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METHANE CONTENTS OF OIL SHALE 
FROM THE PICEANCE BASIN, CO 

By S. J. Schatzel,l D. M. Hyman,l A. Sainato,* and J. C. LaScola3 

ABSTRACT 

The Bureau of Mines de te rmined  t h e  g a s  c o n t e n t s  of 135 o i l  s h a l e  sam- 
p l e s  o b t a i n e d  frorn a p p r o x i m a t e l y  630 f t  of c o r e  d r i l l i n g .  D r i l l i n g  was 
done  w i t h i n  a  p r o j e c t e d  mining zone  o f  t h e  C a t h e d r a l  S l u f f s  Mine, l o -  
c a t e d  i n  t h e  P i c e a n c e  B a s i n  of w e s t e r n  Colorado.  Methane c o n t e n t s  were 
d e t e r m i n e d  by t h e  mod i f i ed  d i r e c t  method, which c a n  measure t h e  volumes 
o f  s e v e r a l  g a s e s  r e l e a s e d  frorn o r  r e a c t e d  w i t h  mine rock  w i t h o u t  de- 
s t r u c t i v e  sample  t r e a t m e n t .  Over t h e  d u r a t i o n  of t h e  t e s t ,  n i t r o g e n  was 
l a r g e l y  u n r e a c t i v e ,  C02 i n c r e a s e d  s l i g h t l y ,  oxygen d e c r e a s e d  markedly ,  
a n d  methane i n c r e a s e d  more t h a n  t h e  t o t a l  i n c r e a s e  of a l l  c o n t a i n e d  
g a s e s .  

The g a s  volumes were  n o r m a l i z e d  p e r  u n i t  sample mass and a r e  g i v e n  
i n  c u b i c  c e n t i m e t e r s  p e r  gram. Common t ime  i rzdices  f o r  t e s t  d u r a t i o n  of 
3 ,  40, and 125 d a y s  were u s e d  t o  compare methane d e s o r p t i o n  among sam- 
p l e s .  The means of  t h e  sample  p o p u l a t i o n s  f o r  t h e s e  i n d i c e s  were 
0.0316, 0.114, and 0.195 ~ r n ~ / ~ ,  r e s p e c t i v e l y .  These q u a n t i t i e s  a r e  low- 
e r  t h a n  t h o s e  r e p o r t e d  i n  a  Bureau e m i s s i o n s  s t u d y  a t  t h e  Horse Draw 
Mine i n  t h e  P i c e a n c e  Bas in .  O i l  s h a l e  samples  t h a t  were gas  e n r i c h e d  
beyond t h e  mean methane c o n t e n t s  f r e q u e n t l y  c o n t a i n e d  b i tumens  and 
p y r i t e .  

G e o l o g i s t .  
2 ~ 4 i n i n g  e n g i n e e r i n g  t e c h n i c i a n .  
3 ~ h y s i c a l  s c i e n t i s t .  

P i t t s b u r g h  Resea rch  C e n t e r ,  Bureau of Mines,  P i t t s b u r g h ,  P A .  



INTRODUCTION 

O i l  s h a l e  i n  t h e  Mahogany Zone of t h e  
Green R i v e r  Format ion is  a  s i g n i f i c a n t  
p o t e n t i a l  f u e l  source .  I n  t h e  P iceance  
B a s i n ,  t h e  Mahogany Zone o r g a n i c  c o n t e n t  
a v e r a g e s  abou t  16 w t  p c t  (ge4 The r e -  
maining m a t e r i a l  i n  o i l  s h a l e  is most ly  
m i n e r a l  ma t t e r .  The compos i t ion  of t h e  
m i n e r a l  m a t t e r  v a r i e s ,  b u t  major c o n s t i t -  
u e n t s  i n c l u d e  d o l o m i t e ,  c a l c i t e ,  q u a r t z ,  
i l l i t e ,  sodium and po tass ium f e l d s p a r s ,  
p y r i t e ,  and a n a l c i t e  (1). Approximately 
80 b i l l i o n  b b l  of s h a l e  o i l  was though t  
t o  be r e c o v e r a b l e  u s i n g  technology a v a i l -  
a b l e  i n  1976, and t h e  t o t a l  r e s e r v e s  of 
t h e  Green R i v e r  Format ion were e s t i m a t e d  
a s  4 t r i l l i o n  bbl .  

The r e l e a s e  of methane gas  d u r i n g  t h e  
mining of f o s s i l  f u e l s  is a  concern  of 
t h e  mining i n d u s t r y  and F e d e r a l  r e g u l a -  
t o r y  bod ies .  New F e d e r a l  r e g u l a t i o n s  f o r  
m e t a l  and nonmetal  mines a r e  p r e s e n t l y  
under  r ev iew,  and o i l  s h a l e  mines would 
be  s u b j e c t  t o  t h e s e  r e g u l a t i o n s  i f  ap- 
proved.  The p o r t i o n  of t h e  proposed reg- 
u l a t i o n s  t h a t  d i r e c t l y  a f f e c t s  o i l  s h a l e  
mining was e s t a b l i s h e d  i n  accordance  w i t h  
a v a i l a b l e  documentat ion of methane emis- 
s i o n s  from o i l  s h a l e  mine p roduc t ion .  
Some of t h i s  i n f o r m a t i o n  i s  t h e  r e s u l t  of 
work done a t  t h e  Horse Draw Mine s i t e  
( f i g .  1 ) .  

The Horse Draw Mine was developed by 
t h e  Bureau of Mines i n  1978 a s  a n  e x p e r i -  
men ta l  mine. Between t h e  middle of 1979 
and t h e  end of 1981, t h e  Horse Draw Mine 
was o p e r a t e d  f o r  t h e  Bureau by t h e  M u l t i  
M i n e r a l s  Corp. Four mining l e v e l s  were 
d r i v e n  a t  t h e  Horse Draw Mine, between 
1 , 8 4 0  and 2,230 f t  below t h e  s u r f a c e  
( f i g .  2) .  A l l  of t h e s e  d e p t h s  a r e  below 
t h e  d i s s o l u t i o n  s u r f a c e ,  which is  t h e  
h o r i z o n  where l e a c h i n g  of s o l u b l e  min- 
e r a l s  t e r m i n a t e s  and ground w a t e r  s i n k s  
no d e e p e r  i n t o  t h e  Green R i v e r  Forma- 
t ion.  The m i n e r a l s  h a l i t e ,  dawson i te ,  
and n a h c o l i t e ,  i n  a d d i t i o n  t o  o i l  s h a l e ,  
were p r e s e r v e d  and were planned mining 
coproduc t s .  

4 ~ n d e r l i n e d  numbers i n  p a r e n t h e s e s  r e -  
f e r  t o  i t e m s  i n  t h e  l i s t  o f  r e f e r e n c e s  
p r e c e d i n g  t h e  append ix  a t  t h e  end  o f  t h i s  
r e p o r t .  

The Bureau c o l l e c t e d  g a s  e m i s s i o n s  d a t a  
d u r i n g  development of mine workings  a t  
t h e  Horse Draw Mine, which i n d i c a t e d  an 
a v e r a g e  of 42 f t 3 / s t  (1.3 crn3lg) CH4. 
The e m i s s i o n s  d a t a  were o b t a i n e d  by re-  
l a t i n g  t h e  amount of rock mined i n  a  
b l a s t  t o  t h e  volume of methane r e l e a s e d .  
The volume of gas  e m i t t e d  was q u a n t i f i e d  
by measur ing c o n c e n t r a t i o n s  usi-ng chroma- 
tography.  Tube bundles  extended f rom t h e  
gas  chromatography i n s t r u m e n t s  on t h e  
s u r f a c e  t o  underground sampl ing loca -  
t i o n s .  V e n t i l a t i o n  measurement probes  
l o c a t e d  i n  mine l e v e l  e x h a u s t  d u c t s  and 
t h e  s h a f t  exhaus t  provided v o l u m e t r i c  
d a t a  f o r  t h e  c a l c u l a t i o n  of gas  e m i s s i o n s  
(4) 

I' Approx area underlain 
by Green River Formation 

FIGURE 1.-Outline of Green River Formation within margin 
of Piceance Basin, CO. (Adapted from Russell (2).) 



The r e l a t i o n s h i p  between methane and 
o i l  s h a l e  i s  suppo r t ab l e  on a  t h e o r e t i c a l  
a s  w e l l  a s  an emp i r i c a l  b a s i s .  It i s  
g e n e r a l l y  accepted t h a t  t h e  p r e s e r v a t i o n ,  
deg rada t i on ,  and thermal  a l t e r a t i o n  of 

1,840-ft leve o rgan i c  m a t t e r  i n  sediments  can l e a d  t o  
t h e  fo rmat ion  of methane i n  f o s s i l  f u e l s .  
Methane i s  known t o  be an i n h e r e n t  by- 
product  of t h e  c o a l i f i c a t i o n  process .  
Methane a s s o c i a t e d  wi th  petroleum i s  usu- 
a l l y  cons idered  t h e  r e s u l t  of thermal  
c r ack ing ,  t h e  breaking down of complex 
hydrocarbon cha in s  under i n t e n s e  h e a t  and 
p r e s s u r e  c o n d i t i o n s  i n t o  l i g h t e r  and s i m -  
p l e r  compounds. G e n e t i c a l l y ,  o i l  s h a l e  
i s  r e l a t e d  t o  c e r t a i n  unusual  c o a l s  con- 
t a i n i n g  abundant spo re  and /or  a l g a l  mate- 
r i a l .  These c o a l s  have h i s t o r i c a l  s i g -  
n i f i c a n c e ,  but  l i t t l e  c u r r e n t  economic 
importance.  

P e t r o l o g i c  s t u d i e s  can be very  u s e f u l  
i n  i d e n t i f y i n g  t h e  s p e c i f i c  p r o g e n i t o r s  
of s o l i d  o r g a n i c a l l y  der ived  f u e l s .  The 
pe t rog raph i c  i d e n t i f i c a t i o n  of o rgan i c  
m a t t e r  i n  Green River  o i l  s h a l e  i s  usu- 
a l l y  d i f f i c u l t  owing t o  i n t e r a c t i o n s  w i th  
t h e  minera l  ma t r i x ,  t h e  f ine -gra ined  na- 
t u r e  of t h e  o rgan i c  and minera l  mat- 
t e r ,  and t h e  d i ssemina ted  s t a t e  of t h e  
o r g a n i c  m a t e r i a l .  However, t h e r e  i s  gen- 

2,080-ft level e r a l  agreement t h a t  t h e  o rgan i c  ma t t e r  
i n  t h e  Green River  o i l  s h a l e  is  c h i e f l y  
formed from a lgae .  P a r t i a l l y  because of 

Raise t h e  r e l a t i o n s h i p  between o i l  s h a l e s  and 
a l g a l  c o a l s ,  some of t h e  same c o n t r o l s  on 

2,130-ft level g a s  con t en t  i n  c o a l s  (dep th  of b u r i a l ,  

t empera ture ,  age,  geo log i c  s t r u c t u r e ,  
e t c . )  have been sugges ted  f o r  o i l  s h a l e .  
The decomposit ion of a l g a e  may a l s o  p l ay  

Raise and stope an  impor tan t  r o l e  i n  petroleum g e n e s i s  

from o i l  source  rocks  ( 5 ) .  
The Bureau r e c e n t l y  undertook f i e l d  

Greeno sublevel exper iments  a t  t h e  Ca thedra l  B l u f f s  Mine 

Raise ( f i g .  1 )  t o  determine t h e  amount of ga s  
con ta ined  i n  o i l  s h a l e  and t h e  behav- 

2,230-ft level i o r  of t h e  ga s  w i t h i n  t h e  o i l  s h a l e  and 

i n  t h e  mine atmosphere. Two h o l e s  were 

Ramp c o r e - d r i l l e d  h o r i z o n t a l l y  from t h e  Upper 
Void Leve l ,  each h o l e  being about 200 f t  

Sublevel deep. These h o l e s  were d r i l l e d  i n t o  t h e  
f a c e  of an e x p l o r a t i o n  d r i f t .  They were 
o r i e n t e d  p a r a l l e l  t o  each o t h e r  and sepa- 
r a t e d  by about 25 f t  a t  t h e  ho l e  co l -  

FIGURE 2.-Cross section of Horse Draw Mine. (Adapted from 
Cole (3).) l a r s .  I n  a d d i t i o n ,  s i x  v e r t i c a l  h o l e s  

were c o r e - d r i l l e d  from t h e  Upper Void 



L e v e l  t o  b e t u ~ e e n  30 a n d  4 0  f t  below t h e  
n i n e  f l o o r .  

The d r i l l i n g  of  e a c h  h o l e  was i n t e -  
g r a t e d  w i t h  e x p e r i m e n t a l  t a s k s .  The m a i l  
t a s k s  we re  ( I )  t o  q u a n t i f y  t h e  amount  and  
c o n p o s i t i o n  of g a s  c n i t t e d  frorn b o t h  t h e  
c o r e  and  t h e  h o l e ,  ( 2 )  t o  c o u n t  and  l o -  
c a t e  f r a c t ~ i r e s  i n t e r s e c t i n g  t h e  c o r e ,  and  
( 3 )  t o  r e c o r d  d e t a i l e d  c o r e  l i t h o l o g y .  
F o l l o w i n g  rernoval  o f  a n  i n t e r v a l  of r o c k  
s a m p l e ,  t h e  s a m p l e  l e n g t l l  was mea:;;lred, 
d e p t h s  and  o r i e n t a t i o n  i n d i c a t o r s  Idere 
marked on t h e  c o r e ,  c o r e  l o s s  i n t e r v a l s  
we re  a s s i g n e d  i f  n e c e s s a r y ,  and  c o r e  
E r a c t u r e s  w e r e  l ogged .  F r a c t u r e  o r i e n t a -  
t i o n  d a t a  we re  mer-lningful o n l y  r e l a t  i v e  
t o  o t h e r  f r a c t u r e s  w i t h i n  a  s i n g l e  re- 
c o n s t r u c t e d  c o r e  i n t e r v a l  5 e c a u s e  t h e  
c o r e  d i d  n o t  h a v e  a n  a b s o l u t e  o r i e n t a t i o n  
when d r i l l e d .  L i t h o l o g i c  d a t a  w e r e  r e -  
c o r d e d  n e x t .  A l l  c o r e  l o g g i n g  was done  
i n  a c c o r d a n c e  ~ i t h  H a r t l e y  a n d  B e a r d  ( 6 ) ,  
s t a n d a r d  p r o c e d u r e  f o r  t h e  c a t h e d r a l  
B l u f f s  Pline. Once t h e  d e s c r i p t i v e  l i t h o -  
l o g i c  l o g g i n g  was complete, t h e  c o r e d  
i n t e r v a l s  we re  i n s e r t e d  i n t o  p o l y v i n y l  
c h l o r i d e  ( P V C )  o r  s t e e l  c o n t a i n e r s .  The 
c o n t a i n e r s  w e r e  t h e n  s e a l e d  s o  t h a t  g a s e s  
d e s o r b i n g  f rom t h e  c o r e  would  r ema in  
w i t h i n  t h e  c o n t a i n e r .  

At  t h e  t i m e  of t h e  p l a n n i n g  o f  t h i s  
s t u d y ,  t h e r e  was no a c c e p t a b l e  t e s t  t o  
d e t e r m i n e  q u a n t i t i e s  of g a s  d e s o r b i n g  
f rorn o i l  s h a l e .  The d i r e c t  method t e s t ,  
d e s i g n e d  t o  q u a n t i f y  me thane  i n  c o a l  sam- 
p l e s ,  h a s  b e e n  u s e d  by t h e  Bureau  a n d  
o t h e r  i n v e s t i g a t o r s  on c o a l  ( 7 ) .  Howev- 
e r ,  a d a p t a t i o n s  of  d i r e c t  method t e s t i n g  
t o  p o t e n t i a l  m e t h a n e - e m i t t i n g  r o c k  sam- 
p l e s  o t h e r  t h a n  c o a l  c a n  p r o d u c e  l e s s  
t h a n  sa t  i s  f a c t o r y  r e s u l t s .  One p rob l em 
i s  t h a t  p r e l i m i n a r y  d a t a  i n d i c a t e  t h a t  a n  
o i l  s h a l e  s a m p l e  may e m i t  o n l y  o n e - t e n t h  

t h e  amount of g a s  as t h a t  e m i t t e d  by a 
c o a l  s a m p l e  of e q u a l  s i z e .  5 n a l l e r  cltlan- 
t i t  i e s  of g a s  c a n  l e a d  t o  e r c a n e o u s  r ~ -  
~ 1 1 1 - t s  when t h e  amount4 of gas  r e l e a s e d  
a p p r o a c h  t h e  s e n s i t i v i t y  of  meas : i re~nent .  
3eca i i s e  o i l  s h a l e  call  g e n e r a l l y  b e  e x -  
p e c t e d  t o  c o n t a i n  l e s s  n e t h a n e  t h a n  c o a l ,  
t h e  s e n s i t i v i t y  of direct  neth hod t e s t i n g  
would p o s e  a g r e a t e r  p rob lem.  A s e c o n d  
p rob l em r e s u l t s  Erorn t h e  c h e m i c a l  compo- 
s i t i o n  of  d e s o r b i n g  g a s .  S u r c a u  e x p e r i -  
e n c e  w i t h  U.S. c o a l b e d  g a s  h a s  i d e n t i f i e d  
i t s  c o r n p o s i t i o n  a s  g e n e r a l l y  a t  l e a s t  90  
p c t  CH4 a n d  a s  h i g h  as 99 p c t  C H 4 .  The 
d i r e c t  method t e s t  i n c o r p o r a t e s  n o  gas 
a n a l y s i s  i n  t h e  t e c h n i q u e  a n d  ass: lmes a l l  
g a s  t o  be  methane.  W i t h o u t  s a b s t a n t  ia- 
t i o n  o f  s i m i l a r  o i l  s h a l e  g a s  c o m p o s i t i o n  
o r  t i l e  i n c o r p o r a t i o n  o f  g a s  c o m p o s i t i o n  
a n a l y t i c a l  t e c h n i q u e s ,  o i l  s h a l e  g a s  de-  
t e r m i n a t i o n s  by t h e  d i r e c t  method would 
be  i n a d e q u a t e .  

A m o d i f i e d  d i r e c t  method t e s t  h a s  b e e n  
d e s i g n e d  t o  measu re  a n  amount o f  g a s  
wh ich  i s  s i a i l a r  t o  t h a t  e m i t t e d  f rom 
mined r o c k  i n t o  t h e  n i n e  e n v i r o n m e n t .  
T h i s  g a s  i s  n o r m a l l y  d i l u t e d  by v e n t i l a -  
t i o n  a i r  f l o w .  The m o d i f i e d  d i r e c t  meth- 
od c a n  p r o d u c e  methane  c o n t e n t  d a t a  u n d e r  
f i e l d  o r  l a b o r a t o r y  c o n d i t i o n s  w i t h  a n  
a c c u r a c y  s u p e r i o r  t o  t h a t  of t h e  d i r e c t  
method. R e a c t i o n s  be tween  g a s e s  e m i t t e d  
f rom t h e  o r e  o r  w i t h i n  t h e  mine a tmos-  
p h e r e  c a n  be  o b s e r v e d  by c o m p o s i t i o n a l l y  
a n a l y z i n g  a n d  q u a n t i f y i n g  c l l ang ing  v o l -  
umes o f  g a s  compounds. Q u a n t i f y i n g  s t a n -  
d a r d  t e m p e r a t u r e  and  p r e s s u r e  (STP) g a s  
volumes a t  e a c h  p o i n t  i n  t i m e  p r o d u c e s  
i n f o r m a t i o n  on  r a t e s  o f  g a s  r e l e a s e d  a n d  
r e a c t i o n s ,  which  i s  c o n s i d e r e d  e s s e n t i a l  
i n  u n d e r s t a n d i n g  methane  e m i s s i o n s  i n  o i l  
s h a l e  mines.  
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REGIONAL G E O L O G Y  

G E O L O G I C  A N D  UEPOS L'r t0NAL HIS ' rORY ai n e r a l s  a r z  p r e s e r v e d  b e l o 4  t h e  d i s s o -  
l u t i o n  s ; i r f a c e  and a r e  l e a c h e d  o a t  above  

The  Green  X i v e r  F o r m a t i o n ,  l o c a t e d  i n  
t ? l e  S t a t e s  o f  IJyorning, C o l o r a d o ,  a n d  
U t a h ,  c o n t a i n s  one  of t h e  w o r l d ' s  l a r g e s t  
k n o ~ n  d e p o s i t s  o f  o i l  s h a l e s .  D e p o s i t i o n  
o f  t h e s e  u n i t s  t o o k  p l a c e  i l l  r e s p o n s e  t o  
o r o g e n i c  a c t  i v i t y  and  s u b s e q u e n t  down- 
i J a r p i n g  or1 t h e  w e s t e r n  s l o p e  of what  a r e  
now tlle Rocky M 0 u n t a i . n ~ .  Two l a r g e  i n -  
t e r m o n t a n e  l a k e s  we re  formed.  Take  U i n t a  
o c c u p i e d  t h e  r e g i o n  known a s  t1ne P i c e a n c e  
B a s i n  a n d  p a r t s  o f  U t a h ,  a n d  p e r s i s t e d  
f o r  5 t o  8 m i l l i o n  y r  ( 1 ) .  - The combined 
maximurl a r e a l  e x t e n t  of t h e  two l a k e s  was 
a b o u t  2 0 , 0 0 0  m i 2  (1). E v i d e n c e  may e x i s t  
f o r  t h e  i n i t i a t i o n  of moun ta in  b u i l d i n g  
i n  t h e  P r e c a m b r i a n ,  a l t h o u g h  c o r l t r o l  o f  
s e d i m e n t  d i s t r i b u t i o n  d i d  n o t  b e g i n  u n t i l  
t h e  deve lopmen t  of t h e  s t r u c t u r a l  u n i t s  
i n  t h e  P e n n s y l v a n i a n ,  a s  d e s c r i b e d  by 
Mur ray  a n d  IIaun (8) .  - The Grzen  R i v e r  
F o r m a t i o n  was formed d u r i n g  t h e  Eocene  
epoch .  The d e p o c e n t e r  f o r  t h e  ma jo r  o i l  
s h a l e  u n i t s  i s  l o c a t e d  a b o u t  25  miles 
s o u t h w e s t  o f  Meeker ,  CO. S e v e r a l  t u f f a -  
c e o u s  l a y e r s  f ound  i n  Green  R i v e r  o i l  
s h a l e s  a r e  f r e q u e n t l y  u s e d  as m a r k e r  b e d s  
a n d  w e r e  p r o d u c e d  d u r i n g  v o l c a n i c  e p i -  
s o d e s  c o n c u r r e n t  d i t h  o r o g e n i c  a c t i v i t y .  

The  d e p o s l t i o n  o f  Green  X i v e r  o i l  
s h a l e s  r e s u l t e d  f rom a combi l l a t i on  of  
c o n d i t i o n s  t h a t  l e d  t o  p r e s e r v a t i o n  o f  
t h e  o r g a n i c  m a t e r i a l .  The i n t e r m o n t a n e  
l a k e s  w e r e  q u i t e  s a l i n e ,  and  c o n d i t i o n s  
o f  s u r f a c e  w a t e r s  w e r e  s u c h  t h a t  a f o o d  
s u p p l y  was a v a i l a b l e  f o r  m ic ro -o rgan i sms  
t o  f l o u r i s h  (9).  The l a k e s  we re  s u f f i -  
c i e n t l y  s a l i n e  n e a r  t h e  b o t t o m  s o  t h a t  
t h e  w a t e r  was s t r a t i f i e d ,  p r e v e n t i n g  mix- 
i n g  o f  t h e  d e n s e  s a l i n e  w a t e r  w i t h  t h e  
more o x y g e n a t e d  s u r f a c e  w a t e r .  O r g a n i c  
m a t e r i a l  f l o w i n g  t o  t h e  l a k e  b o t t o m  was 
p r e s e r v e d  u n d e r  r e d u c i n g  c o n d i t i o n s .  The 
Hahogany b e d s  make up  a  p e r s i s t e n t l y  r i c h  
l a y e r  o f  o i l  s h a l e  r a n g i n g  f rom 50  t o  200  
€-t t h i c k  i n  t h e  P i c e a n c e  B a s i n .  D u r i n g  
t h e  d e p o s i t i o n  of t h e  Nahogany b e d s ,  t h e  
f o r m a t i o n  of  P i c e a n c e  B a s i n  s a l i n e  mine r -  
a l s  was most  a b u n d a n t  n e a r  t h e  b a s i n ' s  

t h e  s u r f a c e .  L e a c h i n g  of s a l i n e s  l e a v e s  
vuggy porr>s i y y ,  which  is  ell d e v e l o p e d  
above  t h e  d i s s o l u t  i o n  s : l r f  a c e .  

v- c v a p o r i t e  m i  n e r a l - s  a r e  a s s o c i a t e d  w i t h  
o i l  s h a l e s  i n  many a r e a s  of C o l o r a d o  
and  IJyoming. The most  a b u n d a n t  of t h e s e  
m i n e r a l s  a r e  n a h c o l i t  P_ (NaHC03), ha1  i t e  
(NaCl ) ,  d a w s o n i t e  [NaAl(OH)2C03],  and  
t r o n a  (Ya2CO3*YaHCO3*2H2O). N a h c o l i t e  
b e d s  a r e  common i n  t h e  o i l  s h a l e s  o f  Col-  
o r a d o ' s  P i c e a n c e  B a s i n  a s  i n t e r b e d d e d  de-  
p o s i t s  showing  g r o w t h  s t r u c t c l r e s  t h a t  
defor ined s u r r o u n d i n g  o i  l s h a l e  bedd ing .  
E v a p o r a t i o n  a n d  r e c e s s i o n  of t h e  l a k e  
s h o r e l i n e  may h a v e  b e e n  i m p o r t a n t  i n  dep-  
o s i t i o n  of  t h e  e v a p o r i t e s .  A n o t h e r  mech- 
a n i s m  f o r  f o r m a t i o n  o f  t h e s e  m i n e r a l s  is  
p o s s i b l e  b e c a u s e  of  t h e  p r o d u c t i o n  o f  C02 
d u r i n g  t h e  d e c a y  of  o r g a n i c  m a t t e r  ( 1 0 ) .  -- 

The o l d e s t  u n i t  o f  t h e  Eocene  Green  
R i v e r  F o r m a t i o n  i s  t h e  Doug la s  C r e e k  Yen- 
h e r  which  is made up of  l i g h t - c o l o r e d  
s a n d s t o n e  a n d  s h a l e s ,  a s  w e l l  as some 
l i m e s t o n e .  I n  t h e  n o r t h e r n  p o r t i o n  of  
t h e  P i c e a n c e  B a s i n ,  t h e  Doug la s  C reek  
g r a d e s  i n t o  t h e  o v e r l y i n g  Garden  Gu lch  
Yember, wh ich  c o n s i s t s  o f  g r a y  m a r l s t o n e ,  
g r a y  and  brown s h a l e ,  a n d  some t h i n  
b e d s  of  o i l  s h a l e .  I n  t h e  v i c i n i t y  o f  
t h e  C a t h e d r a l  S l u f f s  t r a c t ,  t h e  two u n i t s  
h a v e  a  combined t h i c k n e s s  o f  a p p r o x i -  
m a t e l y  500  f  t. The P a r a c h u t e  C reek  Hem- 
b e r  l i e s  above  t h e  Garden  Gulch.  The 
P a r a c h u t e  C reek  Yember is  a g r a y ,  brown,  
a n d  b l a c k  m a r l s t o n e  w i t h  t h e  p e r s i s t e n t  
d a r k ,  r i c h  o i l  s h a l e  b e d s  s u c h  as t h o s e  
i n  t h e  Nahogany Zone. Near  t h e  mine l o -  
c a t i o n ,  t h e  t o t a l  t h i c k n e s s  o f  t h e  P a r a -  
c h u t e  C reek  Xember i s  a b o u t  1 , 5 0 0  f t .  
The U i n t a  F o r m a t i o n  rests on  t h e  P a r a -  
c h u t e  Creeic Yenber  a n d  i s  composed o f  
g r a y  o r  b rovn  s a n d s t o n e  i n t e r b e d d e d  w i t h  
m a r l s t o n e  a n d  some t h i n  o i l  s h a l e  b e d s  
0-1 

The P a r a c h u t e  C r e e k  Yember of  t h e  Green  
c e n t e r .  Th roughou t  t h e  b a s i n ,  s a l i n e  R i v e r  F o r m a t i o n  c o n t a i n s  t h e  p r i n c i p a l  



o i l  s h a l e  u n i t s .  S t r a t i g r a p h i c  u n i t s  i n  
t h e  P a r a c h u t e  Creek a r e  f r e q u e n t l y  d i f -  
f e r e n t i a t e d  i n  t e rms  of o i l  y i e l d  due  t o  
t h e  v e r t i c a l  l i t h o l o g i c  c o n s i s t e n c y  of  
t h e  o i l  s h a l e s .  The r i c h n e s s  o r  l e a n n e s s  
of  t h e  o i l  s h a l e  u n i t  i s  s i g n i f i e d  by R 
o r  L, r e s p e c t i v e l y ,  a s  i n  f i g u r e  3. (R7 
i s  commonly known a s  t h e  Mahogany Zone.)  
F i g u r e  3  shows a  g e n e r a l i z e d  s t r a t i g r a p h -  
i c  column f o r  t h e  Horse Draw Mine and 
C a t h e d r a l  B l u f f s  Mine s i t e s .  The l o c a -  
t i o n s  of  t h e  mine workings  a r e  s u p e r -  
imposed o n  t h e  r o c k  u n i t s .  Al though t h e  
e l e v a t i o n s  of t h e  two mine s i t e s  a r e  v e r y  
d i f f e r e n t ,  t h e  columns a r e  matched a t -  t h e  
t o p  of  t h e  A-Groove u n i t ,  showing t h e  
d i f f e r i n g  min ing  h o r i z o n s .  

General stratigraphy, General stratigraphy, 
Horse Draw Mine site Cathedral Bluffs Mine site 
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Dissolution surface x- ZiK 

STRUCTURE 

ff5 

W i t h i n  t h e  P i c e a n c e  B a s i n  Eocene u n i t s ,  

F D i s s o I u t i o n  surface 

s t r u c t u r a l  t r e n d s  a r e  q u i t e  g e n t l e .  I n  
R io  B lanco  County ,  t h e r e  i s  a  s e r i e s  of 
s y n c l i n e s  and  a n t i c l i n e s  w i t h  a x e s  gen- 
e r a l l y  r a n g i n g  f rom e a s t  t o  w e s t  and 
f r o m  n o r t h e a s t  t o  s o u t h w e s t  (8). Dips  
a r e  l i m i t e d  t o  no  more t h a n  a  c o u p l e  
of  d e g r e e s .  On t h e  C a t h e d r a l  B l u f f s  
t r a c t ,  beds s t r i k e  eas t -wes t  and d i p  
no r thward  a b o u t  150 f t / m i  ( a p p r o x i m a t e l y  
1 .5" )  (11 ) .  

unde rg round  mapping a t  C a t h e d r a l  B l u f f s  
r e v e a l e d  a  few s m a l l - s c a l e  f o l d s .  The 
l a r g e s t  f o l d  i n  t h e  Lower Void L e v e l  was 
a b o u t  10 f t  i n  a m p l i t u d e  and d i s r u p t e d  a  
v e r t i c a l  s e c t i o n  a b o u t  50 t o  75  f t  i n  
h e i g h t .  The f o l d  a x i s  had  a  s t r i k e  of  
N 40" E ,  and  t h e  a x i a l  p l a n e  of t h e  f o l d  
d i p p e d  55" NU. F o l d s  of t h i s  magni tude  
c a n  be  c o n s i d e r e d  l o c a l  f e a t u r e s .  

J o i n t  p a t t e r n s  on  t h e  mine t r a c t  h a v e  
b e e n  n o t e d  by p r e v i o u s  i n v e s t i g a t i o n s .  
S t e l l a v a t o  r e c o r d e d  j o i n t  o r i e n t a t i o n s  
a t  t h e  s u r f a c e  and a t  a l l  f i v e  s u b s u r -  
f a c e  l e v e l s  i n  t h e  mine ( 1 1 ) .  One s e t  of 
j o i n t s  was o r i e n t e d  a t  ~ 7 5 "  W w i t h  d i p s  
i n c r e a s i n g  f rom 66" on t h e  s u r f a c e  t o  90" 
a t  t h e  Upper Void Level .  J o i n t  d i p s  were  
found  t o  i n c r e a s e  w i t h  dep th .  I n  p a r t i c -  
u l a r ,  pronounced j o i n t  s t e e p e n i n g  was 
measured  j u s t  below t h e  A-Groove. A l so ,  
j o i n t s  were found t o  be p e r s i s t e n t  i n  
l e a n  o i l  s h a l e  u n i t s  and t o  end  a b r u p t l y  

FIGURE 3.-Green River stratigraphy and location of mine 
workings at Horse Draw Mine and Cathedral Bluffs Mine sites. 

a t  r i c h e r  u n i t s .  A t  t h e  s e r v i c e  and pro-  
d u c t i o n  s h a f t s  i n  t h e  Upper Void L e v e l ,  
o t h e r  j o i n t s  had  s t r i k e s  of N 76" W ,  
N 57" E ,  N 60" E, N 78" E ,  and e a s t - w e s t .  

Tuff  d i k e s  a r e  f r e q u e n t l y  e n c o u n t e r e d  
i n  t h e  C a t h e d r a l  B l u f f s  Mine work ings .  
They g e n e r a l l y  f o l l o w  e s t a b l i s h e d  j o i n t  
p a t t e r n s ,  e s p e c i a l l y  t h e  n o r t h e a s t - t r e n d -  
i n g  j o i n t s .  Numerous t u f f  d i k e s  were  en- 
c o u n t e r e d  on t h e  Upper Void Leve l ,  rang-  
i n g  f rom 3  t o  a b o u t  12 i n  t h i c k  (11). 
The c o n t a c t  between t h e  d i k e  and t h e  o i l  
s h a l e  beds  r a n g e s  f rom s h a r p  and a b r u p t  
t o  v e r y  i r r e g u l a r .  The s o u r c e  of t h e  
d i k e s  may be a  c u r l y  bedded t u f f ,  which 
shows c h a r a c t e r i s t i c  t h i n n i n g  and t h i c k -  
e n i n g  and  a c h i e v e s  a  maximum t h i c k n e s s  of  
18  i n  (11). T h i s  t u f f  i s  l o c a t e d  j u s t  
above t h e  B-Groove ( f i g .  3) .  



D R I L L  EQUIPMENT AND DRILL-HOLE CONFIGURATIONS 

An e l e c t r o h y d r a u l i c  d r i l l  and powerpack 
u n i t  was used f o r  d r i l l i n g  a l l  c o r e h o l e s  
f o r  t h e  Bureau s t u d y  a t  t h e  C a t h e d r a l  
B l u f f s  s h a l e  o i l  mine s i t e .  The d r i l l  
u n i t  had a  30-in f e e d  and i n d e p e n d e n t l y  
v a r i a b l e  t h r u s t  and r o t a t i o n a l  c o n t r o l s .  
A l l  of t h e  h o l e s  were d r i l l e d  w i t h  NQ 
(2.75-in OD) d r i l l  r o d  and a  w i r e - l i n e  
c o r e - r e t r i e v a l  system. H o r i z o n t a l  c o r i n g  
was done w i t h  10- f t  r o d s  and a  10-f t  c o r e  
b a r r e l .  Because of h e i g h t  l i m i t a t i o n s  a t  
t h e  d r i l l  s i t e s ,  t h e  s i x  v e r t i c a l  h o l e s  
were d r i l l e d  w i t h  a  5 - f t  c o r e  b a r r e l  and 
5 - f t  d r i l l  rods .  Roof h e i g h t s  had a  wide 
range:  l e s s , t h a n  13  f t  f o r  h o l e s  UV3 and 
UV4 and o v e r  30 f t  f o r  h o l e s  UV5 and UV6. 
The w i d t h  of t h e  Upper Void Level  work- 
i n g s ,  a s  measured n e a r  t h e  h o r i z o n t a l  
h o l e  c o l l a r s ,  was s l i g h t l y  o v e r  30 f t .  

An a s s o r t m e n t  of N Q  c o r e  b i t s  of d i f -  
f e r i n g  c o n f i g u r a t i o n s  were used. The 
b e s t  c o r e - d r i l l i n g  r e s u l t s  were ach ieved  
by u s i n g  a  s u r f a c e - s e t  diamond b i t  w i t h  a  
semiround crown and i n t e r n a l  d i s c h a r g e .  
I n  b i t  d e s i g n s  w i t h  c o n v e n t i o n a l  water-  
ways, d r i l l  w a t e r  p r e s s u r e  below about  
180 p s i g  was n o t  s u f f i c i e n t  t o  keep d r i l l  
c u t t i n g s  from becoming lodged between t h e  
i n n e r  b a r r e l  b i t  and t h e  i n s i d e  a n n u l u s  
of  t h e  d r i l l  b i t .  

A p l a t f o r m  was c o n s t r u c t e d  on which t o  
mount t h e  d r i l l  f o r  d r i l l i n g  t h e  ver-  
t i c a l  h o l e s .  It was c o n s t r u c t e d  of 1/8- 
i n  s t e e l  p l a t e  and H-beams, and i t  s i t u -  
a t e d  t h e  d r i l l  abou t  50 i n  above t h e  
d r i l l  f l o o r .  S c a f f o l d i n g  was assembled 
t o  r e a c h  t h e  r e q u i r e d  l o c a t i o n s  f o r  
d r i l l  s t r i n g  assembly,  d i sassembly ,  and 
maintenance.  

The f a c e  d r i l l e d  f o r  t h e  c o l l a r s  of 
h o r i z o n t a l  h o l e s  UH1 and UH2 was s t e p p e d  
i n  shape  ( f i g .  4 ) .  The added t h i c k n e s s  
o f  o i l  s h a l e  a t  t h e  UH2 h o l e  c o l l a r  was 
h i g h l y  f r a c t u r e d ,  p robab ly  a s  a  r e s u l t  
of b l a s t i n g .  Core d r i l l i n g  through t h i s  
zone was h i g h l y  i n e f f i c i e n t  s i n c e  t h e  
d r i l l  t o o l s  had t o  be p u l l e d  from t h e  
h o l e  many t i m e s ,  a s  t h e  r e s u l t  of l o s s  of 
d r i l l  f l u i d  th rough  u n u s u a l l y  l a r g e  f r a c -  
t u r e s .  The h i g h l y  f r a c t u r e d  rock  a l s o  

had a  tendency t o  become lodged i n  t h e  
i n n e r  c o r e  b a r r e l .  A s p l i t  aluminum 
b a r r e l  t h a t  f i t  i n s i d e  t h e  i n n e r  b a r r e l  
was used on t h e  second h o r i z o n t a l  h o l e  
d r i l l e d  (UH1). T h i s  provided a much im-  
proved method of removing t h e  c o r e  from 
t h e  b a r r e l .  F r a c t u r e s  f r e q u e n t l y  a lmos t  
p a r a l l e l e d  t h e  a x e s  of t h e  h o l e s ,  which 
c r e a t e d  a  tendency f o r  p i e c e s  of t h e  c o r e  
t o  lodge i n  t h e  c o r e  b a r r e l .  The s p l i t  
b a r r e l  reduced t h e  t ime r e q u i r e d  t o  re-  
move t h e  c o r e  from t h e  b a r r e l .  A s p l i t  
i n n e r  b a r r e l  i s  a l s o  recommended i f  any 
d e t a i l e d  a n d / o r  q u a n t i t a t i v e  a n a l y s i s  of 
t h e  c o r e  i s  planned.  The f r a c t u r e d  por- 
t i o n  of UH2 was p e n e t r a t e d  by r o t a r y  
d r i l l i n g  w i t h  a  3-in s t e e l  d r a g  b i t  and 
reamed ( t h e  c o r e  d r i l l  s t r i n g  was l a r g e r  
i n  d i a m e t e r  t h a n  a  3-in h o l e )  w i t h  a  6-in 
p i l o t  and reamer d r a g  b i t .  

The s p a c i n g  of t h e  s i x  v e r t i c a l  h o l e s  
ranged from approx imate ly  55 t o  165 f t  
( f i g .  4) .  The t e r m i n a l  d e p t h  of e a c h  of 
t h e s e  h o l e s  was planned t o  be 40 f t  below 
t h e  Upper Void Leve l  mine f l o o r .  The 

FIGURE 4.-Location of holes drilled in Cathedral Bluffs Up- 
per Void Level, with an enlarged view of the horizontal holes site. 
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d e p t h  a t  which c o r e  d r i l l i n g  began i.n a t t e m p t e d  on h o l e  UV1, but  t h e  i n f l u x  
e a c h  h o l e  v a r i e d  because  o f  d r i l l  s i t e  of r u b b l e  n e c e s s i t a t e d  r e a n i n g  t h e  h o l e  
c o n d i t i o n s .  I d e a l l y ,  c o r e  d r i l l i n g  would w i t h  a  d r a g  b i t .  Holes  IJV4 and UV6 were 
b e g i n  a t  t h e  mine f l o o r  s o  t h a t  t h e  en- r o t a r y - d r i l l e d  t o  d e p t h s  of 4.1 and 1.7 
t i r e  d r i l l e d  i n t e r v a l  c o u l d  be r ecovered .  f t  , r e s p e c t i v e l y ,  where c o r e  d r i l l i n g  was 
However, o n l y  h o l e s  UV2 and UV5 were begun. 4 h o l e  was dug th rough  t h e  muck 
c o r e d  e n t i r e l y ,  s t a r t i n g  from t h e  Upper t o  e s t a b l i s h  t h e  c o l l a r  of h o l e  UV3. A 
Void Leve l  :nine f l o o r .  A t  a l l  o t h e r  ve r -  s h o r t  s e c t i o n  of 8-in s t e e l  p i p e  was ce-  
t i c a l  h o l e  l o c a t i o n s ,  t h e  p r e s e n c e  of mented i n  p l a c e  a t  a  d e p t h  of 4.2 f t ,  and 
muck a c c u m u l a t i o n s  of  v a r y i n g  t h i c k n e s s e s  c o r i n g  was i n i t i a t e d  through t h e  p i p e .  
d e t e r r e d  c o r e  d r i l l i n g  t h e  mine f l o o r .  Bedrock was encoun te red  4.5 f t  deep  i n  
Core d r i l l i n g  froin t h e  mine f l o o r  was t h e  h o l e .  

SITE GEOLOGY AND CORE LITHOLOGY 

SITE GEOLOGY 

Upper Void Leve l  ( f i g .  5 ) .  Most of  t h e  
r o o f  on t h i s  mining l e v e l  i s  s h o t c r e t e d  

i n  p r o j e c t s  of t h i s  n a t u r e ,  d r i l l i n g  Tuff dike mapped 
a c t i v i t i e s  f r e q u e n t l y  consuae  s o  much during Bureau 
t ime  t h a t  l i t t l e  i s  l e f t  f o r  d e t a i l e d  
g e o l o g i c  i n v e s t i g a t i o n s .  The most t ime 
a v a i l a b l e  f o r  o b s e r v a t i o n  i n  t h i s  s t u d y  
was a t  t h e  s i t e  of t h e  h o r i z o n t a l  h o l e s .  
Con t inuous  l a m i n a t i o n s  i n  t h e  o i l  s h a l e  
were e a s i l y  t r a c e d  a c r o s s  a  r i b ,  t h e  
f a c e ,  and t h e  a d j a c e n t  r i b ,  a l t h o u g h  c o l -  
o r  changes  and sometimes t h i c k n e s s  v a r i -  
a t i o n s  o c c u r r e d  w i t h i n  t h e  c o n f i n e s  of  
t h i s  s i t e .  F r a c t u r e  o r  j o i n t  o r i e n t a -  
t i o n s  were measured on a  few l o c a t i o n s  
and were found t o  be s t r i k i n g  ve ry  n e a r  
t r u e  n o r t h ,  rough ly  e a s t - w e s t ,  and a l s o  LEGEND - 
a b o u t  N 45" E .  A l l  were s t e e p l y  d i p p i n g .  Tuff dike 
T h i s  is  i n  g e n e r a l  agreement  w i t h  f a r  

water dr  ippage a the FIGURE 5.-Map view of Cathedral Bluffs Upper Void Level 
open ings  , making g e o l o g i c  o b s e r v a t i o n s  showing locations of tuff dikes. (Adapted from Stellavao (1 I).) 
i m p o s s i b l e  i n  t h e s e  l o c a l i t i e s .  

more d e t a i l e d  d a t a  r e p o r t e d  by S t e l l a v a t o  
a t  t h e  same l o c a t i o n s  ( 1 1 ) .  . - 

A  bed of n a h c o ~ i t e ~ e r s i s t e d  abou t  N85OE --- 
9  f t  above t h e  mine f l o o r ,  which showed 
boud inage - l ike  g rowth  s t r u c t u r e s  through-  

Production o u t .  The bed ranged i n  t h i c k n e s s  from a  
c o u p l e  of  i n c h e s  t o  a b o u t  2 f t .  A t u f f  
d i k e  s t r i k i n g  N 39" E was i n t e r c e p t e d  by 
UH2 and  was r e a d i l y  v i s i b l e  i n  t h e  r i b  
a d j a c e n t  t o  UH1. Holes UV3 and UV4 were 
s i t u a t e d  n e a r  s e v e r a l  i d e n t i f i a b l e  d i k e s ,  
c o r r e s p o n d i n g  t o  t h e  a r e a  where S t e l l a -  
v a t 0  had mapped f o u r  t u f f  d i k e s  on t h e  



V E K ' T I C A L  H O L E  C O K E  I,ITHOI,OGY 

D e t a i l e d  l i t h o l o g i c  d e s c r i p t i o n s  of t h e  
c o r e s  were  made b e f o r e  t h e  c o r e s  were i n -  
s e r t e d  i n t o  d e s o r p t  i on  c a n n i s t e r s .  Fo l -  
l owing  c o m p l e t i o n  of  d e s o r p t i o n  t e s t i n g ,  
t h e  c o r e s  were  removed froin t h e  a i r t i g h t  
c o n t a i n e r s ,  and e a c h  of t h e  s i x  v e r t i c a l  
h o l e s  were  r e c o n s t r u c t e d  and s i t u a t e d  
n e x t  t o  t h e  n e a r e s t  a d j a c e n t  c o r e  i n  a c -  
c o r d a n c e  w i t h  t h e  d r i l l  h o l e  sequence  
( f i g .  4 ) .  No r e l i a b l e  marker bed Mas 
o b s e r v e d  ~ i t h i n  t h e  v e r t i c a l l y  d r i l l e d  
s e q u e n c e  t o  f a c i l i t a t e  a  l i t h o l o g i c  c o r -  
r e l a t i o n  b e t ~ e e n  h o l e s .  Apparent  r i c h  
and  l e a n  o i l  s h a l e  z o n e s  c o u l d  no t  be  c f -  
f  e c t i v e l y  used  f o r  c o r r e l a t i o n  p r o b a b l y  
b e c a u s e  o f  l aminae  t h i c k e n i n g  and t h i n -  
n i n g  a n d  l a t e r a l  changes  i n  l aminae  c o l -  
o r .  The t o p  of e a c h  h o l e ,  t h e  Upper Void 
L e v e l  mine f l o o r ,  was u s e d  f o r  s t r a t i -  
g r a p h i c  c o r r e l a t i o n .  

Core  l i t h o l o g i e s  d e s c r i b e d  below can  be  
o b s e r v e d  i n  f i g u r e  6 ( i n  p o c k e t ) .  F rac -  
t u r e d  z o n e s  and mlgs p a r t i a l l y  f i l l e d  
w i t h  c l a y  were  e n c o u n t e r e d  between a b o u t  
32 and  40 f t  i n  f o u r  of t h e  s i x  v e r t i c a l  
h o l e s .  These  were  zones  of v a r i a b l e  
t h i c k n e s s .  The h o l e s  w i t h  t h e  g r e a t e s t  
l a t e r a l  d i s t a n c e  t o  a d j a c e n t  h o l e s  were  
t h e  two h o l e s  a t  t h e  end of t h e  v e r t i c a l  
s e q u e n c e ,  h o l e  UV5 ( a b o u t  110 f  t )  and 
h o l e  UV6 ( a b o u t  165  f t ) .  Holes  UV5 and 
UV6 a r e  c h a r a c t e r i z e d  by h a r d e r ,  d e n s e r  
o i l  s h a l e  w i t h  f ewer  E r a c t u r e s  t h a n  
t h e  i n s i d e  f o u r  h o l e s  have. The c o r e  
f r o m  UV5 and UV6 was rernoved f rom t h e  
c o r e  b a r r e l  i n  f ewer  p i e c e s .  Occas iona l -  
l y ,  c o r e  from t h e s e  h o l e s  was removed 
frorn t h e  5 - f t  i n n e r  b a r r e l  c o m p l e t e l y  
unbroken.  

lJv1 

Zones  of  c o r e  l o s s  i n  U V l  o c c u r r e d  be- 
tween f o o t a g e s  5.9 and 8.4,  17.6 and 
20.2,  36.2 and 36.8,  and 44.7 and 45. 
S o l u t i o n  f r a c t u r e d  and b r e c c i a t e d  zones  
were  l o c a t e d  b e t ~ e c n  34.2 and 37.6 f t ,  
4 3 a n d  43.7 f t ,  and 4 4 . 5 a n d  44.7 f t .  
Gas f l o w e d  frorn t h e  h o l e  upon p e n e t r a t i o n  

S e l o d  36.2 f t ,  a c o r e  1-oss i n t e r v a l ,  and 
j u s t  below 4 1  E t  i n  a n  a r e a  of  o b l i q u e  
and l o n g i t u d i n a l  f r a c t i l r e s .  Ye thane - r i ch  
g a s  a l s o  emanated f rom t h e  bot tom t j ~ o  
f  r a c t ~ i r e d - b r e c c i a t e d  zones.  The f i r s t  
and t h i r d  of  t h e s e  gas -p roduc ing  h o r i z o n s  
a l s o  e j e c t e d  w a t e r  from U V l .  T u f f a c e o u s  
l a y e r s  were  l o c a t e d  a t  8 .4  t o  8.7 f t  and 
a t  25.5 t o  26.4 f t ,  p y r i t i c  l a y e r s  Erorn 
20.2 t o  21.8 f t ,  and 26.5 t o  30.6 f t .  A 
m a r l - r i c h  i n t e r v a l  was i n t e r c e p t e d  he- 
tween 4 and 5.9 f t ,  and c a l c i t e  and 
k a o l i n i t e  m i n e r a l i z a t i o n  f r e q u e n t l y  ac-  
companied f rac tc l red  and vuggy h o r i z o n s .  
Bitumen appea red  o n l y  s p o r a d i c a l l y  i n  
UV1. 

uv2 

Two zones  of c o r e  l o s s  were l o c a t e d  i n  
UV2; f rom 4.4 t o  5  f t  and frorn 31.3 t o  
32.3 f t .  O t h e r  vuggy a n d / o r  h i g h l y  f r a c -  
t u r e d  zones  were l o c a t e d  a t  d e p t h s  oE 
34.7 t o  36.8 f t  and 39.2 t o  40 f t .  Marl- 
l i m e - r i c h  h o r i z o n s  were found  n e a r  t h e  
t o p  of  t h e  h o l e  f rom 1.7 t o  3.5 f t  and 
f rom 5.2 t o  8.4 f  t . Bitumen i s  abundan t  
i n  t h e  u p p e r  two t h i r d s  of  t h e  h o l e ,  oc- 
c u r r i n g  w i t h  k a o l i n i t e  and p y r i t e  between 
O and  3  f t .  Another  b i tumen- r i ch  l a y e r  
o c c u r s  between 15.5 and  17.5 f t ,  w i t h  a s -  
s o c i a t e d  mar ly  s t r e a k s .  Below t h i s  zone ,  
p y r i t e ,  k a o l i n i t e ,  and c a l c i t e ,  a r e  found  
i n  zones  of f r a c t u r e d  vuggy o i l  s h a l e .  

gale UV3 p e n e t r a t e d  d e n s e l y  f r a c t u r e d  
and vug-prone zones  from 27.4 t o  28 f t ,  
f rom 33.2 t o  35.5 f t ,  and from 36 t o  
39.2 f t .  Core l o s s  i n t e r v a l s  o c c u r r e d  
j u s t  below t h e  First  and l a s t  of t h e s e  
z o n e s ,  and t h e  methane-producing h o r i z o n s  
i n  UV3 were  l o c a t e d  j u s t  above  t h e  upper -  
most zone  and  i n  t h e  middle  zone. B i t u -  
men and p y r i t e  were a b u n d a n t ,  w i t h  t h e  
g r e a t e s t  combined c o n c e n t r a t i o n s  found 
between 13.5 and 28 f  t and between 31 and 
34.5 f t .  C a l c i t e ,  k a o l i n i t e ,  and some 
p y r i t e  were  a s s o c i a t e d  w i t h  t h e  u p p e r  two 
f r a c t u r e d  zones .  



t h e  c o r e d  i n t e r v a l s  were mos t ly  unbroken 
and  w i t h o u t  c o r e  l o s s  zones .  K a o l i n i t e  

T h r e e  c o r e  l o s s  z o n e s  were p e n e t r a t e d  
i n  h o l e  UV4--between 13.4 and 14.8 f t ,  
be tween 20.9 and 21.9 f t ,  and between 
37.7 and  39.2 f t .  Water and  methane-r ich  
g a s  were  d i s c h a r g e d  f rom t h e  midd le  zone  
and  a l s o  f rom a  t h i n  k a o l i n i t i c  and 
b i tumen- r i ch  zone  f rom 12.3  t o  13.7 f t .  
A d d i t i o n a l  z o n e s  o f  d e n s e  f r a c t u r i n g  and  
d i s s o l u t i o n  were  found  f r o m  15.3 t o  17.5 
f t ,  33.1 t o  36.3 f t ,  and 36.9 t o  37.6 
f t .  The l i t h o l o g i e s  below 29.5 f t  were  
h i g h l y  t u f f a c e o u s ;  a  t u f f  d i k e  o c c u p i e d  
a b o u t  a  t h i r d  of  t h e  c r o s s  s e c t i o n  of t h e  
c o r e  f r o m  29.5 t o  32 f t ,  and t h e  lower  
two vuggy zones  were  v e r y  t u f f  r i c h .  The 
t o p  of  a  0 .6- f t  t u f f  l a y e r  was l o c a t e d  a t  
26.3 f t .  K a o l i n i t e  and  p y r i t e  were  found  
i n  f r a c t u r e d  and wa te r -p roduc ing  z o n e s ;  
b i tumen  and  p y r i t e  were  found  f rom 4.1 t o  
a b o u t  7  f t .  

Core  f r o m  h o l e  UV5 was c h a r a c t e r i z e d  by 
"poker  c h i p s "  ( c l o s e l y  s p a c e d ,  r e g u l a r l y  
o c c u r r i n g  p a r t i n g s )  f rom 1.6 t o  7.2 f t  
a n d  1 8  t o  22 f t .  O u t s i d e  t h e s e  p o r t i o n s ,  

m i n e r a l i z a t i o n  was g e n e r a l l y  a s s o c i a t e d  
w i t h  f r a c t u r e s  between 1.7 and  3  f t ,  17 
and 20 f t ,  and 21 and 29 f t .  Two zones  
of  s o l u t i o n  f r a c t u r e s  were e n c o u n t e r e d ,  
f r o n  23.5 t o  27.5 f t  and f rom 35.5 t o  
37.5 f t .  Limy zones  w i t h  a s s o c i a t e d  t u f f  
s t r i n g e r s  were i n t e r c e p t e d  between 9.5 
and 12 f t  and 30 and  31 f t .  Bitumen was 
found between 17 and 20 f t .  F i n e l y  d i s -  
s emina ted  p y r i t e  c r y s t a l s  were l o c a t e d  
between 34.5 and 37 f t .  Two zones  of 
s m a l l  vugs ( u s u a l l y  l e s s  t h a n  0.5 i n  
a c r o s s  t h e i r  l o n g e s t  a x i s )  were logged  
f rom 21 t o  30 f t  and 31.5 t o  37 f t .  

The most f r e q u e n t  m a t e r i a l  i d e n t i -  
f i e d  i n  t h e  UV6 c o r e  was bi tumen.  The 
b i tumen- r i ch  i n t e r v a l s  were l o c a t e d  be- 
tween 9  and 10.6 f t ,  15.6 and 18.5 f t ,  
and  25.5 and  29 f t .  I n f r e q u e n t  c a l c i t e  
and  k a o l i n i t e  m i n e r a l i z a t i o n s  were found  
on f r a c t u r e  p l a n e s .  Methane g a s  was en- 
c o u n t e r e d  i n  h o l e  UV6 a t  16.5 f  t ;  g a s  
f low was g r e a t l y  r educed  a f t e r  5  min. 

RESULTS OF MODIFIED DIRECT METHOD TESTING 

The m o d i f i e d  d i r e c t  method t e s t  (MDM) 
was conduc ted  on e s s e n t i a l l y  a l l  c o r e d  
o i l  s h a l e  samples  d r i l l e d  d u r i n g  t h e  
c o u r s e  of t h i s  s t u d y .  A t o t a l  of 631.1 
E t  of  o i l  s h a l e  was c o r e - d r i l l e d ,  a l -  
though a l l  c o r e  was n o t  r ecovered .  The 
r e c o v e r e d  s h a l e  was d i v i d e d  i n t o  76 h o r i -  
z o n t a l l y  c o r e d  d e s o r p t i o n  samples  and 
59  v e r t i c a l l y  c o r e d  d e s o r p t i o n  samples .  
Sample l e n g t h s  were  u s u a l l y  de te rmined  by 
t h e  l e n g t h  of c o r e  r e c o v e r e d  i n  a  s i n g l e  
c o r e  b a r r e l  run.  

The 135 o i l  s h a l e  c o r e  samples  s e a l e d  
i n  a i r t i g h t  c o n t a i n e r s  were  gas-sampled 
r e p e a t e d l y  d u r i n g  t h e  s t u d y .  Each Sam- 
p l i n g  i n c l u d e d  r e c o r d i n g  t h e  d a t e  and 
t i m e  of sampl ing ,  measur ing  t h e  d i f  f  e r e n -  
t i a l  p r e s s u r e  between t h e  c o n t a i n e r  a t -  
mosphere and t h e  mine a tmosphere ,  r e -  
t r i e v i n g  a  g a s  sample  of  t h e  c o n t a i n e r  
a tmosphere ,  b l e e d i n g  t h e  c o n t a i n e r  g a s  
p r e s s u r e  t o  mine a t m o s p h e r i c  p r e s s u r e ,  
a n d  r e c o r d i n g  t h e  t e m p e r a t u r e  and 
a t m o s p h e r i c  p r e s s u r e  a t  t h e  underground 

work s t a t i o n .  The d u r a t i o n  of g a s  de- 
s o r p t i o n  m o n i t o r i n g  was nonuniform be- 
c a u s e  measurements began a s  soon  a s  t h e  
c o r e  sample  was removed f rom t h e  h o l e  and 
p l a c e d  i n  t h e  a i r t i g h t  c o n t a i n e r .  A s  a  
r e s u l t ,  t h e  p o s i t i o n  of t h e  sample  i n  t h e  
h o l e  and ' i n  t h e  d r i l l  h o l e  sequence  de- 
t e r m i n e d  t h e  d u r a t i o n  of  d e s o r p t i o n  
moni to r ing .  

The c o n c e n t r a t i o n  of g a s e s  a t  e a c h  Sam- 
p l i n g  was m u l t i p l i e d  by t h e  STP t o t a l  
c o n t a i n e d  g a s  volume. A f t e r  t h e  comple- 
t i o n  of  g a s  sampl ing ,  t h e  g a s  volumes c a n  
be t o t a l e d  t o  f i n d  t h e  amount of g a s  l i b -  
e r a t e d  ( o r  consumed) o v e r  a  known p e r i o d  
of t ime.  Some d e v i a t i o n s  t o  t h i s  p roce -  
d u r e  d i d  o c c u r ,  and t h e  MDM t e s t  i s  d i s -  
c u s s e d  i n  g r e a t e r  d e t a i l  i n  t h e  appendix .  

To compare g a s  d e s o r p t i o n  a n d / o r  r e a c -  
t i o n s  between s a m p l e s ,  i t  was n e c e s s a r y  
t o  e l i m i n a t e  i n c o n s i s t e n c i e s  i n  t e s t  d u r -  
a t i o n  and sample  s i z e .  Time i n d i c e s  were 
chosen t o  f a c i l i t a t e  sample compari-  
son.  The l o n g e s t  common d u r a t i o n  of  NDM 



t e s t i n g  f o r  a  group of c o r e  s a m p l e s ,  v e r -  
t i c a l  o r  h o r i z o n t a l ,  was chosen  f o r  t h e  
i n d e x :  a  40-day (960-h) i n d e x  f o r  t h e  
v e r t i c a l l y  c o r e d  samples  and a  125-day 
(3 ,000-h)  i n d e x  f o r  t h e  h o r i z o n t a l l y  
c o r e d  samples .  The h o r i z o n t a l  c o r e  Sam- 
p l e  g a s e s  were  a l s o  indexed  a t  40 d a y s  s o  
t h e y  c o u l d  be compared w i t h  t h e  v e r t i c a l  
samples .  I n  a d d i t i o n ,  a  3-day (72-11) de-  
s o r p t i o n  t i m e  i n d e x  was de te rmined ,  t o  
s i m u l a t e  t h a t  p e r i o d  of  t ime  g a s  would be 
r e l e a s e d  f r o m  a  muckpi le  b e f o r e  b e i n g  r e -  
moved f  rorn t h e  mine e n v i r o n n e n t .  A l l  g a s  
t o t a l s  were  d i v i d e d  by t h e  sample  mass,  
p r o v i d i n g  weight -normal ized  g a s  q u a n t i -  
t i e s  f o r  i n t e r p r e t a t i o n .  Al though t h e r e  
i s  p r e c e d e n c e  f o r  m e t a l  and nonmeta l  g a s  
n o r m a l i z a t i o n  on a  b a s i s  of c u b i c  c e n t i -  
m e t e r s  p e r  100 g ,  g a s  n o r m a l i z a t i o n  on a  
b a s i s  of  c u b i c  c e n t i m e t e r s  p e r  gram was 
c h o s e n  t o  be more e a s i l y  r e l a t e d  t o  t h e  
c o n v e n t i o n  of e x i s t i n g  c o a l  d e s o r p t i o n  
d a t a .  M u l t i p l y i n g  t h e s e  numbers by 32 
c o n v e r t s  t h e  d a t a  t o  c u b i c  f e e t  p e r  s h o r t  
t on .  

P r e v i o u s  i n v e s t i g a t i o n s  on c o a l  and  o i l  
s h a l e  g a s  d e s o r p t i o n  have  shown a  l i n e a r  
r e l a t i o n s h i p  f o r  c u m u l a t i v e  methane when 
g r a p h e d  i n  te rms of t h e  s q u a r e  r o o t  of  
t i m e  (1). F i g u r e  7 shows a g r a p h  of 
s q u a r e  r o o t  of t i m e  i n  h o u r s  a g a i n s t  cu- 
m u l a t i v e  g a s  volume p e r  u n i t  we igh t .  The 
sample  shown i s  l a b e l e d  UV208, i n d i c a t i n g  
o i l  s h a l e  removed f rom t h e  e i g h t h  c o r i n g  
r u n  on t h e  second  v e r t i c a l  h o l e  d r i l l e d  
f r o m  t h e  Upper Void L e v e l  d u r i n g  t h i s  
s t u d y .  T h i s  sample  i s  a n  example of 
t y p i c a l  b e h a v i o r  of t h e  g a s e s  a s  shown by 

t h e  MDM t e s t  i n  t h e  l a t t e r  p o r t i o n  of 
t h i s  s t u d y .  E r r o r  a n a l y s i s  of t h e  MDM 
t e c h n i q u e  showed a n  a d d i t i v e  e f f e c t  of 
i n a c c u r a c i e s  i n  volume measurenen t s .  
R e l a t i v e l y  i n f r e q u e n t  g a s  s a m p l i n g  was 
i m p o r t a n t  t o  m a i n t a i n  optimum a c c u r a c y  i n  
g a s  c o n t e n t  d e t e r m i n a t i o n .  Cored i n t e r -  
v a l s  removed f r o n  d r i l l  h o l e s  e a r l y  i n  
t h e  s t u d y  were  gas-sampled a s  many a s  1 3  
t i m e s .  O i l  s h a l e  c o r e  produced l a t e r  i n  
t h e  s t u d y  was gas-sampled t h r e e  t o  s i x  
t i m e s ,  and t h e  d u r a t i o n  of  MDM t e s t i n g  
was much s h o r t e r .  

Fo r  sample  UV208 ( f i g .  7 t h e  volume 
of n i t r o g e n  was q u i t e  h i g h  a t  t h e  beg in -  
n i n g  s i n c e  t h e  mine a tmosphere  was en- 
c l o s e d  i n  t h e  s e a l e d  c o n t a i n e r  a t  t h e  
s t a r t  of t h e  t e s t .  The volume of n i t r o -  
gen  d e c r e a s e d  s l i g h t l y .  Oxygen d e c r e a s e d  
s t e a d i l y  i n  volume d u r i n g  t h e  t e s t  i n t e r -  
v a l .  The s l o p e  of t h e  oxygen c u r v e  i s  
much s t e e p e r  t h a n  t h e  s l o p e s  of o t h e r  
a tmosphere -con ta ined  g a s e s ,  s u c h  a s  n i -  
t r o g e n ,  which were  n o t  e m i t t e d  i n  measur-  
a b l e  volumes f rom t h e  o i l  s h a l e  sample.  
P r e s e n t l y ,  i t  i s  n o t  c l e a r  w h e t h e r  oxygen 
i s  l o s t  b e c a u s e  of  s o r p t i o n  o n t o  s u r f a c e  
s i t e s  on t h e  o i l  s h a l e  o r  whe the r  oxygen 
i s  consumed by low- leve l  o x i d a t i o n  r e a c -  
t i o n s .  The d e c r e a s e  i n  oxygen was n o t  
accompanied by a  s i g n i f i c a n t  i n c r e a s e  i n  
CO o r  C02, a s  was n o t e d  i n  some t r o n a  and 
c o a l  mines  where s e l f - h e a t i n g  r e a c t i o n s  
were  found  t o  o c c u r  (12 ) .  - C02 i n c r e a s e d  
i n  volume w i t h  t ime.  However, t h e  t o t a l  
v o l u m e t r i c  i n c r e a s e  was small compared 
w i t h  t h a t  of t h e  more abundan t  and more 
r e a c t i v e  g a s e s .  The volume of methane 
i n c r e a s e d  markedly o v e r  t h e  c o u r s e  of 
t h i s  t e s t .  The 40-day indexed  v a l u e  f o r  
methane c o n t e n t  e q u a l s  a b o u t  31 on  t h e  
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t h e  c h o s e n  t ime index.  F i g u r e  7 shows 
- a  s u b s t a n t i a l  i n c r e a s e  i n  o v e r a l l  g a s  

volume (dV) o v e r  t ime.  The t o t a l  i n -  
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TIME, h% i n c r e a s e  i n  methane a l o n e ,  l a r g e l y  be- 
c a u s e  of t h e  v o l u m e t r i c  d e c r e a s e  i n  

FIGURE 7.-Gases measured within container for sample 
UV208. The dashed line shows the time index value for methane Oxygen. bough le c O m ~  ar  
content at 40 days. f a v o r  n o r m a l i z i n g  g a s  volumes on 



a w e i g h t  o r  mass b a s i s ,  f i g u r e  8 shows 
t h e  chang ing  c o n t a i n e d  g a s  volumes .ig 

c u b i c  c e n t i m e t e r s  f o r  sample UV310, t o  
show tile s c a l e  of t h e  nea:;:lred d a t a  from 
a 5 - f t  c o r e  sample  of o i l  sha1.e. 

A l i n e a r  i n c r e a s e  i n  methane f rom o i l  
s h a l e  o v e r  t ime  a s  a e a s a r e d  i n  t h e  s q u a r e  
r o o t  oE h o u r s  was Eound n o t  t o  be e x a c t  
i n  marly c a s e s .  S i m i l a r  d a t a  p l o t s  of a  
number of samples  show a  t endency  towards  
c u r v a t u r e .  The c u r v e s  a r e  g e n e r a l l y  con- 
cave  down. The curved methane p l o t s  
have  been f i t t e d  t o  second-degree  polyno- 
m i a l s  ve ry  s u c c e s s f u l l y ,  w i t h  t i le  c o e f f i -  
c i e n t  of  d e t e r m i n a t i o n  ( r 2 )  v a l u e s  gene r -  
a l l y  i n  e x c e s s  of  0.98. Another  g r a p h  
was made t o  b e t t e r  d i s c e r n  whe the r  t h e  
second-degree  po lynomia l  was a b e t t e r  
d e s c r i p t i o n  of  t h e  o i l  s h a l e  d e s o r p t i o n  
d a t a .  A sample was chosen  t h a t  was g a s -  
sampled  f r e q u e n t l y  and t h a t  showed a  r e l -  
a t  i v e l y  l i n e a r  i n c r e a s e  O F  culnulat i v e  
methane volume when g raphed  a g a i n s t  t h e  
s q u a r e  r o o t  of t ime  ( f i g .  9 ) .  The d i f -  
f e r e n c e  i n  g a s  volume between s u c c e s s i v e  
p o i n t s  f o r  sample  UV102 was Eound and 
d i v i d e d  by t h e  amount of t ime ,  i n  h o u r s ,  
t h a t  p a s s e d  between t h e  two p o i n t s .  
These  g a s  volumes v e r e  g raphed  a g a i n s t  
t ime  i n  h o u r s  t o  show how much methane 
was r e l e a s e d  p e r  u n i t  t ime  from t h e  c o r e  
a n d  t o  i l l u s t r a t e  how t h e s e  volumes 
changed o v e r  t i m e  ( f i g .  10).  The c u r v e  
shows t h e  l a r g e s t  amounts of g a s  r e l e a s e d  
p e r  u n i t  t i m e  were a t  t h e  b e g i n n i n g  of  
t h e  MDM t e s t .  The c u r v e  d e c l i n e s  q u i c k l y  
and  a p p r o a c h e s  t h e  X-axis a s y m p t o t i c a l l y .  
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The a fo remen t  ioncd p l o t  of i n c r e m e n t a l  
g a s  volumes p e r  u n i t  t ime a g a i n s t  t ime 
e s s e n t  i a l l y  r e p r e s e n t s  t h e  d o r i v a t  i o n  of 
t h e  g r a p h  of cumula t ive  gas v e r s u s  s q u a r e  
r o o t  of t ime.  L i n e a r  p l o t s  on t h e  l a t t e r  

" ' l 2 + b .  The g r a p h  have  t h e  form y  - al 
f i r s t  d e r i v a t i v e  w i t h  r e s p e c t  t o  t ime  
dou ld  be dy/dT = a ( l / ~ ' / ~ ) .  Second- 
d e g r e e  polynomi,-rl c u r v e s  on t i le  cum~lliri- 
t ive-gas-ve r sus - t  ime g r a p h  have  t h e  form 
y  = a ( ~ ' / ~ ) ~  +  ST"^ + C ,  where t h e  f i r s t  
d e r i v a t i v e  w i t h  r e s p e c t  t o  t ime  i s  dy/dT 
= a  + b ( l / ~ ' / ~ ) .  A g r a p h  of y  = ( 1 / ~ ' / ~ )  
i s  v e r y  s i m i l a r  t o  t h e  s h a p e  of t h e  c u r v e  
shown i n  f i g u r e  10. The d e r i v a t i v e  of 
t h e  second-degree  polynomial  is v e r y  s i m -  
i l a r  t o  t h e  d e r i v a t i v e  of t h e  l i n e a r ,  
e x c e p t  t h a t  a  c o n s t a n t  is added. T h i s  
would i n c r e a s e  t h e  Y - i n t e r c e p t  of t h e  
p l o t .  S i n c e  t h e  g a s  d e s o r p t i o n  r a t e  is 
h i g h  a t  t h e  b e g i n n i n g  of YDM t e s t i n g  
bu t  d e c l i n e s  s o  r a p i d l y ,  i n f r e q u e n t  g a s  

TIME, hb 

FIGURE 9.-Gases measured within container for sample 
UV102. 
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FIGURE 10.-Amount of methane desorbed from sample 
FIGURE 8.-Volumes of gases measured within container for UV102 between each gas sampling, divided by the amount of 

sample UV310. time elapsed between each gas sampling. 



s a n p l i n g  a t  t h e  b e g i n n i n g  of t h e  t e s t  
a v e r a g e s  h i g h  r a t e s  of d e s o r p t i o n  w i t h  
l o w e r  ones  t h a t  o c c u r  s h o r t l y  t h e r e a f t e r .  
> lore  f r e q u e n t  s a m p l i n g  a t  t h e  b e g i n n i n g  
of  g a s  m o n i t o r i n g  r e d u c e s  t h e  a v 2 r a g i n g  
of  h i g h  and  lo^^ d e s o r p t i o n  r a t e s  and i n -  
c r e a s e s  t h e  Y - i n t e r c e p t  of t h e  graph.  
T h i s  i s  c o n s i s t e n t  ~ i t h  t h e  forin of  t h e  
f i r s t  d e r i v a t i v e  of t h e  second-degree  
polynomial .  It a p p e a r s  t h a t  s ampl ing  
f r e q u e n c y  and d u r a t i o n  of t e s t i n g  c a n  a f  - 
f e c t  t h e  s h a p e  of t h e  g r a p h  of  c u n ~ l l ~ a t i v e  
g a s  v e r s u s  s q u a r e  r o o t  of t ime  a n d  t h a t  
s econd-degree  po lynomia l  cl lrve f  i t s  t o  
some g r a p h s  a r e  b e t t e r  a p p r o x i n a t  i o n s  of  
t h e  o b s e r v e d  d e s o r p t  i o n  phenomena. 

An example of a  s u c c e s s f u l  l i n e a r  c u r v e  
f i t  i s  g i v e n  i n  f i g u r e  11. Sample UV303 
i s  shown w i t h  g a s  volumes n o r m a l i z e d  p e r  
u n i t  mass i n  f i g u r e  11A. The methane 
c o n t e n t  of t h i s  sample  i s  lower  t h a n  
t ? ~ a t  of t h e  m a j o r i t y  of C a t h e d r a l  B l u f f s  
samples .  A t  t h e  40-day t ime i , ~ d e x  (31  
h ' " ) ,  UV303 d e s o r b e d  0.0750 crn3Ig CH4 .  
The c u r v e  f i t  i n  f i g u r e  11B shows methane 
d a t a  o n l y .  The t i m e  between t h e  Y-axis 
a n d  t h e  f i r s t  d a t a  p o i n t  r e p r e s e n t s  t h e  
e s t i m a t e d  l o s t - g a s  p e r i o d  i n  s q u a r e  r o o t  
of  h o u r s  b e f o r e  t h e  s e a l i n g  of t h e  c o r e  
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FIGURE 11 .-Sample UV303: A,  gases measured within con- 
tainer; B, linear regression fit to desorbed methane data. 

samplc i n  a n  a i r t i g h t  c o n t a i n e r .  The n i -  
t r o g e n  ccirve i n  11A ha:; t h r e e  p o i n t s  i q -  

s t e a d  of f o u r  , ~ o s s i b l y  because  e i t h e r  n i -  
t r o g e n  a n a l y s i s  was n o t  done on t h e  g a s  
sample  o r  a gas-sampl ing  o r  g a s - a n a l y s i s  
n a l f l ~ n c t  i o n  occrirred.  

F i g u r e  12A p r e s e n t s  a  g raph  of g a s  vol -  
ume p e r  u n i t  mass p l o t t e d  a g a i n s t  s q u a r e  
r o o t  of t ime f o r  sample UH109. Sample 
Uli109 produced a  l a r g e r  q u a n t i t y  of  met11- 
a n e  t h a n  d i d  most o t h e r  C a t h e d r a l  S l u f f s  
samp1t.s unde rgo ing  MDM t e s t i n g .  The 
time-volurnet r i c  methane i n d i c e s  f o r  t h i s  
sample  a r e  0.0804 and 0.253 c n 3 I g  a t  3  
and 40 d a y s ,  r e s p e c t i v e l y .  A l so ,  t h e  du- 
r a t i o n  of  t e s t i n g  was Ear l o n g e r  f o r  t h i s  
s ample ,  132 d a y s ,  t h a n  f o r  t h o s e  s a n p l e s  
p r e s e n t e d  t h u s  f a r .  The p l o t  shown h a s  
heen i n t e r p r e t e d  a s  a n  example of a  con- 
cave-clown p l o t  of methane p e r  a n i t  mass 
v e r s u s  s q u a r e  r o o t  of  t ime.  It p o s s e s s e s  
a l l  t h r e e  of t h e  q u a l i t i e s  r e c o g n i z e d  
a s  conduc ive  t o  p roduc ing  concave-down 
p l o t s :  

1. The d u r a t i o n  of t e s t i n g  was l o n g ,  
s o  t h a t  h i g h  e a r l y  d e s o r p t i o n  r a t e s  were 
combined on t h e  same g r a p h  w i t h  lower 
ones  o c c u r r i n g  l a t e r  i n  t h e  t e s t .  
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FIGURE 12.-Sample UH109: A, gases measured within con- 
tainer; B, second-degree polynomial fit to desorbed methane 
data. 



2. F r e q u e n t  g a s  samples  were t a k e n  a t  
t h e  b e g i n n i n g  of t h e  t e s t  t o  minimize  
a v e r a g i n g  h i g h  d e s o r p t i o n  r a t e s  w i t h  
lower  ones  t h a t  fo l lowed .  

3. Compared w i t h  o t h e r  samples  i n  t h e  
s t u d y ,  t h i s  sample  i s  r e l a t i v e l y  g a s  
e n r i c h e d .  

F i g u r e  12B shows o n l y  methane d a t a  
p l o t t e d  on a  g r a p h  of n o r m a l i z e d  cumu- 
l a t i v e  gas  volume v e r s u s  s q u a r e  r o o t  
o f  t ime.  A second-degree  po lynomia l  was 
f i t t e d  t o  t h i s  d a t a .  For  X = T I / ' ,  
y  = -4.696 x ~ o - ~ x '  + 0.0101X - 5.692 
x T h i s  e q u a t i o n  f i t s  t h e  d a t a  w i t h  
a n  r 2  c o e f f i c i e n t  of d e t e r m i n a t i o n  e q u a l  
t o  0.999. Methane-r ich  g a s  f lowed  f rom 
t h e  h o l e  d u r i n g  c o r e  d r i l l i n g  a t  a  d e p t h  
of  45 t o  47.5 f t .  The UH109 d e s o r p t i o n  
sample  i n t e r v a l  c o n t a i n s  c o r e  f rom 41.8 
t o  51.3 f t  of h o l e  UH1. T h i s  c o r e  sample  
i s  g a s  e n r i c h e d  beyond t h e  m a j o r i t y  of  
o i l  s h a l e  samples  p r e s e n t e d  h e r e  and  i n -  
c l u d e d  a  gas- f low-producing zone. An a s -  
s o c i a t i o n  between methane f l o w s  f rom a  
d r i l l  h o l e  and h i g h  methane c o n t e n t s  f rom 
t h e  same f o o t a g e  i n t e r v a l  i s  t e n t a t i v e l y  
s u p p o r t e d .  

Hole  UH2 a l s o  c o n t a i n e d  examples of  
gas -p roduc ing  zones .  High-concent rat i o n  
methane  g a s  a v e r a g i n g  95.1 p c t ,  measured 
by g a s  chromatography on g a s  s a m p l e s ,  was 
r e l e a s e d  f rom h o l e  UH2 a t  a  d e p t h  of 
a b o u t  59.2 f t .  Average g a s  c o n c e n t r a -  
t i o n s  of 02  + A r ,  N 2 ,  C02, and C 2 H h  mea- 
s u r e d  0 .45  p c t ,  2.8 p c t ,  l. 65  p c t ,  and 
0.01 p e t ,  r e s p e c t i v e l y .  The f i r s t  s i g n s  
of  a  f r e e - f l o w  g a s  zone  were  o b s e r v e d  a t  
a b o u t  57 f t .  When t h e  h o l e  was s e a l e d  a t  
a b o u t  59.2 f t ,  no p r e s s u r e  b u i l d u p  was 
o b s e r v e d ;  however,  t h e  equipment u s e d  was 
n o t  s e n s i t i v e  enough t o  r e g i s t e r  a  p r e s -  
s u r e  b u i l d u p  of  l e s s  t h a n  abou t  10 p s i .  
Gas f l o w  measurements of  up t o  20,000 
f t 3 / d  were neas i l red  f o l l o w i n g  c o r i n g  t o  
63.5 f t .  Manometer r e a d i n g s  of g a s  f l o w s  
t h r o u g h  a n  o r i f i c e  p l a t e  were  o s c i l l a t i n g  
g r e a t l y  a s  w a t e r  and  g a s  blew o u t  of  t h e  
h o l e .  The i n t e r v a l  f rom 57 t o  63.5 f t  
was d i v i d e d  between two d e s o r p t i o n  sam- 
p l e s  f o r  MDM t e s t i n g ,  UH210 and UH211. 
U n f o r t u n a t e l y ,  g a s  s a m p l i n g  of  sample  

UH211 was n o t  s u c c e s s f u l  i n  o b t a i n i n g  
r e p r e s e n t a t i v e  con ta ined-gas  c o n c e n t r a -  
t i o n s  e a r l y  i n  t h e  d u r a t i o n  of YDM 
t e s t i n g ,  and no g a s  d a t a  a r e  a v a i l a b l e  
a f t e r  t h a t  t ime.  

F i g u r e  13  shows a  p l o t  of t h e  s q u a r e  
r o o t  of  t i m e  v e r s u s  c u m u l a t i v e  g a s  volume 
p e r  mass f o r  sample  UH210. Some d e v i a -  
t i o n s  f rom smooth p r e d i c t a b l e  t r e n d s  oE 
g a s  b e h a v i o r  c a n  b e  s e e n  a t  a b o u t  t h e  5- 
and 29-h1 /2  t imes .  These  have  been a t -  
t r i b u t e d  t o  a t m o s p h e r i c  c o n t a m i n a t i o n  of 
t h e  c o n t a i n e d  g a s e s .  T h i s  phenomenon i s  
u s u a l l y  i n d i c a t e d  by i n c r e a s e s  i n  t h e  
volume of g a s e s  t h a t  a r e  abundant  i n  a t -  
mosphere,  s u c h  a s  n i t r o g e n  and oxygen,  
and a  d e c l i n e  i n  t h o s e  g a s e s  t h a t  a r e  n o t  
c o n t a i n e d  i n  t h e  a tmosphere ,  s u c h  a s  
methane ( f i g .  13A). I n  t e rms  of t h e  
o v e r a l l  sample  g a s e s ,  t h e  e r r o n e o u s  g a s  
d a t a  i s  n o t  ex t r eme ,  and t h i s  g r a p h  i s  
s t i l l  u s e f u l  i n  showing t r e n d s  of g a s  
d a t a .  The methane d a t a  i s  f i t  t o  a  
second-degree  polynomial  i n  f i g u r e  13R. 
The e q u a t i o n  i s  g i v e n ,  and t h e  r 2  
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FIGURE 13.-Sample UH210: A, gases measured within con- 
tainer; B, second-degree polynomial fit to desorbed methane 
data. 



t h e  i n t e r v a l .  
Me t h a n e  g a s  f l o w s  were  o b s e r v e d  a g a i n  

i n  UH2 a t  a  d e p t h  of a b o u t  115 f t  and a t  
a  t e r m i n a l  d e p t h  of 197.9 f t .  Chromatog- 
r a p h y  on g a s  samples  t a k e n  a t  t h e  h o l e  
c o l l a r  once t e r m i n a l  d e p t h  had been  
r e a c h e d  a v e r a g e d  80.47 p c t  CH,,  15.57 p c t  
N 2 ,  3.84 p c t  02 + A r ,  0.44 p c t  C02, and 
a b o u t  0.02 p c t  C 2 H 6 .  The l a s t  two de- 
s o r p t i o n  samples  f rom UH2 were i n t e r -  
r u p t e d  d u r i n g  MDM t e s t i n g  by e x p e r i m e n t a l  
i r r e g u l a r i t i e s .  The l a s t  two d e s o r p t i o n  
s a m p l e s  f o r  h o l e  UH2 t h a t  y i e l d e d  r e l i -  
a b l e  e x p e r i m e n t a l  d a t a  measured f rom 
172.1 i t  t o  180.9 and f rom 180.9 t o  
182.4 f  t and r e s u l t e d  i n  40-day i n d i c e s  
o f  methane  c o n t e n t s  of  0.101 and  0.147 
cm31g, r e s p e c t i v e l y .  The d e e p e r  of t h e s e  

c o e f f i c i e n t  of d e t e r m i n a t i o n  i s  0.995. 0.25 

A t  t h e  40-day methane t ime i n d e x ,  sample  
UH210 h a s  deso rbed  0.295 ~ r n ~ / ~ ,  one  of  2 0  

t h e  h i g h e s t  g a s  q u a n t i t i e s  i n  t h i s  s t u d y .  
15 

I n  t h i s  c a s e ,  methane e n r i c h m e n t  i n  t h e  
d e s o r p t i o n  sample  c o r r e s p o n d s  w e l l  w i t h  1 0  

two samples  shows a  s i g n i f i c a n t  d e g r e e  of  

- -- 

methane en r i chmen t .  
D e s o r p t i o n  sample  UH223 c o n t a i n s  t h e  

gas -p roduc ing  h o r i z o n  a t  a  d e p t h  of 115 
f t .  F i g u r e  14 shows t h e  g r a p h  of t h e  
s q u a r e  r o o t  of t i m e  v e r s u s  c u m u l a t i v e  
volume d i v i d e d  by mass f o r  t h i s  sample.  
Al though a n  a tmosphere  l e a k  a p p e a r s  t o  
h a v e  o c c u r r e d  d u r i n g  MDM t e s t i n g ,  i t  d i d  
n o t  s i g n i f i c a n t l y  a f f e c t  t h e  o v e r a l l  

g a s  e m i s s i o n s  e n c o u n t e r e d  w h i l e  d r i l l i n g  
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FIGURE 14.-Sample UH223: A, gases measured within con- 
tainer; B, linear regression fit to desorbed methane data. 

d e s o r p t i o n  c u r v e  i n  f i g u r e  14B. The 40- 
day methane i n d e x  f o r  t h i s  sample  mea- 
s u r e s  0.0619 ~ r n ~ / ~ ,  which i s  below t h e  
40-day indexed  v a l u e  of t h e  m a j o r i t y  o f  
C a t h e d r a l  B l u f f s  samples .  No q u a n t i t a -  
t i v e  g a s  measurements were  t a k e n  f r o m  t h e  
d r i l l  h o l e  a t  a  d e p t h  of 115 f t ,  b u t  g a s  
c o u l d  be  s e e n  b u b b l i n g  f rom t h e  r e t u r n i n g  
d r i l l i n g  wa te r .  

I N  SITU PERMEABILITY 

The i n  s i t u  h y d r a u l i c  c o n d u c t i v i t y  de- One measures  t h e  s t e a d y - s t a t e  f l u i d  f l o w  
t e r m i n a t i o n s  were  performed u s i n g  a  d i s -  
cont inuum approach  d e s c r i b e d  by Benne t t  
and  Anderson (13) .  - I n  t h i s  a p p r o a c h ,  t h e  
s i g n i f i c a n t  p e r m e a b i l i t y  i s  a t t r i b u t e d  
t o  t h e  f r a c t u r e s  i n t e r c e p t e d  by t h e  t e s t  
i n t e r v a l  ( a  5.5-f t  s e c t i o n  i s o l a t e d  by 
i n f l a t a b l e  p a c k e r s ) ;  t h e  u n f r a c t u r e d  
r o c k  m a t r i x  does  n o t  make a  s i g n i f i c a n t  

f rom t h e  t e s t  i n t e r v a l  i n t o  t h e  f i s s u r e  
a t  a  c o n s t a n t  head o r  p r e s s u r e .  The 
o t h e r ,  t h e  f a l l i n g - h e a d  method, i s  p e r -  
formed by i n j e c t i n g  w a t e r  i n t o  a  t e s t  
i n t e r v a l  and  measur ing  t h e  p r e s s u r e  d r o p  
o v e r  a  p e r i o d  of t ime.  The a v e r a g e  
e q u i v a l e n t  a p e r t u r e  ( e ,  i n  i n c h e s )  f o r  a  
cons tan t -head  t e s t  i s  c a l c u l a t e d  f rom 

c o n t r i b u t i o n .  The a v e r a g e  e q u i v a l e n t  
a p e r t u r e  of t h e  f i s s u r e  was c a l c u l a t e d ,  e  = [ ( l / n )  [Q/(~~Ho)I (121Ju/Yw) 
a n d  t h e  a v e r a g e  f r a c t u r e  p e r m e a b i l i t y  
c a l c u l a t i o n  was made a s suming  a  p a r a l l e l -  [ I n  ( R I ~ O ) ] ] " ~ ,  ( 1 )  
p l a t e  model. Two t e s t  methods were  used.  



where  n  = number of i n t e r c e p t e d  f r a c t u r e s ;  

Q = measured s t e a d y - s t a t e  w a t e r f l o w  r a t e ,  g a l / m i n ;  

H, = a p p l i e d  w a t e r h e a d ,  f t ; 5  

p, = dynamic v i s c o s i t y  of  w a t e r ,  cP = 1147,880 l b f * ( s / f t 2 ) ;  

Y, = u n i t  we igh t  of w a t e r ,  62.4 l b / f t 3 ;  

R  = r a d i u s  of i n f l u e n c e ,  which i s  assumed t o  be  h a l f  t h e  t e s t  i n t e r v a l  
l e n g t h ,  f t ;  

and r, = r a d i u s  of b o r e h o l e ,  f t .  

When t h e  u n i t s  u s e d  i n  t h i s  r e p o r t  a r e  i n s e r t e d ,  

[ 1 2  (1147 ,880)  ~ b f . ( s / f t ~ )  / 11 [ I n  ( R / r , ) ]  

where  P - Po = p r e s s u r e  d i f f e r e n t i a l .  

S i m p l i f y i n g  t h e  above  e q u a t i o n  y i e l d s  

R  and ro  s h o u l d  be  measured i n  t h e  same u n i t s  s o  t h a t  R / r o  becones  a d i m e n s i o n l e s s  
q u a n t i t y .  

The p e r n e a b i l i t y  ( K )  of t h e  a v e r a g e  f i s s u r e  f rom above  i s  

The i n t r i n s i c  p e r m e a b i l i t y  (k) i s  g i v e n  by 

S u b s t i t u t i n g  f o r  e  and s i m p l i f y i n g ,  

k = 6.041 x lo- '  { [ Q / ( ~ ( P  - P o ) ) ]  1n  ( ~ / r , ) ] ~ / ~ .  

C o n v e r t i n g  t h e  above  e q u a t i o n  f rom s q u a r e  f e e t  t o  m i l l i d a r c i e s  and  s i m p l i f y i n g  
g i v e s  

k  = 5.686 x 1 0 " ~  [ [ Q / ( ~ ( P  - P o ) ) ]  i n  ( ~ / r , ) ] ~ / ~ .  ( 4 )  

The e q u i v a l e n t  a p e r t u r e  c o n c e p t  i s  used  b e c a u s e  t h e  s u r f a c e  roughness  of  t h e  f r a c t u r e  
was n o t  known. The e q u i v a l e n t  a p e r t u r e  i s  e s s e n t i a l l y  t h e  w i d t h  of t h e  f r a c t u r e  i f  
t h a t  w i d t h  i s  c o n c e p t u a l i z e d  a s  b e i n g  wide  enough s u c h  t h a t  t h e  r e a l  s u r f a c e  rough- 
n e s s  of  t h e  f r a c t u r e  becomes q u i t e  s m a l l .  A p a r a l l e l - p l a t e  model i s  used  t o  a p p r o x i -  
mate  t h e  f r a c t u r e  c o n f i g u r a t i o n  t o  d e t e r m i n e  i t s  p e r m e a b i l i t y .  

5 ~ e n n e t t  and  Anderson ( 1  3) measured  w a t e r h e a d  i n  fee t . .  A c o n v e r s i o n  f a c t o r  o f  144  
( p  - p,)/Y, i s  i n s e r t e d  i n t o  e q u a t i o n  1  t o  c o n v e r t  Ho t o  u n i t s  o f  pounds  p e r  s q u a r e  
i n c h  to  be  c o n s i s t e n t  w i t h  o t h e r  u n i t s  i n  t h i s  r e p o r t .  



F o r  t h e  f a l l i n g - h e a d  t e s t ,  t h e  a v e r a g e  e q u i v a l e n t  a p e r t u r e  i s  c a l c u l . a t e d  by 

S u b s t i t u t i n g  t h e  u n i t s  u sed  i n  t h i s  r e p o r t ,  t h e  above e q u a t i o n  f o r  e  becomes 

= { [ ( r 0 2  f t 2 )  / (2n ~t m i n ) ]  [12  (1147,880 l b f o ( s / f t 2 )  

where  H,, and  Ho2  = t e s t  i n t e r v a l  p r e s s u r e s  a t  t 1 and t 2 ,  r e s p e c t i v e l y ,  p s i ;  

t l  and  t 2  = i n i t i a l  and  f i n a l  t i m e s ,  r e s p e c t i v e l y ,  c o r r e s p o n d i n g  t o  a  s e t  of  
p e r m e a b i l i t y  d a t a ;  

and  A t  = t 2  - t l ,  min. 

S i m p l i f y i n g  t h e  above e q u a t i o n  y i e l d s  

A l l  o t h e r  v a r i a b l e s  have  t h e  same meaning and  a r e  measured i n  t h e  same u n i t s  a s  i n  
t h e  e q u a t i o n  f o r  t h e  c o n s t a n t - h e a d  c a s e .  

Under p res su re -d rop  c o n d i t i o n s ,  

k ( s i n g l e  f r a c t u r e ,  i n t r i n s i c )  = ( I J , / ~ ~ )  [ r o 2 / ( 2 n  Ate )  I [ I n  (Ho /Ho2) I 

A f t e r  t h e  u n i t s  u s e d  i n  t h i s  r e p o r t  a r e  i n s e r t e d ,  a  s u b s t i t u t i o n  i s  made f o r  e ,  and 
t h e  e q u a t i o n  i s  s i m p l i f i e d ,  i t  i s  found t h a t  

T h i s  e x p r e s s i o n  g i v e s  t h e  i n t r i n s i c  p e r m e a b i l i t y  of t h e  a v e r a g e  s i n g l e  f r a c t u r e  i n  
t h e  t e s t  zone i n  u n i t s  oE s q u a r e  f e e t .  To f i n d  k i n  t e rms  of m i l l i d a r c i e s ,  i t  i s  de- 
r i v e d  t h a t  

Two i n t e r v a l s  of h o l e  UH2 were chosen  f o r  i n  s i t u  p e r m e a b i l i t y  t e s t i n g .  Both i n -  
t e r v a l s  had produced methane g a s  f l o w s  f rom t h e  h o l e  d u r i n g  c o r e - d r i l l i n g  o p e r a t i o n s .  
The t e s t  i n t e r v a l  l e n g t h ,  t h e  s e p a r a t i o n  between t h e  two i n f l a t a b l e  p a c k e r s ,  was 
i d e n t i c a l  f o r  b o t h  t e s t s :  5.5 f t .  The f i r s t  t e s t  zone was l o c a t e d  between 63 and 
68.5 f t .  T h i s  p o r t i o n  of  t h e  h o l e  was s e e n  t o  be  t r a n s e c t e d  by f r a c t u r e s  d u r i n g  log -  
g i n g ;  a  t o t a l  of  1 3  were  counted .  A cons tan t -head  t e s t  was conduc ted  w i t h i n  t h i s  i n -  
t e r v a l .  Water  was u s e d  a s  t h e  t e s t  f l u i d  f o r  t h i s  and a l l  o t h e r  p e r m e a b i l i t y  t e s t s  
c o n d u c t e d  a t  t h e  s i t e  d u r i n g  t h e  s t u d y .  The 63.0- t o  68.5-f t  s e c t i o n  was t e s t e d  a t  
p r e s s u r e s  of  565 t o  600 p s i g .  



Graphs  made f rom t h e  e x p e r i m e n t a l  d a t a  
show how b o t h  e q u i v a l e n t  a p e r t u r e  and  
f r a c t u r e  p e r m e a b i l i t y  v a r i e d  w i t h  i n -  
c r e a s i n g  p r e s s u r e .  I n  t h e  s h a l l o w  zone 
t e s t  ( f i g .  15A),  b o t h  t h e  e q u i v a l e n t  ap-  
e r t u r e  and t h e  p e r m e a b i l i t y  d e c r e a s e d  
w i t h  i n c r e a s i n g  p r e s s u r e .  It i s  d i f f i -  
c u l t  t o  a c c o u n t  f o r  t h i s  b e h a v i o r .  T e s t  
p r e s s u r e s  we re  below t h e  h y d r a u l i c  f r a c -  
t u r e  g r a d i e n t  a s  d e t e r m i n e d  by Br i eden -  
h o f t  ( 1 4 ) .  The p e r s o n n e l  o n - s i t e  i n d i -  
c a t e d  t h a t  t h e  pump used  d u r i n g  t h e  t e s t  
was f u n c t i o n i n g  a t  maximum f l o w  c a p a c i t y  
i n  g e n e r a t i n g  t h e  600-ps ig  p r e s s u r e .  
A l though  t h e  gauge  a t  t h e  c o l l a r  o f  t h e  
h o l e  r e g i s t e r e d  600 p s i g ,  a n  u n s t a b l e  
p r e s s u r e  d i f f e r e n t i a l  w i t h i n  t h e  t e s t e d  
i n t e r v a l  c o u l d  a c c o u n t  f o r  t h e  per form-  
a n c e  shown i n  f i g u r e  15A. Those p o r t i o n s  
of  t h e  t e s t  s e c t i o n  a t  t h e  g r e a t e s t  d i s -  
t a n c e  f r o m  t h e  h o l e  c o l l a r  may n o t  h a v e  

been  p r e s s u r i z e d  t o  t h e  t e s t  p r e s s u r e  be- 
c a u s e  t e s t  f l u i d  was removed v i a  f r a c t u r e  
p e r m e a b i l i t y  more r a p i d l y  t h a n  p r e s s u r -  
i z e d  w a t e r  was f l o w i n g  i n .  I f  t h i s  con- 
d i t i o n  d i d  e x i s t ,  i t  would e v e n t u a l l y  
p roduce  f a l l i n g  p r e s s u r e  a t  t h e  g a u g e ,  
b u t  t h e  t e s t  d u r a t i o n  o f  a b o u t  68  min may 
n o t  have  been  l o n g  enough t o  r e c o r d  a  
p r e s s u r e  d r o p  a t  t h e  gauge .  The d a t a  d o  
show t h a t  p e r m e a b i l i t y  and  f r a c t u r e  a p e r -  
t u r e  d e c r e a s e d  w i t h  t i m e ,  w i t h  t h e  t e s t  
p r e s s u r e  b e g i n n i n g  a t  560 p s i  and  e n d i n g  
a t  600 p s i .  The u n u s u a l  r e l a t i o n s h i p  ob- 
s e r v e d  be tween  f r a c t u r e  a p e r t u r e  and  p e r -  
m e a b i l i t y  and f l u i d  p r e s s u r e  may a l s o  be  
a t t r i b u t a b l e  t o  a l t e r a t i o n  of  t h e  i n  s i t u  
s t r e s s  f i e l d  i n  t h e  v i c i n i t y  of  t h e  s h a f t  
by s h a f  t - s i n k i n g  o p e r a t i o n s .  The capac-  
i t y  of  t h e  i n d u c e d  f r a c t u r e  r e s e r v o i r  may 
h a v e  been  t o o  l a r g e  f o r  t h e  t e s t  f l u i d s  
t o  f i l l .  
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FIGURE 15.-Hole UH2: variation of average equivalent fracture aperture and permeability with fluid pressure as measured by 
constant head. 



The d e e p e r  t e s t  i n t e r v a l  i n  h o l e  UH2 
e x t e n d e d  f rom 115 t o  120.5 f t .  The con- 
s t a n t - h e a d  t e s t  was m a i n t a i n e d  a t  900 
and 1 ,000  p s i .  F i g u r e  15R p r e s e n t s  t h e  
e q u i v a l e n t  a p e r t u r e  and a v e r a g e  f r a c t u r e  
p e r m e a b i l i t y ,  graphed a g a i n s t  a b s o l u t e  
p r e s s u r e  i n  t h e  t e s t  i n t e r v a l .  Although 
o n l y  two p r e s s u r e s  were m a i n t a i n e d  d u r i n g  
t h i s  t e s t ,  t h e r e  d o e s  a p p e a r  t o  be a n  i n -  
c r e a s e  i n  e q u i v a l e n t  a p e r t u r e  t h a t  r a n g e s  
f rom l e s s  t h a n  0.0023 t o  o v e r  0.0025 i n  

a t  900 p s i  and f rom o v e r  0.0029 t o  j u s t  
unde r  0.0031 i n  a t  1 ,000  p s i .  Some of 
t h e s e  s e p a r a t i o n s  o v e r l a p  t h o s e  d e t e r -  
mined i n  t h e  63.0- t o  68 .5- f t  i n t e r v a l  a t  
l ower  p r e s s u r e s .  P e r m e a b i l i t i e s  i n  t h e  
d e e p e r  t e s t  s e c t i o n  of  h o l e  UH2 ranged 
from a b o u t  280 t o  o v e r  500 D. A t  lower  
p r e s s u r e s  i n  t h e  s h a l l o w e r  test s e c t i o n  
of UH2, t h e  de te rmined  p e r m e a b i l i t i e s  
ranged f rom a b o u t  395 t o  435 D. 

DISCUSSION 

F i g u r e  6  p r e s e n t s  g e o l o g i c  d a t a  f o r  
e a c h  of t h e  v e r t i c a l  h o l e s .  The h o r i -  
z o n t a l  d i s t a n c e  between h o l e  c o l l a r s  i s  
n o t  g i v e n ,  b u t  d e p t h  i s  shown t o  s c a l e  
a s  d i s t a n c e  i n  f e e t  below t h e  Upper 
Void Leve l  mine f l o o r .  The d e s o r p t i o n  
sample  number i n  t h e  l e f t m o s t  column. 
The n e x t  column g i v e s  l i t h o l o g i c  informa-  
t i o n  a b o u t  t h e  c o r e .  The r e l a t i v e  l i t h o -  
l o g i c a l  abundance  i s  g i v e n  by t h e  number 
o r  d e n s i t y  of  symbols i n d i c a t i v e  of  t h e  
a p p r o p r i a t e  c o n s t i t u e n t .  The n e x t  co l l~mn 
i s  a  h i s t o g r a m  showing o i l  y i e l d s  a s  de- 
t e r m i n e d  by  m o d i f i e d  F i s c h e r  a s s a y  by 
Dick inson  L a b o r a t o r i e s ,  Inc .  The a s s a y  
sample  s i z e s  were g e n e r a l l y  2  f t  o r  l e s s .  
The measured a s s a y s  a r e  g i v e n  i n  f i g u r e  
16. A h i g h  d e g r e e  of l a t e r a l  c o n t i n u i t y  
i n  g r a d e  i s  a p p a r e n t .  These  d a t a  were 
no rmal i zed  t o  match t h e  d e s o r p t i o n  sample  
i n t e r v a l  by a  we igh ted  ave rage .  Sample 
mass was de te rmined  by m u l t i p l y i n g  t h e  
volume of t h e  o i l  s h a l e  sample by i t s  

s p e c i f i c  g r a v i t y .  S p e c i f i c  g r a v i t i e s  
were c a l c u l a t e d  u s i n g  S m i t h ' s  e m p i r i c a l  
r e l a t i o n s h i p  between o i l  s h a l e  d e n s i t y  
and o i l  y i e l d  ( 1 5 ) .  

The n e x t  column t o  t h e  r i g h t  on f i g u r e  
6  i s  a n o t h e r  h i s t o g r a m  showing t h e  40-day 
i n d e x  of  methane c o n t e n t  p e r  u n i t  mass a s  
measured by d e s o r p t i o n  i n  a  c l o s e d  con- 
t a i n e r .  The column on t h e  r i g h t  g i v e s  
t h e  l o c a t i o n  and q u a n t i t y  of f r a c t u r e s  i n  
t h e  c o r e .  D i s t i n c t i o n s  a r e  made between 
f r a c t u r e s  and bedding p l a n e  s e p a r a t i o n s .  
A l so ,  d i f f e r e n t  t y p e s  of  c o r e  b r e a k s  a r e  
accoun ted  f o r .  Where f r a c t u r e s  o c c u r  t o o  
c l o s e  t o g e t h e r  t o  map a c c u r a t e l y ,  a  sym- 
b o l  (shown i n  t h e  key)  g i v e s  i n f o r m a t i o n  
a b o u t  f r a c t u r e  d e n s i t y .  

F i g u r e  6 a l l o w s  t h e  q u a l i t a t i v e  e v a l u -  
a t i o n  o f  i n t e r d e p e n d e n c e  between s e v e r a l  
f a c t o r s .  In  g e n e r a l ,  g a s  f l o w s  emanated 
from f r a c t u r e s ,  vugs ,  f r a c t u r e  p l a n e s  
c o a t e d  w i t h  k a o l i n i t e ,  and c o r e  l o s s  
zones .  The r e l a t i o n s h i p  between g a s  
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FIGURE 16.-Actual measured assay values for vertical holes before samples were weight-averaged to match the desorption sample 
interval. 



e x i s t s  i n  a  f r e e  g a s  s t a t e  o r  d i s s o l v e d  
i n  w a t e r  b e f o r e  p e n e t r a t i o n  by d r i l l i n g  
o p e r a t i o n s .  It woul-d n o t  be n e c e s s a r y  
f o r  t h i s  g a s  t o  remain  n e a r  i t s  s o u r c e .  
However, r e s e r v o i r s  t h a t  produce  g a s  ap- 
p e a r  t o  h a v e  been ve ry  l i m i t e d  i n  volume 
a s  t h e y  b l e d  ofE w i t h i n  t h e  d u r a t i o n  of a  
s i n g l e  s h i f t .  Although t h e  p e r m e a b i l i t y  
d a t a  r e p r e s e n t  on ly  a n  i n i t i a l  s t e p  t o -  
ward u n d e r s t a n d i n g  t h e  r e s e r v o i r  c h a r a c -  
t e r i s t i c s  of  o i l  s h a l e  o r e  b o d i e s ,  t h e y  
do  i n d i c a t e  h i g h  p e r m e a b i l i t y ,  hundreds  
of  d a r c i e s ,  w i t h i n  t h e  f r a c t u r e  ne twork  
of  gas -p roduc ing  zones .  Al though d a t a  
f r o n  t h i s  s t u d y  on t h e  p e r m e a b i l i t y  of  
u n f r a c t u r e d  o i l  s h a l e  a r e  n o t  y e t  a v a i l -  
a b l e ,  p r e v i o u s  worke r s  have  found t h e  un- 
f r a c t u r e d  rock  t o  have  a p e r m e a b i l i t y  on 
t h e  o r d e r  oE m i c r o d a r c i e s .  

It h a s  been p o s t u l a t e d  t h a t  a n  a s s o -  
c i a t i o n  might  e x i s t  between t h e  amount 
o f  methane en r i chmen t  and t h e  o i l  y i e l d  
r i c h n e s s  of o i l  s h a l e  f r o n  t h e  same Sam- 
p l e  upon r e t o r t i n g .  P r e d i c t i o n s  of o i l  
s h a l e  s p e c i f i c  g r a v i t y  b a s e d  on o i l  y i e l d  
imply a r e l a t i o n s h i p  between a s s a y s  and 
t h e  a c t u a l  amount of o r g a n i c  m a t t e r  con- 
t a i n e d  i n  a  sample. The h i s t o g r a m s  i n  
f i g u r e  6 do n o t  q u a l i t a t i v e l y  s u p p o r t  a n  
a s s o c i a t i o n  b e t ~ e e n  methane c o n t e n t  and 
o i l  y i e l d .  A q u a n t i t a t i v e  approach  was 
a t  tempted  by g r a p h i c a l l y  r e p r e s e n t i n g  
methane  d e s o r b e d  p e r  u n i t  mass i n  t e rms  
o f  o i l  y i e l d s ,  i n  f i g u r e s  17A and 17B. 
An a s s o c i a t i o n  i s  n o t  s u p p o r t e d  by e i t h e r  
of  t h e s e  p l o t s .  S i m i l a r  g r a p h s  were  p r e -  
p a r e d  f o r  o t h e r  g a s e s  w i t h  s i m i l a r  r e -  
s u l t s .  N i t r o g e n  was q u i t e  u n r e a c t i v e .  
C02 g e n e r a l l y  i n c r e a s e d  s l i g h t l y  i n  vol -  
ume b u t  was n o t  h i g h l y  r e a c t i v e ,  and t h e  
c a l c u l a t e d  q u a n t i t i e s  of C02 a r e  l e s s  
r e l i a b l e  w i t h  i n c r e a s i n g  t e s t  t ime  a s  
a d d i t i v e  e x p e r i m e n t a l  e r r o r s  i n c r e a s e .  

f l o w s  d u r i n g  d r i l l i n g  o p e r a t i o n s  'and g a s  
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FIGURE 17.-Correlation between methane content at 40 days 
of desorption and oil yield for holes UV1 and UV2. 
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Oxygen c a n  a l s o  be p r o b l e m a t i c  i n  t e rms  
of a d d i t i v e  e x p e r i m e n t a l  e r r o r  because  
i t s  volume d e c r e a s e s  ove r  t ime.  Graphs 
of  oxygen p e r  u n i t  mass a g a i g s t  o i l  y i e l d  
d i d  n o t  show them t o  be c o r r e l a t i v e .  

The p a r a m e t e r  shown i n  f i g u r e  6 t h a t  
d i r e c t l y  and most c o n s i s t e n t l y  v a r i e s  
w i t h  methane c o n t e n t  a p p e a r s  t o  be t h e  
o c c u r r e n c e  of a s p h a l t s  o r  b i tumen and 
sometimes p y r i t e .  A s p h a l t s  i n  t h e  con- 
t e x t  of t h i s  s t u d y  r e f e r  t o  s t r e a k s  o r  
s m a l l ,  rounded i n c l u s i o n s  of b i tuminous  
m a t e r i a l  found i n  t h e  co re .  The f i n e -  
g r a i n e d ,  d i s p e r s e d  n a t u r e  of t h i s  mate- 
r i a l  s u g g e s t s  t h a t  t h e  o r g a n i c  m a t e r i a l s  
i n  t h e  o i l  s h a l e  have  been t h e  s o u r c e  of 
t h e  b i tumen fo rma t ion .  The e x a c t  mech- 
anisms f o r  t h i s  f o r m a t i o n  a r e  n o t  t o t a l l y  
u n d e r s t o o d ;  however,  a s s o c i a t i o n s  between 
b i tumen and o i l  s h a l e  a r e  common i n  t h e  
U i n t a  Bas in .  

Three  p r imary  f a c t o r s  a r e  r e c o g n i z e d  a s  
i n f l u e n c i n g  t h e  t y p e  o r  chemica l  composi- 
t i o n  of  b i tumen produced i n  env i ronment s  
of o i l  s h a l e  g e n e s i s .  The f i r s t  f a c t o r  
i s  s u g g e s t e d  by p e t r o l o g i c  i n v e s t i g a -  
t i o n s  of c o a l .  It h a s  been shown t h a t  

KEY u v 2  
- Normalized difference 

in CH4 at  4 0  days 



t h e  s p e c i f i c  b o t a n i c a l  c o n p o s i t i o n  o f  
c o a l  p r o g e ~ l i t o r s  i s  a n  i n p o r t a n t  F a c t o r  
i n  t h e  p h y s i c a l  a n d  c l ~ e m i c a l  makeup o f  
t h e  c o a l  formed.  The p r ~ g e n i t o r s  o f  
G r e e n  R i v e r  o i l  s h a l e  and  r a r e  a l g a l  
c o a l s  a r e  s i m i l a r ,  s o  i t  i s  a r l t i c i p a t e d  
t h a t  b o t h  o i l  s h a l e  a n d  c o a l  s h a r e  t h i s  
p r i m a r y  c o n t r o l .  O i l  s h a l e  d o e s  c o n t a i n  
f a r  more m i n e r a l  m a t t e r  t h a n  c o n v e n t i o n a l  
c o a l .  The o t h e r  r e c o g n i z e d  p r i m a r y  f a c -  
t o r s  o f  b i t u m e n  F o r m a t i o n  a r e  r e l a t e d  t o  
t h e  c h e m i c a l  e n v i r o n m e n t  o f  t h e  a n c i e n t  
l a k e  oE o i l  s h a l e  d e p o s i t i o n .  It h a s  
b e e n  i n f e r r e d  t h a t  t h e  l a k e  w a t e r s  v a r i e d  
c h e m i c a l l y  t h r o u g h  time, a n d  d i f f e r i n g  
b i t u m e n s  a r e  p r e f e r r e d  o n  t h e  b a s i s  o f  
t h e  s a l i n i t y  o f  t h e  e n v i r o n m e n t  where  
t h e y  f o r m  ( 1 6 ) .  - The t h i r d  p r i m a r y  con- 
t r o l  o f  b i t u n e n  f o r m a t i o n  i s  t h e  a v a l l -  
a b i l i t y  o r  d e p l e t i o n  of oxygen  d u r i n g  
d e p o s i t i o n  a n d  b u r i a l  o f  t h e  b i t u m e n s '  
p r e c u r s o r s .  The d e g r e e  of  r e d u c t i o n  i n  
t h e  l a k e  w a t e r s  f a v o r s  t h e  c h e m i s t r y  oE 
c e r t a i n  b i t u m e n s  ( 1 6 ) .  - 

A  s e c o n d a r y  c o n t r o l  m igh t  r e s u l t  f r o m  
d i f f e r e n c e s  i n  t h e  c h e m i c a l  a n d  p h y s i c a l  
s t a b i l i t i e s  o f  t h e  b i t u m e n s  a n d / o r  t h e i r  
p r e c u r s o r s .  T h e s e  s t a b i l i t i e s  c o u l d  de -  
t e r m i n e  t h e  p r e s e n c e  o r  a b s e n c e  of  t h e  
s u b s t a n c e s  now f o u n d  i n  t h e  r o c k .  The 
p y r i t e  some t imes  a s s o c i a t e d  w i t h  t h e s e  
b i t u m e n s  p r o b a b l y  r e s u l t e d  f r o m  r e d u c t i o n  
o f  s u l f a t e  t o  s u l f i d e ,  wh ich  combined  
w i t h  i r o n  f r o m  m i n e r a l  m a t t e r ,  s imi la r  t o  
p y r i t e  f o r m a t i o n  i n  c o a l - f o r m i n g  swamps. 

F i g u r e  1 8  shows  t h e  f r e q u e n c y  d i s t r i b u -  
t i o n s  o f  me thane  c o n t e n t s  i n d e x e d  t o  72 h  
o f  d e s o r p t i o n s  f o r  t h e  t o t a l  s a m p l e  popu-  
l a t i o n  (n) i n  t h i s  s t u d y .  The mean ( X )  
o f  t h e  s a m p l e s  i s  0.0316 cm3/g, w i t h  a 
s t a n d a r d  d e v i a t i o n  ( S )  o f  0 .0169  cm31g. 
E x p e r i m e n t a l  m a l f u n c t i o n s  r e d u c e d  t h e  t o -  
t a l  s a m p l e  p o p u l a t i o n  f r o m  134  t o  1 1 9  a t  
7 2  h  and  t o  100  a t  4 0  d a y s .  The b i m o d a l  
d i s t r i b u t i o n  of t h e  v e r t i c a l  h o l e s  h a s  
n o t  b e e n  a c c o u n t e d  o r  The s l i g h t l y  
h i g h e r  d e g r e e  oE me thane  e n r i c h m e n t  o f  
t h e  h o r i z o n t a l  h o l e  s a m p l e s  m igh t  be  
a t t r i b u t a b l e  t o  s h o r t e r  l o s t - g a s  t i n e s  
o r  t o  g a s  e n r i c h m e n t  O F  t h e  h o r i z o n ( s )  
d r i l l e d  by t h e  h o r i z o n t a l  h o l e s  as op-  
p o s e d  t o  t h e  d i v e r s i t y  o f  o i l  s h a l e  b e d s  

and  n e t h a n e  c o n t e n t s  p e n e t r a t e d  by t h e  
v e r t i c a l  h o l e s .  T h e s e  p o s t a l - n t e s  a r e  n o t  
s u b s t a n t i a t e d .  

l7 r i g u r ~  1 9  p r e s e n t s  methane  c o n t e n t s  o f  
t h e  s a m p l e  p o p u l a t i o n  on  a 40-day t i m e  
i n d e x .  The mean of  t h e  g r o u p  i s  0.114 
cm3/g, w i t h  a s t a n d a r d  d e v i a t i o n  of  
0 .0505  c ~ n ~ / ~ .  A b i m o d a l  d i s t r i b u t i o n  f o r  
t h e  v e r t i c a l  h o l e  s a m p l e s  a n d  a  s l i g h t l y  
h i g h e r  d e g r e e  o f  methane  e n r i c h m e n t  € o r  
h o r i z o n t a l l y  d e r i v e d  s a m p l e s  i s  a p p a r e n t .  
F i g u r e  20  shows t h e  50 h o r i z o i l t a l  h o l e  
s a m p l e s  i n d e x e d  t o  125  d a y s  o f  methane  
d e s o r p t i o n .  S i m i l a r  t o  d a t a  shown i n  t h e  
p r e v i o u s  two f i g u r e s ,  t h e  o v e r a l l  d i s t r i -  
b u t i o n  i s  skewed t o  t h e  l e f t ,  t o w a r d  t h e  
l o d e r  e n d  o f  t h e  s c a l e .  The d a t a  o f  f i g -  
u r e  20  h a v e  a mean o f  0 .195  cm3/g a n d  a  
s t a n d a r d  d e v i a t i o n  o f  0 .071  ~ m ' / ~ .  

The c o m p o s i t i o n  oE g a s  r e l e a s e d  f rom 
o i l  s h a l e  s a m p l e s  c a n  b e  e s t i m a t e d  f rom 
t h i s  s t u d y .  The g a s e s  r v u t i n e l y  a n a l y z e d  
by g a s  ch roma tog raphy  i n c l u d e d  A r ,  N 2 ,  
0 2 ,  C02, CH4 a n d ,  l e s s  f r e q u e n t l y ,  CO a n d  
C 2 H s .  Of t h e  s e v e n  o i l  s h a l e  s a m p l e s  
d i s c u s s e d  i n  t h e  s e c t i o n  " R e s u l t s  o f  Mod- 
i f i e d  D i r e c t  Ye thod  T e s t i n g , "  f i v e  p r o -  
duced  smooth  and  r e g u l a r  g a s  e v o l u t i o n  
a n d / o r  r e a c t i o n  c u r v e s  i n d i c a t i v e  o f  r e -  
l i a b l e  e x p e r i m e n t a l  e x e c u t i o n .  CH4, C02, 
a n d  C 2 H 6  w e r e  t h e  o n l y  g a s e s  s h o w i n g  p r e -  
d i c t a b l e  i n c r e a s e s  i n  volume. V i t r o g e n  
showed a n  i n c r e a s e  i n  some i n s t a n c e s  a n d  
a d e c r e a s e  i n  o t h e r s .  N i t r o g e n  volume 
d i d  n o t  i n c r e a s e  i n  a r e g u l a r  t r e n d  be-  
tween  s amp le  p o i n t s .  O v e r a l l  c h a n g e s  
g e n e r a l l y  a c c o u n t e d  f o r  l e s s  t h a n  10  p c t  
o f  t h e  N 2  s t a r t i n g  volume. When C H 4 ,  
C02, and  C2H6 w e r e  n o r m a l i z e d  t o  100  p c t ,  
t h e  f i v e  s a m p l e s  a v e r a g e d  91.56 p c t  C H 4 ,  
8 . 43  p c t  C02 ,  a n d  0.01 p c t  C2H6 .  

Compar i sons  c a n  h e  made be tween  t h e  
g a s  c o n t e n t s  o f  o i l  s h a l e  s a m p l e s  a n d  
t h e  g a s  c o n t e n t s  o f  a v a r i e t y  o f  o t h e r  
r ock  s a m p l e s .  The me thane  c o n t e n t  means 
a n d  r a n g e s  of  a l l  o i l  s h a l e  s a m p l e s  a r e  
g i v e n  f o r  t h e  t i n e  i n d i c e s  o f  3 ,  40,  and  
125  d a y s  i n  f i g u r e  21. The u n i t s  o f  g a s  
c o n t e n t  a r e  c u b i c  c e n t i m e t e r s  p e r  gram. 
A l l  t h r e e  t i m e  i n d i c e s  f o r  o i l  s h a l e  sam- 
p l e s  o v e r l a p  w i t h  h i g h - v o l a t i l e  b i t u -  
minous  c o a l  ( e . g . ,  P i t t s b u r g h  C o a l b e d ) .  
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FIGURE 18.-Methane contents of samples at 3 days of desorption showing vertical corehole sample distribution 
and total sample distribution. 

However, t h e  logar i thmic  h o r i z o n t a l  s c a l e  
shows t h e  mean of h i g h - v o l a t i l e  bitumi- 
nous c o a l  t o  be an order  of magnitude 
h ighe r  than  t h e  mean gas content  of o i l  
s h a l e s  repor ted  f o r  40- and 125-day time 
i n d i c e s  and two o rde r s  of magnitude high- 
e r  t han  t h e  mean gas content  of o i l  s h a l e  
samples a t  t h e  3-day time index. Gas 
con ten t s  of Cathedral  B lu f f s  o i l  s h a l e  
samples a t  t he  3-day time index a r e  q u i t e  
s i m i l a r  t o  outburst- type domal s a l t  i n  
both mean and range. This  does not  i nd i -  
c a t e  ou tbu r s t ing  tendencies  i n  o i l  sha l e .  
It does show a  resemblence between t h e  

volume of gas r e l ea sed  from t h e  g a s s i e s t  
domal s a l t  type  ca tegor ized  by the  Bureau 
and t h e  amount r e l ea sed  i n  t h e  s h o r t e s t  
time dura t ion  of o i l  s h a l e  gas-content 
t e s t i n g  repor ted  here. There is  over lap  
shown between t h e  ranges of t h e  3- and 
40-day time i n d i c e s  of o i l  s h a l e  gas  con- 
t e n t s  and t h e  ranges of t h e  o t h e r  two 
s a l t  types.  

It is  not  poss ib l e  t o  account f o r  t h e  
d i f f e r i n g  gas-content t e s t  methods f o r  
s a l t ,  coal ,  and o i l  shale .  The MDM 
technique used on t h e  o i l  s h a l e  samples 



METHANE CONTENT, 10-2cm3/g 

FIGURE 19.-Methane contents of samples at 40 days of desorption showing vertical corehole sample distribution and total sam- 
ple distribution. 
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METHANE CONTENT, 10-~cm~/g 

FIGURE 20.-Methane contents of samples at 125 days of desorption showing horizontal hole sample distribution. 

i n v o l v e s  no d e s t r u c t i v e  sample t r e a t m e n t  t r ea tment .  The d i r e c t  method d a t a  re-  
and measures g a s  r e l e a s e d  from t h e  Sam- p o r t e d  f o r  c o a l  samples i n  f i g u r e  21  a r e  
p l e  under  e s s e n t i a l l y  a tmospher ic  con- o b t a i n e d  g e n e r a l l y  by a few months of de- 
d i t i o n s  a f t e r  t h e  rock i s  removed from s o r p t i o n  t e s t i n g  u n t i l  t h e  p r o c e s s  h a s  
i n  s i t u  c o n d i t i o n s .  D i s s o l u t i o n  gas- g r e a t l y  d e c l i n e d ,  a f t e r  which t h e  c o a l  
c o n t e n t  t e s t i n g  f o r  e v a p o r i t e s  measures samples a r e  crushed and t h e  g a s  r e l e a s e d  
g a s  r e l e a s e d  o n l y  by d e s t r u c t i v e  sample i s  measured and added t o  t h e  t o t a l .  
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KEY 
CL Lignite OA 3 days of desorption 
SB Subbituminous Formation test lng 

HB High-volatile bituminous oi l  shale, 06 40 days of desorption 
Piceance Basin testing 

MB Medium-volatile bituminous OC 125 days of desorption 
LB Low-volatile bituminous testing 
SA Semianthracite 
CA Anthracite 
AC Average 

SN Gulf Coast domal rock 
salt, normal 

SG Gulf Coast domal rock 
salt, anomalous, 
Impure, gassy 

SO Outburst salt 

FIGURE 21 .-Mean and range of methane contents released from assorted rock samples. 

CONCLUSIONS 

The o c c u r r e n c e  of methane when mining 
o i l  s h a l e  i s  s u p p o r t a b l e  t h e o r e t i c a 1 l . y  
and empi r i ca l l -y .  However, t h e r e  i s  no t  
a  g r e a t  d e a l  of agreement  on t h e  amount 
of  methane r e l e a s e d  upon min ing  a g i v e n  
q u a n t i t y o f  o i l  s h a l e .  Data frorn t h e  
Horse  Draw Nine p robab ly  r e p r e s e n t  some 
of t h e  b e s t  i n f o r m a t i o n  a v a i l a b l e  on t h i s  
s u b j e c t ;  t h e  a v e r a g e  a r r i v e d  a t  was 4 2  
f t 3 / s t  (1.3 ~ m ~ / ~ ) .  I n  u s i n g  t h e s e  d a t a ,  
i t  i s  u s e f u l  t o  c o n s i d e r  t h a t  t h e  Horse  
Draw Mine was d e s i g n e d  t o  r e c o v e r  daw- 
s o n i t e  and n a h c o l i t e  i n  a d d i t i o n  t o  o i l  
s h a l e .  T h i s  r e q u i r e d  mine workings  t o  be 
deve loped  below t h e  d i s s o l u t i o n  s u r f a c e ,  
where t h e  s a l i n e  m i n e r a l s  a r e  p r e s e r v e d .  
These  h o r i z o n s  a r e  below many o i l  s h a l e  

beds  u s u a l l y  of  major  i n t e r e s t  t o  t h e  
o i l  s h a l e  mining i n d u s t r y ,  i n c l u d i n g  t h e  
Hahogany Zone. The g e o l o g i c  c h a r a c t e r  
of t h e  o i l  s h a l e  i s  v e r y  d i f f e r e n t  above 
t h e  d i s s o l u t i o n  s u r f a c e  i n  t h e  P i c e a n c e  
B a s i n ,  where vuggy p o r o s i t y  and w a t e r  
movement th rough  f r a c t u r e s  a r e  r e l a t i v e l y  
commonplace. The s t r a t i g r a p h i c  d i f f e r -  
e n c e s  between t h e  C a t h e d r a l  3 l u f f s  and 
Horse Draw Nines  p robab ly  i n h i b i t s  t h e  
s h a r i n g  of  methane d a t a  between t h e  two 
s i t e s .  

A number of g e o l o g i c  f a c t o r s  have been 
s u g g e s t e d  a s  b e i n g  i m p o r t a n t  i n  t h e  con- 
t r o l  of  methane en r i chmen t  i n  o i l  s h a l e .  
T h i s  r e p o r t  has  a t t e m p t e d  t o  a d d r e s s  
some of them. There  i s  no e v i d e n c e  f o r  a  



s i ~ n i f i c a n t  c o r r e l a t i o n  be tween o i l  y i e l d  
by m o d i f i e d  F i s c h e r  a s s a y  and methane 
c o n t e n t .  The e x i s t e n c e  of c e r t a i n  l o c a l  
s t r u c t u r a l  f e a t u r e s  s : l ch  a s  f r a c t u r e s  and 
vugs nay p r o v i d e  c h a n n e l s  f o r  g a s  move- 
ment i n  o i l  s h a l e .  These f e a t u r e s  a r e  
somet imes  a s s o c i a t e d  v i t h  methane e n r i c h -  
ment i n  o i l  s h a l e  b u t  a p p e a r  t o  be more 
s i g n i f i c a n t  i n  c o n t r o l l i n g  t h e  movement 
of f r e e  g a s  i n  t h e  o r e  body. The f e a t a r e  
h a v i n g  t h e  most p e r s i s t e n t  d i r e c t  r e l a -  
t i o n s h i p  w i t h  g a s  en r i chmen t  s a s  t h e  oc- 
c u r r e n c e  of bi tumen and p o s s i b l y  p y r i t e  
i n  t h e  rock.  The bi tumen o c c u r r e d  a s  
s t r e a k s  and s m a l l  rounded i n c l l l s i o n s  of 
s o l i d  m a t e r i a l  i n  t h e  rock  m a t r i x .  

The amount of methane c o n t a i n e d  i n  
f r e s h  o i l  s h a l e  samples  was measured by 
a new t e c h n i q u e  k n o t ~ n  a s  t h e  m o d i f i e d  
d i r e c t  method (MDM). The method i s  de- 
s c r i b e d  i n  d e t a i l  i n  t h e  appendix .  T h i s  
t e s t  measures  t h e  STP volume of g a s  r e -  
l e a s e d  f rom a  rock  sample  t h a t  i s  removed 
f rorn i n  s i t u  c o n d i t i o n s  t o  e s s e n t i a l l y  
a t m o s p h e r i c  c o n d i t i o n s  w i t h o u t  c r u s h i n g  
o r  s i m i l a r  d e s t r u c t i v e  a c t i o n  on  t h e  sam- 
p l e .  Q u a n t i f y i n g  STP g a s  volumes e a c h  
t i m e  a sample  i s  t a k e n  d u r i n g  t h e  d u r a -  
t i o n  of  t h e  t e s t  p r o d u c e s  i n f o r m a t i o n  on 
r a t e s  of g a s  d e s o r p t i o n  and g a s  r e a c -  
t i o n s .  It h a s  been  shown t h a t  methane i s  
r e l e a s e d  r e l a t i v e l y  r a p i d l y  when a  sample  
i s  f i r s t  removed from t h e  i n  s i t u  e n v i -  
ronment ,  b u t  t h i s  r a t e  q u i c k l y  d e c l i n e s ,  
p r o b a b l y  i n  l e s s  t h a n  24 h.  It i s  recom- 
nended t h a t  i n  u s i n g  t h e  t e s t ,  ( 1 )  i f  t h e  
o b j e c t i v e  i s  t o  measure t o t a l  g a s  con- 
t e n t ,  i n f r e q u e n t  g a s  s a m p l i n g  be  done ,  
w i t h  samples  t a k e n  most f r e q u e n t l y  a t  t h e  
b e g i n n i n g  of  t h e  t e s t  and ( 2 )  i f  r a t e s  of 
g a s  r e l e a s e s  o r  r e a c t i o n s  a r e  t h e  o b j e c -  
t i v e ,  t h e n  samples  be t a k e n  much more o f -  
t e n ;  t h e  methane d e s o r p t i o n  r a t e  can  be  
e x p e c t e d  t o  change r a p i d l y  immedia te ly  
Fo l lowing  removal  of t h e  sample  f rom t h e  
h o s t  rock .  

T h i s  s t u d y  r e p r e s e n t s  a  d e t a i l e d  d r i l l -  
i n g  program s u c c e s s f u l l y  comple ted  from 
underg round  mine workings .  A s u r f a c e - s e t  
diamond d r i l l  b i t  w i t h  a  s e n i r o u n d  crown 
and  i n t e r n a l  d i s c h a r g e  was t h e  b e s t  
c h o i c e  f o r  c o r e  d r i l l i n g  i n  t h e  P i c e a n c e  
Z a s i n ,  i n  o r d e r  t o  m a i n t a i n  w a t e r  p r e s -  
s u r e  i n  p e n e t r a t i n g  vugs f i l l e d  w i t h  

t u f f a c e o u s  o r  a r g i l l a c e o u s  ma te r i a l - .  
Use of a  s p l i t  i n n e r  b a r r e l  i s  s u g g e s t e d .  
1 d r i l l  w i t h  i n d e p e n d e n t l y  v a r i a b l e  
t h r u s t  and r o ~ a t i o n a l  c o n t r o l s  i m p a r t s  
maximur? f l e x i b i l i t y  t o  t h e  d r i l l e r  f o r  
c o n t  ~ n d i n g  w i  t h  inhomogcnei t i e s  v a r y i n g  
from c o n p a r a t  i v e l ; ~  h a r d  and somewhat 
e l a s t i c  o i l  s h a l e  t o  f r a c t u r e s ,  and t o  
vugs oc  f r a c t u r e s  F i l l e d  w i t h  l o o s e  o r  
weakly l i t h i f i e d  m a t e r i a l .  4 d r i l l  u n i t  
powered by 2 5  hp  o r  more i s  a p p r o p r i a t e  
f o r  a l l  b u t  ve ry  s h o r t  h o l e  d r i l l i n g .  

P e r m e a b i l i t y  d a t a  p r e s e n t e d  h e r e  s h o u l d  
be c o n s i d e r e d  p r e l i m i n a r y .  The most r e -  
l i a b l e  d a t a  gener .3 ted  d u r i n g  t h i s  s t u d y  
s u g g e s t s  t h a t  v e r y  h i g h  pe rmeab i l -  
i t i e s  c a n  e x i s t  i n  t h e  f r a c t u r e  ne twork ,  
e s p e c i a l l y  i n  zones  t h a t  produced g a s  
f lows  d u r i n g  d r i l l i n g .  The pe rmeab i l -  
i t i e s  g i v e n  h e r e  ranged f rom a b o u t  300 t o  
500 D. Evidence  a l s o  s u g g e s t s  t h a t  g a s  
r e s e r v o i r s  a s  t h e y  e x i s t  i n  o i l  s h a l e  
fo rma t  i o n s  a r e  ve ry  l i m i t e d  i n  volume, 
p e r h a p s  because  of t h e  narrow a p e r t u r e s  
of t h e  f r a c t u r e  sys tem.  

r le thane  c o n t e n t s  p e r  u n i t  a s :  were 
c a l c u l a t e d  f rom MDM f o r  t h r e e  t i m e  i n t e r -  
v a l s  of g a s  d e s o r p t i o n .  Methane c o n t e n t s  
were c a l c u l a t e d  a t  72 h  t o  s i m u l a t e  a  
t y p i c a l  amount of t ime  rauckpiles would 
remain  underground.  The mean v a l u e  of 
119 samples  was 0.0316 clo3/g. Methane 
c o n t e n t s  were  c a l c u l a t e d  a t  40 d a y s  t o  
g e t  h i g h e r  g a s  v a l u e s  w i t h o u t  e x c l u d i n g  
samples  removed f rom d r i l l  h o l e s  com- 
p l e t e d  n e a r  t h e  t e r m i n a t i o n  of t h e  s t u d y .  
T h i s  p o p u l a t i o n  numbered 100 o i l  s h a l e  
s a m p l e s ,  and t h e  mean g a s  c o n t e n t  was 
0.114 ~ m ' / ~ .  A t  125 d a y s ,  t h e  l o n g e s t  
t ime f o r  which g a s  c o n t e n t s  were i n d e x e d ,  
a  mean of 0.195 cm3/g was d e t e r m i n e d  f o r  
50 samples .  A l l  sample  p o p u l a t i o n s  d e v i -  
a t e d  somewhat f rom normal d i s t r i b u t i o n s ,  
w i t h  t h e  m a j o r i t y  of  samples  b e i n g  skewed 
s l i g h t l y  toward  t h e  low end of t h e  s c a l e  
and a  few samples  fo rming  a  t a i l  i n  t h e  
more g a s - e n r i c h e d  d i r e c t  ion .  

Comparisons c a n  be made between t h e  g a s  
c o n t e n t s  of o i l  s h a l e  samples  and o t h e r  
rock samples .  Rock sample  t e s t i n g  h a s  
de te rmined  t h a t  methane r e l e a s e d  f rom 
Mahogany Zone o i l  s h a l e  f rom t h e  P i c e a n c e  
B a s i n  i s  f a r  l e s s  t h a n  t h a t  evo lved  f rom 
U. S. h i g h - v o l a t i l e  b i t u n i n o u s  c o a l .  T e s t  



r e s u l t s  a l s o  i n d i c a t e  t h a t  o i l  s h a l e  min- g a s  r e l e a s e d  w i t h o u t  d e s t r u c t i v e  sample  
i n g  may produce  s l i g h t l y  more methane t r e a t m e n t .  One can  o n l y  s p e c u l a t e  on  how 
t h a n  i s  g e n e r a l l y  r e l e a s e d  i n  domal s a l t  much g a s  r ema ins  i n  t h e  o i l  s h a l e  even  
mines.  However, d i s s i m i l a r i t i e s  i n  g a s -  a f t e r  125 days  of g a s  d e s o r p t i o n ,  a s  
c o n t e n t  t e s t i n g  methodology a r e  h i g h l y  r e p o r t e d  h e r e .  Under no c i r c u m s t a n c e s  
s i g n i f i c a n t  t o  t h e s e  compar isons .  Coal  would i t  be a d v i s a b l e  t o  a p p l y  d a t a  r e -  
a n d  s a l t  g a s  d e t e r m i n a t i o n s  a t t e m p t  t o  p o r t e d  h e r e  t o  o i l  s h a l e  o c c u r r i n g  i n  
n e a s u r e  t h e  t o t a l  g a s  c o n t a i n e d .  MDM o t h e r  b a s i n s  o r  w i t h i n  d i f f e r i n g  s t r a i -  
t e s t i n g  f o r  o i l  s h a l e  samples  measures  g r a p h i c  u n i t s .  
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APPENDIX. --?.iODIFIED D I R E C T  METHOD PROCEDURE 

S e v e r a l  p r o c e d u r e s  have  been  used  by 
t h e  Bureau t o  s t u d y  t h e  o c c u r r e n c e  of g a s  
i n  c o a l  and o i l  s h a l e .  A method r e p o r t e d  
by Dar ton  i n  1915,  e s s e n t i a l l y  examined 
t h e  g a s  c o m p o s i t i o n  of t h e  a tmosphere  oE 
a  s e a l e d  c a n  o r  b o t t l e  c o n t a i n i n g  lump 
o r  c r u s h e d  c o a l  a t  v a r i o u s  p o i n t s  i n  t i n e  
( 1  - 7). '  The o r i g i n a l  a tmosphere  of t h e  
c o n t a i n e r  was e i t h e r  ambient  a tmosphere  
o r  a vacuum. The method r e p o r t e d  by 
Dar ton  measured o n l y  g a s  r e l e a s e d  upon 
c r u s h i n g  t h e  c o a l  sample. Oxygen s o r p -  
t i o n  a n d / o r  r e a c t i o n  by c o a l  was 
a l s o  examined and i n  some c a s e s  was 
c o n s i d e r a b l e .  

A f r e q u e n t l y  used  p r o c e d u r e  For mea- 
s u r i n g  t h e  amounts of g a s e s  r e l e a s e d  
f r o m  c o a l  u s e s  d i s p l a c e d  w a t e r  volume 
and  y i e l d s  t h e  a l g e b r a i c  g a s  volume of a  
s c a l e d  c o ~ ~ t a i n e r  w i t h  a  rock  sample.  
T h i s  t e c h n i q u e  i s  known a s  t h e  d i r e c t  
method and i s  d e s c r i b e d  i n  r e f e r e n c e s  7 ,  
18, and  19. The g a s  volume can  be  com- 
posed  o f  one  o r  more g a s e s  t h a t  have  e i -  
t h e r  d e s o r b e d  and  t h u s  comt r i b u t e d  "pos i -  
t i v e "  volumes o r  s o r b e d  a n d / o r  r e a c t e d ,  
c o n t r i b u t i n g  "nega t ive1 '  volumes. Essen- 
t i a l ,  b u t  g e n e r a l l y  n o t  p r a c t i c e d ,  i s  t h e  
s a m p l i n g  of  t h e  c o n t a i n e r  a tmosphere  s o  
t h e  r e l a t i v e  p r o p o r t i o n s  of t h e  i n d i v i d -  
u a l  gas s p e c i e s  c a n  be  examined. A d i -  
r e c t  method t y p e  of  t e s t  w i t h o u t  g a s  com- 
p o s i t i o n  i n f o r m a t i o n  y i e l d s  a n  approxima- 
t i o n  of  t h e  g a s  c o n t e n t s  and d e s o r p t i o n  
r a t e s  of  t h e  rock sample ,  which c a n  be  
e r r o n e o u s l y  s m a l l  b e c a u s e  of  t h e  n e g a t i v e  
volume e f f e c t s  of s o r p t i o n  a n d / o r  r e a c -  
t i o n  o f  g a s e s  w i t h  t h e  sample  i n  t h e  
s e a l e d  c o n t a i n e r .  S t a n d a r d  t e m p e r a t u r e  
and  p r e s s u r e  (STP) c o r r e c t i o n s  t o  t h e s e  
d e s o r b e d  g a s  volumes a r e  a p p l i e d  i n  gen- 
e r a l  b u t  n o t  a lways .  

The method d e s c r i b e d  i n  t h i s  r e p o r t ,  
MDM, u s e s  t h e  i d e a l  g a s  law e q u a t i o n  t o  
d e t e r m i n e  t h e  STP g a s  volume i n  t h e  
s e a l e d  sample  c o n t a i n e r  and a  g a s  sample  
of  t h e  c o n t a i n e r  a tmosphere  t o  compute 
t h e  volume of e a c h  gas  s p e c i e s  under  

Under l ined  numbers i n  p a r e n t h e s e s  r e -  
f e r  t o  items i n  t h e  l i s t  oE r e f e r e n c e s  
p r e c e d i n g  t h e  appendix .  

c o n s i d e r a t i o n  a t  any  p o i n t  i n  t ime.  The 
main a d v a n t a g e s  of t h e  :lDM a r e  (1 )  de-  
s o r p t i o n  o r  r e l e a s e  a n d / o r  r e a c t i o n  r a t e s  
of i n d i v i d u a l  g a s  s p e c i e s  can  be accu-  
r a t e l y  d e t e r ~ n i n e d  and ( 2 )  t h e  d e t e r ~ n i n a -  
t i o n  of t h e s e  r a t e s  can  be p e r f o r ~ n e d  011 

samples  of s n a l l e r  s i z e  o r  lower g a s  con- 
t e n t s  t h a n  i n  p r e v i o u s  d i r e c t  method 
p r a c t i c e s .  These a d v a n t a g e s  a l l o w  a  more 
a c c u r a t e  and f l e x i b l e  c h a r a c t e r i z a t i o n  of 
m u l t i p l e  g a s  s o u r c e  v a r i a b l e s  where t h e  
d i r e c t  method y i e l d s  i n f o r m a t i o n  on t h e  
chang ing  o v e r a l l  volume of t h e  t o t a l  
g a s e s  c o n t a i n e d .  T h i s  method c a n  b e  p e r -  
formed i n  l a b o r a L o r y ,  f i e l d ,  and  under -  
ground s e t t i n g s .  

PROCEDURE, CALCULATIONS, 
AND EXPERIMENTAL APPARATUS 

Procedure  

The main p u r p o s e  of t h e  XDM i s  t o  ob- 
t a i n  g a s  volumes o v e r  a p e r i o d  of  t i m e  t o  
c h a r a c t e r i z e  g a s  d e s o r p t i o n  and r e a c t i o n  
r a t e s .  Gas s h o u l d  be  sampled more f  re -  
q u e n t l y  when a  rock sample i s  f i r s t  
s e a l e d  i n t o  t h e  c o n t a i n e r  and l e s s  f r e -  
q u e n t l y  a t  l a t e r  t imes .  Coal  samples  a r e  
u s u a l l y  sampled s i x  t o  e i g h t  t i m e s  w i t h i n  
t h e  f i r s t  2 h ,  a  week l a t e r ,  and once  a  
month f o r  e a c h  o f  t h e  n e x t  2 t o  6 months. 

The b u i l d u p  of p r e s s u r e  i n  t h e  s e a l e d  
sample c o n t a i n e r  s h o u l d  be minimized s o  
t h a t  t h e  d e s o r p t i o n  p r o c e s s  i s  n o t  i n h i b -  
i t e d .  However, t a k i n g  samples  of s m a l l  
volume changes  c a n  i n t r o d u c e  p o t e n t i a l l y  
l a r g e  c u m u l a t i v e  e r r o r s .  By c o n t r o l l i n g  
p r e s s u r e  and a tmosphere  c o m p o s i t i o n  i n  
t h e  s e a l e d  c o n t a i n e r ,  d e s o r p t i o n ,  s o r p -  
t i o n ,  and r e a c t i o n  phenomena can  a l s o  be 
s t u d i e d  a t  d i f f e r e n t  c o n d i t i o n s .  

B a s i c  C a l c u l a t i o n  

The e s s e n c e  of t h i s  p r o c e d u r e  is  t h e  
c a l c u l a t i o n  of  g a s  c o m p o s i t i o n  and v o l -  
ume ( c o r r e c t e d  t o  STP c o n d i t i o n s )  i n  t h e  
s e a l e d  sample  c o n t a i n e r  a t  a  g i v e n  p o i n t  
i n  t ime.  T h i s  q u a n t i t y  of g a s  i s  com- 
p a r e d  w i t h  t h e  c o n t a i n e r  a tmosphere  a t  a  
p r i o r  p o i n t  i n  t i m e ,  and t h e  g a s  s p e c i e s  
volume d i f f e r e n c e s  a r e  accumula ted .  



Using t h e  i d e a l  g a s  l aw,  t h e  volume a t  
STP c o n d i t i o n s  of  g a s  s p e c i e s  x i n  a  con- 
t a i n e r  a t  t ime i n t e r v a l  n (V,,) i s  d e t e r -  
miiled by 

V,, = { [ ( ~ a t m n  + ?ven tn  + dPn) Vg] 

where P a t ~ n  = at inosphere  p r e s s u r e ,  mm Hg; 

Pven t  = underground mine v e n t i l a -  
t i o n  p r e s s u r e  d i f f e r e n t i a l  
o v e r  Patm from s u r f a c e  i f  
s a m p l e s  a r e  s e a l e d  under-  
g round ,  mm Hg; 

dP = d i f f e r e n t i a l  p r e s s u r e  of 
c o n t a i n e r  a tmosphere  w i t h  
r e s p e c t  t o  (Patm + Pven t )  , 
mm Hg; 

Tg = t e m p e r a t u r e  o f  g a s  atmos- 
p h e r e  i n  c o n t a i n e r ,  K ;  

Vg = f r e e  s p a c e  f o r  g a s  atmos- 
p h e r e  t o  occupy i n  con- 
t a i n e r ,  cm3; 

T  = s t a n d a r d  t e i n p e r a t u r e  
( 2 7 3  K);  

P = s t a n d a r d  p r e s s u r e  ( 7 6 0  
Inm Hg); 

and [ x ]  = volume f r a c t i o n  of  g a s  
s p e c i e s  o r  g r o u p  x  i n  
c o n t a i n e r  a tmosphere ,  
cm3/crn3. 

Exper imen ta l  Appara tus  

A t y p i c a l  c o n f i g u r a t i o n  of  t h e  appa ra -  
t u s  i s  p r e s e n t e d  i n  f i g u r e  A-1. The ex- 
p e r i m e n t a l  a p p a r a t u s  used i n  demons t ra t -  
i n g  t h i s  method was e s t i m a t e d  t o  pe r fo rm 
w i t h i n  t h e  f o l l o w i n g  l i m i t s :  

1. Barometer:  + 1  t o  2  mm Hg. 
2. Thermometer: f0 .5  t o  l.OO C .  
3. D i f f e r e n t i a l  p r e s s u r e  gauge:  '1 t o  

2  p c t  f u l l  s c a l e .  
4.  Evacuated  c o n t a i n e r  and g a s  sample  

p o r t  f o r  g a s  sample  o r  d e t e c t o r  g i v i n g  

Differential pressure 
gauge, 

Selector valve, 
0' 

container 

FIGURE A-1 .-Generalized apparatus. 

c o m p o s i t i o n a l  a n a l y s i s :  '1 t o  2  p c t  of 
v a l u e .  

5. Sample c o n t a i n e r  w i t h  a t  l e a s t  one 
i n l e t  and v a l v e  w i t h  volume measured: t l  
t o  2  p c t  of  t o t a l  volume ( d e t e r m i n e d  by 
w e i g h t  oE w a t e r  r e q u i r e d  t o  f i l l  con- 
t a i n e r  w i t h  and w i t h o u t  sample  t o  o b t a i n  
sample and f r e e - s p a c e  volumes).  

The Bureau ' s  e x p e r i e n c e  w i t h  g a s  Sam- 
p l i n g  of  r o c k  samples  h a s  found t h e  de- 
s i g n  of  e x p e r i m e n t a l  a p p a r a t u s  t o  be of  
paramount impor tance  i n  o b t a i n i n g  accu- 
r a t e  r e s u l t s .  Hemato log ica l  t e s t  t u b e s  
and n e e d l e s  have  p roven  v e r y  r e l i a b l e  a s  
c o n t a i n e r s  f o r  sampled g a s  and f o r  t r a n s -  
f e r e n c e  of r e l e a s e d  g a s .  A diaphragm- 
t y p e  p r e s s u r e  gauge  i s  used t o  measure 
p a r t i a l  p r e s s u r e s  i n  t h e  o i l  s h a l e  sample 
c o n t a i n e r s .  

Magnahel ic  p r e s s u r e  gauges  a r e  a v a i l -  
a b l e  i n  a  v a r i e t y  of  r a n g e s  and a r e  b u i l t  
t o  be a c c u r a t e  t o  w i t h i n  2  p c t  of  t h e  
f u l l  s c a l e  measured. Sample c o n t a i n e r s  
f o r  t h e  o i l  s h a l e  c o r e  were  c o n s t r u c t e d  
of  2.5-in-diameter  s c h e d u l e  40 PVC p ipe .  
It i s  d e s i r a b l e  f o r  t h e  d i a m e t e r  of  t h e  
c o n t a i n e r  t o  be somewhat l a r g e r ,  i n  t h i s  
c a s e  by s l i g h t l y  more t h a n  0.5 i n ,  t h a n  
t h e  c o r e  d i a m e t e r ,  t o  f a c i l i t a t e  i n s e r -  
t i o n  and removal from t h e  c o n t a i n e r .  
Schedule  80 PVC c a p s  were t apped  and 
f i t t e d  w i t h  q u i c k  d i s c o n n e c t s  f o r  c l o s -  
i n g  t h e  open end of t h e  c o n t a i n e r  under-  
ground.  The opposing e n d s  had been 



c l o s e d  by t h e  g l u i n g  of  s c h e d u l e  40 c a p s  
a t  t h e  Bureau. Hansen, Swagelock,  and 
Mi l ton - type  q u i c k  d i s c o n n e c t s  were  u s e d  
o n  t h e  c o r e  c o n t a i n e r s .  

BASIC DATA COLLECTION CYCLE 

To o b t a i n  a  c o n t a i n e r  a tmosphere  d a t a  
p o i n t  a t  a  g i v e n  t ime :  

1. Record d a t e  and t i m e  of d a t a  p o i n t  
d e t e r m i n a t i o n .  

2. Measure a tmosphere  p r e s s u r e  (Patm)  
a n d  t e m p e r a t u r e  of t h e  g a s  i n  t h e  con- 
t a i n e r  ( T g ) ,  which  c a n  be c o n s i d e r e d  t o  
be  ambien t  i f  t h e  s t o r a g e  a r e a  f o r  con- 
t a i n e r s  d o e s  n o t  undergo l a r g e  a n d / o r  
r a p i d  t e m p e r a t u r e  changes .  

3. Measure b a r o m e t r i c  p r e s s u r e .  I f  
t h e  t e s t  s i t e  i s  l o c a t e d  underground 
(e.g.  , c o a l  mine)  and o n l y  t h e  s u r f a c e  
a t m o s p h e r i c  p r e s s u r e  i s  known, t h e n  t h e  
v e n t i l a t i o n  p r e s s u r e  d i f f e r e n t i a l  ( P v e n t )  
w i t h  r e s p e c t  t o  s u r f a c e  must be measured. 

4. Connect  a  d i f f e r e n t i a l  p r e s s u r e  
gauge  t o  t h e  sample  c o n t a i n e r ,  and mea- 
s u r e  a n  i n i t i a l  d i f f e r e n t i a l  p r e s s u r e  
w i t h  r e s p e c t  t o  ambien t  p r e s s u r e  ( d P i ) .  

5. Purge  t h e  sample  c i r c u i t  w i t h  con- 
t a i n e r  g a s  i f  d P i  2 0  o r  w i t h  a n  i n e r t  
g a s  i f  d P i  < 0 ,  t h e n  t a k e  a  g a s  sample  of  
t h e  c o n t a i n e r  atmosphere.  T h i s  g a s  sam- 
p l e  i s  f o r  g a s  c o m p o s i t i o n  a n a l y s i s .  

6. I f  a s s u r a n c e  is  r e q u i r e d  t h a t  a n  
a p p r o p r i a t e  volume of g a s  f rom t h e  con- 
t a i n e r  was o b t a i n e d ,  t a k e  a n  in t e rme-  
d i a t e  d i f f e r e n t i a l  p r e s s u r e  measurement 
( d p i n t e r )  a f t e r  t h e  g a s  sample ,  and ap-  
p r o x i m a t e  t h e  volume (V sample ) :  

V sample  = [ ( d P i  - d ~ i n t e r ) ( V g )  l / ( P a t m )  

7. A f t e r  g a s  sampl ing ,  i f  d P i n t e r  is-- 
a .  P o s i t i v e ,  t h e n  b l e e d  e x c e s s  

d i f f e r e n t i a l  p r e s s u r e  (dPf ) t o  atmos- 
p h e r i c  p r e s s u r e  and measure. T h i s  t e r m i -  
n a t e s  measurements a t  t h i s  d a t a  p o i n t .  

3. Zero  o r  n e g a t i v e ,  t e r m i n a t e  
d a t a  p o i n t  measurement; dPf = d P i n t e r .  
I f  any g a s e s  a r e  i n j e c t e d  o r  a i r  l e a k s  
i n t o  t h e  c o n t a i n e r ,  a n o t h e r  g a s  composi- 
t i o n  sample  must be t a k e n  and  a  f i n a l  dPf 
t a k e n  t o  t e r m i n a t e  t h e  measurements.  

A sample  d a t a  c o l l e c t i o n  form i s  p r e -  
s e n t e d  a s  f i g u r e  A-2. 

Data  R e d u c t i o n  

The f i r s t  s t e p  i n  t ,he  d a t a  r e d u c t i o n  
p r o c e s s  i s  t o  d e t e r m i n e  t h e  a tmosphere  
c o m p o s i t i o n  when t h e  sample  i s  f i r s t  
s e a l e d .  The ambient  a tmosphere  i s  sam- 
p l e d  f o r  compos i t ion ,  and t h e  t e m p e r a t u r e  
and p r e s s u r e  a r e  measured. The f r e e  
s p a c e  i n  t h e  c o n t a i n e r  w i t h  t h e  rock 
sample  i s  known, and t h e  STP-correc ted  
volumes of  t h e  g a s e s  s e a l e d  i n  t h e  con- 
t a i n e r  w i t h  t h e  sample  a r e  c a l c u l a t e d  by 
e q u a t i o n  A-1 and r e p r e s e n t  t h e  i n i t i a l  
c o n d i t i o n s .  

Gas samples  of t h e  c o n t a i n e r  atmos- 
p h e r e ,  a s  w e l l  a s  measurements of  t h e  
c o r r e s p o n d i n g  p r e s s u r e s  and t e m p e r a t u r e ,  
a r e  t a k e n  p e r i o d i c a l l y ,  and t h e  g a s  spe -  
c i e s  STP volumes a r e  c a l c u l a t e d  by equa- 
t i o n  A - l  f o r  e a c h  s a m p l i n g  p e r i o d .  In  
e a c h  sampl ing  p e r i o d ,  measurements  a r e  
t a k e n  b o t h  b e f o r e  and a f t e r  r e l e a s e  of 
e x c e s s  g a s  p r e s s u r e .  The c u r r e n t  i n i t i a l  
g a s  volumes i n  t h e  c o n t a i n e r  a r e  compared 
w i t h  t h e  f i n a l  g a s  volumes f rom t h e  p r e -  
v i o u s  s a m p l i n g  p e r i o d :  The i n d i v i d u a l  g a s  
volumes b e f o r e  any r e l e a s e  of e x c e s s  g a s  
p r e s s u r e  a r e  s u b t r a c t e d  f rom t h o s e  c a l c u -  
l a t e d  a t  t h e  end of  t h e  p r e v i o u s  s a m p l i n g  
p e r i o d  a f t e r  r e l e a s e  of  e x c e s s  p r e s s u r e .  
These  d i f f e r e n c e s  r e p r e s e n t  t h e  changes  
i n  g a s  s p e c i e s  volumes t h a t  have  t a k e n  
p l a c e  s i n c e  t h e  end of  t h e  p r e v i o u s  sam- 
p l i n g  p e r i o d .  The volume changes  a r e  ap- 
p l i e d  t o  t h e  c u m u l a t i v e  g a s  volumes t h a t  
began w i t h  t h e  i n i t i a l  c o n d i t i o n s  when 
t h e  c o n t a i n e r  was s e a l e d .  The c u m u l a t i v e  
g a s  s p e c i e s  volumes c a n  t h e n  be p r e s e n t e d  
g r a p h i c a l l y  a s  a  f u n c t i o n  of  t i m e .  The 
STP g a s  volumes s h o u l d  be n o r m a l i z e d  t o  
e i t h e r  a u n i t  mass ( c u b i c  c e n t i m e t e r s  p e r  
gram) o r  volume of rock  ( c u b i c  cen t ime-  
t e r s  p e r  c u b i c  c e n t i m e t e r )  b a s i s .  

The MDM t e s t i n g  d i s c u s s e d  i n  t h i s  r e -  
p o r t  was performed underground a t  t h e  
C a t h e d r a l  B l u f f s  Mine, where t h e  t e s t  
envi ronment  was a t  a  n e a r l y  c o n s t a n t  tem- 
p e r a t u r e  o v e r  t h e  d u r a t i o n  of  measure-  
ments.  However, c o r e  removed f  r o n  s u r -  
f a c e  d r i l l i n g  i n  a  s e p a r a t e  s t u d y  was 





t e s t e d  and  s t o r e d  a t  a  s u r f a c e  s i t e ,  and 
r e s u l t s  were  n o t  t o t a l l y  s a t i s f a c t o r y  be- 
c a u s e  of  t h e  d i f f e r i n g  r a t e s  a t  which  t h e  
g a s ,  c o r e ,  and c o n t a i n e r  e q u i l i b r a t e  w i t h  
c h a n g i n g  a i r  t e m p e r a t u r e s .  A c o n s t a n t -  
t e m p e r a t u r e  env i ronment  i s  recommended. 

Unaccounted  f o r  w i t h  t h e  MDM a r e  t h e  
g a s e s  l o s t  be tween t h e  t i m e  t h e  r o c k  sam- 
p l e  i s  t a k e n  and  when i t  i s  s e a l e d  i n  t h e  
c o n t a i n e r .  E s s e n t i a l  t o  d e t e r m i n i n g  t h e  
l o s t  g a s  i s  d e t e r m i n i n g  t h e  l e n g t h  of  
t i m e  t h a t  g a s  h a s  been  d e s o r b i n g  f rom t h e  
sample  b e f o r e  i t  i s  s e a l e d  i n  t h e  con- 
t a i n e r .  P r e v i o u s  r e s e a r c h e r s  have  c a l c u -  
l a t e d  t h e  l o s t - g a s  t i m e  f o r  a  v e r t i c a l  
d r i l l  h o l e  f i l l e d  w i t h  w a t e r  o r  d r i l l i n g  
f l u i d  by assuming t h a t  d e s o r p t i o n  b e g i n s  
when t h e  sample  h a s  t r a v e l e d  h a l f  t h e  
d i s t a n c e  o u t  of  t h e  d r i l l  h o l e  (20 ) .  - I n  
u s i n g  t h i s  t e c h n i q u e ,  t h e  l o s t  g a s  c a n  be  
d e t e r m i n e d  g r a p h i c a l l y  by p l o t t i n g  t h e  
c u m u l a t i v e  g a s  volumes on a  g r a p h  w i t h  
t h e  s q u a r e  r o o t  t r a n s f o r m a t i o n  a p p l i e d  t o  
t h e  t i m e  a x i s  and d rawing  a  l i n e a r  ex- 
t r a p o l a t i o n  t o  "zerov1 t ime.  

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

a d v i s a b l e  t h a t  a  l o s t - g a s  t e c h n i q u e  be 
a p p l i e d  t o  MDM e x p e r i m e n t s  i n  any s t u d y  
where t h e  rock sample  i s  exposed t o  a t -  
mospher i c  c o n d i t i o n s  f o r  more t h a n  a b o u t  
1 h  b e f o r e  b e i n g  s e a l e d  i n  a  c o n t a i n e r .  
The n e c e s s a r y  d a t a  a r e  a v a i l a b l e  t o  
pe r fo rm a  l o s t - g a s  c o r r e c t i o n  on  t h e  
C a t h e d r a l  B l u f f s  r e s u l t s ,  a l t h o u g h  some 
q u e s t i o n  d o e s  remain  c o n c e r n i n g  t h e  i n i -  
t i a t i o n  of l o s t - g a s  c o n d i t i o n s  i n  t h i s  
s t u d y  . 

The one component of  a  r o c k ' s  g a s  con- 
t e n t  n o t  y e t  a d d r e s s e d  i s  t h e  g a s  remain-  
i n g  i n  t h e  sample  a f t e r  t h e  m o n i t o r i n g  of  
g a s  a c t i v i t y  i n  t h e  s e a l e d  c o n t a i n e r  h a s  
been t e r m i n a t e d .  To d e t e r m i n e  t h i s ,  some 
fo rm of c r u s h i n g  of t h e  sample c a n  be 
performed i n  a  s e a l e d  c o n t a i n e r  w i t h  a n  
i n e r t  ( n i t r o g e n )  a tmosphere  (1, 2). The 
r e l e a s e d  g a s  volumes a r e  d e t e r m i n e d  w i t h  
t h e  above  method. S i n c e  i t  t a k e s  r e l a -  
t i v e l y  g r e a t  l e n g t h s  t o  l i b e r a t e  t h i s  r e -  
maining g a s  f rom t h e  r o c k ,  i t  seems prob- 
a b l e  t h a t  t h i s  component of t h e  t o t a l  g a s  
c o n t e n t  of t h e  r o c k  i s  n o t  s i g n i f i c a n t  i n  
mine e m i s s i o n  o r  g a s  d r a i n a g e  s t u d i e s .  




