i th  p e r i o d s  of consid- 
e r a b l e  r a i n f a l l  i n t e r s p e r s e d  wi th  d r y e r  pe r iods .  The uplands and b a s i n s  sup- 
ported a dense growth of v e g e t a t i o n  and t h i s  o rgan ic  material w a s  incorporated 
i n  t h e  sediments.  Deposi t ion w a s  r a p i d ,  water t a b l e s  i n  t h e  lower p a r t s  of 
t h e  b a s i n  were h igh ,  and thus  reducing cond i t ions  accompanied by d e p o s i t i o n  o f  
d i a g e n i c  p y r i t e  were maintained i n  t h e  sediments.  Pe r iods  of e r o s i o n  followed 
p e r i o d s  of d e p o s i t i o n  and t h e r e  was cons ide rab le  l a t e r a l  mig ra t ion  of stream 
channels .  

Weathering and e r o s i o n  of t h e  g r a n i t e  c o r e s  of t h e  mountain ranges may have 
r e l e a s e d  uranium t o  vadose waters and some of i t  may have been c a r r i e d  by 
ground water and depos i t ed  i n  t h e  l i g n i t i c  mater ia l  i n  t h e  reduced b a s i n  f i l l .  
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Much of it w a s  probably t r a n s p o r t e d  from t h e  b a s i n s  i n  s u r f a c e  streamflow. 
With continued e r o s i o n  of t h e  uplands and f i l l i n g  of t h e  b a s i n s ,  stream 
g r a d i e n t s  decreased and t h e  coarse-grained h o s t  sediments were covered wi th  
less permeable s i l t s t o n e s  and c l ays tones .  Pe r iods  of g e n t l e  u p l i f t ,  e r o s i o n  
and d e p o s i t i o n  continued i n t o  middle and upper Eocene t ime when v o l c a n i c  
a c t i v i t y  s t a r t e d  i n  t h e  Absaroka and Ra t t l e snake  H i l l s  areas of western and 
c e n t r a l  Wyoming and i n  t h e  Black H i l l s  r eg ion  of South Dakota. F l u v i a l  and 
l a c u s t r i n e  sedimentat ion predominated during t h i s  per iod and cons ide rab le  
v o l c a n i c  a s h  was d i s t r i b u t e d  through t h e  a r k o s i c  material der ived from t h e  
c o r e s  of' t h e  u p l i f t s .  

A pe r iod  of e x t e n s i v e  e r o s i o n  a t  t h e  end of Eocene time removed t h e  Middle and 
Upper Eocene (Wagon Bed) rocks  from t h e  c e n t r a l  p a r t  of t h e  S h i r l e y  Basin and 
t h e  Crooks Gap-Great Divide Basin area, and c u t  two l a r g e  channels through 
them i n  Beaver Divide on t h e  sou th  edge of t h e  Gas H i l l s  d i s t r i c t .  I f  rocks 
of Middle and Upper Eocene age were ever p r e s e n t  i n  t h e  Powder River Basin 
area, which i s  d o u b t f u l ,  t hey  w e r e  removed by e ros ion .  

The Paleocene and Eocene w e r e  p e r i o d s  of u p l i f t  and e r o s i o n  i n  t h e  Black H i l l s  
area and t h e  l a r g e  amount of sediment eroded from t h e  f l a n k s  of t h e  u p l i f t  was 
appa ren t ly  t r a n s p o r t e d  o u t  of t h 6  area by w e s t e r l y  and n o r t h e r l y  flowing 
streams. The long pe r iod  from Middle Cretaceous t o  Upper Eocene was important 
i n  t h e  sequence of even t s  t h a t  ended wi th  formation of t h e  Black H i l l s  depos- 
i t s ,  even though ore-forming p rocesses  w e r e  n o t  active dur ing  that  per iod.  
Deep b u r i a l  preserved t h e  reducing environment i n  t h e  Inyan Kara h o s t  rocks so 
necessa ry  f o r  subsequent m i n e r a l i z a t i o n ,  and u p l i f t  i n  Laramide t i m e  s t a r t e d  
t h e  hydro log ic  c y c l e  t h a t  s t r i p p e d  t h e  t h i c k  s e c t i o n  of impermeable rocks t h a t  
ove r l ay  t h e  Inyan Kara, exposed t h e i r  t runca ted  edges,  and produce t h e  g e n t l e  
basinward d i p  e s s e n t i a l  t o  t h e  f low of t h e  m i n e r a l i z i n g  s o l u t i o n s .  

The t u f f a c e o u s  White River Formation of Oligocene age w a s  depos i t ed  on t h e  
eroded s u r f a c e  of t h e  Wagon Bed rocks  o r  on beveled s u r f a c e  of t h e  Ea r ly  
Eocene rocks  where t h e  Wagon Bed w a s  missing.  
sandstone and conglomerate i n  some areas i n d i c a t i n g  a t  l eas t  l o c a l  u p l i f t  of 
t h e , r a n g e s  i n  Ea r ly  Oligocene t i m e .  
v o l c a n i c  f i e l d  i n  northwestern Wyoming w a s  admixed wi th  l o c a l l y  de r ived  
a r k o s i c  material eroded from t h e  uplands.  
River t i m e  gave r ise  t o  several r e l a t i v e l y  pure t u f f  beds i n  t h e  lower p a r t  of 
t h e  White River Formation. 

A t  about t h i s  t i m e ,  oxygenated waters en te red  t h e  t runca ted  edges of t h e  Inyan 
Kara h o s t  rocks  i n  t h e  Black H i l l s  and t h e  exposed and/or  t runca ted  edges of 
t h e  Lower Eocene rocks  i n  t h e  Wyoming Basin. 
g r a n i t i c  c o r e s  and f l a n k i n g  metamorphic and sedimentary rocks  of t h e  mountain 
ranges updip from t h e  h o s t  rock  outcrops (Fig.  4 8 ) ,  and c a r r i e d  uranium and 
a s s o c i a t e d  elements probably de r ived  i n  p a r t  from t h e  g r a n i t e  and i n  p a r t  from 
t h e  r e c e n t l y  depos i t ed  tu f f aceous  White River Formation. The o x i d i z i n g  solu- 
t i o n  en te red  t h e  reduced h o s t  rock high on t h e  f l a n k  of t h e  b a s i n  and a t  f i r s t  
i t  w a s  o u t  of equ i l ib r ium wi th  t h e  reducing environment of t h e  h o s t  rock 
through which i t  moved. 
l a r l y  p y r i t e  and carbonaceous material, cond i t ions  approximating equ i l ib r ium 
w e r e  e s t a b l i s h e d  i n  an ox id ized  zone a t  and somewhat downstream from t h e  area 
of i n g r e s s  of t h e  mineral-bearing s o l u t i o n s .  

The b a s a l  White River c o n t a i n s  

Tuffaceous material  from t h e  Absaroka 

Heavy a sh  f a l l s  e a r l y  i n  White 

This  water o r i g i n a t e d  i n  t h e  

By o x i d a t i o n  of t h e  h o s t  rock components, p a r t i c u -  

This zone w a s  a t  f i r s t  v e r y  
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Figure  4 8 .  P o s s i b l e  p a t h s  f o r  c i r c u l a t i o n  of m i n e r a l i z i n g  s o l u t i o n s  i n  t h e  
Wyoming bas ins .  Arrows i n d i c a t e  d i r e c t i o n  of ground water flow 
(from Harshman, 1972) .  

small, b u t  i t  expanded i n  t h e  d i r e c t i o n  of ground w a t e r  f low and an i n t e r f a c e  
was e s t a b l i s h e d  between o x i d i z i n g  cond i t ions  i n  t h e  updip p a r t  of t h e  hos t  
rocks and reducing c o n d i t i o n s  i n  t h e  downdip p a r t .  
interfaces were e s t a b l i s h e d ,  t h e  p o s i t i o n  of each being dependent on t h e  
combined effect of Eh  and pH changes on t h e  s o l u b i l i t y  of  t h e  v a r i o u s  elements 
be ing  t r a n s p o r t e d  i n  t h e  s o l u t i o n .  The i n t e r f a c e  most g e n e r a l l y  d i scussed  i s  
t h a t  f o r  ox id i zed  and reduced forms of i r o n ,  bu t  i n  almost a l l  r o l l - t y p e  
uranium d e p o s i t s  t h e r e  are r ecogn izab le  i n t e r f a c e s  f o r  selenium, molybdenum, 
vanadium, uranium and o t h e r  elements.  Deposi t ion of each element c a r r i e d  i n  
s o l u t i o n  seems t o  be most pronounced a t  t h e  redox i n t e r f a c e  f o r  t h a t  element,  
dec reas ing  r a p i d l y  as t h e  s o l u t i o n  moved beyond t h a t  i n t e r f a c e  i n t o  t h e  re- 
duced zone. 

More c o r r e c t l y ,  several 

Any mine ra l i zed  zone e s t a b l i s h e d  e a r l y  i n  t h e  c y c l e  j u s t  desc r ibed  would be 
small and r e l a t i v e l y  low-grade. 
water flow, g e n e r a l l y  downdip, by o x i d a t i o n  and s o l u t i o n  on t h e  updip s i d e  of 
t h e  mine ra l i zed  zone and r educ t ion  and r e d e p o s i t i o n  on t h e  downdip s i d e .  A 
cont inuous e x t r i n s i c  supply of uranium and a s s o c i a t e d  elements i n  t h e  mineral-  
i z i n g  s o l u t i o n  pass ing  through t h e  zone of d e p o s i t i o n  would cause t h e  mineral-  
i zed  zone t o  i n c r e a s e  i n  both grade and s i z e  and t o  e v e n t u a l l y  r each  t h e  
magnitude of  t h e  present-day d e p o s i t s .  

It would mig ra t e  i n  t h e  d i r e c t i o n  of ground 
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Most au tho r s  cons ide r  Eh o r  o x i d a t i o n  c a p a c i t y  of t h e  system t o  be t h e  domi- 
nant  f a c t o r  i n  d i s s o l u t i o n ,  mig ra t ion ,  and r e d e p o s i t i o n  of t h e  mineral  compon- 
e n t s  i n  r o l l - t y p e  d e p o s i t s .  
and H o s t e t l e r  and Garrels (1962) i l l u s t r a t e  t h i s  conclusion,  b u t  a l s o  show 
t h a t  pH changes are important t o  t h e  d i s s o l u t i o n  and p r e c i p i t a t i o n  of most 
minerals .  
an Eh-pH diagram, as t h e  s o l u t i o n  moves from t h e  o x i d i z i n g  environment of t h e  
a l t e r e d  sandstone through t h e  r o l l  f r o n t  and i n t o  t h e  una l t e red  sandstone. 

The Eh-pH diagrams of Garrels and C h r i s t  (1965), 

F igu re  49 shows t h e  p o s t u l a t e d  p a t h  of a u n i t  of s o l u t i o n ,  w i t h i n  

Ground water c o l l e c t e d  i n  t h e  U.S.S.R. below t h e  permanent water t a b l e  a long 
traverses extending from a l t e r e d  sandstone through o r e  and i n t o  u n a l t e r e d  
sandstone ( L i s i t s i n  and Kuznetsova, 1967) confirmed Eh and pH condi t ions  
almost i d e n t i c a l  w i th  those  shown i n  F igu re  49. I f  Eh i s  t h e  p r i n c i p a l  con- 
t r o l  of d e p o s i t i o n  and i f  Eh dec reases  downdip away from t h e  a l t e r e d  tongue as 
shown in Figure  49, then elements r e q u i r i n g  t h e  lowest Eh f o r  t h e  r educ t ion  
should be depos i t ed  a t  t h e  g r e a t e s t  d i s t a n c e  from t h e  edge of t h e  a l t e r e d  
tongue (redox i n t e r f a c e  f o r  i r o n ) .  
based on d a t a  by Garrels (1960), Garrels and C h r i s t  (1965) H o s t e t l e r  and 
Garrels (1962), Lakin (1961), L i s i t s i n  (1969), and Hansuld (1966). It shows 
t h e  equ i l ib r ium boundaries between t h e  r e l a t i v e l y  s o l u b l e  and i n s o l u b l e  forms 
of selenium, vanadium, uranium, and molybdenum and between p y r i t e  and two 
f e r r i c  i r o n  compounds, expressed f o r  c o n d i t i o n s  of temperature ,  p r e s s u r e ,  and 
solution composition, and concentration that approximate the likely but some- 
what s i m p l i f i e d  cond i t ions  i n  t h e  mineral-bear ing s o l u t i o n s .  I f  one assumes a 
s t a r t i n g  s o l u t i o n  pH of 7 .5 ,  t hen  dec reases  i t s  Eh from +300 t o  -300 mv near 
t h e  r o l l  f r o n t ,  a t  cons t an t  pH, t h e  diagram p r e d i c t s  t h a t  t h e  path of s o l u t i o n  
Eh w i l l  i n t e r s e c t  t h e  element boundaries i n  t h e  same o r d e r  t h a t  they are  
a c t u a l l y  found i n  r o l l - t y p e  d e p o s i t s  (Fig. 4 7 ) .  The diagram a l s o  shows t h a t  a 
one o r  two u n i t  dec rease  i n  pH concurrent  w i th  dec reas ing  Eh w i l l  no t  change 
t h e  sequence of depos i t i on .  

F igu re  50 i s  a composite Eh-pH diagram 

c !  Direct ion of flow of ore -beanng solution 
I I 
I I 

.' + 
- 

/______-_-_- 

EhT----------- Eh 

I 

Figure 49. Pos tu l a t ed  Eh and pH c o n d i t i o n s  du r ing  t r a n s p o r t a t i o n  and deposi-  
t i o n  of uranium and o t h e r  elements i n  t h e  Wyoming b a s i n s  (from 
Harshman, 1970).  
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Figure  50. Composite Eh-pH diagram f o r  t h e  p r i n c i p a l  elements i n  r o l l - t y p e  
uranium d e p o s i t s ,  and f o r  copper.  
(from Harshman, 1 9 7 4 ) .  

Sol id  phases  are under l ined  
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Roll-type uranium d e p o s i t s  range from narrow and high-grade (Shi r ley  Basin, Gas 
H i l l s )  t o  wide and r e l a t i v e l y  low-grade (Great Divide Bas in ) ,  and t h e r e  a p p e a r s  
t o  be an i n v e r s e  r e l a t i o n  of grade t o  width.  Seve ra l  f a c t o r s  may be respon- 
s i b l e ,  a l l  somewhat r e l a t e d  t o  t h e  reducing c a p a c i t y  of t h e  sandstone downdip 
from t h e  redox i n t e r f a c e  f o r  i r o n .  The lower-grade wider d e p o s i t s  f r e q u e n t l y  
occur i n  sandstones with s m a l l  amounts of carbonaceous p l a n t  remains and/or  
s m a l l  amounts of p y r i t e  i n  t h e  u n a l t e r e d  h o s t  rock. 
amounts of carbonaceous d e b r i s  and/or  p y r i t e  a s s o c i a t e d  wi th  t h e  higher-grade 
r e l a t i v e l y  narrow d e p o s i t s .  
g r a d i e n t  i n  t h e  zone of d e p o s i t i o n ,  due e i t h e r  t o  biogenic  o r  non-biogenic 
p rocesses ,  may have been s t e e p  i n  t h e  case of narrow high-grade d e p o s i t s  i n  
which case r a p i d  dumping of t r a n s p o r t e d  elements would occur .  
were r e l a t i v e l y  f l a t ,  d e p o s i t i o n  of t r anspor t ed  elements would be slow and 
extended ove r  a cons ide rab le  d i s t a n c e  r e s u l t i n g  i n  broad r e l a t i v e l y  low-grade 
d e p o s i t s .  Other f a c t o r s  t h a t  might a f f e c t  t h e  Eh g r a d i e n t  are (a )  t h e  ra te  of 
flow of t h e  mineral-bearing s o l u t i o n  through t h e  reduced sandstone which could 
compress o r  extend t h e  zone through which d e p o s i t i o n  t a k e s  p l a c e ,  and (b) t h e  
ava i l ab i l i t y  of  t h e  reductant f o r  reaction w i t h  the  mineral-bearing so lu t ions ,  
which might be disseminated through a permeable sandstone o r  contained i n  
r e l a t i v e l y  impermeable c l a y s  i n  o r  "bounding t h e  h o s t  rock. 

This  c o n t r a s t s  w i th  l a r g e r  

Th i s  f a c t  sugges t s  t h a t  t h e  r e d u c t i o n  p o t e n t i a l  

I f  t h e  g r a d i e n t  

The edge of t h e  oxidized tongue i s  n o t  everywhere uniformly mine ra l i zed ,  and 
orebodies  are d i spe r sed  a t  i r r e g u l a r  i n t e r v a l s  a long i t .  The b e s t  orebodies  
s e e m  t o  be w h e r e  there are changes i n  s t r i k e  of t h e  tongue 's  edge w h e r e  t he  
d i r e c t i o n  of flow of t h e  s o l u t i o n s  w a s  n e a r l y  pe rpend icu la r  t o  t h e  edge of t h e  
tongue. 
a t  such changes i n  s t r i k e .  
and/or  p y r i t e  may produce very reducing cond i t ions  i n  l o c a l  areas and thus  
cause inc reased  d e p o s i t i o n  i n  those  areas. 

A good example can be seen i n  F igu re  10  where t h e  b e s t  orebodies  are 
Local concen t r a t ions  of carbonaceous material 

The a c c r e t i o n  of mineral  i n  t h e  hos t  sandstone i s  probably most e f f i c i e n t  i n  
gent ly-dipping beds f o r  even i f  t h e  beds t h a t  o v e r l i e  t h e  hos t  sandstones a r e  
r e l a t i v e l y  impermeable, t h e r e  can be cons ide rab le  l o s s  of water from s t e e p l y  
d ipp ing  ve ry  permeable beds i n t o  an ove r ly ing  much less permeable bed. Note 
i n  F igu re  51 t h a t  ground water tends t o  move from t h e  a q u i f e r  i n t o  and a c r o s s  
t h e  ove r ly ing  a q u i t a r d .  A s  t h e  d i p  of a hos t  sandstone i n c r e a s e s ,  t h e r e f o r e ,  

Q2S 

Figure 51. Hypothet ical  ground water flow pa ths  f o r  s teeply-dipping high 
pe rmeab i l i t y  u n i t  between two low pe rmeab i l i t y  u n i t s  (modified 
from Kre i t le r ,  1 9 7 9 ) .  Q 
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t h e  l o s s  of ground water i n t o  t h e  ove r ly ing  rocks r e t a r d s  and u l t i m a t e l y  
arrests t h e  propagat ion of t h e  r o l l  f r o n t .  
t h e r e  i s  some flow from t h e  ove r ly ing  less permeable beds i n t o  t h e  more 
permeable beds as shown i n  F igu re  52,  and t h e  propagat ion of t h e  r o l l  f r o n t  
may even be enhanced. 

I n  gent ly-dipping permeable beds 

The p rocesses  desc r ibed  above cont inue downdip i n  t h e  h o s t  rocks  f o r  d i s t a n c e s  
of 5 t o  1 2  m i l e s  and t o  dep ths  of s e v e r a l  hundred f e e t  below t h e  ground sur- 
f ace .  A s  long as oxygen and s l i g h t l y  mineral-bearing water i s  supp l i ed  t o  t h e  
r o l l  f r o n t  (redox i n t e r f a c e ) ,  d e p o s i t s  w i l l  accumulate a t  a ra te  governed by 
several f a c t o r s  i nc lud ing  supply of oxygen, amount of p y r i t e  and/or  carbona- 
ceous mater ia l ,  b i o l o g i c a l  o r  a b i o l o g i c a l  r educ t ion  of s u l f u r ,  r a te  of flow of 
t h e  mineral-bear ing s o l u t i o n ,  and p o s s i b l y  t h e  l e n g t h  of t h e  a l t e r e d  tongue. 
The p rocess  s t o p s  when t h e  hydro log ic  system changes and oxygenated water i s  
no longer  supp l i ed  t o  t h e  r o l l  f r o n t ,  t h e  reduced zone i s  destroyed by oxida- 
t i o n ,  o r  t h e  oxygenated water e n t e r i n g  t h e  h o s t  sandstone a t  o r  nea r  t h e  
ou tc rop  o r  paleo-outcrop becomes so  d i l u t e d  by reducing w a t e r  e n t e r i n g  t h e  
h o s t  from ove r ly ing  sediments.  
formation of r o l l - t y p e  uranium d e p o s i t s  i s  d i scussed  by Granger and Warren 
(1979).  

The importance of d i s so lved  oxygen i n  t h e  

While t h e  d e p o s i t s  were forming, d e p o s i t i o n  of  t h e  White River Formation 
(Oligocene) continued over l a r g e  p a r t s  of Wyoming, North and South Dakota, and 
Nebraska (Fig.  4 ) .  It accumulated t o  t h i c k n e s s e s  of 500 o r  more f e e t  i n  much 
of t h e  area. 
O g a l l a l a  Formation of  P l iocene  age followed and t h e  d e p o s i t s  were bu r i ed  under 
many hundred t o  several thousand f e e t  of a r k o s i c ,  t u f f aceous  rock. This 
b u r i a l  served t o  p r o t e c t  t h e  uranium d e p o s i t s  from d e s t r u c t i o n  by e r o s i o n  and 
a t t a c k  by s u r f a c e  waters. 

Deposi t ion of t h e  Arikaree Formation of Miocene age and t h e  

F igu re  52. Hypothet ical  ground water flow p a t h s  f o r  gent ly-dipping high 
pe rmeab i l i t y  u n i t  o v e r l a i n  by low pe rmeab i l i t y  u n i t  (modified 
from Kreit ler,  1 9 7 9 ) .  
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PO ST-DEPO S I T  I O N A L  MOD I F  I CAT I O N  

Throughout t h i s  r e p o r t  w e  have cons idered  processes  t h a t  l e d  t o  what might be  
termed "primary" r o l l - t y p e  d e p o s i t s ;  t h a t  i s ,  those  d e p o s i t s  t h a t  o r i g i n a t e d  
a t  t h e  ou tc rop  o r  paleo-outcrop moved downdip by s o l u t i o n ,  mig ra t ion ,  and 
r e d e p o s i t i o n ,  and whose f u r t h e r  development was a r r e s t e d  by an i n t e r r u p t i o n  i n  
some c r i t i c a l  phase of t h e  process .  

Pos t -depos i t i ona l  u p l i f t  and e r o s i o n  can expose t h e  primary d e p o s i t s  f o r  
r emob i l i za t ion  and r e d e p o s i t i o n  of  t h e  uranium. Vanadium and o t h e r  e lements  
capable  of  forming uranium mine ra l s  t h a t  are r e l a t i v e l y  i n s o l u b l e  under nea r  
s u r f a c e  oxid ized  cond i t ions  are n o t  p re sen t  i n  s i g n i f i c a n t  amounts i n  t h e  
Wyoming b a s i n s ,  and once uranium i s  taken  i n t o  s o l u t i o n  it  w i l l  pa s s  o u t  o f  
t h e  b a s i n  u n l e s s  i t  e n t e r s  a reducing  environment similar t o  t h a t  r e s p o n s i b l e  
f o r  t h e  pr imary d e p o s i t s .  
from t h e  d e p o s i t i o n a l  system d e s t r u c t i o n  of  t h e  d e p o s i t  i s  probable .  

I f  t h e  pos t -depos i t i ona l  f low system d i f f e r s  g r e a t l y  

The Powder R i v e r  Basin and t h e  Black H i l l s  are examples of d i s t r i c t s  i n  which 
t h e  pos t -depos i t i ona l ,  and i n  each case t h e  r e c e n t  f low systems, approximate 
t h e  pr imary d e p o s i t i o n a l  system i n  d i r e c t i o n  o f  flow, c h a r a c t e r  of t h e  water, 
volume of  f low,  hydrau l i c  g r a d i e n t ,  and ra te  of flow. I n  both  d i s t r i c t s  t h e  
a l t e r e d  sands tone  comprises several mine ra log ica l ly  d i f f e r e n t  zones nea r  t h e  
edges of  t h e  a l t e r e d  tongues.  
w i th  t h e  unzoned tongues i n  t h e  S h i r l e y  Basin and G a s  H i l l s  where t h e  post-  
d e p o s i t i o n a l  and r e c e n t  f low systems do n o t  correspond w i t h  th.ose e x t a n t  a t  
t h e  t i m e  of  primary depos i t i on .  The zoned edges are thought t o  r e p r e s e n t  
ox ida t ion  r e l a t e d  t o  more r e c e n t  pe r iods  of  r o l l - f r o n t  advance and r e d i s -  
t r i b u t i o n  of  m i n e r a l i z a t i o n .  

These zoned a l t e r e d  sands tone  tongues c o n t r a s t  

Kenneth Ludwig (personal  c o m u n i c a t i o n ,  1980),  geochronologis t  f o r  t h e  U.S. 
Geologica l  Survey, r e c e n t l y  analyzed f o u r  samples of o r e  and two s e p a r a t e s  "of 
n e a r l y  p u r e  p i t chb lende -co f f in i t e  in te rgrowths"  from t h e  Highland mine i n  t h e  
sou the rn  p a r t  of  t h e  Powder River Basin. H e  concludes " t h a t  t h e  t r u e  t i m e  of 
m i n e r a l i z a t i o n  of  t h e s e  p a r t i c u l a r  samples i s  almost c e r t a i n l y  i n  t h e  range of 
2.5 + 1.5  m.y." H e  does n o t  know how t h i s  young age re la tes  t o  t h e  rest o f  
t he  Z i n e r a l i z a t i o n  i n  t h e  Highland mine o r  t o  t h e  d e p o s i t s  i n  t h e  southern 
p a r t  of  t h e  b a s i n ,  due t o  t h e  res t r ic t ive  n a t u r e  of  t h e  sampling, nor  does he 
" r u l e  o u t  t h e  p o s s i b i l i t y  t h a t  t h e  sampled r o l l  f r o n t  could have r e s u l t e d  from 
l a t e  r e d i s t r i b u t i o n  of  much o l d e r  orebodies ."  The geo log ic  h i s t o r y  o f  c e n t r a l  
Wyoming sugges t s  t h a t  cond i t ions  f a v o r a b l e  f o r  uranium d e p o s i t i o n  were e x t a n t  
i n  a l l  t h e  Wyoming b a s i n s  a t  about t h e  same time (Middle Eocene t o  Late Oligo- 
cene ) .  This  v e r y  young age  adds credence t o  t h e  b e l i e f  t h a t  t h e  zoned a l t e r e d  
tongues i n  t h e  Powder River Basin,  and probably i n  t h e  Black H i l l s ,  r e s u l t  
from r e d i s t r i b u t i o n  of uranium from much o l d e r  primary r o l l - t y p e  d e p o s i t s .  

Recent r e d i s t r i b u t i o n  of uranium w i l l  cause  cons ide rab le  d i s e q u i l i b r i u m  be- 
tween e U ,  as measured by gamma-ray probes  and a c t u a l  uranium con ten t  as d e t e r -  
mined chemical ly .  It r e q u i r e s  about  250,000 yea r s  f o r  uranium t o  reach  
approximate equ i l ib r ium w i t h  i t s  daughter  products  and any "new" uranium t h a t  
h a s  n o t  had t i m e  t o  e q u i l i b r a t e  w i th  i t s  daughters  w i l l  c o n t a i n  more uranium 
than i n d i c a t e d  by gama-ray  dev ices .  I n  t h e  Gas H i l l s  area uranium o r e ,  
appa ren t ly  r e d i s t r i b u t e d  very  r e c e n t l y  from o l d e r  d e p o s i t s ,  has  been d iscovered  

-133- 

i 



which has  almost no gamma-ray a c t i v i t y ;  i t  has  a p p r o p r i a t e l y  been c a l l e d  "no 
count ore ."  Such o r e  may be p re sen t  i n  any mining d i s t r i c t  s u b j e c t  t o  r e c e n t  
r e d i s t r i b u t i o n  of o l d  d e p o s i t s .  

Under certain cond i t ions  r e - r educ t ion  of t h e  oxidized tongue may occur.  I f  
t h e  supply of oxygenated w a t e r  f r o m  t h e  zone of recharge g r e a t l y  dec reases ,  
semi-stagnation of water i n  t h e  oxidized h o s t  rock may al low reducing condi- 
t i o n s  t o  a g a i n  p r e v a i l .  Reducing cond i t ions  can be r e -e s t ab l i shed  by i n g r e s s  
of reducing waters from ad jacen t  carbonaceous f ine-grained rocks o r  by perme- 
a t i o n  of t h e  sandstone h o s t  by r e d u c t a n t s  such as sour  gas.  Some r e d u c t i o n  of 
t h e  ox id ized  tongues i n  t h e  Weld County d e p o s i t s  may be r e l a t e d  t o  r e d u c t i o n  
by sour  gas ,  f o r  c o r e s  of some d r i l l  h o l e s  i n  t h e  area have a s t r o n g  odor of 
HZS. 
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RECOGNITION CRITERIA 

In t roduc t ion  

The geo log ic  c h a r a c t e r i s t i c s  of important domestic r o l l - t y p e  deposits have 
been reviewed and d i scussed  i n  t h e  con tex t  of ore-forming p rocesses  i n  t h e  
preceding s e c t i o n s  of t h i s  r e p o r t .  
c h a r a c t e r i s t i c s  r e l a t e d  t o  t h e s e  d e p o s i t s  t h a t  w e  f e e l  are most d i a g n o s t i c  f o r  
t h e  presence o r  absence of d e p o s i t s  i n  unexplored areas. The geologic  charac- 
t e r i s t i c s  s e l e c t e d ,  i nc lud ing  geophysical  and geochemical obse rva t ions ,  are 
r e f e r r e d  t o  as r e c o g n i t i o n  c r i t e r i a ,  and have been shown t o  be r e l a t e d  i n  some 
s i g n i f i c a n t  way t o  t h i s  type of d e p o s i t .  These r e c o g n i t i o n  c r i t e r i a  should be 
u s e f u l  i n  r e s o u r c e  s t u d i e s  and e x p l o r a t i o n  f o r  e s t i m a t i n g  t h e  geologic  favor- 
a b i l i t y  of an  area of s tudy f o r  t h e  occurrence of a r o l l - t y p e  d e p o s i t .  

We now proceed t o  i d e n t i f y  those  geologic  

The s e l e c t i o n ,  d e f i n i t i o n ,  and ranking o f  r ecogn i t ion  c r i t e r i a  are r o u t i n e l y  
performed by t h e  expert g e o l o g i s t  " i n  h i s  head". 
t h i s  s e c t i o n  and i n  t h e  Appendix, i s  no t  intended f o r  t h e  "expert" but  f o r  
t h o s e  g e o l o g i s t s  involved i n  e x p l o r a t i o n  o r  r e source  s t u d i e s  who are s t i l l  
developing t h e i r  d a t a  bases  and i n t e r p r e t a t i o n s .  
sented as a "cookbook" t o  be p e r f u n c t o r i l y  app l i ed  t o  p r o s p e c t i v e  areas. 
Considerable  geo log ic  judgement i s  r e q u i r e d  i n  t h e  u s e  of t h e  r e c o g n i t i o n  
cr i ter ia ,  and inexperienced g e o l o g i s t s  w i l l  encounter much d i f f i c u l t y .  The 

The material  presented i n  

Nor i s  t h i s  mater ia l  pre- 

c r i te r ia  are merely guides  t o  be used by t r a i n e d  g e o l o g i s t s  as they develop 
t h e i r  e v a l u a t i o n s  of unexplored areas f o r  purposes of e x p l o r a t i o n  o r  r e source  
s t u d i e s .  

To b e  u s e f u l  i n  r e source  s t u d i e s  o r  e x p l o r a t i o n ,  r e c o g n i t i o n  c r i t e r i a  are 
chosen so t h a t :  (a) when they are  p r e s e n t  o r  f avorab le ,  t h e  chances of  a 
d e p o s i t  being p r e s e n t  are  s i g n i f i c a n t l y  inc reased ,  i . e .  they are important 

good news''; o r  (b) when they  are absen t ,  o r  unfavorable ,  t h e  chances of a 
d e p o s i t  being p r e s e n t  are s i g n i f i c a n t l y  decreased, i . e . ,  t h e  negative c r i t e r i a  
are important  "bad news". 
are t h u s  p a r t i c u l a r l y  u s e f u l .  By us ing  only c r i t e r i a  t h a t  s i g n i f i c a n t l y  
a f f e c t  t h e  l i k e l i h o o d  of a d e p o s i t  being p resen t  o r  absen t ,  one avoids the 
d i s t r a c t i o n  of i nc lud ing  g e o l o g i c a l  obse rva t ions  which are too  u b i q u i t o u s  o r  
und iagnos t i c  t o  be u s e f u l  guides t o  t h e  f a v o r a b i l i t y  of an area. 

I 1  

Some r e c o g n i t i o n  c r i t e r i a  have both a t t r i b u t e s  and 

Considerable  s u b j e c t i v i t y  is  involved i n  t h e  s e l e c t i o n ,  d e f i n i t i o n ,  and use  of 
t h e  r e c o g n i t i o n  c r i t e r i a .  
selves t o  r i g o r o u s  numerical t r ea tmen t ,  t h e  u s e  of such d a t a  unavoidably 
invo lves  s u b j e c t i v e  judgement. I n  our opinion,  it i s  f a r  b e t t e r  t o  use t h e  
d a t a  and t h e  judgements, c a r e f u l l y  documenting where and how s u b j e c t i v i t y  has  
been used, t han  simply t o  leave t h e  r eade r  t o  make t h e  most of geo log ic  i n f o r -  
mation such as w a s  presented i n  t h e  preceding s e c t i o n s  of t h i s  r e p o r t .  I n  t h e  
fo l lowing  paragraphs,  t h e r e f o r e ,  we  s u b j e c t i v e l y  s e l e c t  and d e f i n e  those  
c r i t e r i a  which, based upon our  experiences and t h e  d a t a  contained i n  t h e  
preceding s e c t i o n s  of t h i s  r e p o r t ,  we consider  t o  be most u s e f u l  f o r  eva lua t -  
i n g  areas f o r  r o l l - t y p e  d e p o s i t s .  We make no p r e t e n s e  t h a t  t h e s e  a re  t h e  only 
c r i t e r i a  and d e f i n i t i o n s  t h a t  could have been chosen; t hey  are  simply t h e  b e s t  
ones w e  were a b l e  t o  dev i se .  

Because geo log ic  obse rva t ions  do no t  lend them- 

@ The r eade r  may p r e f e r  o t h e r  c r i t e r i a  and/or  
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o t h e r  d e f i n i t i o n s  which, i f  they r e f l e c t  geologic  f a c t s ,  may improve our  l i s t .  
We acknowledge t h a t  such improvements w i l l  be  needed, and e a r n e s t l y  s o l i c i t  
c o n s t r u c t i v e  comments and c o n t r i b u t i o n s .  
obse rva t ions  and informed op in ions  w i l l  t h e  c r i t e r i a  become r e l i a b l e  and 
u s e f u l  . 

Only through a consensus of c a r e f u l  

Recognition c r i t e r i a  may be de f ined  so t h a t  they are gene ra l  o r  s p e c i f i c .  For 
example, pe rmeab i l i t y  might be chosen as a c r i t e r i o n ,  and def ined t o  incorpo- 
ra te  obse rva t ions  on r e l e v a n t  geologic  c h a r a c t e r i s t i c s ,  such as s o r t i n g ,  round- 
i n g ,  and s p h e r i c i t y .  Conversely, each of t h e s e  could be chosen as a c r i t e r i o n .  
For s i m p l i c i t y ,  w e  p r e f e r  t o  lump cr i ter ia ,  and t h e r e f o r e ,  have subdivided 
them on ly  as f a r  as s e e m  necessary t o  avoid ambiguity and t o  i d e n t i f y  t h e  
most important geologic  obse rva t ions .  Here aga in ,  s u b j e c t i v e  judgment and 
pe r sona l  prefer..-nce e n t e r  t h e  process .  

The d e t a i l  o r  scale of each r e c o g n i t i o n  c r i t e r i o n  dese rves  s p e c i a l  mention. 
A s  e x p l o r a t i o n  and r e source  s t u d i e s  are conducted on areas of v a s t l y  d i f f e r e n t  
s i z e  and degree of geologic  d e f i n i t i o n ,  i t  i s  a p p r o p r i a t e  t o  inc lude  recogni- 
t i o n  c r i t e r i a  t h a t  range from r e g i o n a l  i n  scale ( i . e . ,  ' ' regional  t e c t o n i c  set- 
t i ng" ,  ''uranium con ten t  of basemedt rocks", e t c . )  t o  l o c a l  ( i . e . ,  " a l t e r a t i o n  
i n  t h e  sandstone",  t 'color  of interbedded sha le s" ,  e t c . ) .  W e  have attempted t o  
do t h i s  i n  t h e  accompanying c r i t e r i a ,  but some r e a d e r s  may cons ide r  c e r t a i n  
c r i t e r i a  t oo  gene ra l  o r  too d e t a i l e d  t o  be u s e f u l ,  o r  may w i s h ' t o  inc lude  
c r i t e r i a  y e t  more gene ra l  o r  more s p e c i f i c .  
geo log ic  d a t a ,  may improve t h e  l i s t  of r e c o g n i t i o n  c r i t e r i a .  - 

These o p t i o n s ,  where supported by 

I n  F igu re  5 3  t h e  c r i t e r i a  we have s e l e c t e d  f o r  t h e  r o l l - t y p e  d e p o s i t s  are 
arranged by scale of obse rva t ion ,  proceeding from t h e  b roades t  and most 
r e g i o n a l  on t h e  l e f t  t o  t h e  most l o c a l  on t h e  r i g h t .  The r eade r  w i l l  n o t e  
t h a t  t h e  c r i t e r i a  a l s o  are arranged i n  a h i e r a r c h i c a l  format w i th  t h e  more 
gene ra l  c r i t e r i a ,  l o c a t e d  a t  t h e  t o p  of t h e  diagram, p r o g r e s s i v e l y  subdivided 
i n t o  more d e t a i l e d  "modifying" c r i te r ia  toward t h e  bottom of t h e  r e c o g n i t i o n  
c r i t e r i a  n e t .  This  format,  pa t t e rned  a f t e r  Hart, Duda and Einaudi (1978), 
permits  t h e  lowest level  c r i t e r i a  ( t e rmina l  c r i t e r i a ) ,  which are based on 
f i e l d  obse rva t ions ,  t o  be combined t o  e v a l u a t e  t h e  f a v o r a b i l i t y  of t h e  h ighe r  
levei c r i t e r i a  above them. I n  . the e v a l u a t i o n  of an area t h i s  combining proc- 
ess con t inues  up through t h e  r e c o g n i t i o n  c r i t e r i a  n e t  u n t i l  t h e  f a v o r a b i l i t y  
of t h e  area of s tudy  f o r  a r o l l - t y p e  d e p o s i t  i s  determined. A r i g o r o u s  method 
f o r  combining information on t h e  cr i ter ia  has  been p resen ted  by Hart, Duda'and 
Einaudi (1978) and a s p e c i f i c  a p p l i c a t i o n  developed f o r  r o l l - t y p e  d e p o s i t s  by 
Rackley (Gaschnig, 1980). I n  t h e  Appendix we  p re sen t  a much-simplified method 
f o r  combining geologic  obse rva t ions  t o  r each  f a v o r a b i l i t y  estimates. 
r eade r  i s  caut ioned t h a t  t h e  i n d i v i d u a l  c r i t e r i a  are used only t o  e s t a b l i s h  
t h e  f a v o r a b i l i t y  of i n t e rmed ia t e  level c r i t e r i a .  The u l t i m a t e  f a v o r a b i l i t y  
estimate f o r  a r o l l - t y p e  d e p o s i t  i s  t h e  composite e f f e c t  of many c r i te r ia  and 
i t  i s  no t  n e c e s s a r i l y  equ iva len t  t o  t h e  p r o b a b i l i t y  of a d e p o s i t  being p resen t  
a s  w i l l  be d i scussed  i n  t h e  Appendix. 

The 

With r e c o g n i t i o n  c r i t e r i a  i d e n t i f i e d  and organized as i n  Figure 53, i t  i s  now 
p o s s i b l e  t o  g e o l o g i c a l l y  d e f i n e  each c r i te r ia  and e s t a b l i s h  i t s  re la t ive im- 
portance i n  determining t h e  f a v o r a b i l i t y  of t h e  c r i t e r i a  above i t  i n  t h e  n e t .  
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Figure 53. Recognition criteria net for the roll-type uranium deposits in continental sandstones. 



The s e l e c t i o n  and d e f i n i t i o n  of c r i t e r i a  i s  s u b j e c t i v e ,  as d i scussed  ear l ier ,  
bu t  t h e  e s t i m a t i o n  of t h e  re la t ive importance of c r i t e r i a  i s  even more so. 
The j u s t i f i c a t i o n  f o r  a s s i g n i n g  importance o r  weight is  t h a t  i n t u i t i v e l y  w e  
f e e l  some c r i t e r i a  are more important than o t h e r s .  A s  w i th  t h e  c r i te r ia  
themselves,  we have assigned t h e  b e s t  se t  of weights w e  could develop, but  
t hey  are  e n t i r e l y  s u b j e c t i v e  and t h e  r eade r  may be j u s t i f i e d  i n  modifying 
our estimates t o  r e f l e c t  h i s  d a t a .  
approximations t o  i n d i c a t e  t h e  r e l a t i v e l y  encouraging o r  d i scouraging  n a t u r e  
of a p a r t i c u l a r  d e f i n i t i o n  of a c r i t e r i o n .  An estimate of +65, f o r  example, 
might as w e l l  have been +75 o r  +50. We are simply a t t empt ing  t o  c a p t u r e  t h e  
g e o l o g i s t ' s  approximate estimate of t h e  re la t ive  importance of geologic  obser- 
v a t i o n s  as an a d d i t i o n a l  a i d  i n  t h e  e v a l u a t i o n  of unexplored areas. The 
system i s  s u b j e c t i v e  and imprecise  and l i k e l y  t o  remain s o ,  bu t  t h e  s u b j e c t i v e  
information i s  u s e f u l  i f  w e  can l e a r n  t o  c o l l e c t  and use i t  properly.  It i s  
toward t h a t  end t h a t  t h e  s u b j e c t i v e ,  re la t ive importances are assigned t o  a l l  
c r i t e r i a  i n  t h e  fol lowing s e c t i o n  and a simple method f o r  accumulating t h i s  
information is presented i n  t h e  Appendix. 

Weights ass igned are obviously on ly  

Evaluat ion of Recognition Criteria 

The assignment of importance o r  weight t o  r e c o g n i t i o n  c r i t e r i a  may be conven- 
i e n t l y  explained by r e f e r r i n g  t o  t h e  f i v e  c r i t e r i a  a t  t h e  l e f t  s i d e  of F igu re  
53 which e v a l u a t e  t h e  Tectonic ,  S t r u c t u r a l ,  and Regional Geologic S e t t i n g  
(TSRS). Each of t h e  f i v e  c r i t e r i a  embodies, i n  t h e  g e o l o g i s t s '  mind, numerous 
c o n s i d e r a t i o n s  which r e l a t e  t o  g e o l o g i c a l  obse rva t ions ,  t h e  processes  they  
r e f l e c t  and t h e i r  importances t o  t h e  presence o r  absence of a uranium d e p o s i t .  
With r e s p e c t  t o  e v a l u a t i n g  TSRS, which i n  t u r n  w i l l  be used wi th  t h r e e  o t h e r  
c r i t e r i a  t o  e v a l u a t e  t h e  l i k e l i h o o d  of occurrence of a d e p o s i t ,  t h e s e  are 
presumably t h e  f i v e  most important c r i t e r i a  t h a t  could have been s e l e c t e d ,  and 
w e  assume no important c r i t e r i a  have been omit ted.  

I n  most c a s e s ,  any f i v e  such c r i t e r i a  w i l l  have d i f f e r e n t  importances i n  
e s t a b l i s h i n g  t h e  in t e rmed ia t e  c r i t e r i o n  above them. Therefore ,  importance o r  
weight i s  assigned t o  each r e c o g n i t i o n  c r i t e r i o n  wi th  t h e  a i d  of t h e  r e l a t i o n  
shown i n  F igu re  54 .  
t h e  o t h e r s  based on how s u f f i c i e n t  t h e  presence of t h e  c r i t e r i o n  by i t s e l f  i s  
f o r  e s t a b l i s h i n g  t h e  presence of f a v o r a b l e  TSRS o r  how s u f f i c i e n t  t h e  absence 
of t h e  c r i t e r i o n  i s  by i t s e l f  t o  e s t a b l i s h  t h e  absence of f a v o r a b l e  TSRS. For 
example, i f  one knows t h e  t e c t o n i c  s e t t i n g  i n  some area under c o n s i d e r a t i o n ,  
bu t  knows no th ing  about t h e  fou r  o t h e r  c r i t e r i a ,  how favorab le  i s  TSRS? The 
types of t e c t o n i c  s e t t i n g s  one might cons ide r  i nc lude :  

Weights are assigned t o  each c r i t e r i o n  independent ly  of 

intermontane b a s i n  
c o n t i n e n t a l  i n t e r i o r  b a s i n  
c o a s t a l  p l a i n  
graben 
miogeosyncline 
eugeosyncline 

The f a v o r a b i l i t y  0-f TSRS dec reases  from intermontane b a s i n  t o  eugeosyncline 
( a d d i t i o n a l  d e p o s i t i o n a l  environments might have been chosen b u t ,  as wi th  a l l  
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t h e  c r i t e r i a ,  no a t tempt  i s  made t o  be  i n c l u s i v e ,  merely t o  provide  enough 
examples s o  t h a t  t h e  g e o l o g i s t  can use  h i s  judgement i n  apply ing  t h e  c r i t e r i a  
t o  o t h e r  geologic  c o n d i t i o n s ) .  Therefore ,  t h e  l i k e l i h o o d  of f a v o r a b l e  TSKS 
be ing  p resen t  i s  h ighes t  i f  t h e . , t e c t o n i c  s e t t i n g  is  an intermontane bas in ,  and 
lowes t  i f  i t  i s  a eugeosyncl ina l  d e p o s i t i o n a l  environment. 

Suppose t h e  t e c t o n i c  s e t t i n g  i s  known t o  be an intermontane bas in .  S ince  t h i s  
i s  t h e  type  of d e p o s i t i o n a l  environnent  i n  which many r o l l - t y p e  d e p o s i t s  occur ,  
t h i s  i s  sugges t ive  o r  "good news" f o r  t h e  presence of  t h e  proper  TSRS, bu t  how 
sugges t ive  i s  i t ?  
along a r b i t r a r y  scales from 0 t o  +lo0 and 0 t o  -100 as an  a i d  t o  t h e  g e o l o g i s t  
i n  e s t i m a t i n g  t h e  importance o r  weight f o r  a p a r t i c u l a r  c r i t e r i o n .  The posi-  
t i ve  scale i s  used when geologic  obse rva t ions  confirm t h e  presence o f  a recog- 
n i t i o n  c r i t e r i o n ,  i . e .  i t  i s  encouraging o r  "good news'' f o r  t h e  occurrence  of  
t h e  h ighe r  level c r i t e r i a .  The nega t ive  scale i s  used when t h e  c r i t e r i o n  i s  
absen t ,  i .e .  i t  i s  d iscouraging  f o r  t h e  presence o f  f avorab le  TSRS. Zero is  
used when t h e  a v a i l a b l e  d a t a  n e i t h e r  i n c r e a s e s  nor  d iminishes  t h e  f a v o r a b i l i t y  
of  TSRS. 
q u i t e  d i f f e r e n t l y ,  f o r  example, 0 t o  1 .0  o r  0 t o  500 and w i t h  d i f f e r e n t  words 
such as "favorable"  and "very favorable"  f o r  t h e  p o s i t i v e  scale and "unfavor- 
able"  and "extreme1.y unfavorable" ,  e t c . ,  f o r  t h e  n e g a t i v e  scale. The conven- 
t i o n s  used were a r b i t r a r i l y  chosen but seemed easy  t o  work w e l l  as expla ined  
below. 

I n  F igure  5 4 ,  modifying express ions  have been arranged 

The scale ranges and modifying express ions  might have been chosen 

To a s s i g n  weights  t o  a c r i t e r i o n ,  t h e  g e o l o g i s t  a s k s ,  "If  t h e  c r i t e r i o n  is  
a b s o l u t e l y  p e r f e c t ,  i . e . ,  i f  t h e  area under eva lua t ion  i s  a p e r f e c t  i n t e r -  
montane bas in ,  how sugges t ive  i s  i t  t h a t  f avorab le  TSRS i s  p r e s e n t ?  I n  t h e  
case o f  t e c t o n i c  s e t t i n g ,  w e  f e e l  t h e  presence of  an intermontane b a s i n  i s  
extremely sugges t ive  t h a t  t h e  TSRS i s  p e r f e c t ,  i . e . ,  t h e  c r i t e r i a  by i t s e l f  i s  
so important  t h a t  i f  p r e s e n t  w i t h  no informat ion  on o t h e r  c r i t e r i a  i t  provides  
80 pe rcen t  c e r t a i n t y  t h a t  t h e  TSRS i s  p e r f e c t .  

I f  on t h e  o t h e r  hand, t h e  t e c t o n i c  s e t t i n g  i s  i n  a eugeosyncl ine,  i t  e f f ec -  
t i v e l y  r u l e s  o u t  t h e  p o s s i b i l i t y  o f  a proper  TSRS, t hus  we have des igna ted  i t  
almost completely i n s u f f i c i e n t  and ass igned  it  a v a l u e  of  -95. We might have 
assigned a value of  -100, but ou t  o f  respect f o r  t he  vagaries o f  t h e  e a r t h ,  we 
have l e f t  some room.for  s u r p r i s e s .  Anyway, t h e  r e s u l t  i s  e s s e n t i a l l y  t h e  
s a m e .  T h e  presence  of a eugeosyncl ina l  environment e s sen t i a l ly  d e s t r o y s  the 
p o t e n t i a l  f o r  n o t  on ly  a f avorab le  TSRS, bu t  f o r  a r o l l - t y p e  d e p o s i t .  It i s  
up t o  t h e  g e o l o g i s t  u s ing  t h i s  system t o  p l ace  proper  weights  on environments 
n o t  s p e c i f i c a l l y  inc luded  us ing  h i s  judgement and t h e  examples provided.  

The t e c t o n i c  s e t t i n g  i s  n o t  t h e  on ly  c r i t e r i o n  f o r  e v a l u a t i n g  TSRS. S t ruc-  
t u r a l  t r e n d s  such as f a u l t e d  o r  fo lded  b a s i n  margins a g a i n s t  basement u p l i f t s  
and f r a c t u r e  p a t t e r n s  ex tending  o u t  i n t o  t h e  b a s i n  sediments  a l s o  have t h e i r  
impact.  When cons idered  without  any o t h e r  in format ion ,  t h e  presence of such 
f a v o r a b l e  s t r u c t u r e s  i s ,  however, on ly  mi ld ly  sugges t ive  (+35) f o r  t h e  pres -  
ence of  f avorab le  TSRS. S i m i l a r l y ,  i f  such f avorab le  s t r u c t u r e s  are absent  
and unfavorable  o n e s ' a r e  present., they  are  be l ieved  t o  be  moderately d i s -  
couraging,  hence,  are ass igned  a ' -65.  

Sediment d i p ,  on t h e  o t h e r  hand, i s  a t  b e s t  on ly  weakly sugges t ive  i f  i t  i s  
p e r f e c t l y  f a v o r a b l e ,  i . e . ,  l e s s  than  about 3 degrees ,  bu t  as t h e  d i p  i n c r e a s e s  
i t  begins  t o  have a nega t ive  e f f e c t  on t h e  f a v o r a b i l i t y  f o r  TSRS. I n  f a c t ,  i n  
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Figure 54. Example of the assignment of weights to recognition criteria using 
the five criteria that determine Tectonic Structural and Regional 
Geologic Setting. Tectonic Setting is shown in detail. 
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t h e  worst  case, where t h e  r o c k s , a r e  s t r o n g l y  deformed, w e  cons ide r  t h e  s i t u -  
a t i o n  ve ry  d i scourag ing  and have assigned a v a l u e  of -70. 
c r i te r ia ,  Sediment Source Rock and Uraniferous Province,  have s i m i l a r l y  been 
assigned s u g g e s t i v i t y  v a l u e s  f o r  when they  are p resen t  and p e r f e c t l y  favor-  
a b l e ,  and n e g a t i v e  v a l u e s  f o r  when they are absent  o r  completely d i scourag ing  
f o r  t h e  presence of f avorab le  TSRS. 
I;,west level c r i te r ia  and f o r  t h e  in t e rmed ia t e  l e v e l  c r i te r ia  f o r  e v a l u a t i n g  
t h e  y e t  h ighe r  level  c r i t e r i a ,  and are t a b u l a t e d  i n  Table 4 .  The "model" i s  
now ready t o  u s e  i n  t h e  e v a l u a t i o n  of  real da ta .  

The o t h e r  two 

Values have been assigned f o r  a l l  t h e  

The r e a d e r  w i l l  have perhaps made two obse rva t ions  from t h e  foregoing d i scus -  
s i o n .  F i r s t ,  it i s  assumed t h a t  each r e c o g n i t i o n  c r i t e r i o n  is  independent of 
a l l  o t h e r s ,  i .e .  each i s  used s e p a r a t e l y  t o  e v a l u a t e  t h e  c r i t e r i o n  above it .  
I n  f a c t  many c r i t e r i a  are - no t  independent ly  v a r i a b l e ,  and would a f f e c t  t h e  
l i k e l i h o o d  of t h e  h ighe r  c r i t e r i o n  d i f f e r e n t l y  in combination than they do by 
t h e i r  s imple sum. However, error o r  b i a s  due t o  nonindependence of v a r i a b l e s  
i s  l o s t  i n  t h e  accumulated u n c e r t a i n t i e s  o f  t h e  geo log ic  d a t a  and t h e  conclu- 
s i o n s  we make about them. 
f a v o r a b i l i t y  f o r  each c r i t e r i o n  s t a r t i n g  a t  t h e  maximum weight ing and extend- 
i n g  down t o  t h e  most d i scourag ing ,  "worst case". I n  applying t h e  method, t h e  
g e o l o g i s t  should u s e  h i s  judgement i n  s e l e c t i n g  f a v o r a b i l i t y  v a l u e s  f o r  h i s  
f i e l d  obse rva t ions .  For example, he may b e l i e v e  h i s  area i s  a graben bu t  t h a t  
i t  i s  a ve ry  l a r g e  graben system which would i n c r e a s e  i t s  f a v o r a b i l i t y  up 
toward Intermontane Basin (Fig.  5 4 ) .  He might,  f o r  example, a s s i g n  a v a l u e  of 
+60 i n  c o n t r a s t  t o  our v a l u e  of 25 and be j u s t i f i e d  i n  doing so. 
is  t o  be used with geo log ic  judgement and good sense  and i s  no t  a s u b s t i t u t e  
f o r  them. 

Secondly, t h e r e  i s  a continuous range of dec reas ing  

This  method 

Desc r ip t ion  of Recognition C r i t e r i a  

In  o r d e r  t o  apply t h e  r e c o g n i t i o n  c r i t e r i a  n e t  (Fig.  5 3 )  t o  t h e  e v a l u a t i o n  of 
f i e l d  areas i t  now remains t o  (1) d e s c r i b e  t h e  r e c o g n i t i o n  c r i te r ia  so t h a t  
they can be evaluated wi th  f i e l d  geologic  obse rva t ions  and ( 2 )  a s s i g n  numer- 
i c a l  v a l u e  t o  v a r i o u s  states o f  t h e  c r i t e r i a  depending upon how suggestive o r  
d i scourag ing  t h e  s ta tes  are f o r  t h e  in t e rmed ia t e  c r i t e r i o n  above them. 
t h e  fo l lowing  pages,  t h e  c r i t e r i a  are organized by t h e  major second level 
c r i t e r i o n  shown i n  F igu re  5 3 .  
procedures desc r ibed  i n  t h e  preceding paragraphs,  f o r  t h e  v a r i o u s  cr i ter ia  
accompany t h e  d e f i n i t i o n s .  

I n  

The s u b j e c t i v e  weights ,  es t imated according t o  

Tectonic  S t r u c t u r a l  and Regional Geologic S e t t i n g  

Tectonic  S e t t i n g  

The t e c t o n i c  s e t t i n g  s t r o n g l y  a f f e c t s  t h e  type and a v a i l a b i l i t y  of 
sediment,  t h e  c h a r a c t e r  of t h e  streams t h a t  t r a n s p o r t  t h e  sediment,  t h e  
r a t e  of sedimentat ion,  t h e  development of hydrologic  c o n d i t i o n s  f a v o r a b l e  
f o r  m i n e r a l i z a t i o n  and l a s t l y  t h e  p r e s e r v a t i o n  of any d e p o s i t s  t h a t  may 
have formed. 
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Table 4 .  Estimates of the values (Scale +IO0 to -100) for recognition 
criteria for roll-type deposits for establishing the favorability 
of t h e  c r i t e r i a  above them i n  t h e  c r i t e r i a  ne t  ( see  Fig. 53) .  

Estimate of Estimate of 
Suggestivity Discouragement 
When Present When Absent or 
or Favorable Unfavorable Criterion 

Roll-type uranium deposit 

+5 O* Tectonic, Structural and Regional 

Continental Sedimentation Sequence 
Host Sandstone 
A l t e r a t i o n  and Minera l iza t ion  

' Geologic Setting 
-95* 

+65* 
+40* 
+70* - 

-95* 
-95* 
-95* - 

+225 -380 ' 

Tectonic, Structural and Regional 
Geologic Setting 

Tectonic Setting 
Intermontane basin (+80) 
Continental basin (+50) 
Coastal plain (+30) 
Graben (+2 5 1 
Miogeosyncline (-80) 
Eugeosyncline (-95) 

+8 0 -95 

S t r uc t ur a 1 Set t in g 
Favor able (+35 1 
Intermediate ( 0) 
Un f avorab 1 e (-65) 

+35 -65 

Sediment Dip 
0-5" ( +5) 
5-10" (-10) 
10-20" ( -40)  
> 20° (-70) 

+5 -70 

Sediment Source 
Granitic (+20) 
Mixed (+IO) 
Non-granitic (-40) 

+2 0 -40 

Uraniferous Province 
Favorable (+3 0 1 
Weakly Favorable (+lo) 
Unfavorable ( -40 )  

+3 0 -40 

+170 -310 
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Table 4 .  (continued) 

Criterion 

Continental Sedimentary Sequence 

Age 
Tertiary (+2 0 ) 
Mesozoic (+15) 
Devonian-Permian ( -50 )  
Pre-Devonian ( -95)  

Thickness 
> 2000' (+I 0 1 
1000'-2000' (+ 5) 
500' -1000'  (-20) 
< 500' (-80) 

Associated Sediments 
Volcanics and reduced beds (+20) 

Only reduced beds ( -50 )  
Reduced beds (- 5 )  

Host Sediments 
Sandstone-mudstone proportions 
Th i c kne s s 
Color 
Carbon content 
Volcanic ash content 

Host Sediments 

Sandstone-mudstone proportions 
> 75% sand ( -40 )  
60-75% sand (-10) 
40-60% sand (+2 0 1 
< 40% sand (-20) 

Thickness 
> 500' (+2 0 1 
200' -500 '  ( 0) 
100'-200' ( -75 )  
< 100' ( -90 )  

Color 
> 80% gray (+20) 
25-50% gray ( 0) 
< 20% gray ( -60 )  

Estimate of Estimate of 
Suggestivity Discouragement 
When Present When Absent or 
or Favorable Unfavorable 

+2 0 -95 

+10 -80 

+2 0 -50 

+60* -95* 

- - 
+110 -320 

+2 0 -40 

+2 0 - 90 

+2 0 -60 
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Table 4. (continued) 

Criterion 

Carbon Content 
Abundant (+20) 
Common (+IO) 
Rare ( 0) 
Absent (-40) 

Volcanic Ash Content 
> 40% (+2 5 ) 
10-40% (+IO) 
0-10% ( 0) 

Host Sandstone 

A g e  
Pr e-Me so z o ic (-95) 
Triassic-Jurassic (-50) 
Cretaceous (+I 5 1 
Paleocene-Eocene (+2 5 ) 
Oligocene (+IO) 
Miocene-Recent (- 5) 

Thickness 
100' -400' (+2 0 1 
50'-100' (+IO) 
10'-50' ( 0) 
< 1 0 '  (-90) 

Area 
Large (+2 5 1 
Intermediate (+15) 
Small (-80) 

P ermeab il it y 
High (+2 5 1 
Medium (+ 5) 
Low (-25) 
Very low (-50) 

Depositional Environment 
Proximal fan (-50) 
Distal fan (+3 5 1 
Bed load (+45) 
Suspended load ( -60)  

Estimate of Estimate of 
Suggestivity Discouragement 
When Present When Absent or 
o r  Favorable Unfavorable 

+2 0 -40 

+2 5 

+lo5 

+2 5 

+2 0 

+2 5 

+2 5 

0 

-230 

-95 

-90 

+4 5 

- 80 

-50 

-60 
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Table 4. (continued) 

Criterion 

Composition 
Clastic s 
Reductants 
Sandstone-mudstone proportions 

Composition 

Clast ics 
> 20% feldspar (+45) 
5-10% feldspar (+30) 
no feldspar (-10) 

Reductants 
> 1% (+60) 
Trace (+20) 
None ( -90) 

Sandstone-mudstone proportions 
> 75% sand ( 0) 
60-75% sand (+20) 
40-60% sand (+3 5 1 
< 40% sand ( -30 )  

Alteration and Mineralization 

Alterat ion 
Present (+go 1 
Partly present (+35) 
Not apparent ( 0) 

Mineralization 
Uranium anomalies 
Geochemical anomalies 
Emanation anomalies 

Mineralization 

Uranium Anomalies 
Several (+go) 
Few (+35) 
None ( -30 )  
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Estimate of Estimate of 
Suggestivity Discouragement 
When Present When Absent or 
or Favorable Unfavorable 

+40* -95" 

+180 

+45 

+6 0 

+35 

+140 

+90 

+80* 

+17 0 

+8 0 

-470 

-10 

-90 

-30 

-130 

0 

-40" 

-40 

-30 



Table 4.  (continued) 

Criterion 

Geochemical Anomalies 
Strong (+50) 
Mod er a t e (+3 0 1 
None (-30) 

Emanation Anomalies 
Present (+IO) 
Absent ( 0) 

Estimate of Estimate of 
Suggest ivity Discouragement 
When Present When Absent or 
or Favorable Unfavorable 

*Values assigned to intermediate level criterion. 
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In o r d e r  of decreas ing  f a v o r a b i l i t y ,  some p o s s i b l e  t e c t o n i c  s e t t i n g s  f o r  
r o l l - t y p e  uranium d e p o s i t s  are: 

0. (1) Intermontane b a s i n  +80 

(2)  Con t inen ta l  I n t e r i o r  Basin +5 0 

( 3 )  Coas ta l  P l a i n '  +30 

( 4 )  Graben (downfaulted b locks )  +2 5 

(5) Miogeosyncline -80 

(6) Eugeosyncline -95 

S t r u c t u r a l  S e t t i n g  

The Wyoming b a s i n s ,  h o s t s  f o r  t h e  best-known r o l l - t y p e  uranium d e p o s i t s ,  are 
commonly r e l a t e d  t o  b a s i n  margin s t ruc tu ra l  f e a t u r e s .  F a u l t i n g ,  perhaps re- 
a c t i v a t i o n s  of s t r u c t u r e s  as o l d  as Precambrian, and f o l d i n g  produced t h e  
u p l i f t s  t h a t  bound t h e  b a s i n s  and t h e  dep res s ions  i n  which t h e  b a s i n s  are 
l o c a t e d ,  f e a t u r e s  t h a t  are a b s o l u t e l y  e s s e n t i a l  f o r  d e p o s i t i o n  of f a v o r a b l e  
h o s t  rocks  and subsequent m i n e r a l i z a t i o n .  S t r u c t u r e s  t h a t  c u t  a c r o s s  i n t e r -  
montane b a s i n s  and a f f e c t  t h e  h o s t  and younger rocks tend t o  d i s r u p t  l i t h o -  
l o g i c  c o n t i n u i t y ,  produce s t e e p  d i p s ,  d i s r u p t  hydrologic  c o n t i n u i t y ,  hence, 
are a l l  considered t o  be adverse f a c t o r s .  

S t r u c t u r a l  s e t t i n g s ,  i n  o r d e r  of dec reas ing  f a v o r a b i l i t y ,  are: 

(1) Basins t h a t  a re  bounded by f a u l t s  and/or f o l d s  
t h a t  are p a r a l l e l  t o  t h e  b a s i n  axis and t h a t  
s e p a r a t e  u p l i f t e d  c r y s t a l l i n e  basement rocks 
from t h e  r e l a t i v e l y  undis turbed bas in  sediments +35 

( 2 )  Basins t h a t  are bounded by f a u l t s  and/or  f o l d s  
p a r a l l e l  t o  t h e  b a s i n  t h a t  s e p a r a t e  u p l i f t e d  
crystalline basement rocks from the slightly 
d i s t u r b e d  b a s i n  sediments 0 

( 3 )  Basins no t  bounded b y  s t r u c t u r e  o r  which c o n t a i n  
b a s i n  sediments cons ide rab ly  d i s t u r b e d  by s t r u c t u r e s  
c u t t i n g  a c r o s s  t h e  b a s i n  a x i s  o r  which are 
metamorphosed -65 

Sediment D i D  

Steep d i p  of h o s t  sediments is  considered t o  be an adverse f a c t o r .  Steep 
d i p s  i n  h o s t  rocks  p r i o r  t o  m i n e r a l i z a t i o n  adve r se ly  a f f e c t  t h e  p rocesses  
by which r o l l - t y p e  uranium d e p o s i t s  form; s t e e p  d i p s  o r i g i n a t i n g  a f t e r  
m i n e r a l i z a t i o n  a f f e c t  t h e  p r e s e r v a t i o n  of a l r e a d y  formed d e p o s i t s .  

'Not d i scussed  i n  t h i s  r e p o r t ;  r e f e r  t o  r e p o r t  by Smith and Adams e n t i t l e d ,  
Geology and r e c o g n i t i o n  c r i t e r i a  f o r  sandstone uranium d e p o s i t s  i n  mixed 1 1  

f luv ia l - sha l low marine sedimentary environments". 
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Ranges of d i p s  are l i s t e d  below i n  order. of dec reas ing  f a v o r a b i l i t y :  

(1) 0-5 Degrees +5 

(2)  5-10 Degrees -10 

( 3 )  10-20 Degrees -4 0 

( 4 )  > 20 Degrees -70 

Sediment Source Rocks 

Arkoses de r ived  from g r a n i t i c  rocks are g e n e r a l l y  considered t o  be t h e  most 
s u i t a b l e  h o s t s  f o r  r o l l - t y p e  uranium d e p o s i t s  a l though t h e  Black H i l l s  de- 
p o s i t s ,  f o r  example, are i n  non-arkosic, qua r t zose  sandstones.  G r a n i t i c  rocks  
may be a sou rce  of some of t h e  uranium I n  some of t h e  d e p o s i t s .  
t h e  presence o f  g r a n i t i c  basement rocks  as a source f o r  t h e  accumulating b a s i n  
sediment a f f e c t s  t h e  f a v o r a b i l i t y  of sedliments depos i t ed  i n  b a s i n s  and t h e  
l i k e l i h o o d  of subsequent m i n e r a l i z a t i o n .  The f a v o r a b i l i t y  of a rkoses  probably 
re la tes  more t o  t h e i r  p h y s i c a l  p r o p e r t i e s  and t h e i r  d e p o s i t i o n a l  environment 
than t o  t h e i r  mine ra log ica l  and/or chemi.ca1 composition. 

Therefore ,  

(1) T h e  source area f o r  t h e  bas in  s e d i m e n t s  c o n t a i n s  
abundant g r a n i t i c  rocks  t h a t  were presumably ex- 
posed du r ing  b a s i n  sedimentat ion +2 0 

(2)  The source area f o r  t h e  b a s i n  sediments c o n t a i n s  
s p a r s e  g r a n i t i c  rocks  t h a t  wer'e presumably ex- 
posed du r ing  b a s i n  sedimentat ion +10 

( 3 )  The source area f o r  b a s i n  sedi.ments does no t  
i n c l u d e  g r a n i t i c  rocks  -40 

Uraniferous Province 

There i s  some evidence t h a t  uranium depclsits  i n  sandstone occur most f r e -  
quen t ly  i n  what have been termed "uranium-rich provinces." 
i n  which t h e  rocks ,  p a r t i c u l a r l y  t h e  Precambrian g r a n i t i c  rocks  o r  t h e  re- 
f r a c t o r y  mine ra l s  i n  them such as z i r c o n s ,  a c i d  wolcanics ,  c o n t i n e n t a l  c l a s t i c  
sediments,  pegmati tes  and even metamorphdc rocks ,  c o n t a i n  more than  an average 
amount of uranium o r  average number of a.nomalies. G r a n i t i c  basement rocks  are 
t h e  most u s e f u l ,  i f  p r e s e n t ,  even though. t h e r e  i s  cons ide rab le  evidence t h a t  
they l o s e  some of t h e i r  uranium dur ing  weather ing and t h a t  t h i s  loss may be 
a p p r e c i a b l e  t o  dep ths  of several hundred f e e t  below t h e  ground s u r f a c e .  A l -  
though undoubtedly somewhat leached,  t h e  uranium con ten t  of t h e  f r e s h e s t  
a v a i l a b l e  samples of g r a n i t i c  rocks i n  t h e  c o r e s  of t h e  ranges i s  of va lue  
i n  uranium p o t e n t i a l  assessment.  So a l s o  i s  t h e  thorium content  of t h e s e  
rocks and t h e  occurrence and abundance of anomalies i n  o t h e r  rock types.  

These are areas 

(1) The g r a n i t i c  rocks  of t h e  province c o n t a i n  more 
than  10 ppm U and/or  uranium a.nomalies i n  o t h e r  
rock types  are s i g n i f i c a n t l y  more abundant than 
normal. 
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(2) The g r a n i t i c  rocks of t h e  province c o n t a i n  5-10 
ppm uranium and/or  t h e  uranium anomalies i n  o t h e r  
rock types  are s l i g h t l y  more abundant than normal. +10 

(3) The g r a n i t i c  rocks of t h e  province c o n t a i n  less 
than 4 ppmU and less than 20 ppm Thorium and/or  
uranium anomalies i n  o t h e r  rock are less than  normal. -40 

Cont inen ta l  Sedimentary Sequence 

Con t inen ta l  sedimentary sequences,  most commonly of T e r t i a r y  age,  are t h e  
p r e f e r r e d  h a b i t a t  f o r  r o l l - t y p e  uranium d e p o s i t s .  
dominantly f ine-grained sediments bu t  a l s o  c o n t a i n  important i n t e r v a l s  of 
sandstone and s i l t s t o n e  several hundred f e e t  t h i c k  t h a t  s e r v e  as h o s t s  f o r  t h e  
d e p o s i t s .  P a r t s  of t h e  sequence may be reduced, o t h e r  p a r t s  ox id i zed  ( i . e . ,  
r ed  beds ) ,  b u t  reduced rocks are an important component of  t h e  sequence. 
Volcanic a sh  i s  an important component of p o r t i o n s  of  a l l  p roduc t ive  sequen- 
c e s .  Carbonaceous material i s  abundant i n  some sediments w i t h i n  t h e  sequence, 
sparse i n  o t h e r  parts.  Angular unconformit ies ,  some ve ry  s l i g h t ,  a r e  p re sen t  
throughout t h e  sedimentary p i l e  which g e n e r a l l y  i s  many thousands of f e e t  
t h i c k  i n  t h e  c e n t e r  of t h e  b a s i n ,  t h inn ing  toward t h e  edge. 

The sequences c o n t a i n  pre- 

Favorable  sedimentary sequences a l s o  inc lude  s e t t i n g s  where rocks of t h e  type  
desc r ibed  i n  t h e  foregoing paragraph are (a )  interbedded wi th  marginal  marine 
sediments,  as i n  t h e  Texas Coas t a l  P l a i n ,  and (b) o v e r l i e  w i th  angu la r  uncon- 
fo rmi ty  rocks  which c o n t a i n  reduced a q u i f e r s  as i s  t h e  case  with t h e  T e r t i a r y -  
Cretaceous boundary i n  t h e  Black H i l l s  and Weld County areas. 

Age 

Age h a s  a bea r ing  on t h e  p r o b a b i l i t y  t h a t  a c o n t i n e n t a l  sedimentary sequence 
c o n t a i n s  r o l l - t y p e  uranium d e p o s i t s .  The p r i n c i p a l  d e p o s i t s  i n  t h e  Wyoming 
b a s i n s  are found i n  a sequence of c o n t i n e n t a l  sediments spanning t h e  t i m e  
i n t e r v a l  Paleocene t o  Recent. Roll-type d e p o s i t s  of lesser importance are 
found on t h e  f l a n k s  of some b a s i n s  i n  rocks  o f  Late Cretaceous age t h a t  gen- 
e r a l l y  are o r  were o v e r l a i n  by rocks of T e r t i a r y  age. Deposi ts  of modest s i z e  
are found on t h e  w e s t  and northwest f l a n k  of the  Black H i l l s  i n  c o n t i n e n t a l  
c o a s t a l  p l a i n  rocks  of Ea r ly  Cretaceous age. The age of t h e  mine ra l  d e p o s i t s ,  
p a r t i c u l a r l y  t h o s e  i n  Cretaceous rocks ,  i s  probably cons ide rab ly  younger than  
t h e  age  of t h e  h o s t  rocks  and r e l a t e d  t o  t h e  T e r t i a r y  vo lcan ic - r i ch  sediments.  

Age f a v o r a b i l i t y  dec reases  i n  t h e  sequence: 

(1) T e r t i a r y  

(2)  Mesozoic 

(3) Devonian-Permian 

( 4 )  Pre-Devonian 

+20 

+15 

-50 

-95 

-1 4 9- 



Thickness 

The thickness of t he  sedimentary sequence i s  of some importance t o  the 
f a v o r a b i l i t y  of t h e  sediments,  p a r t i c u l a r l y  i f  i t  happens t o  be t h i n .  

Con t inen ta l  sedimentary sequence is: 

(1) more than  2,000 f e e t  t h i c k  +10 

(2) 1,000-2,000 f e e t  t h i c k  + 5  

(3)  500-1,000 f e e t  t h i c k  -20 

( 4 )  less than  500 f e e t  t h i c k  -80 

Associated Sediments 

The l i t h o l o g y  of t h e  sediments which occur  wi th in  t h e  Con t inen ta l  Sedimentary 
Sequence w i t h  t h e  Host Sediments i s  a guide t o  t h e  f a v o r a b i l i t y  f o r  uranium 
cons ide r ing  t h e  fol lowing f a c t o r s :  

(1) The a s s o c i a t e d  sediments c o n t a i n  v o l c a n i c l a s t i c s  
and may c o n t a i n  carbonaceous material and subord ina te  
amounts of oxidized arkosic sands  and shales +20 

(2) The a s s o c i a t e d  sediments c o n t a i n  carbonaceous re- 
duced sediments b u t  l a c k  abundant v o l c a n i c l a s t i c  
sediments - 5  

(3) The a s s o c i a t e d  sediments are dominantly red-bed 
sequences wi th  n e g l i g i b l e  v o l c a n i c l a s t i c  o r  
carbonaceous,  reduced sedimentis -50 

Host Sed iments 

"Host Sediments'' r e f e r  t o  a p a r t i c u l a r  p a r t  of t h e  Con t inen ta l  Sedimentary 
Sequence composed of sediments t h a t  were depos i t ed  i n  r e l a t e d  d e p o s i t i o n a l  
environments and may i n c l u d e  one o r  more sedimentary members, formations o r  
even groups. Host Sediments i s  a more broad and g e n e r a l  c r i t e r i o n  than ,  f o r  
example, Host Sandstone which may o r  may no t  be known t o  occur  w i t h i n  t h e  'Host 
Sediments. ~ Data on Host Sediments i s  u s e f u l ,  t h e r e f o r e ,  i n  i n i t i a l  r e g i o n a l  
reconnaissance whereas d a t a  on Host Sandstone w i l l  be  r equ i r ed  i n  more de- 
t a i l e d  t a r g e t  e v a l u a t i o n s .  The "host sediments' '  w i l l  g e n e r a l l y  be p a r t  of a 
Con t inen ta l  Sedimentary Sequence which e i t h e r  c o n t a i n s  uranium d e p o s i t s  o r  
anomalies, o r  i s  being eva lua ted  f o r  i t s  uranium p o t e n t i a l  ( i . e . ,  t h e  Wind 
River Formation).  A s  used h e r e i n  t h e  Host Sediments relate p r i n c i p a l l y  t o  t h e  
braided (and t o  a much lesser e x t e n t  t h e  meander c h a n n e l - f i l l )  sand bodies  and 
t h e  r e l a t e d  s h a l e s ,  l i g n i t e ,  and smaller channel sands.  I n  some s e t t i n g s ,  t h e  
r e q u i s i t e  sedimentary components, i nc lud ing  v o l c a n i c l a s t i c s  and reduced mud- 
s t o n e s ,  may occur  i n  an  angu la r  unconfonnity r e l a t i o n  wi th  t h e  h o s t  sand 
underlying t h e  probable  source rock as i n  t h e  case  i n  t h e  Black H i l l s  and Weld 
County, Colorado. 
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The c h a r a c t e r  of t h e  Host Sediments is  of c r i t i c a l  importance i n  judging t h e  
f a v o r a b i l i t y  o f  an area f o r  r o l l - t y p e  uranium d e p o s i t s .  It governs t h e  perme- 
a b i l i t y ,  d i s t r i b u t i o n  of reductants wi th in  the  u n i t ,  t he  p o s i t i o n  and shape of 
any mineral ized bodies ,  and t h e i r  s i z e  and grade. The c h a r a c t e r i s t i c s  of both 
t h e  sandstones and s i l t s t o n e s  and t h e i r  i n t e rbedd ing  r e l a t i o n s  a f f e c t  t h e  
f a v o r a b i l i t y  of t h e  Host Sedimen.ts and u l t i m a t e l y  a Host Sandstone. The 
abundance, t h i c k n e s s ,  and c h a r a c t e r  of t h e  mudstones i n  t h e  Host Sediments 
f u r n i s h  c l u e s  t o  t h e i r  l i k e l y  hydrologic  and chemical c o n t r i b u t i o n s  t o  t h e  
formation of uranium d e p o s i t s  w i t h i n  t h e  a s s o c i a t e d  and interbedded sands.  

Sandstone-Mudstone P ropor t ions  

The p ropor t ions  of sand and s h a l e  i n  t h e  t o t a l  t h i c k n e s s  of t h e  Host Sediments 
i s  a guide t o  t h e  hydrologic  f a v o r a b i l i t y  of t h e  sediment p i l e .  Too h igh  a 
p ropor t ion  o f  sands y i e l d s  h i g h  t r a n s m i s s i v i t y  which tends t o  d e s t r o y  de- 
p o s i t s ,  whereas too l i t t l e  sand sugges t s  l a c u s t r i n e  o r  meander b e l t  deposi-  
t i o n a l  environments and low o v e r a l l  pe rmeab i l i t y ,  both of which are of 
d i s t i n c t l y  lower favorabili ty than t h e  mid-fan region of a braided f luv ia l  
system. A sequence of r e p e a t i n g  t h i c k  sands and s h a l e s  i n c r e a s e s  t h e  favor- 
a b i l i t y  as  i t  s i g n a l s  changing d e p o s i t i o n a l  environments, a s i g n  of t e c t o n i c  
i n s t a b i l i t y  which is compatible wi th  tectonism and vulcanism. The favor-  
a b i l i t y  of d i f f e r e n t  ranges i n  sandstone pe rcen t  o f  t h e  Host Sediments may 
be approximately assigned as fo l lows ,  where t h e  sandstone percentage is :  

g r e a t e r  t han  75% -40 

60 - 75% -10 

40 - 60% +2 0 

less than  40% - 20 

Thickness 

Thick, interbedded sequences of Host Sediments are more l i k e l y  t o  produce 
l a r g e  r o l l - t y p e  d e p o s i t s  mainly because of t h e  s i z e  of t h e  system, i .e .  a 
p o t e n t i a l l y  l a r g e r  uranium source,  a g r e a t e r  area of groundwater sweep and 
g r e a t e r  groundwater flow a c r o s s  a given a q u i f e r  c ros s - sec t ion  a l l  favor  lar-  
g e r ,  higher-grade d e p o s i t s .  Approximate t o t a l  t h i c k n e s s  ranges f o r  t h e  Host 
Sediments and t h e i r  f a v o r a b i l i t y  are: 

more than 500 f e e t  +20 

200 - 500 f e e t  0 

100 - 200 f e e t  -75 

less than  100 f e e t  -90 

Color 

Color r e f l e c t s  t h e  s ta te  of o x i d a t i o n  of a sediment. Red mudstone may be , 

p r e s e n t  i n  minor amounts without  adve r se ly  a f f e c t i n g  f a v o r a b i l i t y  but  p re -  
dominantly r ed  mudstones suggest  an o x i d i z i n g  environment of d e p o s i t i o n  
un favorab le  f o r  subsequent uranium d e p o s i t i o n .  

* 
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The percentage of gray o r  greenish-gray c o l o r  (or  shades of buff o r  t a n  i f  
weathered) i n  c o n t r a s t  t o  shades of red i n  unweathered (i.e.,  unaffected by 
s u r f a c e  ox ida t ion )  is: 

more than 80% +20 

between 25 and 50% 0 

less than 20% -60 

Carbon Content 

Carbon con ten t  ( e i t h e r  v e g e t a l  o r  humic) of mudstone and t h e  sandstone en- 
hances t h e  d e p o s i t i o n  of uranium by maintaining t h e  reducing p o t e n t i a l  of t h e  
sedimentary environment through which t h e  o x i d i z i n g  uranium-bearing ground 
water flows. Carbonaceous sediments suggest  abundant v e g e t a t i o n ,  humid t r o -  
p i c a l  o r  s e m i t r o p i c a l  climates and r a p i d  b u r i a l  a t  t h e  t i m e  of sedimentat ion,  
a l l  f a c t o r s  tha t  favor subsequent d e p o s i t i o n  of uranium. 

Mudstones and sandstone i n  t h e  Host Sediinents con ta in ing  cons ide rab le  (1% - + o r  
more) carbonaceous material are: 

abundant (more than 25% of sediments) +2 0 

common ( 5 t o  25% of sediments) +10 

rare ( l e s s  t han  5% of sediments) 0 

absen t  ( 0% of sedimen.ts) -40 

Volcanic Ash Content 

Volcanic a sh ,  o r  b e n t o n i t i c  c l a y  de r ived  from t h e  a l t e r a t i o n  of v o l c a n i c  a sh ,  
is  considered t o  be t h e  most l i k e l y  source of uranium and o t h e r  elements f o r  
most r o l l - t y p e  d e p o s i t s .  I ts  presence i n  t h e  mudstones of t h e  Host Sediments, 
p a r t i c u l a r l y  those  i n  j u x t a p o s i t i o n  t o  p o t e n t i a l  h o s t  sandstones,  s a t i s f i e s  
t h e  need f o r  a source  rock i n  o r  nea r  an area under i n v e s t i g a t i o n .  

The percentage of t u f f aceous  mudstone and/or sandstone (of t h e  t o t a l  mudstone 
and/or sandstone)  is: 

g r e a t e r  t han  40% +2 5 

10  - 40% +10 

0 - 10% 0 

Host Sandstone 

The hos t  sandstone i s  a s p e c i f i c ,  p o t e n t i a l l y  f avorab le  sandstone u n i t  w i t h i n  
t h e  h o s t  sedimentary sequence. It has  several important and r e a d i l y  i d e n t i -  
f i a b l e  c h a r a c t e r i s t i c s  t h a t  are c l o s e l y  r e l a t e d  t o  t h e  source of t h e  sediment 
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and t h e  f l u v i a l  system r e s p o n s i b l e  f o r  i t s  t r a n s p o r t a t i o n  and d e p o s i t i o n .  
Favorable h o s t  sandstones may be found on ly  i n  a r e l a t i v e l y  s m a l l  segment of a 
d e p o s i t i o n a l  system, and then only l o c a l l y  w i t h i n  a g e n e r a l l y  f a v o r a b l e  area. 
Host sandstone may b e  p re sen t  a t  several s t r a t i g r a p h i c  i n t e r v a l s  o r  i n  several 
la teral ,  somewhat p a r a l l e l  b e l t s .  I f  t h e  b e l t s  o r  s t r a t i g r a p h i c  i n t e r v a l s  are 
s u f f i c i e n t l y  in t e rconnec ted  hydro log ica l ly  by permeable s a n d - f i l l e d  channels ,  
they need be considered as a s i n g l e  hos t  sandstone;  i f  no t  i n t e rconnec ted ,  
they need be considered as s e p a r a t e  hos t  sandstones.  

@, 

The f a v o r a b i l i t y  of Host Sandstones is based on t h e  fo l lowing  c h a r a c t e r i s t i c s .  

Age 

Roll-type uranium d e p o s i t s  are  found i n  host sandstones ranging i n  age from 
J u r a s s i c  t o  Eocene. Sandstones of Paleocene and Ea r ly  Eocene age are t h e  
favored h o s t s  f o r  l a r g e  and/or high-grade d e p o s i t s .  
may re la te  t o  age,  w e  f e e l  t h a t .  climatic changes may be most important .  

Of t h e  many f a c t o r s  t h a t  

P o s s i b l e  h o s t  sandstone ages  are ranked as fol lows:  

(1) Pre-Mesozoic - 95 

( 2 )  T r i a s s i c - J u r a s s i c  -50 

(3) Cretaceous +15 

( 4 )  Paleocene-Eocene +2 5 

(5) Oligocene +10 

(6)  Miocene-Recent - 5  

Thickness 

Host Sandstone t h i c k n e s s ,  which customari ly  has  a s s o c i a t e d  width and l e n g t h  
r anges ,  a f f e c t s  t r a n s m i s s i v i t y  and t h e  s i ze  of o rebod ies  one can reasonably 
expect .  Thin sandstones no t  only res t r ic t  t h e  maximum p o t e n t i a l  s i z e  of 
orebodies ,  but  they a l s o  l i m i t  t h e  g r o s s  flow of s o l u t i o n s  through t h e  h o s t ,  
due t o  t o r t u o s i t y  and r e s t r i c t e d  flow p a t h s ,  t h u s  i n h i b i t i n g  t h e  formation of 
high-grade, t h i c k  d e p o s i t s .  

An "order  of magnitude" estimate of t h e  r e l a t i o n s  between Host Sandstone 
t h i c k n e s s  and f a v o r a b i l i t y  i s :  

(1) The Host Sandstone i s  100-400 f e e t  t h i c k .  +2 0 

(2) The Host Sandstone is  50-100 f e e t  t h i ck .  +10 

(3) The Host Sandstone i s  10-50 f e e t  t h i c k .  0 

( 4 )  The Host Sandstone i s  less than 10 f e e t  t h i c k .  -90 
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Area 

Areal d i s t r i b u t i o n  a f f e c t s  f a v o r a b i l i t y  i n  a s i m i l a r  way as does th ickness .  
Narrow Host Sand o r  t hose  depos i t ed  over  s h o r t  d i s t a n c e s  have poor hydro logic  
c h a r a c t e r i s t i c s .  

The e f fec t  o f  areal  d i s t r i b u t i o n  on Host Sand f a v o r a b i l i t y  may be e s t ima ted  as 
f o l l o w s :  

(1) Host Sandstone h a s  wid th  measured i n  m i l e s  and 
l e n g t h  measured i n  t e n s  of  m i l e s .  

(2 )  Host Sandstone h a s  wid th  measured i n  thousands 
o f  f e e t  and l e n g t h  measured i n  m i l e s .  

(3) Host Sandstone has  wid th  measured i n  hundreds of 
f e e t  and l e n g t h  measured i n  thousands of f e e t .  

Pe rmeab i l i t y  

+2 5 

+15 

-80 

Permeab i l i t y ,  e s s e n t i a l  f o r  t h e  formation of r o l l - t y p e  uranium d e p o s i t s ,  i s  
governed by g r a i n  s i z e ,  g r a i n  s i z e  d i s t r i b u t i o n ,  and cementat ion a t  t h e  t i m e  
of m i n e r a l i z a t i o n .  Most l a r g e  and/or  high-grade d e p o s i t s  are found i n  medium- 
t o  coarse-grained,  moderately w e l l - s o r t e i d  sandstones. Although t h e r e  are s o m e  
excep t ions ,  w e l l  s o r t e d  coa r se  conglomerate and boulder  beds are n o t  g e n e r a l l y  
f a v o r a b l e  h o s t s  because of  t h e i r  h igh  permeabi l i ty .  
f a v o r a b i l i t y ,  sands tones  may be c l a s s i f i e d  as fo l lows:  

I n  o r d e r  of dec reas ing  

(1) The p o t e n t i a l  h o s t  i s  a medium- t o  coarse-grained 
moderate- t o  wel l - sor ted  permeable sandstone.  +2 5 

( 2 )  The p o t e n t i a l  h o s t  i s  a medium- t o  f ine-gra ined  
moderate- t o  wel l - sor ted  somewhat permeable 
sandstone.  + 5  

( 3 )  The p o t e n t i a l  hos t  i s  a wel l - sor ted  c o a r s e  
conglomerate of  ve ry  h igh  permeabi l i ty .  -25 

( 4 )  The p o t e n t i a l  h o s t  i s  dominantly a poorly-sor ted 
f ine-gra ined  sands tone  of  l o w  pe rmeab i l i t y .  -50 

Compo s i t  i o n  

Three composi t iuna l  c o n s i d e r a t i o n s  s i g n i f i c a n t l y  a f f e c t  t h e  f a v o r a b i l i t y  o f  
t h e  Host Sandstone: 

Clastics are most commonly dominated by mixtures  of  qua r t z  and f e l d s p a r s .  
Arkosic  sands tones  are cons idered  t o  be  t h e  b e s t  h o s t s  f o r  l a r g e  and/or  high 
grade r o l l - t y p e  uranium d e p o s i t s .  
a b i l i t y  of t h e  h o s t  than  t o  i t s  chemical composition. Arkoses a l s o  i n d i c a t e  
proximi ty  t o  g r a n i t i c  rocks  t h a t  may have s e r v e d ’ a s  a source  of  t h e  elements  
i n  t h e  depos-i-ts. 

Th i s  i s  probably r e l a t e d  more t o  perme- 

F a v o r a b i l i t y  dec reases  as fo l lows:  
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(1) The Host Sandstone i s  an a rkose  con ta in ing  20% o r  
more f e l d s p a r .  +45 

A 

(2) The Host Sandstone i s  a subarkose con ta in ing  5-20% 
f e l d s p a r  . +30 

(3) The Host Sandstone i s  composed predominantly of 
q u a r t z  and o t h e r  non-feldspar c las ts .  -10 

Reductants s i g n i f i c a n t l y  a f f e c t  t h e  f a v o r a b i l i t y  of t h e  unweathered and un- 
a l t e r e d  Host Sandstone, i n  p a r t i c u l a r  t h e  presence o r  absence of p y r i t e -  
marcasite and/or  carbonaceous material, g e n e r a l l y  i n  the form of p l a n t  frag- 
ments. Sandstone con ta in ing  carbonaceous m a t e r i a l  d i a g e n e t i c  p y r i t e -  
marcasite, de r ived  e i t h e r  through b a c t e r i a l  s u l f a t e  r e d u c t i o n  i n  t h e  presence 
of carbonaceous material o r  some u n r e l a t e d  mechanism, seem e q u a l l y  capab le  of 
forming s u i t a b l e  h o s t  rocks.  

The f a v o r a b i l i t y  dec reases  as fol lows:  

(1) The u n a l t e r e d  Host Sandstone c o n t a i n s  an average 
c o n c e n t r a t i o n  of py r i t e -marcas i t e  and/or carbonaceous 
p l a n t  material i n  t h e  range of 1 percen t .  +60 

(2)  The u n a l t e r e d  Host Sandstone c o n t a i n s  traces of 
py r i t e -marcas i t e  and/or  carbonaceous material. +20 

(3) The u n a l t e r e d  Host Sandstone c o n t a i n s  no 
carbonaceous material o r  py r i t e -marcas i t e .  - 90 

Sandstone-mudstone P ropor t ions ,  as r e f l e c t e d  i n  t h e  presence of  some s h a l e  and 
s i l t s t o n e  i n t e r b e d s  wi th in  t h e  Host Sandstone, are considered f a v o r a b l e  as they  
r e t a r d  t r a n s m i s s i v i t y  and i n h i b i t  t h e  f l u s h i n g  of a d e p o s i t .  
s h a l e s ,  however, may res t r ic t  groundwater flow, hence, t h e  formation of a 
d e p o s i t .  

Excessive 

The percentage of sand i s  r e l a t e d  t o  f a v o r a b i l i t y  as fo l lows :  

more than 75% 0 

60 - 75% +20 

40 - 60% +35 

less than  40% -30 

Depos i t i ona l  Environment 

We recogn ize  t h a t  o t h e r  r e c o g n i t i o n  c r i t e r i a  used t o  e v a l u a t e  t h e  f a v o r a b i l i t y  
of a Host Sandstone, i n  p a r t i c u l a r  pe rmeab i l i t y ,  o rgan ic  con ten t  and sandstone- 
mudstone p r o p o r t i o n s ,  are s t r o n g l y  r e l a t e d  t o  t h e  d e p o s i t i o n a l  environment. 
However, t h e  advantage and importance of recognizing t h e  d e p o s i t i o n a l  environ- 
ment war ran t s ,  w e  f e e l ,  whatever d u p l i c a t i o n  may r e s u l t  from inc lud ing  Deposi- 
t i o n a l  Environment as a r e c o g n i t i o n  c r i t e r i a  i n  i t s  own r i g h t .  

The d e p o s i t i o n a l  environment determines t h e  c h a r a c t e r  of t h e  sediment de- 
p o s i t e d  from a f l u v i a l  system. The very f avorab le  medium- t o  coarse-grained 
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rocks ,  con ta in ing  carbonaceous d e b r i s ,  deposi ted r a p i d l y ,  and t o  some e x t e n t  
interbedded wi th  mudstones, are depos i t ed  i n  t h e  moderately high energy p a r t s  
of a f l u v i a l  system. The h i g h e s t  energy p a r t  of such a system, t h e  proximal 
a l l u v i a l  f a n  i s  g e n e r a l l y  unfavorable  because it i s  excess ive ly  permeable, 
c o n t a i n  l i t t l e  carbonaceous material, and may have become oxidized soon a f t e r  
depos i t i on .  
t ends  from t h e  medial  o r  mid-fan p o s i t i o n ,  through t h e  d i s t a l  f an  and bedload 
stream, t o  approximately t h e  zone of mixed-load stream t r a n s p o r t  and deposi-  
t i o n .  The lower reaches of t h e  f l u v i a l  system (suspended load)  i s  low energy, 
c o n t a i n s  l i t t l e  sand, and i s  g e n e r a l l y  unfavorable  f o r  s i g n i f i c a n t  d e p o s i t s .  

The most f a v o r a b l e  p a r t  of t h e  f l u v i a l .  d e p o s i t i o n a l  system ex- 

F a v o r a b i l i t y  f a c t o r s  fol low: 

(1) The sandstone i s  i n  a proximal f a n  ( e x c l u s i v e l y  very 
coarse-grained and c o n t a i n s  mostly bou lde r s  and 
g r a v e l )  

( 2 )  The h o s t  sandstone i s  i n  a med:ial o r  d i s t a l  f a n  
(g rave l  and ‘cross-bedded, coarse-grained sand) . 

-50 

+3 5 

( 3 )  The h o s t  sandstone i s  i n  a bed--load o r  mixed-load 
sediment (coarse- t o  medium-grained, cross-bedded 
channel  sandstone interbedded wi th  mudstone) +45 

( 4 )  The h o s t  sandstone i s  i n  a suspended-load sediment 
(medium- t o  f ine -g ra ined ,  occurs  i n  s m a l l  bod ie s  
and i n  predominantly ve ry  f ine-grained sediments) -60 

A l t e r a t i o n  and M i n e r a l i z a t i o n  

Rock a l t e r a t i o n  and uranium m i n e r a l i z a t i o n  may n o t  be d i r e c t l y  observable  
du r ing  t h e  e a r l y  s t a g e  of e v a l u a t i o n  and e x p l o r a t i o n  of new areas and t h e  
uranium p o t e n t i a l  must be evaluated wi th  r e c o g n i t i o n  c r i t e r i a  d i scussed  i n  
previous pages. For example, t h e  types  (of a l t e r a t i o n  p resen t  i n  t h e  S h i r l e y  
Basin cannot be observed i n  weathered s u r f a c e  ou tc rops  but  o t h e r  f a v o r a b l e  
f a c t o r s  f a r  outweigh t h i s  one nega t ive  one. However, as e x p l o r a t i o n  proceeds 
and more d e t a i l e d  information becomes a v a i l a b l e ,  i nc lud ing  geochemical and 
geophysical  d a t a  and subsu r face  rock s a m p l e s ,  obse rva t ions  r ega rd ing  a l tera-  
t i o n  and m i n e r a l i z a t i o n  w i l l  become p o s s i b l e .  

A l t e r a t i o n  

The p y r i t e  and m a r c a s i t e ,  and/or  carbonaceous material, always p r e s e n t  i n  un- 
a l t e r e d ,  f avorab le  Host Sandstones,  are (destroyed both by subsurface altera- 
t i o n  and by s u r f a c e  weathering. Weathering of p y r i t i c  sandstones g e n e r a l l y  
produces shades of tan ,  brown, o r  yellow i n  t h e  weathered material ,  wh i l e  
a l t e r a t i o n  a s s o c i a t e d  with uranium d e p o s i t i o n  produce pink o r  red shades 
i n  t h e  a l t e r e d  material. The pink o r  r e d  c o l o r s  pe r s i s t  even though t h e  
material i s  subsequent ly  weathered a t  t h e  s u r f a c e .  The pink and red colora-  
t i o n  of a l t e r e d  sandstone i s  d i s t i n c t  and i s  r e s t r i c t e d  t o  p o r t i o n s  of t h e  
sandstones,  both f e a t u r e s . t h a t  serve t o  d i s t i n g u i s h  it  from t h e  widespread 
red c o l o r a t i o n  o f  many red-bed sediments.  I n  some a r e a s  t h e  a l t e r a t i o n  asso- 
c i a t e d  w i t h  m i n e r a l i z a t i o n  may be shades of yellow o r  greenish-yellow, as i n  
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t h e  S h i r l e y  Basin,  o r  may be desc r ibed  as "bleached" as i n  t h e  Gas H i l l s .  
Recognition of such a l t e r a t i o n s  i n  weathered outcrop may be d i f f i c u l t .  

(1) Some s u r f a c e  ou tc rops  of t h e  Host Sandstone 
d i s p l a y  shades of yellow, brown o r  t a n ,  
whereas o t h e r s  d i s p l a y  red o r  pink altera- 
t i o n  c o l o r s  o r  greenish-yellow o r  yellow o r  
bleached shades over broad areas. Subsurface 
samples d i s p l a y  any of t h e  same a l t e r a t i o n  
c o l o r s  o r  i r o n  s u l f i d e  o r  carbonaceous 
ma te r i a l -bea r ing  gray sands ( i . e . ,  both 
a l t e r e d  and u n a l t e r e d  sand has  been seen)  +90 

(2) Su r face  ou tc rops  of t h e  Host Sandstone 
d i s p l a y  red o r  pink o r  o t h e r  " a l t e r a t i o n "  
c o l o r s ,  bu t  no yellow-brown o r  t a n  c o l o r s  
( i . e . ,  t h e  a l t e r e d  sand is  v i s i b l e  but  no 
u n a l t e r e d  sand has been seen)  +35 

(3) Sur face  samples d i s p l a y  on ly  t a n ,  brown, o r  
yel low c o l o r s  ( i . e . ,  t h e r e  i s  no a l t e r e d  sand) 0 

M i n e r a l i z a t i o n  

Uranium Anomalies. 
i n  t h e  h o s t  sandstone, r e f l e c t i n g  uranium o r  i t s  daughters, i s  favorable f o r  

The presence of chemical o r  r ad iomet r i c  uranium anomalies 

t h e  presence of r o l l - t y p e  uranium d e p o s i t s .  
a s s o c i a t e d  wi th  s m a l l  l e n s e s  of o rgan ic  material ,  f o s s i l  bones, c l a y  g a l l s  o r  
t h e  boundary between sands and s h a l e s .  Outcrops of a l t e r e d  sandstone,  even 
updip from l a r g e  uranium d e p o s i t s ,  may show ve ry  l i t t l e  r a d i o a c t i v i t y  because 
uranium i s  r e a d i l y  leached from r o l l - t y p e  d e p o s i t s  by t h e  ve ry  s o l u t i o n s  t h a t  
form t h e  d e p o s i t s .  In  t h e  subsu r face  uranium anomalies a s s o c i a t e d  wi th  sand- 
s h a l e  boundaries  o r  high background concen t r a t e s  i n  sands o r  s h a l e s ,  as i n d i -  
c a t e d  by gamma l o g s  o r  c o r e  a s says ,  are encouraging. 

On outcrop,  anomalies may be 

It should be noted t h a t  a r k o s i c  sediments may produce g ross  gamma r a d i o d c t i v i t y  
anomalies due t o  c o n c e n t r a t i o n s  of thorium (i .e. ,  monazite) and/or  potassium 
(i .e. ,  po ta sh  f e l d s p a r ) .  
t o  uranium daughters .  

These anomalies must no t  be confused w i t h  those  due 

(1) Outcrop and/or l i m i t e d  subsu r face  l o g s  2nd 
samples  of t h e  Host Sandstone c o n t a i n  several 
anomalies of several t i m e s  background. +80 

(2) Outcrop and/or  l i m i t e d  subsu r face  l o g s  and 
samples of t h e  Host Sandstone have few 
r a d i o m e t r i c  anomalies t h a t  are  several 
t i m e s  background. 

(3)  Outcrops and/or  l i m i t e d  subsurface l o g s  and 
samples of t h e  Host Sandstone have no radio-  
metric anomalies. 

+3 5 

-30 
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Ground water i s s u i n g  from s p r i n g s  o r  from 
w e l l s  i n  t h e  h o s t  formation,  n o t  under 
going r a p i d  ox ida t ion ,  contains:  more than  
15 ppb uranium. 

Ground water i s s u i n g  from s p r i n g s  o r  from 
w e l l s  i n  t h e  h o s t  formation,  n o t  under- 
going r a p i d  o x i d a t i o n ,  c o n t a i n s  between 5 
and 15  ppb uranium, and/or so i l .  and/or  
stream 
r a d i o a c t i v i t y  concen t r a t ions  

\ 

Ground water i s s u i n g  from s p r i n g s  o r  from 
w e l l s  i n  t h e  h o s t  format,ion, n o t  under- 
going r a p i d  o x i d a t i o n ,  containE; less than 
5 ppb uranium and/or  s o i l  and stream sed i -  
ment samples  c o n t a i n  no uranium anomalies 

+5 0 

+3 0 

-30 

Geochemical Anomalies. Geochemical anomalies,  i f  used wi th  cau t ion ,  may be 
u s e f u l  i n  a s s e s s i n g  t h e  uranium po ten t i a l .  of an  area. Numerous f a c t o r s  a f f e c t  
t h e  uranium c o n c e n t r a t i o n  of waters, s o  t h a t ,  f o r  example, h igh  uranium con- 
c e n t r a t i o n s  (40-50 ppb) occur i n  water w i t h i n  some rocks  con ta in ing  l i t t l e -  
uranium (5 ppm) wh i l e  ve ry  modest anomali.es (10-15 ppb) occur i n  waters i s s u -  
i n g  from rocks  con ta in ing  orebodies .  However; as a g e n e r a l  r u l e ,  ground water 
con ta in ing  more than  5 t o  10 ppb uranium flowing i n  h o s t  rocks  no t  undergoing 
s t r o n g  o x i d a t i o n  suggest  t h a t  s i g n i f i c a n t  m i n e r a l i z a t i o n  may be p re sen t  i n  t h e  

Emanation Anomalies. Radon and helium anomalies (daughter  p roduc t s  of uranium 
d i s i n t e g r a t i o n )  can be, b u t  are n o t  n e c e s s a r i l y ,  r e l a t e d  t o  r o l l - t y p e  uranium 
d e p o s i t s .  
i n  determining t h e  presence of uranium i n  buried h o s t  rocks;  o t h e r s  r e p o r t  
f a i l u r e .  A t  b e s t ,  such surveys should be used t o  s t r e n g t h e n  conclusions based 
on o t h e r  r e c o g n i t i o n  cr i ter ia .  

Some i n v e s t i g a t o r s  r e p o r t  s u c c e s s f u l  u s e  of radon and helium surveys 

(1) Radon and/or  helium anomalies are p r e s e n t  
i n  t h e  area. 

(2) Radon and/or  helium anomalies are not  
p r e s e n t  i n  t h e  area. 

+10 

0 

There i s  much l ack ing  i n  t h e  foregoing compilat ion of r e c o g n i t i o n  cri teria.  
Some important  c r i t e r i a  have probably been omitted wh i l e  some of those in -  
cluded are ambiguous and d i f f i c u l t  t o  eva lua te .  
t oo  abbrev ia t ed  t o  provide proper  guidance f o r  t h e  s e l e c t i o n  of cr i ter ia  
weights .  Undoubtedly t h e  weights  ass igned t o  t h e  v a r i o u s  f a v o r a b l e  and 
unfavorable  s ta tes  of some of t h e  c r i t e r i a  are n o t  what t h e  r eade r  would have 
chosen. 
c r i t e r i a  w i l l  b e n e f i t  enormously through ref inements  by experienced g e o l o g i s t s .  
I n  s p i t e  of t h e s e  shortcomings,  w e  f e e l  t h e  r e c o g n i t i o n  cr i ter ia  cons ide rab ly  
improve t h e  u s e f u l n e s s  of t h e  geologic  d a t a ,  t h a t  w a s  compiled and i n t e r p r e t e d  
i n  earlier s e c t i o n s  of t h e  r e p o r t ,  f o r  r e source  s t u d i e s  and exp lo ra t ion .  

Some d e f i n i t i o n s  are perhaps 

We have attempted t o  addres s  all. t h e s e  problems, bu t  we recognize t h e  
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R E F L E C T I O N S  AND CONTINUING S T U D I E S  

The a p p l i c a t i o n  of geo log ic  information t o  r e source  s t u d i e s  and e x p l o r a t i o n  
f o r  r o l l - t y p e  uranium d e p o s i t s  con t inues  t o  evolve.  Resource s t u d i e s  are only 
now being developed, both i n  theo ry  and i n  p r a c t i c e ,  and much room exis ts  f o r  
improvement. By c o n t r a s t ,  cons ide rab le  e x p l o r a t i o n  experience h a s  been accumu- 
l a t e d ,  and some d i s c o v e r i e s  w i l l  con t inue  t o  r e s u l t  from pushing t h e  "state- 
of-the-art" t o  deeper  t a r g e t s ,  g e o l o g i c a l  analogous provinces ,  and lower grade 
o res .  We expec t ,  however, t h a t  c r i t i c a l  review of "explored" p roduc t ive  and 
neighboring areas, and geo log ic  environments with s l i g h t l y  b u t  s i g n i f i c a n t l y  
d i f f e ren t  geologic  c h a r a c t e r i s t i c s ,  w i l l  a l s o  y i e l d  e x p l o r a t i o n  rewards. It 
i s  toward both of t h e s e  p o s s i b i l i t i e s  t h a t  w e  have attempted t o  i d e n t i f y  geo- 
l o g i c  guides  t o  a i d  i n  s e l e c t i n g  t a r g e t s  and choosing p r i o r i t i e s .  

I n  s p i t e  of t h e  abundance of d a t a  f o r  r o l l - t y p e  uranium d e p o s i t s ,  t h e r e  are 
numerous inadequacies  and ambigu i t i e s  i n  t h e  d a t a ,  and t h e r e f o r e ,  i n  t h e  con- 
c l u s i o n s  one might draw from them. I n  t h i s  r e p o r t ,  we have at tempted t o  
document t h e  d a t a  f o r  r o l l - t y p e  d e p o s i t s ,  s o  t h a t  t h e  u n c e r t a i n t i e s  i n  t h e  
i n t e r p r e t a t i o n s  we  have drawn are r e a d i l y  obvious. 
inadequacies  i n  t h e  d a t a  base f o r  t h e s e  d e p o s i t s  are t a b u l a t e d  below, as a 
guide f o r  f u t u r e  s t u d i e s .  

Some of t h e  more s e r i o u s  

'r 

(1) 
s t u d i e d .  I n  our  op in ion ,  t h i s  should once aga in  become a high p r i o r i t y  of t h e  
U. S. Geological  Survey. S tud ie s  should not  be l i m i t e d  t o  t h e  d e p o s i t s ,  o r  t o  
t h e i r  environments of formation,  b u t  should document and i n t e g r a t e  t h e  two. 
Environment of formation" i s  used i n  t h e  broadest  s ense  t o  i n c o r p o r a t e  re- 

g i o n a l  s t r u c t u r a l  s e t t i n g s ,  uranium source rocks,  and a l l  o t h e r  f a c t o r s  
r e s p o n s i b l e  f o r  important  a s p e c t s  of o r e  formation. 

Too few r o l l - t y p e  d e p o s i t s  have been thoroughly and s y s t e m a t i c a l l y  

II 

(2) The economic c h a r a c t e r i s t i c s  of r o l l - t y p e  d e p o s i t s ,  such as o r e  grade 
d i s t r i b u t i o n ,  s i z e  and shape of o r e  pods, and frequence and d i s t r i b u t i o n  a long  
r o l l  f r o n t s ,  are g e o l o g i c a l l y  c o n t r o l l e d .  Geologic cr i ter ia  should be devel-  
cped t o  b e t t e r  a n t i c i p a t e  t h e s e  c h a r a c t e r i s t i c s ,  f o r  u s e  i n  r e source  s t u d i e s ,  
e x p l o r a t i o n ,  and mining. For example, t h e  c h a r a c t e r  of a l t e r a t i o n  zones i n  
t h e  Great Divide Basin seems t o  re la te  t o  the  grade and width of t h e  o r e ,  
w h i c h  probably ref lects  t h e  geology and hydrology of t h e  s y s t e m .  In t h e  
Powder River Basin,  wider o r e  t ends  t o  be lower i n  g rade ,  b u t  t h e r e  i s  no 
i n d i c a t i o n  t h a t  t h i s  i s  related t o  t h e  c h a r a c t e r  of t h e  a l t e r a t i o n  zone. The 
documentation of such r e l a t i o n s  would undoubtedly improve a l l  a s p e c t s  of 
r e source  e x p l o r a t i o n  and mining a c t i v i t i e s .  

( 3 )  
v a r i e t y  of forms t h a t  t h e  model f o r  o r e  formation i s  ove r s impl i f i ed .  
g i s t  must be f a m i l i a r  w i th  t h e  range of examples, some of which are d i f f i c u l t  
t o  r ecogn ize ,  without  much guide as t o  where t h e  v a r i o u s  types  are l i k e l y  t o  
occur.  The h a b i t s  and geo log ic  c o n t r o l s  of v a r i o u s  a l t e r a t i o n  assemblages 
should b e  documented a s  an a i d  t o  a n t i c i p a t i n g  o r e  occurrences i n  d i f f e r e n t  
geo log ic  environments. Why, f o r  example, w e r e  i r o n - r i c h  c l a y s  produced i n  
greenish-yellow t o  yel low a l t e r a t i o n  assemblages i n  t h e  S h i r l e y  Basin,  whereas, 
r edd i sh ,  h e m a t i t i c  a l t e r a t i o n  r e s u l t e d  i n  presumably r o l l  f r o n t  p rocess  i n  t h e  
Powder River Basin? 

A l t e r a t i o n  a s s o c i a t e d  wi th  r o l l  f r o n t s  is  now recognized t o  t a k e  such a 
A geolo- 
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( 4 )  The abundance of c e r t a i n  elements a s s o c i a t e d  wi th  r o l l - t y p e  d e p o s i t s  
varies between d i s t r i c t s ,  p a r t i c u l a r l y  vanadium (higher  i n  t h e  Black H i l l s  
D i s t r i c t  and t h e  Kaycee Area) and molybdenum (higher  i n  t h e  Gas H i l l s  D i s t r i c t  
and t h e  Crooks Gap Area). Study of such v a r i a t i o n s  w i l l  provide information 
on t h e  source of elements and mechanisms of r o l l  f r o n t  formation. 

(5) Perhaps t h e  most important s i n g l e  c o n t r o l  on t h e  h a b i t  and c h a r a c t e r  of 
r o l l - t y p e  d e p o s i t s  is  t h e  abundance and d i s t r i b u t i o n  of r educ taq t  w i t h i n  t h e  
h o s t  sandstone. The d i s t r i b u t i o n  of p y r i t e  and o rgan ic  material should be 
s t u d i e d  i n  t h e  u n a l t e r e d  sandstones of a l l  major d i s t r i c t s ,  so as t o  a s c e r t a i n  
what obse rva t ions  w i l l  h e l p  a n t i c i p a t e  t h e  s i z e ,  shape, and grade cha rac t e r -  
i s t i c s  of d e p o s i t s  i n  new areas o r  i n  new h o s t  rocks.  

(6) The i n v e s t i g a t i o n  of f l u v i a l  d e p o s i t i o n a l  environments, and i t s  app l i ca -  
t i o n  t o  uranium d e p o s i t s ,  has  expanded s i g n i f i c a n t l y  i n  r e c e n t  yea r s ,  much t o  
t h e  c r e d i t  of t hose  who have popular ized t h i s  work. It i s  now g e n e r a l l y  
accepted as a t o o l  i n  exp lo ra t ion .  
however, t o  t r a n s f e r  t h e  theo ry  of d e p o s i t i o n a l  environments t o  t h e  i n t e r p r e -  
t a t i o n  of sedimentary systems i n  p r a c t i c a l  f i e l d  problems. 

More emphasis and t r a i n i n g  are r equ i r ed ,  

Y 



POTENTIAL FOR ROLL-TYPE DEPOSITS I N  CONTINENTAL 
SEDIMENTS I N  THE UNITED STATES 

Roll-type uranium d e p o s i t s  i n  Cretaceous and T e r t i a r y  c o n t i n e n t a l  sediments 
c o n t a i n  a s i g n i f i c a n t  p a r t  of t h e  U.  S. uranium r e s e r v e s .  Such d e p o s i t s  occur 
i n  Russia ,  A u s t r a l i a ,  Argentina,  B r a z i l ,  and probably i n  o t h e r  areas through- 
ou t  t h e  world. I n  t h e  l as t  twenty yea r s ,  cons ide rab le  e f f o r t  h a s  been ex- 
pended i n  t h e  sea rch  f o r  r o l l - t y p e  uranium d e p o s i t s  i n  t h e  Wyoming b a s i n s  and 
elsewhere i n  areas of similar geologic  environments. 
r e sources  of known u r a n i f e r o u s  d i s t r i c t s  have been augmented g r e a t l y  by t h i s  
a c t i v i t y ,  b u t  t h e r e  has  been l i t t l e  success  i n  f i n d i n g  new u r a n i f e r o u s  d i s -  
t r icts.  

The uranium reserves and 

It i s  beyond t h e  scope of t h i s  r e p o r t  t o  review s p e c i f i c  areas f o r  t h e i r  
p o t e n t i a l  f o r  t h i s  type of d e p o s i t .  However, i t  i s  suggested t h a t  t h e  recog- 
n i t i o n  c r i te r ia  presented i n  t h i s  r e p o r t  be app l i ed  t o  p rev ious ly  explored 
and/or  p a r t l y  explored areas i n  an at tempt  t o  make c e r t a i n  t h a t  t h e  most 
f a v o r a b l e  p a r t s  of g e n e r a l l y  f avorab le  areas have been explored adequately.  
A s  an example, a r e s tudy  of t h e  T e r t i a r y  rocks l y i n g  n o r t h  of t h e  Wind River ,  
Sweetwater, and n o r t h  L a r a m i e  Mountains might l o c a t e  inadequately explored 
areas where l a r g e  northward-flowing streams depos i t ed  sediments f a v o r a b l e  f o r  
subsequent uranium d e p o s i t i o n .  
River, Bighorn, Green River, Washakie, and Red Desert Basins,  as w e l l  as t h e  
b e l t  of T e r t i a r y  and Cretaceous rocks o f f  t h e  east f l a n k  of t h e  Laramie 
Mountains and Front  Range of Colorado, might show favorab le  areas t h a t  a r e  
inadequa te ly  explored. S p e c i a l  s i t u a t i o n s  t h a t  i n f luence  t h e  c h a r a c t e r  of  
f l u v i a l  d e p o s i t i o n ,  such as t h e  r i d g e  of F r o n t i e r  sandstone i n  t h e  S h i r l e y  
Basin and t h e  no r thwes te r ly - t r end ing  r i d g e s  of Mesozoic and o l d e r  rocks i n  t h e  
Gas H i l l s ,  are important c o n s i d e r a t i o n s  i n  any r e g i o n a l  f a v o r a b i l i t y  s tudy.  
Some d r i l l i n g  may be r equ i r ed  t o  determine t h e  presence o r  absence of such 
s p e c i a l  s i t u a t i o n s .  We a r e  o p t i m i s t i c  t h a t  s i g n i f i c a n t  new d i s c o v e r i e s  of 
r o l l - t y p e  d e p o s i t s  w i l l  be forthcoming. 

S i m i l a r  s t u d i e s  of t h e  f l a n k s  of t h e  Powder 
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APPENDIX 

ESTIMATION OF GEOLOGIC FAVORABILITY FOR THE 
OCCURRENCE OF ROLL-TYPE DEPOSITS 

In t roduc t ion  

Numerous methods have been used f o r  e s t i m a t i n g  t h e  geo log ic  f a v o r a b i l i t y  o r  
expected r e source  endowment of an  area f o r  v a r i o u s  types  of o r e  d e p o s i t s  
( C a r g i l l  and Clark,  1978; Singer  and Overshine, 1979; Voelker e t  a l ,  1979; 
Harris and Carr igan,  1980).  
f o r  e s t i m a t i n g  t h e  f a v o r a b i l i t y  of an area f o r  t h e  occurrence of r o l l - t y p e  
d e p o s i t s  u s i n g  t h e  r e c o g n i t i o n  c r i te r ia  n e t  (Fig.  53)  and t h e  weights  ass igned 
t o  the r e c o g n i t i o n  c r i t e r i a  (Table 4 ) .  It must be emphasized t h a t  t h e  favor- 
a b i l i t y  estimate r e f l e c t s  only t h e  gene ra l  geo log ic  s imi l a r i t i e s  between known 
d e p o s i t s ,  as de f ined  by t h e  r e c o g n i t i o n  c r i t e r i a ,  and t h e  geo log ic  c h a r a c t e r -  
i s t i c s  of an area i n  which s i m i l a r  d e p o s i t s  might occur .  A h ighe r  deg ree  of 
geologic  s i m i l a r i t y  y i e l d s  a h i g h e r  f a v o r a b i l i t y  estimate, sugges t ing  a g r e a t e r  
l i k e l i h o o d  t h a t  t h e  type  of d e p o s i t  f o r  which t h e  r e c o g n i t i o n  c r i t e r i a  w e r e  
developed i s  p r e s e n t  i n  t h e  u n t e s t e d  area. 
number of  d e p o s i t s  o r  t h e i r  geologic  s i z e ,  grade,  and c o n t i n u i t y .  These 
c h a r a c t e r i s t i c s  r e q u i r e  information about t h e  known d e p o s i t s  which, i n  many 
cases, i s  n o t  y e t  a v a i l a b l e .  

I n  t h i s  s e c t i o n  w e  p r e s e n t  a s i m p l i f i e d  method 

No at tempt  i s  made t o  estimate t h e  

The u s e  of t h i s  method presumes t h a t  s u f f i c i e n t  geologic  information i s  avail- 
a b l e  f o r  t h e  area of s tudy  so  t h a t  weights  can be c o n f i d e n t l y  assigned t o  t h e  
r e c o g n i t i o n  c r i t e r i a .  I n  most cases, geologic  d a t a  are incomplete and v a l u e s  
cannot be assigned t o  a l l  c r i t e r i a .  Using t h e  method desc r ibed  below t h e  
absence of a v a l u e  f o r  a c r i t e r i o n  i s  analogous t o  a s s i g n i n g  i t  a va lue  of 
z e r o ,  Th i s  could i n t r o d u c e  a s i g n i f i c a n t  e r r o r  i n  t h e  i n t e r p r e t a t i o n  of t h e  
f a v o r a b i l i t y  estimate i f  t h e  g e o l o g i s t  f a i l s  t o  note  where d a t a  were l ack ing .  
I f  t h e  t r u e  f a v o r a b i l i t y  of t h e  c r i t e r i o n  is  s i g n i f i c a n t l y  higher  than zero, 
the absent data leads t o  a fallaceously l o w  estimate of  the area 's  favor- 
a b i l i t y .  Th i s  i s  a common s i t u a t i o n ,  p a r t i c u l a r l y  i n  r e source  e v a l u a t i o n  of  
Fede ra l  l a n d s  where adequate geo log ic  information i s  cus tomar i ly  u n a v a i l a b l e  
f o r  t h e  sys t ema t i c  e v a l u a t i o n  f o r  a l l  t ypes  of d e p o s i t s .  Geologic f a v o r a b i l i t y  
simply cannot be est imated u n t i l  an adequate d a t a  base  i s  a v a i l a b l e .  Where 
d a t a  are l a c k i n g ,  t h e  l a r g e  nega t ive  and p o s i t i v e  weights  i n d i c a t e  those  
r e c o g n i t i o n  c r i t e r i a  f o r  which d a t a  must be acqu i r ed .  
weight of ze ro  may a l s o  s i g n i f i c a n t l y  ove res t ima te  f a v o r a b i l i t y  i f  t h a t  c r i -  
t e r i o n  i s  i n  f a c t  ve ry  discouraging.  
d a t a  base.  

The assignment of a 

There is  no s u b s t i t u t e  f o r  a s u f f i c i e n t  

Ca lcu la t ion  of Estimated F a v o r a b i l i t y  

The procedure f o r  c a l c u l a t i n g  an est imated f a v o r a b i l i t y  may be convenient ly  
explained by r e t u r n i n g  t o  t h e  d i s c u s s i o n  of Tectonic ,  S t r u c t u r a l  and Regional 
Geologic S e t t i n g  (TSRS) , considered under Evaluat ion of  Recognition Cri ter ia .  @ 
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Weights were assigned t o  v a r i o u s  f a v o r a b l e  and unfavorable  states of t h e  f i v e  
c r i t e r i a  t h a t  determine t h e  f a v o r a b i l i t y  of TSRS. To e v a l u a t e  t h e  f a v o r a b i l i t y  
of. TSRS f o r  f i e l d  areas, f a v o r a b i l i t y  va:Lues, based on f i e l d  obse rva t ions ,  are 
assigned t o  t h e  f i v e  c r i t e r i a .  Table 5 presen t s  hypo the t i ca l  r e s u l t s  f o r  four  
imaginary f i e l d  areas. In accumulating t h e  values of t h e  r e c o g n i t i o n  c r i te r ia ,  
n e g a t i v e  and p o s i t i v e  v a l u e s  are accumulated s e p a r a t e l y ,  b u t  i n  l i k e  f a sh ion .  

MEiXirmrm 
and Minimum 
F a v o r a b i l i t y  

Estimated F a v o r a b i l i t y  Values (Fe) Values 
Area A ~- Area 13 Area C Area D (Fm+) (h-1  

Tectonic  S e t t i n g  + 30 4- 40 + 1 0  - 95 + 80 - 95 

S t r u c t u r a l  S e t t i n g  + 30 + 10  + o  - 65 + 35 - 65 

Sediment Dip + 5  + 5  - 10 + 5  + , 5  - 70 

Sediment Source Rocks + 20 + 5  - 20 + 10  + 20 - 40 

Uranif erous Province + 25 + 15 0 - 1 5  + 30 - 40 

Estimated F a v o r a b i l i t y  4-110 + 75 + 10 + 15 . +170 -310 
@e) - 30 -17 5 

Table 5. Hypothet ical  r e c o g n i t i o n  c r i te r ia  va lues ,  from f o u r  imaginary f i e l d  
areas, f o r  t h e  f i v e  cr i ter ia  t h a t  determine Tectonic ,  S t r u c t u r a l  and 
Regional Geologic S e t t i n g .  

I n  T e s t  Area A ,  f o r  example, t h e  tectonic: s e t t i n g  has  been a s s igned  a v a l u e  of 
+30. S t r u c t u r a l  s e t t i n g  provides  an a d d i t i o n a l  30, and so f o r t h  f o r  t h e  o t h e r  
t h r e e  c r i t e r i a ,  y i e l d i n g  an e s t ima ted  f a i r o r a b i l i t y  (Fe) f o r  TSRS of +110. 
However, i f  a l 1 , t h e  c r i te r ia  had been p e r f e c t ,  and t h e  m a x i m u m  f a v o r a b i l i t y  
v a l u e s  had been used; t h e  sum of t h e  f i v e  c r i t e r i a  would have been +170 
(Table 5 ) .  It i s  necessary,  t h e r e f o r e  t o  normalize t h e  e s t ima ted  f a v o r a b i l i t y  
by d i v i d i n g  i t  by t h e  maximum f a v o r a b i l i t y  (Fm) v a l u e  t o  y i e l d  a normalized 
(Fn) va lue :  

The f a v o r a b i l i t y  of TSRS f o r  Area A i s  65, i .e.  ve ry  sugges t ive .  

For Area D t h e  n e g a t i v e  and p o s i t i v e  crit:eria are combined i n  l i k e  manner but  
s e p a r a t e l y ,  then normalized and summed: 

Negative values-- 

Tectonic  
Se t  t ing  

S t r u c t u r a l  
S e t t i n g  

-9 5 + (-65) 
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Uranium 
Province 



- -  - Fn Fe 
Fm- 

P o s i t i v e  values-- 

Sediment Sediment 
Dip Source Rocks 

5 + 10 = +15 

- -  - Fn Fe 
Fm+ 

- -  l5 - .09 
170 

Combining t h e  normalized p o s i t i v e  and nega t ive  values (-56 + 9 = -47 )  one 
determines t h a t  Area D has  a r e l a t i v e l y  l a r g e  nega t ive  number, hence,  a 
d iscouraging  Tectonic ,  S t r u c t u r a l  and Regional Geological  Se t t i ng .  This i s  
n o t  a very  f avorab le  area i n  which t o  prospec t  f o r  a r o l l - t y p e  d e p o s i t .  I n  
f a c t ,  t h e  l a r g e  nega t ive  v a l u e s  f o r  t e c t o n i c  sett 'ng and s t r u c t u r a l  setting 
would be s u f f i c i e n t  i n  m o s t  g e o l o g i s t s '  minds t o  k i l l  t h e  p o t e n t i a l  of t h i s  
area. 
o t h e r  d e t a i l e d  geo log ica l  in format ion  from t h i s  area. This  example shows 
t h a t  t h e  g e o l o g i s t  making t h e  eva lua t ion  must always i n s p e c t  i n d i v i d u a l  nega- 
t ive  numbers, which, i f  s u f f i c i e n t l y  d iscouraging ,  can des t roy  t h e  e n t i r e  
p o t e n t i a 1 , f o r  t h e  area, even though t h e  accumulation of numerous p o s i t i v e  
obse rva t ions  may y i e l d  a n e t  p o s i t i v e  answer. 

The e x p l o r a t i o n i s t  should thus  not  waste f u r t h e r  t i m e  i n  c o l l e c t i n g  

It can be  seen i n  F igure  53 and Table  4 t h a t  Tec tonic ,  S t r u c t u r a l  and Regional 
Geologic S e t t i n g  i s  merely one of  four  c r i t e r i o n  t h a t  d e f i n e  t h e  f a v o r a b i l i t y  
f o r  a r o l l - t y p e  depos i t .  From Table  4 i t  w i l l  be seen t h a t  TSRS can cont r ib-  
u t e  a maximum of 50 p o i n t s ,  hence,  i n  our  example f o r  Area A,  TSRS becomes: 

0.65 x 50 = 32 = Applied Normalized F a v o r a b i l i t y  (Fna) 

This  va lue  can now be used wi th  s i m i l a r  va lues  f o r  t h e  t h r e e  o t h e r  interme- 
d i a t e  c r i t e r i a  i n  c a l c u l a t i n g  t h e  va lue  of t h e  higher-order  c r i t e r i o n ,  namely, 
t h e  f a v o r a b i l i t y  f o r  a r o l l - t y p e  d e p o s i t .  
t e rmina l  c r i t e r i a  a re  combined t o  eva lua te  in t e rmed ia t e  c r i t e r i a  u n t i l  the 
f a v o r a b i l i t y  for a r o l l - t y p e  d e p o s i t  has been evaluated. T h i s  f a v o r a b i l i t y  
i s  n o t  n e c e s s a r i l y  equiva len t  t o  t h e  p r o b a b i l i t y  of a depos i t  be ing  p resen t  
as i s  d iscussed  i n  a la te r  paragraph. 

I n  a s imilar  manner, a l l  o t h e r  

Completeness and Confidence of Geologic Data 

I f  t h e  f i e l d  g e o l o g i s t  has  complete geologic  d a t a  and is  equa l ly  and com- 
p l e t e l y  conf iden t  about a l l  h i s  f i e l d  obse rva t ions ,  he may e v a l u a t e  t h e  
f a v o r a b i l i t y  according t o  t h e  preceding paragraphs.  I n  most cases, however, 
he  w i l l  l a c k  d a t a  and probably have v a r i o u s  levels of confidence regard ing  
t h e  d a t a  t h a t  does e x i s t .  H i s  confidence f o r  d i f f e r e n t  obse rva t ions  may range 
from completely c e r t a i n  t h a t ,  f o r  example, a uranium source  rock i s  p r e s e n t ,  
t o  no confidence ( i . e . ,  he does no t  know) t h a t  t h e  age of  t h e  p rospec t ive  
b a s i n  sediments i s  Eocene. I n  such circumstances methods can be devised t o  
modify t h e  f a v o r a b i l i t y  estimates, but  no c a l c u l a t i o n s  can overcome t h e  l ack  
of d a t a  o r  conf ident  obse rva t ion ,  Such shortcomings must be c a r e f u l l y  docu- 
mented and t h e  r e s u l t i n g  f a v o r a b i l i t y  e s t ima te  i n t e r p r e t e d  accord ingly .  
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I n t e r p r e t a t i o n  of Resu l t s  

F a v o r a b i l i t y  estimates prepared by the  methods described in the  preceding 
paragraphs should be accepted and used on ly  a f t e r  review of fou r  important 
parameters:  

(1) The f i n a l  f a v o r a b i l i t y  estimate i t s e l f ;  

(2) F a v o r a b i l i t y  estimates f o r  i n t e rmed ia t e  level cr i ter ia ;  

(3 )  F a v o r a b i l i t y  v a l u e s  f o r  i n d i v i d u a l  c r i te r ia ,  p a r t i c u l a r l y  l a r g e  
nega t ive  v a l u e s ;  

( 4 )  Completeness of d a t a  and c e r t a i n t y  of obse rva t ions .  

Each of t h e s e  is b r i e f l y  d i scussed  wi th  r e f e r e n c e  t o  f a v o r a b i l i t y  estimates made 
f o r  t h r e e  areas i n  t h e  United S t a t e s  and presented i n  t h e  nex t  s ec t ion .  

The f i n a l  f a v o r a b i l i t y  estimate r e f l e c t s  t h e  n e t  geologic  f a v o r a b i l i t y  of an 
area when compared wi th  type  areas (i.e.,  t h e  Powder River Basin, Gas H i l l s ,  
S h i r l e y  Basin, e t c . )  f o r  which t h e  r e c o g n i t i o n  c r i t e r i a  n e t  and m a x i m u m  and 
minimum f a v o r a b i l i t y  v a l u e s  were s e l e c t e d .  
geologic  f i t ,  i .e .  v i r t u a l  assurance t h a t  a t  least  one d e p o s i t  is presen t .  A 
f i n a l  s c o r e  of zero i n d i c a t e s  a ve ry  low level of  f a v o r a b i l i t y ,  provided t h e  
geologic  d a t a  w a s  complete, and t h e  p rospec t s  of f i n d i n g  a d e p o s i t  would be 
comparable t o  h i t t i n g  a d e p o s i t  w i th  a d a r t  thrown a t  a map of North America. 
A f a v o r a b i l i t y  of +50, t h e r e f o r e ,  is  on ly  h a l f  as f a v o r a b l e  as one of +loo. 
I f  t h e  s c o r e  i s  based on h igh  confidence i n  t h e  obse rva t ions  and complete d a t a  
( i . e . ,  no ze ros  assigned t o  c r i t e r i a )  t h e  area may be s a i d  t o  possess  only 
h a l f  t h e  f a v o r a b l e  a t t r i b u t e s  necessary f o r  a d e p o s i t .  This  does no t  mean t h e  
area has  a f i f t y  pe rcen t  chance of a depos i t  being p r e s e n t .  I n  our  judgement 
t h e  l i k e l i h o o d  i s  less, but  how much less i s  d i f f i c u l t  t o  estimate. A t  a 
f a v o r a b i l i t y  estimate of zero t h e  chances of a d e p o s i t  being p r e s e n t  are 
van i sh ing ly  s m a l l ,  and a t  n e g a t i v e  f a v o r a b i l i t i e s  t h e  chances are even worse. 
F igu re  55 i s  o u r  s u b j e c t i v e  at tempt  t o  re la te  est imated f a v o r a b i l i t y  of an 
area t o  t h e  chances of a d e p o s i t  being p resen t  w i th in  t h a t  area. The rela- 
t i o n s h i p  sugges t s  t h a t  t h e  chances of a d e p o s i t  being p r e s e n t  dec rease  more 
r a p i d l y  than t h e  est imated f a v o r a b i l i t y .  A t  75 pe rcen t  f a v o r a b i l i t y ,  f o r  
example, w e  f e e l  t h e r e  i s  about a 50 pe rcen t  chance t h a t  a d e p o s i t  i s  p r e s e n t .  

A s c o r e  of 100 i n d i c a t e s  a p e r f e c t  

The est imated f a v o r a b i l i t y  v a l u e s  f o r  t h e  second level c r i te r ia  of t h e  recog- 
n i t i o n  c r i te r ia  n e t  (Fig.  53) f o r  t h e  t h r e e  areas considered i n  t h e  next 
s e c t i o n  are a l s o  u s e f u l  f o r  i n t e r p r e t i n g  t h e  f a v o r a b i l i t y  estimates. In- 
s p e c t i o n  of t h e s e  v a l u e s ,  which are t a b u l a t e d  below, permits  one t o  determine 
t h e  c o n t r i b u t i o n  of each i n t e r m e d i a t e  level c r i t e r i o n  t o  t h e  f i n a l  es t imated 
f a v o r a b i l i t y .  



I 

I I I I 1 
50 75 IC 1 25 

Chance of  a deposit being present ( Percent  1 

Figure  55. Schematic r e l a t i o n  between c a l c u l a c e a  ravorauiiiLy L U ~  L J y L  

d e p o s i t s  and t h e  chances of a d e p o s i t  being p r e s e n t  w i t h i n  t h e  
area eva lua ted .  
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Second L e v e l  C r i t e r i o n  

Applied Normalized Maximum 
Fsivorabili  t y  Values Applied 

Gas S h i r l e y  Weld Normalize$ 
Hil ls :  Basin County Values (Fm ) -- 

Tectonic ,  S t r u c t u r a l  and Regional 50 50 22 50 
Geologic S e t t i n g  

Con t inen ta l  Sedimentary Sequence 60 57 43 65 

Host Sands tone  38 40 24 40 

A l t e r a t i o n  and M i n e r a l i z a t i o n  63 55 2 1  70 

The f a v o r a b i l i t y  of t h e  S h i r l e y  Basin is  decreased r e l e v a n t  t o  t h e  Gas H i l l s  
by v a l u e s  f o r  "Al t e ra t ion  and Mine ra l i za t ion"  which r e f l e c t s  t h e  d i f f i c u l t y  of 
i d e n t i f y i n g  s u r f a c e  a l t e r a t i o n  and r a d i o a c t i v i t y  i n  t h e  S h i r l e y  Basin. 
f a v o r a b i l i t y  of Weld County is  low f o r  a l l  c r i te r ia  when compared t o  the 
Wyoming Basins,  bu t  i s  p a r t i c u l a r l y  low f o r  A l t e r a t i o n  and Mine ra l i za t ion .  
similar comparisons one can pursue f a v o r a b i l i t y  v a l u e s  down through lower 
levels of t h e  c r i t e r i a  n e t  and a s c e r t a i n  e x a c t l y  where f a v o r a b l e  and unfavor- 
a b l e  obse rva t ions  are o r i g i n a t i n g .  

Strongly n e g a t i v e  v a l u e s  f o r  i n d i v i d u a l  (cr i ter ia  are, i n  some cases, s u f f i -  
c i e n t  t o  e s s e n t i a l l y  k i l l  t h e  p o t e n t i a l  of an area. I n  t h e  f i n a l  f a v o r a b i l i t y  
estimate a s i n g l e  l a r g e  n e g a t i v e  v a l u e  may become l o s t  i n  g e n e r a l l y  p o s i t i v e  
c r i t e r i a  v a l u e s ,  hence, t h e  g e o l o g i s t  must i n s p e c t  t h e  v a l u e s  of i n d i v i d u a l  
c r i t e r i a  . 

The 

By 

F i n a l l y ,  t h e  completeness of t h e  d a t a ,  hence t h e  number of zero v a l u e s ,  may 
produce erroneous est imated f a v o r a b i l i t y  va lues .  I n  e x p l o r a t i o n ,  low favor- 
a b i l i t y  v a l u e s  due t o  incomplete and u n c e r t a i n  d a t a  are no t  as unfavorable  as 
low f a v o r a b i l i t y  v a l u e s  r e s u l t i n g  from nega t ive  o r  low p o s i t i v e  c r i t e r i a  
v a l u e s .  I n  r e source  s t u d i e s ,  however, t h e  absence of d a t a  could y i e l d  an 
apparent  f a v o r a b i l i t y  much lower ( o r  h ighe r )  t han  t h e  area war ran t s .  Ca re fu l  
i n s p e c t i o n  must be made of incomplete and u n c e r t a i n  d a t a  and t h e  r e s u l t i n g  
f a v o r a b i l i t y  estimate i n t e r p r e t e d  accordingly.  Where new d a t a  o r  more c e r t a i n  
obse rva t ions  are needed, t h e  c r i t e r i a  weights w i l l  i n d i c a t e  which obse rva t ions  
are most important t o  o b t a i n .  

Examples of F a v o r a b i l i t y  Estimates f o r  Three Areas 

I n  t h e  fo l lowing  pages, r e c o g n i t i o n  c r i t e r i a  are used t o  estimate t h e  geologic  
f a v o r a b i l i t y  f o r  r o l l - t y p e  d e p o s i t s  i n  one c o n t i n e n t a l  i n t e r i o r  b a s i n  i n  
Colorado and two intermontane b a s i n s  i n  Wyoming. These examples are chosen t o  
i l l u s t r a t e  one s imple method f o r  developing f a v o r a b i l i t y  estimates. I n  each 
case t h e  f a v o r a b i l i t y  of t h e  area w a s  obviously known as r o l l - t y p e  d e p o s i t s  
had a l r e a d y  been discovered.  I n  o r d e r  t o  keep t h e  e x e r c i s e  as r e a l i s t i c  as 
p o s s i b l e ,  however, we have used only geologic  d a t a  a v a i l a b l e  be fo re  ex tens ive  
e x p l o r a t i o n  and mining i n  t h e  t h r e e  areas. 
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The fo l lowing  a b b r e v i a t i o n s  are used throughout :  

GHD = Gas H i l l s  d i s t r i c t ,  Wyoming 

SBD = S h i r l e y  Basin d i s t r i c t ,  lJyoming 

WCD = Weld County d i s t r i c t ,  Colorado 

Fe = Estimated f a v o r a b i l i t y  va lue  

Fm = Maximum f a v o r a b i l i t y  va lue  

Fn = Normalized F a v o r a b i l i t y  v a l u e  

Fna = Normalized app l i ed  f a v o r a b i l i t y  v a l u e  

Est imated F a v o r a b i l i t y  (Fe) i s  simply t h e  sum of t h e  f a v o r a b i l i t y  v a l u e s  
ass igned  t o  each o f  a group cf c r i t e r i a  t h a t  de te rmines  t h e  f a v o r a b i l i t y  of  a 
h ighe r  i n t e r m e d i a t e  level c r i t e r i o n ,  based upon f i e l d  d a t a .  

Maximum F a v o r a b i l i t y  (Fm) i s  t h e  sum of t h e  maximum v a l u e s  t h a t  could be 
ass igned  t o  those  c r i t e r i o n .  

Normalized F a v o r a b i l i t y  (Fn) i s  equal  t o  t h e  es t imated  f a v o r a b i l i t y  d iv ided  by 
t h e  maximum f a v o r a b i l i t y .  It may be  i n t e r p r e t e d ,  t h e r e f o r e ,  as a percentage  
of t h e  t o t a l  p o s s i b l e  f a v o r a b i l i t y  of  t h e  c r i t e r i a .  

Normalize'd Applied F a v o r a b i l i t y  (Fna) i s  t h e  normalized f a v o r a b i l i t y  of  a 
group of c r i t e r i a  which i s  then  m u l t i p l i e d  by t h e  weight ass igned  t o  t h e  
c r i t e r i o n  above; t h e  product  i s  t h e  weight f o r  t h a t  h igher  level  c r i t e r i o n  
t h a t  i s  then  used wi th  o t h e r  c r i t e r i a  t o  c a l c u l a t e  t h e  f a v o r a b i l i t y  of  t h e  
next h igher  l eve l  c r i t e r i a ,  For example (Fig.  53) ,  t h r e e  c r i t e r i a  determine 
t h e  f a v o r a b i l i t y  of composition. 
t h e s e  t h r e e  c r i t e r i a  are  n o t  used d i r e c t l y  i n  combination w i t h  t h e  f i v e  o t h e r  
c r i t e r i a  t h a t  e s t a b l i s h  t h e  f a v o r a b i l i t y  o f  Host Sandstone, bu t  i s  m u l t i p l i e d  
by t h e  p o s i t i v e  o r  nega t ive  v a l u e  (+40, -95) ass igned  t o  Composition (see 
Table  4 ) .  
have been ass igned  s e p a r a t e  weight v a l u e s ,  g e n e r a l l y  toward t h e  top  of  t h e  
c r i t e r i a  n e t  and a l l  are i n d i c a t e d  by a s t e r i s k s  i n  Table  4 .  

The normalized f a v o r a b i l i t y  obta ined  from 

It i s  necessary  t o  c a l c u l a t e  Fna only  where h ighe r  l eve l  c r i t e r i a  

I. Tec tonic  S t r u c t u r a l  and Regional Geologic S e t t i n g  (TSRS) 

The f a v o r a b i l i t y  o f  TSRS i s  determined by t h e  geology of f i v e  c r i t e r i a :  

( a )  Tec tonic  S e t t i n g  
GHD +80 (an intermontane b a s i n )  

SBD +80 ( a s  above) 

WCD +50 ( c o n t i n e n t a l . i n t e r i o r  bas in )  

(b) S t r u c t u r a l  S e t t i n g  

GHD +35 ( r e l a t i v e l y  undis turbed  b a s i n  sediments)  

SBD +35 (undis turbed b a s i n  sediments)  

WCD + 0 ( s l i g h t l y  d i s t u r b e d  sediments)  
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(c )  Sediment Dip 
GHD +5 (d ip  2"+) 

SBD 4-5 (d ip  2 O + )  

WCD +5 (d ips  as much as 5'+:1 

- 

- 

- 

(d) Sediment Source Rocks 

GHD +20 ( g r a n i t i c  source rocks)  

SBD +20 (as above) 

WCD 4-10 ( g r a n i t i c  and metamorphic source rocks )  

( e )  Uraniferous Province 

GHD +30 (above normal uranium) 

SBD +30 (as above) 

WCD +10 (normal uranium) 

( f )  TSRS Score 

The f a v o r a b i l i t y  estimate (Fe) f o r  TSRS i s  t h e  sum of t h e  i n d i v i d u a l  favor- 
a b i l i t y  numbers de r ived  from f i e l d  d a t a :  

Fe GHD = 80 + 35 + 5 + 20 + 30 = 170 
Fe SBD = 80 + 35 + 5 + 20 + 30 = 170 

- 
- 

Fe WCD = 50 + 0 + 5 + 10 + 10 = 75 - 

Reference t o  Table  4 shows t h a t  t h e  maximum f a v o r a b i l i t y  f o r  TSRS t h a t  could 
be de r ived  from t h e  sum of t h e s e  c r i t e r i a  i s  

Fm = 80 + 35 + 5 + 20 + 30 = 170 

We now want t o  know t h e  e x t e n t  t o  which t h e  e s t ima ted  f a v o r a b i l i t i e s  achieved 
t h e  maximum p o t e n t i a l  f a v o r a b i l i t y ,  hence we d i v i d e  t h e  estimate (Fe) by t h e  
maximum (Fm). One a l s o  n o t e s  (Table 5) t h a t  t h e  maximum v a l u e s  of TSRS f o r  
e v a l u a t i n g  t h e  f a v o r a b i l i t y  f o r  a r o l l - t y p e  d e p o s i t  are +50 and -95. We can 
t h e r e f o r e ,  combine two s t e p s  and c a l c u l a t e  d i r e c t l y  t h e  normalized app l i ed  
f a v o r a b i l i t y  which i s  t h e  c o n t r i b u t i o n  t o  t h e  f a v o r a b i l i t y  f o r  r o l l - t y p e  
d e p o s i t :  

t h u s ,  

Fe 
Fm Fna = - x  50, 

Fna GHD = x 50 = 50 (a p e r f e c t  s c o r e )  

i;: x 50 = 50 (as  above) Fna SBD = - 

- 

- 

75 x 50 = 2 2  (out of a p o s s i b l e  50) Fna WCD = - 170 - 

Q 
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11. Continental Sedimentary Sequence 

(a) & 
GHD = +20 (Tertiary) 
SBD = +20 (as above) 

WCD = +15 (Tertiary and Cretaceous) 

(b) Thickness 
GHD = +10 (slightly over 2000 feet) 

SBD = +5 (slightly under 2000 feet) 

WCD = +5 (slightly under 2000 feet) 

(c) Associated Sediments 
GHD = +20 (not much carbon) 

SBD = +20 (as above) 

WCD = +20 (as above) 

(d) Host Sediments 
(1) Sandstone-mudstone proportions 

GHD = +20 (good sandstone/mudstone ratio) 

SBD = +20 (as above) 
WCD = -10 (sandstone/mudstone ratios fair) 

(2) Thickness 
GHD = +20 (thicknesses exceed 500 feet) 

SBD = +20 (as above) 

WCD = +20 (as above) 

(3) Color 
GHD = +20 (only small percentage oxidized) 

SBD = +20 (as above) 

WCD = +20 (as above) 

( 4 )  Carbon content 
GHD = +20 (considerable carbon) 

SBD = +20 (as above) 
WCD = +10 (considerable carbon in Laramie Formation) 
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(5)  Volcanic ash  conten t  

GHD = +10 (ash i s  i n  ove r ly ing  formation)  ’ ’ 

SBD = +10 (as  above) 

WCD = +10 (a s  above) 

(6) Host sediment s c o r e  

Fe GHD = 20 + 20 -4- 20 -l- 20 + 10 +go 

Fe SBD = 20 + 20 + 20 + 20 + 10 = +go 

Fe WCD = Pos. 20 + 20 + 10 + 10 = +60 

Neg. -10 - -10 

Fm pos. = +20 + 20 + 20 t 20 + 25 = +lo5 

Fm neg. = -40 - 90 - 60 - 40 - 0 = -230 

The assigned weight f o r  Host Sediment i s  , t60 (Table 4 ) ,  hence: 

Fna GHD = - x 60 = +51 (out of p o s s i b l e  60) 

Fna SBD = - x 60 = +51 (out of p o s s i b l e  60) 

105 

105 

Fna WCD Pos = - 6o - - +.57 
105 

Fna WCD Neg = - -lo = +.04 
-230 

Fna WCD N e t  = .57 .04 = +.53 

Fna WCD = +.53 x 60 = - 32 (out  of p o s s i b l e  60) 

(e )  Cont inenta l  Sedimentary Sequence Score 

Fe GHD = 20 + 10 + . 2 0  + 51 = 101 

Fe SBD = 20 + 5 + 20 + 5 1  = 96 

Fe WCD = 15 + 5 + 20 + 32 = 72 

Fm = 20 + 10 + 20 + 60 = 110 

Fna GHD = x 65 = 60 (out of a p o s s i b l e  65) 

Fna SBD = - 96 x 65 = - 57 (out of a poss ib l e  65) 

Fna WCD = - 7 2  x 65 = - 43 (out of a p o s s i b l e  65) 

- 

I10  

110 

I 
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111. Host Sandstone 

(a )  Age 
GHD +25 ( e a r l y  T e r t i a r y )  

SBD +25 ( a s  above) 

WCD +15 (Cretaceous) 

(b) Thickness 

GHD +20 (up t o  300 f e e t  t h i c k )  

SBD +20 (over 100 f e e t  t h i c k )  

WCD +10 ( g e n e r a l l y  less than 100 f e e t  t h i c k )  

( c )  Area 

GHD +25 (very wide u n i t )  

SBD +25 ( l eng th  exceeds width) 

WCD +25 ( ex tens ive  u n i t )  

(d) Pe rmeab i l i t y  

GHD +25 (very permeable) 

SBD +25 (as  above) 

WCD + 5 ( f a i r l y  permeable) 

(e)  Depos i t i ona l  Environment 

GHD +35 (med ia l -d i s t a l  f a n )  

SBD +45 (bed-load f l u v i a l )  

WCD +20 ( f l u v i a l  and marginal  marine) 

( f )  Composition 

(I) Clastics 
GHD +45 (arkose)  

SBD +45 (arkose)  

WCD +30 (subarkose) 

( 2 )  Reductants 

GHD +60 ( p y r i t e  and carbon) 

SBD +60 (as above) 

WCD +60 (as above) 

( 3 )  Sandstone-mudstone p ropor t ions  

GHD +35 ( t h e  most f avorab le  p ropor t ions )  

SBD +35 (as  above) 

WCD +20 ( excess ive  sandstone) 
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( 4 )  Composition s c o r e  

/ ' Fe GHD = 45 + 60 + 35 =: 140  

Fe SBD = 45 + 60 + =: 1 4 0 ' /  

Fe WCD = 30 + 60 + 20'=: 110 

Fm = 45 + 60 + 35 = 140 

Fna GHD = - x 40 = -- 40 ( a  p e r f e c t  score)  

Fna SBD = - x 40 = -- 40 ( a  p e r f e c t  score)  

Fna WCD = - x 4 0  = -- 3 1  (out of a p o s s i b l e  4 0 )  

1 4  0 

140 

1 4 0  

(h) Host Sandstone Score 

Fe GHD = 25 t 20 t 25 t 25 t 35  t 40 = 170 
Fe SBD = 25 + 20 + 25 + 25 + 45 + 40 = 180 

Fe WCD = 1 5  + 10 + 25 -t 5 + 20 + 3 1  = 106 

Fm = 25 + 20 + 25 + 25 + 40 t. 45 = 180 

Fna GHD = E x  40 = - 38 (out  of a p o s s i b l e  4 0 )  

i:i x 40 = 4 0  ( a  p e r f e c t  s co re )  Fna SBD = - 
I \ 

- 

Fna WCD = x 40 = - 24 (out of  a p o s s i b l e  4 0 )  

I V .  A l t e r a t i o n  and Mine ra l i za t ion  

(a )  A l t e r a t i o n  

GHD +80 ( a l t e r a t i o n  i n  e a r l y  d r i l l  c u t t i n g s )  

SBD +80 (a s  above) 

WCD +30 (recognized a f t e r  cons iderable  d r i l l i n g )  

(b)  Mine ra l i za t ion  

(1) Uranium anomalies 

GHD +80 (anomalous outcrops)  

SBD +35 ( spa r se  anomalies) 

WCD +35 ( spa r se  anomalies) 

( 2 )  Geochemical anomalies 

GHD +50 (uranium i n  ground water) 

SBD +50 ( a s  above) 

WCD 0 (no d a t a )  

-1 7 4- 



(3) Emanation anomalies 

GHD 0 (no d a t a )  

SBD 10 (radon i n  w e l l  water )  

WCD 0 (no d a t a )  
. .  

(4)  Mine ra l i za t ion  sco re  

Fe GHD = 80 + 50 + 0 = 130 

Fe SBD = 35 + 50 + 10 = 95 

Fe WCD = 35 + 0 + 0 = 35 

Fm = 80 + 50 + 10 = 140 

Fna GHD = 130 x 80 = - 74 (out of a p o s s i b l e  80) 
140 

Fna SBD = - 95 x 80 = - 54 (out of a p o s s i b l e  80) 
140 

Fna WCD = - 35 x 80 = - 20 (out o f  a p o s s i b l e  80) 
140 

(c)  A l t e r a t i o n  and Mine ra l i za t ion  Score 

Fe GHD = 80 + 74 = 154 

Fe SBD = 80 + 54 = 134 
Fe WCD = 30 + 20 = 50 

Fm = 90 + 80 = 170 

Fna GHD = - ;;i x 70 = - 63 (out of a p o s s i b l e  70) 

Fna SBD = x 70 = - 55 (out o f  a p o s s i b l e  70)  

Fna WCD = - 50 x 70 = - 2 1  (out of a p o s s i b l e  70) 
170 

The second level f a v o r a b i l i t y  estimate c a l c u l a t e d  i n  t h e  preceding pages can 
now be t abu la t ed  i n  p repa ra t ion  f o r  c a l c u l a t i n g  t h e  f a v o r a b i l i t y  estimates 
f o r  r o l l - t y p e  d e p o s i t s  i n  t h e s e  t h r e e  areas: 

Second Level C r i t e r i o n  

Tec tonic ,  S t r u c t u r a l  and 

Cont inenta l  Sedimentary Sequence 

Host Sandstone 

A l t e r a t i o n  and Mine ra l i za t ion  

- 

Regional Geologic S e t t i n g  

Gas 
H i l l s  

+50 

+6 0 

+38 

+63 
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Applied Normalized Maximum 
F a v o r a b i l i t y  Values Applied 

Sh i r  1 ey We I d  Normalized 
Basin 

+50 

+57 

+40 

+55 

County Values 

+2 2 +50 

+43 +65 

+2 4 +40 

+2 1 +7 0 



The f a v o r a b i l i t y  f o r  r o l l - t y p e  d e p o s i t s  i n  t h e s e  t h r e e  areas i s  c a l c u l a t e d  
u s i n g  t h e  d a t a  above and t h e  s a m e  procedures used i n  t h e  preceding c a l c u l a t i o n s .  

Fe GHD = 50 + 60  + 38 + 63 = 211 

Fe SBD = 50 + 57 + 40 + 55 = 202 

Fe WCD = 22 + 43 + 24 + 2 1  = 110 

= 50 + 65 + 40 + 70 = 225 

~ 

I 

I 

Fm 4 

Fn GHD = - 211 x 100 = 94% 225 

202 
225 

Fn SBD- = -x 100 = 90% 

Fn WCD = x 100 = 49% 

These r e s u l t s  suggest  both t h e  Gas H i l l s  and t h e  S h i r l e y  Basin areas are ex- 
t remely f a v o r a b l e  f o r  r o l l - t y p e  uranium d e p o s i t s ,  and t h e  Weld County area i s  
moderately f avorab le .  These r e s u l t s  are as one would expect  and r e f l e c t  t h e  
demonstrated uranium r e s o u r c e s  of t h e  d i s t r i c t s .  The pe rcen t  f a v o r a b i l i t y ,  
as d i scussed  i n  t h e  text ,  is probably elquivalent t o  a somewhat lower prob- 
ability of occurrence for a deposit in ,any area studied. 
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