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INTRODUCTION 

S u l f u r ,  a f t e r  carbon and hydrogen, i s  o f t e n  the  most abundant element 
in  f o s s i l  o r g a n i c  m a t e r i a l s ,  whereas i n  b i o l o g i c a l  t i s s u e s  and t h e i r  degradat ion 
products  oxygen and n i t r o g e n  u s u a l l y  a re  m r e  abundant than s u l f u r .  I n  r a r e  
cases, the s u l f u r  con ten t  on a we igh t  bas i s  even exceeds t h e  hydrogen con ten t .  
Nevertheless, s u l f u r  i n  pet ro leum appears t o  be non-essent ia l ,  i .e . ,  i t  i s  
n o t  a necessary component f o r  t h e  format ion o f  pe t ro leum and r e i a r e d  bitumens 
because some o f  these m a t e r i a l s '  c o n t a i n  o n l y  t race  amounts. 

i n t e r e s t  for two major  reasons: 1)  For i t s  behavior  d u r i n g  process ing and i n  
a p p l i c a t i o n s :  I t  can cause problems i n  process ing and has d e l e t e r i o u s  e f f e c t s  
on t h e  environment i n  many a p p l i c a t i o n s ,  and 2) For i t s  geochemical s i g n i f i c a n c e ,  - i.e., fo r  understanding processes which determine i t s  abundance, d i s t r i b u t i o n ,  
and chemical combinat ion ( forms)  d u r i n g  b o t h  t h e  fo rma t ion  and a l t e r a t i o n  o f  
f o s s i l  o rgan ic  m a t e r i a l s  i n  g e o l o g i c  environments. 

s u l f u r  in  crude o i l s ,  o i l  sands and r e l a t e d  m a t e r i a l s .  The f i r s t  s e c t i o n  o f  
t h i s  paper b r i e f l y  summarizes some o f  t h e  f a c t u a l  knowledge concern ing the  
abundance and forms o f  s u l f u r  i n  these m a t e r i a l s ,  e s p e c i a l l y  i n  crude o i l s .  
Fo l lowing t h i s  i s  a more s p e c u l a t i v e  s e c t i o n  d i scuss ing  op in ions  and ou r  under- 
s tand ing  o f  t h e  geochemical processes be l i eved  t o  c o n t r o l  and modi fy  t h e  abundance 
and forms o f  s u l f u r .  
knowledge, many impor tant  ques t i ons  a re  s t i l l  debated and d i v e r s e  views w i l l  
be found i n  t h e  l i t e r a t u r e .  

The chemis t r y  o f  s u l f u r  i n  f o s s i l  f u e l s  and r e l a t e d  m a t e r i a l s  i s  o f  

Emphasis i n  t h i s  paper i s  on  t h e  second area -- t h e  geochemistry o f  

In s p i t e  o f  much research and a g r e a t  body o f  f a c t u a l  
. 

THE NATURE AND ABUNDANCE OF SULFUR I N  FOSSIL FUELS 

Crude o i l s  and bitumens v a r y  i n  s u l f u r  con ten t  f rom less  than 0.05 t o  
mare than 14%, a l t hough  r e l a t i v e l y  few produced crude o i l s  c o n t a i n  more than 4% 
s u l f u r .  Most o i l s  c o n t a i n  from 0.1 t o  3% s u l f u r .  S i m i l a r  v a r i a t i o n s  i n  s u l f u r  
c o n t e n t  a r e  found i n  l i g n i t e s ,  c o a l s  and t h e  o rgan ic  ma t te r  (kerogen) i n  o i l  
sha les  and o t h e r  sedimentary rocks.  

have been g i v e n  by Dean and Whitehead (11, R a l l  sal. ( 3 3 )  and Zobe l l  (43) .  
Drushel  a l s o  reviewed s u l f u r  compound types i n  pet ro leum w i t h  emphasis on a n a l y t i c a l  
methods (12 ) .  Cha l lenger ' s  monograph on t h e  o rgan ic  chemis t r y  o f  s u l f u r  (6)  inc ludes 
much o f  t h e  e a r l y  work on s u l f u r  i n  f o s s i l  f u e l s  as w e l l  as aspects o f  b iochemist ry  
and b iogeochemist ry  o f  s u l f u r .  
r e c e n t l y  summarized by O r r  (28 ) .  
processes i n  t h e  fo rma t ion  o f  s u l f u r  depos i t s  (19) and on t h e  b iochemis t r y  o f  
i no rgan ic  s u l f u r  compounds w i t h  emphasis on m ic rob io logy  (35).  

Hydrogen s u l f i d e "  and e lementa l  s u l f u r  d i s s o l v e d  i n  crude o i l s  u s u a l l y  
a r e  a very minor p o r t i o n  o f  t he  t o t a l  s u l f u r  i f  they a r e  present  a t  a l l  (24, 

* O i l s  c o n t a i n i n g  d e t e c t a b l e  amounts o f  hydrogen s u l f i d e  o r  mercaptans ( t h i o l s )  

Comprehensive rev iews concern ing s u l f u r  and s u l f u r  compounds i n  petroleum 

The biogeochemistry o f  s u l f u r  has been m r e  
Monographs a r e  a v a i l a b l e  a l s o  on m ic rob io log i ca l  

a r e  r e f e r r e d  t o  as "sour crudes". 
should n o t  be c a l l e d  sour  (24). However, hydrogen s u l f i d e  i n  a sour crude o i l  
i s  e a s i l y  o x i d i z e d  by a i r  t o  e lementa l  s u l f u r  d u r i n g  su r face  hand l i ng  and 
processing. L a t e r ,  d u r i n g  thermal t reatment ,  H2S may form again from thermal 
reac t i ons  o f  t h e  e lementa l  s u l f u r  w i t h  o t h e r  components and/or f rom thermal 
decomposit ion o f  uns tab le  s u l f u r  compounds.. 

High s u l f u r  o i l s  w i t h o u t  these components 
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I t  i s  reasonable t h a t  t h e  s u l f u r i z a t i o n  o f  o rgan ic  ma t te r  can occur  a t  
any s tage i n  t h e  g e o l o g i c a l  h i s t o r y  of a g i v e n  m a t e r i a l  i f  proper  c o n d i t i o n s  
p r e v a i l .  However, ma:dy advocates for a l a t e  i n t r o d u c t i o n  apparen t l y  d o  n o t  
app rec ia te  the magnitude o f  s u l f u r  i n c o r p o r a t i o n  i n t o  i n i t i a l  sedimentary o r g a n i c  
ma t te r  i n  c e r t a i n  environments. For example, humic ac ids  e x t r a c t e d  from young 
mar ine sediments c o n t a i n  f rom 0.8 t o  6 %S, and these a c i d i c  po lymer ic  m a t e r i a l s  
make up f rom 20 t o  60% of t h e  o rgan ic  ma t te r  i n  many sediments (26). 
my be considered major  p recu rso rs  o f  kerogen which i n  t u r n  can be the  major 
p recu rso r  o f  pet ro leum (41). 

o r i g i n a t e s  from o r g a n i c a l l y  combined s u l f u r  i n  t h e  kerogen o f  source rocks ,  and 
t h e r e f o r e  t h e  major  s u l f u r  compounds and hydrocarbons a r e  formed toge the r .  
They g i v e  a number o f  examples i l l u s t r a t i n g  t h a t  h i g h - s u l f u r  kerogens produce 
h i g h - s u l f u r  o i l s  and v i c e  versa. 
t h a t  more s u l f u r  compounds a r e  formed d u r i n g  t h e  e a r l y  stages o f  o i l  genera t i on  
from a g i v e n  kerogen than d u r i n g  t h e  l a t e r  stages o f  i t s  decomposit ion. Thus 
t h e  s u l f u r  content  o f  an o i l  i s  a f u n c t i o n  o f  b o t h  t h e  i n i t i a l  s u l f u r  con ten t  
o f  i t s  source kerogen and i t s  s t a t e  o f  ma tu ra t i on  o r  e v o l u t i o n .  I b e l i e v e  these 
conc lus ions  a re  e s s e n t i a l l y  c o r r e c t  and a r e  accepted by a l a r g e  number o f  geo- 
chemists. Never the less,  t h e r e  a r e  subsequent changes and a l t e r a t i o n s  i n  o i l s  
a f t e r  they are formed, p o s s i b l y  d u r i n g  t h e i r  m i g r a t i o n ,  and a f t e r  t h e i r  accumu- 
l a t i o n  i n  r e s e r v o i r s .  Many quest ions remain about t h e  n a t u r e  and importance o f  
these e f f e c t s .  Evidence o f  l a t e  s u l f u r i z a t i o n  and competing d e s u l f u r i z a t i o n  of  
o i l s  d u r i n g  thermal m a t u r a t i o n  i n  some h i g h  temperature r e s e r v o i r s  has been 
demonstrated (27, 291, b u t  s i n c e  t h i s  does n o t  r e l a t e  d i r e c t l y  t o  heavy o i l s  
i t  w i l l  n o t  be discussed. 

s'tanding o f  the o r i g i n  o f  s u l f u r  i n  pet ro leum and suppor t  t h e  v iew f o r  i t s  e a r l y  
' i 'ncorporation i n t o  o i l  p recu rso r  m a t e r i a l s .  These s t u d i e s  i n d i c a t e  t h a t  a l a r g e  
p o r t i o n  o f  the s u l f u r  has been d e r i v e d  f rom reduced s u l f u r  !H2S and/or S o )  showing 

t y p i c a l  i s o t o p i c  f r a c t i o n a t i o n  a t t r i b u t e d  t o  m i c r o b i a l  reduc t i on  o f  s u l f a t e  
%der cond i t i ons  where t h e  supply  o f  s u l f a t e  i s  n o t  l a r g e l y  reduced (i.5, i n  
an open system)(27, 36, 37, 38). 

I t  has been e s t a b l i s h e d  t h a t  t h e  6% values o f  sea water  have f l u c t u a t e d  
cons ide rab ly  w i t h  g e o l o g i c  pe r iods  (17, 37, 38) and t h a t  6% values of s u l f u r  
i p  c rude  o i l s  show p a r a l l e l  f l u c t u a t i o n s  w i t h  geo log ic  age bu t  a r e  commonly 

s e r v a t i o n s  a re  m s t  reasonably  exp la ined  by i s o t o p i c  f r a c t i o n a t i o n  d u r i n g  
c r o b i a l  reduc t i on  o f  sea water  s u l f a t e  a t  t h e  t i m e  o f  sediment depos i t i on .  i"' e H2S and/or So thus formed became inco rpo ra ted  into sedimentary o rgan ic  

ma t te r  w i t h  r e t e n t i o n  of i t s  i s o t o p i c  r a t i o .  L a t e r  w i t h  t h e  fo rma t ion  o f  pet ro leum 
by thermal processes r e s u l t i n g  f rom deeper b u r i a l ,  t h e  s u l f u r  compounds formed 
$ i t h  t h e  hydrocarbons r e t a i n  t h e  i s o t o p i c  r a t i o  r e f l e c t i n g  t h e  o r i g i n a l  i s o t o p i c  
f r a c t i o n a t i o n .  

ma t te r  may be expected t o  be determined by I )  t h e  abundance o f  s u l f a t e  i n  t h e  
water ,  2) t he  Eh of the  environment near the  sediment-water i n t e r f a c e  which i s  
one o f  t h e  c o n t r o l s  on t h e  i n t e n s i t y  o f  m i c r o b i a l  s u l f a t e  reduc t i on ,  3) t h e  

*Su l fu r  i so tope  r a t i o s  a r e  repo r ted  as d e v i a t i o n s  (6 - values)  i n  p a r t s  pe r  m i l  

Humic a c i d s  

Gransch and Posthuma (16) conclude t h a t  m s t  o f  t h e  s u l f u r  i n  crude o i l s  

They a l s o  concluded f rom l a b o r a t o r y  experiments 

Studies o f  s u l f u r  i so tope  r a t i o s  (34S/32S)q have c o n t r i b u t e d  t o  o u r  under- 

/oo l i g h t e r  i s o t o p i c a l l y  than sea water  s u l f a t e  o f  t he  same age. These 

The amount o f  s u l f u r  i n i t i a l l y  i nco rpo ra ted  i n t o  sedimentary o rgan ic  

(O/oo) from a s tandard accord ing t o  the  r e l a t i o n s h i p :  

The s tandard i s  t r o i l i t e  from the  Canyon O iab lo  m e t e o r i t e  which has an abso lu te  
34S/32S  r a t i o  accepted as 0.0450045. 
nega t i ve  w i t h  respec t  t o  t h e  standard. 

The 6 3 4  values can be e i t h e r  p o s i t i v e  cr 
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n a t u r e  and abundance o f  o r g a n i c  m a t t e r  which no t  o n l y  a f f e c t s  t h e  e x t e n t  o f  s u l f a t e  
r e d u c t i o n  b u t  a l s o  i n f l uences  t h e  degree t o  which reduced s u l f u r  spec ies w i l l  
become o r g a n i c a l l y  combined through reac t i ons  w i t h  r e a c t i v e  f u n c t i o n a l  groups, 
and 4) t he  abundance o f  i r o n  o r  o t h e r  elements ( ca t i ons )  which compete w i t h  organic  
m a t t e r  f o r  t h e  reduced s u l f u r .  Thus, w i t h  t h e  v a r i a t i o n s  which can occur  in 
these f a c t o r s ,  and accep t ing  t h e  concept t h a t  s u l f u r  i n  t h e  sedimentary o rgan ic  
ma t te r  i s  t h e  major source o f  s u l f u r  i n  any o i l  de r i ved  theref rom, i t  i s  easy 
t o  understand t h a t  crude o i l s  as i n i t i a l l y  formed can have wide v a r i a t i o n s  i n  
s u l f u r  content .  These v a r i a t i o n s ,  t h e r e f o r e ,  r e f l e c t  c o n d i t i o n s  o f  t h e  i n i t i a l  
sedimentary environments. 

t h e  s u l f u r  i n  crude o i l s  t o  l a t e  s u l f u r i z a t i o n  r e s u l t i n g  f rom m i c r o b i a l  s u l f a t e  
reduc t i on  o c c u r r i n g  i n  r e l a t i v e l y  sha l l ow  petro leum r e s e r v o i r s  (2, 8, 14) .  
M i c r o b i a l  s u l f a t e  r e d u c t i o n  c e r t a i n l y  has been demonstrated i n  pet ro leum rese rvo i r s  
( I ,  2 ,  3 ,  8 ,  14) and as a r e s u l t  o i l  f i e l d  waters  a r e  o f t e n  very d e f i c i e n t  i n  
s u l f a t e .  However, t h e  e x t e n t  t o  which t h e  r e s u l t i n g  hydrogen s u l f i d e  r e a c t s  
w i t h  t h e  o i l  i s  d i f f i c u l t  t o  eva lua te .  I t  i s  probably  v a r i a b l e  and o f t e n  
n e g l i g i b l e .  Petroleum no  longer  con ta ins  t h e  abundance o f  r e a c t i v e  f u n c t i o n  
groups which e x i s t e d  i n  younger o r g a n i c  m a t e r i a l s  i n  the  e a r l y  source environments. 
I t s  s u l f u r i z a t i o n  i s  expected t o  be very s low  and p o s s i b l y  n e g l i g i b l e  i n  low 
temperature r e s e r v o i r s  where m i c r o b i a l  a c t i v i t y  occurs.  For example, Gransch 
and Posthuma (16) i l l u s t r a t e  t h a t  t h e r e  i s  n o t  a dramat ic  d i f f e r e n c e  i n  s u l f u r  
con ten t  between " f l a n k  o i l s "  and "cap-rock o i l s "  assoc ia ted  w i t h  G u l f  Coast s a l t  
domes e s p e c i a l l y  i f  any d i s s o l v e d  elemental s u l f u r  i s  d iscounted i n  t h e  cap-rock 
o i l s .  S u l f a t e  reduc t i on  i s  known to have been ve ry  a c t i v e  i n  many o f  t h e  
cap-rocks as evidenced by d e p o s i t s  o f  e lementa l  s u l f u r  and secondary c a l c i t e  (14). 

Although i t  i s  d i f f i c u l t  t o  e x t r a p o l a t e  l a b o r a t o r y  experiments t o  geolog ic  
cond i t i ons ,  t h e  experiments r e p o r t e d  by Bestougef f  and Combaz a r e  o f  i n t e r e s t  

d i f f e r e n t  o rgan ic  m a t e r i a l s  and t h e  r e l a t i v e  i ne r tness  o f  o:ls and o i l  f r a c t i o n s .  
Low b o i l i n g  f r a c t i o n s  a r e  ve ry  i n e r t  b u t  h i g h  b o i l i n g  f r a c t i o n s  and res idues 
( f r a c t i o n s  enr iched i n  a s p h a l t i c  he te roa tomic  and a romat i c  compounds) a r e  more 
r e a c t i v e  t o  s u l f u r i z a t i o n  by hydrogen s u l f i d e ,  elemental s u l f u r  and p o l y s u l f i d e s .  
These observat ions suppor t  t h e  v iew t h a t  s u l f u r i z a t i o n  o f  o i l s  i n  low temperature 
r e s e r v o i r s  i s  no t  easy and t h a t  any s u l f u r  which may be in t roduced should be 
l a r g e l y  in  the  heavy ends o f  t h e  o i l .  

There i s  another  school o f  thought  which would a t t r i b u t e  a l a r g e  p a r t  o f  

( 5 ) .  They demonstrated g rea t  d i f f e r e n c e s  i n  the  ease o f  s u l f u r i z a t i o n  o f  I 

B .  E f f e c t s  o f  B iodegradat ion and Water-Washing on S u l f u r  i n  F o s s i l  Fuels  
These crude o i l  a l t e r a t i o n  processes have been adequate ly  d iscussed i n  

t h e  l i t e r a t u r e  ( I ,  2, 8, 1 3 ,  32, 42) and o n l y  se lec ted  aspects  can be reviewed 
here. These processes a r e  d iscussed toge the r  because they commonly occur  together  
i n  o i l  r e s e r v o i r s .  An a c t i v e  a q u i f e r  f a c i l i t a t e s  bo th  processes. 

Water-washing r e f e r s  t o  t h e  e x t r a c t i v e  removal o f  crude o i l  components 
which, o f  course, depends on  t h e i r  s o l u b i l i t y  i n  the  aqueous phase. Biodegrada- 
t i o n  r e f e r s  t o  t h e  o x i d a t i o n  of c rude  o i l  components by b a c t e r i a  and t h e r e f o r e  
has b iochemica l l y  c o n t r o l l e d  s e l e c t i v i t y  which may be d i f f e r e n t  f o r  va r ious  
m i c r o b i a l  communities. 

does not .  Nevertheless, a c t i v e  a q u i f e r s  assoc ia ted  w i t h  pet ro leum r e s e r v o i r s  a r e  
commonly shal low and temperatures a r e  t h e r e f o r e  s u f f i c i e n t l y  low f o r  m i c r o b i a l  
a c t i v i t y .  
anaerobic  s u l f a t e  reduc ing  b a c t e r i a .  

known f o r  many years by m i c r o b i o l o g i s t s  ( 3 ,  8, 40 ) ,  bu t , t he  u t i l i z a t i o n  o f  hydro- 
carbons by anaerobic  microorganisms i s  debated and i s  d i f f i c u l t  t o  demonstrate 
i n  t h e  l abo ra to ry  (8 ) .  Never the less,  f i e l d  s t u d i e s  and n a t u r a l  obse rva t i ons  
p rov ide  s tong evidence o f  m i c r o b i a l  r e d u c t i o n  o f  s u l f a t e  (an anaerobic  process) 
i n  many s i t u a t i o n s  where pe t ro leum hydrocarbons a r e  t h e  most l i k e l y  o rgan ic  
s u b s t r a t e  a v a i l a b l e  (8, 14, 19, 32). Furthermore, t he re  i s  ample evidence t h a t  
i n  many such cases secondary c a l c i t e  has been formed which has carbon i s o t o p e  
rat ios i n d i c a t i n g  t h a t  i t s  carbon must have been d e r i v e d  f rom t h e  o x i d a t i o n  Of 
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M i c r o b i a l  a c t i v i t y  has an upper temperature l i m i t  whereas water-washing 

The a q u i f e r  may supply  oxygen f o r  ae rob ic  b a c t e r i a  and/or s u l f a t e  f o r  

M i c r o b i a l  u t i l i z a t i o n  o f  hydrocarbons by ae rob ic  microorganisms has been 



hydrocarbons (14). 
i n  t h e  subsurface does occur  and may i n v o l v e  bo th  ae rob ic  and anaerobic  micro-  
organisms. 

s t i m u l u s  by the  r a t h e r  d e f i n i t i v e  s tudy o f  t h e  B e l l  Creek F i e l d  repo r ted  by 
Winters  and Wi l l i ams  i n  1969 (42) .  I n  t h i s  case t h e  b iodegrada t ion  was a t t r i b u t e d  
l a r g e l y  t o  aerobic  microorganisms because o f  r e l a t i o n s h i p s  between changes i n  o i l  
composi t ion and l o c a t i o n s  o f  w e l l s  i n  t h e  f i e l d .  Shal lower  o i l s  c l o s e r  t o  t h e  
a q u i f e r  ou tc rop  were more degraded than deeper o i l s  f u r t h e r  from t h e  ou tc rop .  
V a r i a t i o n s  o f  oxygen w i t h  d i s t a n c e  from t h e  ou tc rop  were considered t o  be a con- 
t r o l l i n g  f a c t o r .  

Most recen t l y ,  P h i l i p p i  (32) has taken a s t r o n g  p o s i t i o n  suggest ing t h a t  
a l l  "primary" crude o i l s  a r e  p a r a f f i n i c ,  and t h a t  a l l  "naphthenic" crude o i l s  
a r e  the  r e s u l t  o f  m i c r o b i a l  a t t a c k  on t h e  pr imary o i l s .  He a l s o  b e l i e v e s  t h a t  
anaerobes a r e  e f f e c t i v e  i n  these t rans fo rma t ions .  Ba i l ey  et&. ( I )  a l s o  assume 
t h a t  b a c t e r i a  can me tabo l i ze  most types o f  hydrocarbons i n c l u d i n g  aromat ics and 
naphthenes a l though n-alkanes a r e  most r e a d i l y  a t tacked .  Thus, i t  has become 
common f o r  geochemists t o  accept c e r t a i n  c r i t e r i a ' a s  evidence o f  m i c r o b i a l  
degradation. Major gross c r i t e r i a  a r e  a r e l a t i v e  decrease i n  n-alkanes, an increase 
i n  d e n s i t y  (decrease i n  API g r a v i t y ) ,  and an increase i n  cyc loa lkanes,  aromat ics 
and heteroatomic compounds ( N ,  S, and 0 compounds). Isoprenoids,  59, p r i s t a n e  
and phytane, i n i t i a l l y  show an apparent increase r e l a t i v e  t o  n-alkanes because 
o f  t h e i r  slower u t i l i z a t i o n  b u t  subsequent ly  they decrease r e l a t i v e  t o  c y c l o -  
alkanes and o t h e r  compounds. P h i l i p p i  and o the rs  have discussed a d d i t i o n a l  
c r i t e r i a  based on t h e  r e l a t i v e  amounts o f  va r ious  compound types and/or isomer 
r a t i o s .  Un fo r tuna te l y ,  no a b s o l u t e l y  s t a b l e  marker i s  known which would a l l o w  
assessment o f  abso lu te  changes r a t h e r  than r e l a t i v e  changes. 

It must be concluded t h a t  m i c r o b i a l  o x i d a t i o n  o f  crude o i l s  

I n t e r e s t  i n  b iodegrada t ion  of crude o i l s  i n  r e s e r v o i r s  received a new 

Our i n t e r e s t  i n  t h i s  paper cen te rs  main lv  on t h e  increase i n  s u l f u r  
content  o f  o i l s  d u r i n g  b iodegradat ion.  We subsckibe t o  t h e  t h e s i s  t h a t  t h e  
increase i n  s u l f u r  con ten t  occasioned by b iodegrada t ion  i s  l a r g e l y  due t o  losses 
o f  non -su l fu r  compounds r a t h e r  than t o  an i n t r o d u c t i o n  o f  a d d i t i o n a l  s u l f u r .  
Some consequences o f  t h i s  t h e s i s  and evidence f o r  i t s  s u m o r t  a re  a i ven  below. 
However, i t  should be c l e a r  t h a t  d e f i n i t i v e  da ta  a r e  s t i i l  lack ing-and t h e  problem 
needs f u r t h e r  study. 

o i l s  from a common source, t h e  s u l f u r  con ten t  o f t e n  increases by a f a c t o r  o f  2 
o r  3 ( I ,  2, 13, 16)"; t h e  f a c t o r  may be g r e a t e r  i n  ve ry  heavy aspha l t s  and t a r  
sands b u t  d e f i n i t i v e  data a r e  n o t  a v a i l a b l e  t o  my knowledge. I f  t h i s  increase 
i s  mere ly  a concen t ra t i on  o f  s u l f u r  compounds from t h e  r e l a t i v e  loss o f  n o n - s u l f u r  
compounds, i t  requ i res  t h a t  50 t o  70% o f  t h e  i n i t i a l  o i l  must be destroyed. 
I n  most cases t h i s  i s  g r e a t e r  than t h a t  p o s s i b l e  from s e l e c t i v e  removal o f  n-alkanes 
a lone  and the re fo re  apprec iab le  losses o f  iso-  and cyc lo-a lkanes and aromat ics 
a r e  requ i red .  
losses must be even g r e a t e r -  I n  t h e  absence o f  an abso lu te  marker o r  complete 
m a t e r i a l  balance in fo rma t ion ,  we cannot draw a f i n a l  conc lus ion .  Never the less,  
such l a r g e  losses may be poss ib le .  

The l i m i t e d  data on s u l f u r  i so tope  r a t i o s  f o r  Midway-Sunset o i l s  shown 
i n  F ig .  8 a r e  c o n s i s t e n t  w i t h  t h e  above suggest ion t h a t  t h e  s u l f u r  increase 
d u r i n g  b iodegrada t ion  does n o t  n e c e s s a r i l y  i nvo l ve  the  i n t r o d u c t i o n  o f  new s u l f u r  
formed by m i c r o b i a l  r e d u c t i o n  of  s u l f a t e .  These t h r e e  o i l s ,  which vary i n  s u l f u r  
content  from 0.51 t o  1.08% and i n  A P I  g r a v i t y  from 26.1 t o  15.1", have e s s e n t i a l l y  
i d e n t i c a l  s u l f u r  i so tope  r a t i o s .  T h i s  suggests t h a t  e i t h e r  l i t t l e  or no new 

*It i s  o f  some i n t e r e s t  t h a t  t h e  increase i n  %N and in  o p t i c a l  a c t i v i t y  appears 

I n  repo r ted  s u i t e s  o f  o i l s  b e l i e v e d  t o  represent  undegraded and biodegraded 

I f  some o f  t h e  s u l f u r  compounds a r e  a l s o  u t i l i z e d ,  then, o f  course, 

, s u l f u r  was in t roduced o r  t h e  r a t h e r  u n l i k e l y  co inc idence t h a t  t he  s u l f u r  i n t roduced  

, t o  be o f  t h e  same o r d e r  o f  magnitude. 
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had t h e  same s u l f u r  i so tope  r a t i o  as t h a t  i n  the  o r i g i n a l  o i l .  F u r t h e r  i s o t o p i c  
s t u d i e s  o f  t h i s  t ype  i n c l u d i n g  measurements on assoc ia ted  hydrogen s u l f i d e  and 
s u l f a t e s  shou ld  h e l p  a e l i n e a t e  s i t u a t i o n s  where s u l f u r i z a t i o n  does o r  does n o t  
occur dur ing b iodegrada t ion  o f  crude o i l s .  

t h e  homogeneity o f  s u l f u r  isotopes i n  crude o i l s .  Monster (23) demonstrated 
t h a t  s u l f u r  i s o t o p e  r a t i o s  were a lmost  i d e n t i c a l  i n  t h e  asphal tenes and va r ious  
chromatographic f r a c t i o n s  f rom a few crude o i l s .  
and Combaz (5)  a r e  v a l i d ,  one would expect  t h e  newly in t roduced s u l f u r  t o  be 
mos t l y  i n  the  more p o l a r  and h ighe r  mo lecu la r  weight  f r a c t i o n s .  Therefore,  
a homogeneous d i s t r i b u t i o n  o f  s u l f u r  i so tope  r a t i o s  would n o t  be expected 
unless the r e a c t i n g  hydrogen s u l f i d e  and/or elemental s u l f u r  had t h e  same i so tope  
r a t i o s  as t h a t  o f  t h e  s u l f u r  i n i t i a l l y  i n  t h e  o i l s .  The o i l s  examined by Monster 
a r e  regarded as biodegraded o i l s .  They inc luded two o f  t h e  M iss ion  Canyon (MC-5) 
oils s tud ied  by B a i l e y  sal. ( 2 )  and t h e  Athabasca o i l  sand. 
have been examined f o r  homogeneity o f  s u l f u r  isotopes.  Another case i s  t h e  
Fourbear o i l  f rom t h e  B ig  Horn Basin. I n  t h i s  case ve ry  l i t t l e  d i f f e r e n c e  i n  
s u l f u r  isotope r a t i o s  was found i n  d i s t i l l a t i o n s  c u t s  and t h e  d i s t i l l a t i o n  res idue  
(see F ig.  1 1  i n  re fe rence  27). T h i s  i s  one of t h e  heav ies t  and probably  mast 
biodegraded o i l s  i n  t h e  B i g  Horn Basin. 

o i l s  and t a r  sands do n o t  n e c e s s a r i l y  have a h i g h  s u l f u r  content .  Th i s  was 
emphasized by C l a i r e t  zt. (7) i n  r e p o r t i n g  on t h e  heavy o i l s  o f  t h e  Emeraude 
F i e l d  and some nearby b u t  deeper l i g h t  oils. The l i g h t  o i l s  w i t h  o n l y  about 
0.12%5 were concluded t o  be t h e  t ype  o f  o i l  which d u r i n g  b iodegrada t ion  i n  the  
Emeraude F i e l d  produced heavy o i l s  w i t h  about 0.8%. 
l ow ing  statement (T rans la ted  from French t e x t ) :  We a r e  l e d  t o  suppose t h a t  t he  
s u l f u r  enrichment i n  t h e  course o f  b i o l o g i c a l  d e g ~ d a t i o n s ~ a ~ n ~ a n -  
e f f e c t  o f  c o n c e n t r a t i o n  o f  t h e  products  not consumed by microorganisms, and does 
n o t  imply  any apprec iab le  i n t r o d u c t i o n  o f  s u l f u r  f rom ou ts ide .  

Another b i t  o f  evidence suppor t i ng  t h e  above p o s i t i o n  may be found i n  

I f  t h e  conc lus ions  o f  Bestougeff 

Only a few o i l s  

A t h i r d  argument f o r  ou r  t h e s i s  may be t h e  f a c t  t h a t  biodegraded heavy 

These authors make t h e  f o l -  

-- - 
C .  S u l f u r i z a t i o n  and D e s u l f u r i z a t i o n  Processes i n  High Temperature Reservoi rs  

ma tu ra t i on  o f  crude o i l s  a r e  impor tant  f o r  understanding t h e  geochemistry o f  
s u l f u r  i n  o i l s ,  bitumens, pyrobitumens and n a t u r a l  gases. However, because these 
processes have l i t t l e  t o  do w i t h  heavy o i l s  o r  t h e  o t h e r  s u b j e c t  m a t e r i a l s  except 
by way o f  c o n t r a s t ,  we s imp ly  ment ion t h e i r  e x i s t e n c e  and re fe rence  d iscuss ions 
d e a l i n g  w i t h  them (27, 29, 30). 

ma tu ra t i on  o f  o i l s .  The s u l f u r  i s  l o s t  p a r t l y  as hydrogen s u l f i d e  and p a r t l y  
as p r e c i p i t a t e d  r e s e r v o i r  bitumens o r  pyrobitumens. Under c e r t a i n  c o n d i t i o n s  
hydrogen s u l f i d e  may accumulate and s u l f u r i z a t i o n  may compete w i t h  d e s u l f u r i z a t i o n .  
T h i s  can lead  t o  a dynamic s t e a d y - s t a t e  s u l f u r  system. These i n t e r e s t i n g  h i g h  
temperature processes a r e  impor tan t  i n  understanding deep o i l s ,  condensates and 
n a t u r a l  gases. They can lead  t o  gases unusua l l y  r i c h  i n  hydrogen s u l f i d e  and 
condensates unusua l l y  r i c h  i n  t h i o l s .  

Changes i n  abundance and forms o f  s u l f u r  which occu r  d u r i n g  thermal 

I n  h i g h  temperature r e s e r v o i r s  d e s u l f u r i z a t i o n  always accompanies thermal 

SUMMARY AND CONCLUSION 

We have b r i e f l y  reviewed t h e  geochemistry o f  s u l f u r  as i t  r e l a t e s  to crude 

Heavy o i l s  and a s p h a l t i c  o i l  sands a r e  b e l i e v e d  t o  have been formed l a r g e l y  
o i l s  and o t h e r  f o s s i l  f ue l s .  

by b iodegrada t ion  o f  l i g h t e r  o i l s .  The s u l f u r  con ten t  o f  a heavy o i l  and/or o i l  
sand i s  b e l i e v e d  t o  be determined l a r g e l y  by the  s u l f u r  con ten t  o f  t he  undegraded 
p recu rso r  o i l  and t h e  e x t e n t  o f  b iodegrada t ion  which i nvo l ves  a p r e f e r e n t i a l  
removal o f  n o n - s u l f u r  components. New s u l f u r  probably  i s  n o t  added t o  t h e  res idua l  
o i l  d u r i n g  b iodegrada t ions  b u t  i t s  concen t ra t i on  i s  increased ma in l y  because 
of t h e  removal o f  o t h e r  components. 

92 



REFERENCES 

(1). Ba i l ey ,  N. J. L . ,  M. A. Jobson and M. A. Rogers. B a c t e r i a l  degradat ion of 
o f  crude o i l :  Comparison o f  f i e l d  and exper imenta l  data.  Chem. Geol. 
V. fl. 1973. pp. 203-221. 

(2). Ba i l ey ,  N. J. L., H. R. Krouse. C. R. Evans and M. A. Rogers. A l t e r a t i o n  of 
crude o i l  by waters and b a c t e r i a :  Evidence f rom geochemical and i s o t o p i c  
s tud ies.  Am. Assoc. P e t r o l .  Geologis ts  B u l l . ,  v. 57, 1973, pp. 1276-1290. 

(3). 

(4). 

Beerstecher, E. Petroleum Mic rob io logy ,  E l s e v i e r  Press, Inc., 1954, 375 pp- 

Bestougef f ,  M. C o n s t i t u t i o n  des composes soufres c y c l  {que du p e t r o l e .  
Proc. 5th. World P e t r q l .  Congr., Sect. V,  Paper 12, 1959. 

(5). Bestougef f ,  M. and A. Combaz. A c t i o n  d 'H  S e t  de S su r  quelques substances 
organique a c t u e l l e s  e t  f o s s i l e s .  
(B. T i s s o t  and F. Bienner, Eds.). E d i t i o n s  Technip?, P a r e  

I n  A2vances i n  O r  a n i c  Geochemistr 1973, 
PP. 747-759. 

(6). Challenger, F. Aspects o f  t he  Organic Chemistry of S u l f u r .  Bu t te rwor th  
Sc ien t  i f i c , L-lK935- 

(7). C l a r e t .  J., J. B. Tchikaya. B. T i s s o t ,  G. Deroo, and A. van Dorsselaer .  
Un example d ' h u i e l  biodegradee a basse teneur  en s o u f r e :  Le gisement 
d'Emeraude (Congo). P r e p r i n t  o f  paper g i ven  a t  7 t h  I n t e r n a t i o n a l  Meet ing 
on Organic Geochemistry, Madrid, Sept. 1975. (Proceedings i n  press) .  

(8). Davis, J. B. Pet ro leum Mic rob io logy ,  E l s e v i e r  Pub. C r . ,  1967, p. 694. 

(9). Dean, R. A. and E. V. Whitehead. Status o f  work i n  separa t i on  and i d e n t i f i c a t i o n  
o f  s u l f u r  compounds i n  pet ro leum and sha le  o i l .  7th World P e t r o l .  Cong.: 
Panel Discuss ion 23, Paper 7. 1967. 

( I D ) .  Deroo, G., B. T i s s o t ,  R. G. McGrossan and F. Der. Geochemistry o f  t h e  heavy 
o i l s  of A lbe r ta .  I n  O i l  Sands Fuel o f  t h e  Future, Mem. 3, Canadian SUC. 
P e t r o l .  Geologis ts ,  1973,Pp.1=677-- 

(11). Drushel, H. V. S u l f u r  compound t ype  d i s t r i b u t i o n  i n  pe t ro leum us ing  an 
i n - l i n e  r e a c t o r  o r  p y r o l y s i s  combined w i t h  gas chromatography and a 
m ic rocou lomet r i c  s u l f u r  de tec to r .  Anal. Chem. v. 5, 1969, pp. 569-576. I 

(12). Drushel, H. V. S u l f u r  compounds i n  pet ro leum - known and unknown. P r e p r i n t s  
ACS Div. Petroleum Chem. Div. v. &, No. 2, C-12 (1970). 

(13). Evans, C.  R., M. A. Rogers and N. J. L. Bai ley.  E v o l u t i o n  and a l t e r a t i o n  
o f  pet ro leum i n  western Canada. Chem. Geol., v. g,  1971. pp. 147-170. 

(14) Feely, H. W. and J. L. Kulp. O r i g i n  o f  G u l f  Coast saltdome s u l f u r  depos i t s .  
Am. Assoc. P e t r o l .  Geo log is t s  Bu l l . ,  v. 5, 1957, pp. 1802-1853. 

(15) Gal 'pern.  G. D. Organic  s u l f i d e s  i n  petroleum. I n t n .  J. S u l f u r  Chem. B. - 1971, 1971, P. 115- 

(16) Gransch. J. A., and J. Posthuma. On the  o r i q i n  o f  s u l f u r  i n  crudes. . .  
In. Adv. i n - O r a a n i c  Geochemistr 1973 
E d i t i o n s  Tecnnip. P a & p T - 7 3 9 .  

(i. T i s s o t  & F. Bienner, Eds.), 

9 3  



Holser, W. T. and I. R. Kaplan. Isotope geochemistry o f  sedimentary s u l f a t e s .  
Chem. Geol., v. 1, 1966, pp. 93-135. 

Ho, T. Y., M. A. Rogers, H. V. Drushel and C. B. Koons. E v o l u t i o n  o f  s u l f u r  
compounds i n  crude o i l s .  Am. Assoc. P e t r o l .  Geologis ts  B u l l .  v. 2, No. 11,  
1974, pp. 2338-2348. 

Ivanov, M. V. M i c r o b i o l o  i c a l  Processes i n  the Formation o f  S u l f u r  Deposits. 
Jeruselem, I s r a e l  Prog:am f o r  S c i e n t i f i c  T rans la t i ons  1 ~ 8 ( A v a l a b l e  from 
U.S. Dept. o f  Commerce). 

b o t s ,  J. A. and J. G. Speight .  R e l a t i o n  o f  pet ro leum r e s i n s  t o  asphaltenes. 
Fuel, v. 2, 1975, pp. 179-184. 

Lumpkin, H. E. Ana lys i s .o f  a t r i n u c l e a r  aromat ic  pet ro leum f r a c t i o n  by 
h i g h  r e s o l u t i o n  mass spect rometry .  Anal. Chem., v. 5, 1964, p. 2399-2401. 

Mar t i n ,  R. L. and J. A. Grant. Determinat ion o f  t h iophen ic  compounds i n  
pe t ro leum samples. Anal. Chem., v. 2, 1965, p. 644-649. 

Monster, J. Horogenei ty  o f  s u l f u r  and carbon i so tope  r a t i o s  S34/S32 
and C13/C12 i n  pet ro leum. Am. Assoc. P e t r o l .  Geo log is t s  B u l l . ,  v. sa, 
1972. pp. 941-949. 

Nelson, W. L. S u l f u r  d i s t r i b u t i o n  o f  o i l s  throughout t h e  wor ld .  O i l  & 
Gas J., v. 65, Feb. 13, 1967, pp. 122-123. 

Gas J., v. 9, no. 49, 1967, pp. 92-93. 
Nelson, W. L. S u l f u r  d i s t r i b u t i o n  i n  extreme o r  f r e a k  crude o i l s .  O i l  and 

Nissenbaum. A. and I. R. Kaplan. Chemical and i s o t o p i c  evidence f o r  t h e  
i n  s i t u  o r i g i n  o f  mar ine humic substances. 
1972, P. 574- 

Limnol. Oceanogr., v. 12, 

Orr, W. L. Changes i n  s u l f u r  con ten t  and i s o t o p i c  r a t i o s  o f  s u l f u r  d u r i n g  
pe t ro leum matu ra t i on  - Study of Big Horn Basin Paleozoic  o i l s .  Am. Assoc. 
P e t r o l .  Geo log is t s  B u l l . ,  v. 2, 1974, pp. 2295-2318. 

(K. H. Wddpohl, Ed.). Vol. 1 1 - 1 ,  Sec. 16-L. Sp rGger -Ver lag ,  B e r l i n ,  1974. 
Drr ,  W. L. Biogeochemist ry  o f  s u l f u r .  I n  Handbook o f  Geochemistry 

Orr, W. L. Geologic  and geochemical c o n t r o l s  on t h e  d i s t r i b u t i o n  o f  hydrogen 
s u l f i d e  i n  n a t u r a l  gas. Proc. 7 t h  I n t e r n a t i o n a l  Meeting on Organic 
Geochemistry, Madrid, Sept. 1975 ( In  press) .  

Orr, W. L. S u l f u r  i n  pe t ro leum and r e l a t e d  f o s s i l  o rgan ic  m a t e r i a l s .  
P r e p r i n t s  ACS D iv .  o f  Petro leum Chem. v. 21, No. 3, 1975, pp. 417-421. 

Pack, R. W. The Sunset-Midway O i l  F i e l d .  C a l i f o r n i a .  Pa r t  I .  Geology and 
O i l  Reserves. USGS P r o f .  Paper 116, 1920, 173 pp. 

P h i l i p p i ,  G. T. On t h e  depth,  t i m e  and mechanism o f  o r i g i n  o f  t h e  heavy t o  
medium-grav i ty  naphthenic  crude o i l s .  Geochim. e t  Cosmochim. Acta. ,  
V. 2, 1977, PP. 33-52. 

compounds i n  crude o i l .  US Bureau o f  Mines B u l l .  659, 1972, 187 pp. 
R a l l ,  H. T., C.  J. Thompson, H. J .  Coleman and R. L. Hopkins. S u l f u r  

9 4  



(34). Rogers, G. S. The Sunset-Midway o i l  f i e l d  C a l i f o r n i a :  P a r t  I f .  Geochemical 
r e l a t i o n s  ' o f  t h e  o i l ,  gas and water. USGS P ro f .  Paper 117, 1919, 103 pp. 

(35). Roy, A. B. and P. A. Trudinger .  The Biochemist r  o f  Inorganic'Compounds -- of S u l f u r .  Cambridge Univ. P r z , e p T  

(36). Thode, H. G., J .  Monster and H. B. Dunford. S u l f u r  i so tope  abundances i n  
pet ro leum and associated m a t e r i a l s .  Am. Assoc. P e t r o l .  Geologis ts  B u l l . ,  
V. 2, 1958, pp. 2619-2641. 

(37). Thode, H. G. and J.  Monster. S u l f u r - i s o t o p e  geochemistry o f  petroleum, 
evapor i t es  and a n c i e n t  seas. I n  F l u i d s  i n  Subsurface Environments (A. 
Young and J. E. Ga l l ey ,  Eds.). 
1965, PP. 367-377. 

Am. Assoc. P e t r o l .  Geol. Memoir b, 

(38). Thode, H. G. and J .  Monster. S u l f u r  i so tope  abundances and g e n e t i c  r e l a t i o n s  
of o i l  accumulat ions i n  M idd le  East  bas'rns. Am. Assoc. P e t r o l .  Geologis ts  
Bu l l . .  V. 2, 1970. pp. 627-637. 

(39). Vredenburgh, L. D. and E. S. Cheney. S u l f u r  and carbon i s o t o p i c  i n v e s t i g a t i o n  
of  pe t ro leum Wind R ive r  Basin, Wyoming. Am. Assoc. P e t r o l .  Geo log is t s  
Bul l . ,  V. 55% 1971, PP. 1954-1975. 

(40). Walker, J.  D., R. R. Co lwe l l  and L. Pe t rak i s .  B iodegradat ion r a t e s  o f  
components o f  petroleum. 
1213. 

Can. J .  Mic rob io logy ,  v. 22, 1967, pp. 1209- 

(41). Welte, D. Recent advances i n  o r g a n i c  geochemist ry  o f  humic substances and 
kerogen. 
Pa r i s ,  1974, -.- I n  Advances i n  Organic Geochemistry 1973, E d i t i o n s  Technip, 

(42). Winters, J .  C. and J .  A. Wi l l iams.  M i c r o b i a l  a l t e r n a t i o n  o f  pe t ro leum i n  
t h e  r e s e r v o i r .  
pp E22-E31. 

P r e p r i n t s  ACS P e t r o l .  Chem. Div . ,  v. 14. no. 4 ,  1969, 

(43). Zobel l ,  C. E. Organic geochemistry of s u l f u r .  In  O r  a n i c  Geochemistr 
( I .  A. Breger, Ed.). Macmi l lan Co., New York. * p w  

95 



ALKANETHIOL 
METHANETHIOL 

ALKYLDISULFIDE 
2,2-DITHIAHEPTANE 

THIACYCLOALKANE 
2.2-DIMETHY LTHIA- 

CYCLOPENTANE 

ALKANETHIOL 
1 - PENTANETHIOL 

ALKYLSULFIDE 
2- THIAPENTANE 

Q 

THIABICYCLOALKANE 
8-THIABICYCLO [3,2,1] OCTANE 

CYCLOALKYLTHIOL 
CYCLOHEXANETHIOL 

THIACYCLOALKANE 
THIACYCLOHEXANE 

THIATRICYCLOALKANE 
THI AADAMANTANE 

E,XAMPLES OF ALIPHATIC SULFUR COMPOUNDS IN PETROLEUM 
Figure I. 

AKYLTHIOPHENE 
2-ETHYL- 3,4,5-lRIMETHYL 

THIOPHENE 

BENZOTHIOPHENE 2.2-DIMETHYL-I -THIAINDAN 
BMETHY-BENZO [ b] THIOPHENE 

3,4,6,7-TETRAMETHYL- 
DIBENZO [bd] THIOPHENE 

ARYLTHIAALKANE 
(2-METHYLTHIABUTYL 1 

BENZENE 

9-THIA-l,2-BENZOFLUORENE 3-ETHYL-6.18-DIMETHYLNAPHTHO- 
[l. 2, b ]  THIOPHENE 

2-METHY LTHIENO- 
[ 3. 2, b] THOPHENE 

3.4, !%TRIMETHYL- 2- (1-THIAETHY L)- 
THIOPHENE 

EXAMPLES OF AROMATIC SULFUR COMPOUNDS IN PETROLEUM 
Figure 2. 
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% SULFUR 

MIDWAY-SUNSET OILS (CALIE) 
REDRAWN FROM ROGERS 11919) 

Figure 5 

--*-FOURBEAR 3.14%S 13.8 API. 
-SLICK CREEK 2.32%S 30.0 API' 
-----X----MANDERSON 1.82XS 33.2 API' 

i 
/ 

/ 

100 200 300 4 0 0  
BOILING POINT OF DISTILLATION FRACTIONS ( 'C) 

BIG HORN BASIN OILS (WYO.) 

Figure 7 

MIDWAY 

MIDWAY 
VALLEY 

DIAGRAM SHOWING RELATIONS OF OIL, TAR 8 WATER ZONES 
IN VICINITY OF FELLOWS ( MIDWAY-SUNSET FIELD) 

FROM ROGERS (1919) FIG 13, p 115 

Figure 6 
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Ax798 
CX799 

MIDNORTH X20 

I I SEA LEVEL 

LOCATION APlO K S  834S 8 ' 3 - . w w  ----- 
A+798 15.1 1 .00 +3.2%0 -22.8Xo 
Br001 26.1 0.51 +3,2OAo -22.7%0 
C1799 19.4 0.96 + 4 . 0 %  -22.9Xo 

WOEIL 
SON GRAIL X 10 

W z 
W 
0 

-1 
P 

v, 
9- 
W 
-1 a 

W z 
W 
0 
G z 

CROSS SECTION OF MIDWAY-SUNSET FIELD 
Figure 8. 
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