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INTRUDUCTICN 

Bioleaching, utilizing a sulfuric acid medium generated by the sulfur 
oxidizing capabilities of Thio- spp. has prwed to be useful in re- 
leasing hydrocarbons from petroliferous rocks from the Mahogany Ledge of the 
Green River formation. As yet, however, these methods do not yield a high 
percentage of the kerogen trapped within the rock. The purpose of this 
paper is to investigate the texture and mineralogy of the Green River shale 
to ascertain the nature of kerogen entrapment and the physical effects of 
bioleaching. Such an understanding should ease the development of a 
method to increase the effectiveness of bioleaching in releasing kerogens 
for commercia 1 extraction. 

Shale DescriDtion 

The Green River shale is a highly indurated, fine-grained, varved, 
calcareous sedimentary rock deposited in the Eocene fresh-water lake Gosuite. 
The rock varies in color from tan to black, depending on organic content. 
Rock of this type is technically a marl, but in this paper it will be called 
shale in convention with comon usage. 

Varves in the Green River shale consist of carbonate summer laminae, 
and fine grained winter laminae composed of clay and organic components. 
Thin sections of the shale show distinct banding of dark components enclosed 
in a light colored matrix composed of polymineralogic crystal aggregates, 
and small single crystals that, when large enough to identify, are pre- 
dominantly dolomite. This crystalline matrix superimposes a granular texture 
Over the entire rock. 

Small blob-like aggregates (%OH) which string out to form the dark winter 
laminae. 
bands to narrow opaque strings, but are always parallel to the varved 
textural grain. 
S m a l l  matrix crystals and a few relatively coarse possibly detrital grains, 
with little evidence of clays or organics. The clays and visible organics 
are intimately associated, either because they were deposited simultaneously, 
or have become linked by processes of chem-adsorption. It would seem 
reasonable that the first step in liberating adsorbed or mechanically 
trapped kerogens would be the disaggregation of the crystalline matrix to 
release clays. 

Clays and associated (adsorbed) organics appear to be localized in 

These organo-clay concentrations vary from diffuse dark brown 

Light colored bands appear to be composed entirely of 

MINERAL CGMPOSITION 

X-ray Methods 

All x-ray analyses were made using a Norelco diffractometer using 
CuKeradiation with a nickel filter, 0.006 inch slit at 40 kv and 20 MA. 
The optimum rate was found to be 1000 cps at 102Q/min. 
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Disordered powder mounts w e r e  used f o r  whole-rock mine ra l  ana lyses .  

Separa te  prepara t ions  were made f o r  ana lys i s  of c l a y  mineralogy, using t h e  
method devised by Jackson ( 5 ) .  The indurated na tu re  of t h e  s h a l e  made 
complete d isaggrega t ion  impossible ,  but d iges t ion  of 50 gms of crushed 
sha le  i n  warm sodium-acetate so lu t ion  ( p a r t  of Jackson 's  method) re leased  
enough carbonate- f ree  c l a y  t o  analyze wi th  no d i f f i c u l t y .  

according t o  the  method proposed by Carro l  ( 3 )  t o  promote s h i f t s  i n  posi-  
t i o n  of d i agnos t i c  x-ray peaks. This  t rea tment  inc ludes  d i s s i c a t i o n ,  
g lyco la t ion ,  and hea t ing  t o  350% and 550OC respec t ive ly .  

I n  order  t o  sepa ra t e  d i f f e r e n t  c l ay  species, c l a y  mounts w e r e  t r e a t e d  
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Whole-rock minera l  content  can be. divided i n t o  major and minor 
cons t i ruen t s  based on r e l a t i v e  peak i n t e n s i t i e s  (Table  I). The s h a l e  
conta ins  too  many mineral  spec ies  t o  b e  e a s i l y  matched hy add i t ion  of 
necessary comparative i n t e r n a l  s tandard ,  t h e r e f o r e  q u a n t i t a t i v e  determina- 
t i o n  of minera l  abundance w e r e  not  made. 

TABLE I 

Whole Rock h i n e r a l m  

Pia i or; 

Quar t z  S ic2  
Do lomi t e  
C a l c i t e  CaCb3 

Plinor 

C&:g ( CL 3 2 

Ana l c i  t e  haiilSi2b H L 
Montmori 1 l o n i  t e  
Lrthoc l a s e  KAlSi L~ 
Plagioc lase  ka(Ca3i 10-2bi2-3L8 
P y r i t e  FeS2 

A l4 ( S i4L1 0 2 f OH ) 4  

P a e r a l o m  

Quartz and dolomite  w e r e  found t o  be the  predominant minerals  i n  these  
samples. C a l c i t e  i s  a l s o  p re sen t ,  Frobably r ep resen t ing  r e s i d u a l  primary 
carbonate  t h a t  has  not  undergone d iagenes is .  Dolomite and c a l c i t e  appear 
t o  form t he  granular  matr ix  observed i n  t h i n  sec t ion .  Fe ldspar ,  inc luding  
a l b i t e  r i c h  p l ag ioc la se  and or thoc lase ,  occur p r imar i ly  a s  d e t r i t a l  g ra ins  
making up p a r t  of t he  primary sediment depos i t .  P y r i t e  probably formed i n  
t h e  sediment before  o r  during l i t h i f i c a t i o n  when o rgan ic - r i ch  bottom sed i -  
ments provided t h e  reducing environment favorable  t o  formation of t h i s  
minera 1. 

Analc i te ,  abundant here  and i n  some o the r  members of t h e  Green River 
formation,  i s  thought t o  have formed au th igen ica l ly  s h o r t l y  a f t e r  deposi-  
t i o n  of t h e  primary sediment ( I ) .  
c l a s e  content  of t he  sha le  may have been formed by r e a c t i o n  of a n a l c i t e  
and qua r t z  (2 ) .  The temperature requi red  f o r  t h i s  conversion i s  about 
190qC, somewhat h ighe r  than  would be expected i n  these  d e p o s i t s ,  but i n  t h e  
presence of concentrated b r ine ,  conversion temperature  would b e  lowered ( 1 ) .  

To see what e f f e c t  bioleaching has on mineralogy, t h e  x- ray  pa t t e rn  
of raw sha le  was compared t o  t h a t  of a sample t h a t  had undergone a 38.4% 
weight loss dur ing  bioleaching.  The mineral  composition of both samples 

It  i s  poss ib le  t h a t  some of t he  p lag io-  
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a r e  i d e n t i c a l ,  however, peak i n t e n s i t i e s  of carbonate minerals  a r e  s t rongly  
reduced suggest ing t h e y  have been dissolved and p a r t i a l l y  removed. Peak 
s i z e  i s  not  l i n e a r l y  r e l a t e d  t o  t h e  amount of mineral  p resent ,  so quant i -  

h e i g h t s .  
t a t i v e  indura t ion  of carbonate  removal i s  not  ind ica ted  by comparing peak i 

To quant i fy  t h e  amount of carbonate  removed by b io leaching ,  whole- 
rock weight percentages of organic  carbon, carbonate  ion , and mineral  
carbonate  were determined on d u p l i c a t e  one-half gram samples (270  mesh) 
using t h e  Leco gasometric a n a l y s e r  (6) .  
uses  a cons tan t  (8 .33)  der ived  from t h e  r e l a t i v e  weight of calcium a t  
carbonate  ion i n  c a l c i t e .  S ince  it was not  poss ib le  t o  q u a n t i t a t i v e l y  
e v a l u a t e  t h e  r a t i o  of c a l c i t e  t o  dolomite i n  t h e  mineral  carbonate  f r a c -  
t i o n ,  t h e  c a l c i t e  cons tan t  was used f o r  c a l c u l a t i o n s .  This  causes  t h e  
c a l c u l a t e d  weight percentages of mineral  carbonate  t o  be s l i g h t l y  l i g h t e r  
t h a n  a c t u a l  values .  Organic carbon was s u f f i c i e n t l y  abundant t o  neces- 
s i t a t e  halving t h e  normal s a m p l e  weight (0.25 g) f o r  a n a l y s i s .  

proved t o  be about 33% mineral  carbonate by weight,  and 10% carbon con- 
t a i n e d  i n  organic compounds. Assuming an average hydrocarbon chain i s  
c 1 6  i n  t h e  Green River  m a t e r i a l ,  t h e  added hydrogen would br ing t h e  t o t a l  
weight of organic c o n s t i t u e n t s  t o  approximately 11%. 

To a s c e r t a i n  i.f b io leaching  is  removing t h e  a v a i l a b l e  carbonate , 
samples of crushed (16  mesh) bioleached m a t e r i a l  were analysed f o r  re- 
s i d u a l  carbonate.  The sample used f o r  t h i s  experiment had l o s t  36.5% of 
i t s  weight during leaching,  and it was found t o  have approximately 2.3% 
r e s i d u a l  mineral  carbonate  i n d i c a t i n g  t h a t  bioleaching is  q u i t e  e f f e c t i v e .  

Calcu la t ion  of mineral  carbonate  

! 

Carbon and carbonate  d a t a  a r e  expressed a s  weight percent .  Raw s h a l e  

1 

G w !  
A peak at 18.8 h i n  t h e  c l a y  and whole-rock mounts suggest mont- 

m o r i l l o n i t e ,  repor ted  from Green River  samples by previous i n v e s t i g a t o r s  
( I ) ,  i s  t h e  dominant c l a y  group i n  t h e  s tudied samples. 
a t  somewhat higher  angstrom values  than i s  normal f o r  montmori l loni te ,  btlt 
t h e  presence of abund2r.t organics  o f t e n  causes abberat ion i n  x-ray pa t tem-s ,  
expla in ing  t h e  observed s h i f t  ( 7 ) .  

This peak OCCUTS 

Montmoril lonite i s  a poorly c r y s t e l l i z e d  mineral  and i s  o f t e n  not 
d e t e c t a b l e  by x- ray  unless  present  i n  excess of  15% of t h e  sample ( 3 ) .  
The presence of a montmori l loni te  peak i n  t h e  whole-rock p a t t e r n  sugges ts ,  
t h e r e f o r e ,  t h i s  minera l  may be present  i n  s i g n i f i c a n t  q u a n t i t i e s .  blater 
i s  r e a d i l y  absorbed i n t o  the montmori l loni te  s t r u c t u r e  causing swel l ing.  
I f  t h e  quar tz  and dolomite are removed from t h e  s h a l e ,  t h e  expansive 
f o r c e s  of swel l ing montmori l loni te  may be u s e f u l  i n  disaggregat ion of t h e  
r e s i d u a l  f r a c t i o n .  

' 

I l l i t e  is t h e  second abundant c l a y  mineral ,  and may r e p r e s e n t  p r i -  
mary c l a y s ,  degraded mica, o r  potassium enriched primary c lays  of o t h e r  
s p e c i e s .  
s p e c i e s  w i l l  a l t e r  t o  montmori l loni te ,  i l l i t e ,  o r  c h l o r i t e .  The age of 
t h e  Green River formation (Eocene) would be more than s u f f i c i e n t  f o r  a l t e r a -  
t i o n  of primary c l a y s .  

I t  i s  not  poss ib le  t o  a c c u r a t e l y  determine what percent  of t h e  s h a l e  
i s  c l a y  without d a t a  on t h e  whole-rock d i s t r i b u t i o n  of e lemental  oxides.  
A process  of e l i m i n a t i o n  by comparison with mineralogy would r e v e a l  how 
much of these  e l e m e n t s  a r e  contained i n  c l a y s ,  but a s  y e t  t h e  appropr ia te  

Garrels and Nackenzie ( 4 )  show t h a t ,  through t i m e ,  most c lay  

I 
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ana lyses  have n o r  heen performed. 

VISIBLE LFFECT5 CF B I c  LEJLHING 

ScanRing e l e c t r o n  nicrographs were taken of s h a l e  sanples  t r e a t e d  
/ 

f o r  var ious  periods of time t o  see  t h e  e f f e c t s  of b io leaching .  samples 
w e r e  cu t  t o  convenient s i z e  2nd polished t o  a f l a t  su r f ace  t r i th  -6PO g r i t  

and unleached f r ac tu red  rock su r face  (F ig .  2 )  \rere photographed t o  a s -  
cer ta in  if any m a t e r i a l  was being removed by c r y s t a l  plucking dur ing  
po l i sh ing .  l e i t h e r  c o n t r o l  showed evidence of p i t t i n g  due t o  mechanicel 
processes ,  s o  it seems s a f e  t o  conclude t h a t  p i t t i n g  observed i n  t r e a t e d  
samples i s  due t o  chemical ac t ion .  

I 

1 p r i o r  to treatment.  Control semples of polished unleached s h a l e  (Fig. l ) ,  

r 

Shale bioleached f o r  two days shows a p i t t e d ,  sponzy-zDpearing su r -  
f ace  t e x t w e  caused by so lu t ior !  of minera l  m a t e r i a l  (F ig .  3). Eioleach- 
ing  f o r  one week caused no apparent  i nc rease  i n  t h e  number of p i t s  per 
u n i t  a r e a ,  but an inc rease  i n  p i t  s i z e  was noted. Two weeks exposure t o  
b io leaching  medium seemed t o  f u r t h e r  . increase  p i t  s i z e  but d id  no t  r e -  
s u l t  i n  formation of a d d i t i o n a l  p i t s  (big. 4 ) .  

I n  order  t o  quan t i fy  the e f f e c t s  of b io leaching ,  photomicrographs of 
shale samples bioleached f o r  varying t ime (Figs.  1-4) were used t o  count 
and measure the c ross  s e c t i o n a l  dimensions of s o l u t i o n  p i t s  as an  ind ica-  
t i o n  of t h e  amount of n a t e r i a l  removed by so lu t ion .  Th i s  d a t a  shows 
tha t  so lu t ion  p i t s  form r a p i d l y  a f t e r  exposure t o  the leaching  medium. 
The number of p i t s  on each sample ranged from 29 t o  33 independent of 
t i m e .  Average p i t  s i z e  ( ca l cu la t ed  a s  su r face  a rea  us ing  t h e  two maxi- 
mum diameters f o r  each p i t )  d id  va ry  d i r e c t l y  crith t i m e ,  i nc reas ing  from 
a m i n i m u m  of 24.8 )$ a f t e r  t6 .70  days ,  t o  a maximum of 54.3 ~ 4 2  a f t e r  two 
weeks, i n d i c a t i n z  t h a t  the  volume of carbonate removed i s  a f r a c t i o n  of 
t i m e  exposed t o  t h e  b io leaching  medium.  

p a i r  i f  they  a r e  taken a t  s l i g h t l y  d i f f e r e n t  tilt angles .  [ ,s ing an 
equat ion  modified from t h a t  delvised for i n t e r p r e t a t i o n  of a e r i a l  photo- 
graphs ,  t hese  photo-raphs c8n 'vie used t o  determine n i t . d e p t h .  
average t h e  p i t  depth i s  i n  the o rde r  of 2.2 H (Fig+ 5 j .  

The s h e l f - l i k e  f a l s e  bottom, and t h e  m a l l  pene t r a t ion  of t h e  t r u e  bot- 
tom i n d i c a t e  t h a t  continued s o l u t i o n  !?auld r e s u l t  i n  f a r t h e r  deepening. 
T h i s  f a c t ,  coupled wi th  t h e  absent l a t e r a l  enlargement w i t h  t i m e  should 
r e s u l t  i n  n e u t r a l  a i d  l a t e ra l  in te rconnec t ion  of s o l u b l e  s i tes  causing 
an  inc rease  i n  po ros i ty  and pcrmeahi l i ty .  T h i s  T r i l l  prove t o  be an 
important mechanism t o  f a c F l i t a t e  exposcre of f r e s h  s u r f a c e  t o  the leach- 
i n g  medium and form condc.cts f o r  t h e  migration of l i b e r a t e d  hydrocarhons. 

Pa i red  microphotographs of t h e  same a r e a  can be used as a s t e reo -  

t.n an  

The i r r e g u l a r  bottom of t h i s  p i t  i s  a t y p i c a l  e f f e c t  of so lu t ion .  

CI. i.CL"Siq ,:3 

Kerozens i n  t h e  Green i 5 v e r  s h a l e  are trapped i n  an inorganic  
minera l  matrix cor,?osed p r imar i ly  of qua r t z  and dolomite ( c a l c i t e ) .  
L ibera t ion  of hydrocar!.:ons !?ill depend Li.pon t h e  degree t o  which t h i s  
mat r ix  can. i:e disFygregated, exp0sir.g kerooen f o r  e x t r a c t i o n .  Thin 
s e c t i o n s  show organic  components T:ithi3 th?s rock are  a s soc ia t ed  i r i th  t h e  
c l a y  f r a c t i o n ,  possi!-ly throcgh a process of cheTica l  adsorp t ion .  Ex- 
pansive p rope r t i e s  of nontmorilLonite,  t h e  doninant c l a y  component, may 
be use fu l  i n  f i n a l  d i saggrega t ion  of t h e  s h a l e  a f t e r  removal of minera l  
mat r ix .  
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dio leaching  e f f e c t i v e l y  removes carbonate  minerals  from t h e  sha le  
e l imina t ing  matr ix  material, and thereby developing po ros i ty  and perme- 
a b i l i t y  which a r e  e f f e c t i v e l y  n i l  f o r  un t r ea t ed  sha le .  This  br ings more- 
rock su r face  i n  contac t  wi th  the leaching m e d i u m ,  i nc reas ing  so lu t ion  of 
mat r ix  and en larg ing  pa thmys  f o r  migrat ion of l i b e r a t e d  hydrocarbons. 
Carbonate removal dur ing  b io leaching  proceeds r a p i d l y  upon exposure t o  
t h e  leaching medium, anr' continc-es as a func t ion  of t i m e .  
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