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I. ABSTRACT 

Sedimentary o rgan ic  ma t te r  i s  der ived  from t h e  c a t a b o l i c  and d iagene t i c  residues o f  p r imary  bio- 

l o g i c a l  carbon f i x a t i o n  and i n  some cases a l s o  f rom recyc led  organ ic  d e t r i t u s  o f  o l d e r  geo log ic  forma- 

t i o n s .  Th is  o rgan ic  ma t te r  undergoes ma tu ra t i on  f o l l o w i n g  diagenesis and i s  e a s i l y  converted t o  gas , 

and petroleum under t h e  ca tagenet ic  and metagenet ic temperature regimes o f  i nc reas ing  b u r i a l .  
Organic ma t te r  i n  immature, recent  sediments i s  comprised o f  minor  amounts (based on t o t a l  organic 

carbon content)  o f  b iogen ic  gas (CH4 and C O Z Y  sometimes H2S), s i g n i f i c a n t  l i p i d  residues o f  t e r -  

r igenous and/or mar ine  o r i g i n s  and a major macromolecul.ar f r a c t i o n  c o n s i s t i n g  o f  f u l v i c  and humic acids 

and p a r t i c u l a t e  d e t r i t u s  (eg. 
ma t te r )  t h e  pseudokerogen. The 1 i p i d s  and macromolecular ma te r ia l  undergo d iagene t i c  ( i n c l u d i n g  micro- 

b i o l o g i c a l )  a l t e r a t i o n  according t o  t h e  environmental  cond i t i ons  d u r i n g  t r a n s p o r t  and i n  t h e  deposi- 

t i o n a l  s inks,  i e .  o x i d a t i v e  degradat ion i n  high-energy, oxygenated environments and reduc t i ve  i n  an- 

aerobic environments. 
Matura t ion  o f  o rgan ic  ma t te r  commences a f t e r  cessat ion  o f  d iagenesis w i t h  inc reas ing  b u r i a l  and 

biopolymer fragments , c e l l  membranes and m i  sce l  1 aneous carbonaceous 

concomitant r i s e  i n  t h e  geothermal g rad ien t .  

t h e  kerogen, such as gas (CH4-C8+) and bitumen (C8-c40+), which a re  superimposed on the  endo- 
genous biogenic gas and 1 i p i d  residues. 

ments and a d d i t i o n  o f  geomonomers by copolymerizat ion.  
generates a d d i t i o n a l  bitumen and gas, which f a r  exceeds t h e  o r i g i n a l  concent ra t ions  o f  endogenous li- 

pids  and gas, thus  e ras ing  t h e i r  composi t ional  s ignatures  and r e s u l t i n g  i n  t h e  c h a r a c t e r i s t i c  d i s t r i -  

bu t i ons  o f  petroleum compounds. 
catagenesis and t h e  subsequent high-temperature phase c a l l  ed metagenesis ( v e r y  deep b u r i a l  ) generate 
p r i m a r i l y  methane from bo th  bitumen and kerogen, and H2S can a lso  be formed, espec ia l l y  i n  carbonate 

sequences. 
Hydrothermal processes can a1 so a c t  on sedimentary o rgan ic  m a t t e r  and r e s u l t  i n  " instantaneous1' 

d iagenesis and catagenesis of recent  b iogen ic  d e t r i t u s  and thus  produce analogous petroleum products. 

Gas (CH4-C8,, C02 and H2S) and bitumen (Cg-C40+) a r e  cracked from t h e  pseudokerogen and 
superimposed on t h e  endogenous gas and l i p i d s .  A d d i t i o n a l l y ,  products c h a r a c t e r i s t i c  o f  e leva ted  ther-  

m a l  processes (eg. o l e f i n s ,  PAH, s t a b i l i z e d  molecu la r  markers, etc.) a re  a l so  found i n  t h e  bitumen. 
The spent kerogen remains as amorphous " a c t i  vatedl' carbon. 

Pressure, temperature and t ime e f f e c t s  on t h e  chemis t ry  o f  t h e  organic ma t te r  are a l l  i n t e r -  

re la ted .  
i n t e r a c t i o n s  and t h e  elemental composi t ions o f  kerogens. M i g r a t i o n  processes are understood l e a s t .  I n  

sedimentary basins m i g r a t i o n  appears t o  occur by d i f f u s i o n  and i n  s o l u t i o n  (CH4/co 

vent ) .  I n  hydrothermal areas m i g r a t i o n  proceeds by the  previous processes and a l so  by the rmg l l y  d r i ven  
d i f f u s i o n ,  advec t ion  and mass t r a n s p o r t  as o i l  and/or emulsions, al though t h e  o v e r a l l  r e s u l t  may be t h e  

same f o r  both regimes. 

Th is  produces some low  temperature c rack ing  products from 

Matu ra t i on  o f  pseudokerogen occurs v i  a molecular rearrange- 
Fu r the r  thermal s t ress  du r ing  catagenesis 

The spent kerogen remains as amorphous carbon. The l a t e  stages o f  

Temperature and t ime p r i m a r i l y  e f f e c t  petroleum genesis and are c o u ~  I d  w i t h  minera log ica l  

H 0 sol- 2 2  
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11. INTRODUCTION 

Organic matter of sedimentary sinks, usually marine and either of Recent or geologically old 

This detri tus i s  composed of both  autochthonous detri tus and allochthonous residues 
origin, i s  derived from the syngenetic residues of posthumus biogenic debris (Simoneit 1978a; 
1982a). 
derived from continental sources (Simoneit, 1982a). 
primarily by river washin and eolian transport, with ice-rafting and sediment recycling as minor 
contributing processes f Simonei t , 1975; 1978a). 

Aquatic sediments receive organic detritus 

The preservation of organic matter in sediments depends on the ini t ia l  diagenetic processes 
involving microbial degradation and chemical conversion, coupled with the environmental conditions 
of acidity and redox potential (eg., Didyk et  al . ,  1978; Oemaison and Moore, 1980). 
subsequent sediment maturation and l i thif icat ion,  the organic matter i s  modified by the effects o f  
temperature, pressure and petrology (eg., H u n t ,  1979; Simoneit, 1978a; Tissot and Welte, 1978; 
Tissot e t  al.,  1971). 

Then, during 

The analytical techniques of organic geochemistry are ideally suited to  examine the character 
The of such organic matter in terms of i t s  structural and compositional makeup (Simoneit, 1978a). 

sources, the diagenetic and catagenetic histories and the migration mechanisms o f  this  organic 
matter can then be evaluated from such d a t a .  
organic matter i s  comprised of gas ,  l ipids (bitumen) , humic substances (with fufvic substances, or  
asphaltenes) and kerogen (with "pseudokerogen") as outlined in Table 1, which summarizes the equi- 
valent organic fractions in contemporary (Recent) versus ancient samples. 

I t  should be noted t h a t  in the following discussion 

Various basic organic geochemical procedures with only minor modifications have been in rou- 
t ine use for recent times t o  fractionate organic matter prior to  instrumental analyses. They are 
described in detail elsewhere (eg. Reed, 1977; Boon e t  a1 . , 1978; Deroo et a1 . , 1978; Simoneit et 
aJ., 1979; 1980; 1981; Sirnoneit, 1978a; 1981; 1982a,b; Stuermer and Simoneit, 1978; Stuermer et 
d., 1978; Philp e t  a l . ,  1978; van  de Meent e t  a., 1980). 

TABLE 1. Organic Matter o f  Sediments and Petroleum 

SEDIMENTS: 

Contemporary and Recent (generally biogenic components) : 

Gas - - Lipids - 

(CH,,  Cozy HZS) (Ce-Ct+o+)  

minor amount mi nor amount 
of total  C (max. % 10%) org 

Geologically Ancient (generally geogenic components): 
Gas - Bitumen - - 

Humic and Fulvic 
substances - 

(macromolecular 
M.W. Qo 103 t o  >io6) 
variable amount 

Carbonaceous 
detritus 

(humi~, pseudoker0gen)- 

(macromol ecul a r  , 

major amount 
>humates ) 

Asphal tenes (sometimes Kerogen - 
humates) - 

( C H 4 - L  C O Z Y  H 2 S )  ( Ca-Cso'fr (mac romol ecu 1 ar  , (macromol ecu 1 a r , 
m i  nor amount minor amount 
of total Corg (max. .I, 10%) 

M.W.  % 104 t o  2 1 0 6 )  

variable amount major amount 
>a 1 pha 1 tenes ) 
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Table 1. (cont inued) 

PETROLEUM: 

Composition (1 i q u i d  p roduc ts  from mature sedimentary o rgan ic  ma t te r )  : 

Gas (and gaso l ine  Bitumen - Asphal tenes - 
range) - Kerogen - 

(CH,-C,+, CO,, HzS,  N z )  ( C e - C 4 0 + )  (macromolecular, (absent ) 

s i g n i f i c a n t  amount o f  major amount M.W. % 104 t o  > 106) spent kerogen 

t o t a l  C major and v a r i a b l e  remained i n  

amount source rocks 

0 r g  

111. NATURE OF ORGANIC MATTER I N  IMMATURE SEDIMENTARY S I N K S  

Organic ma t te r  t h a t  accumulates i n  contemporary sediments represents t h e  residues from pr imary  

b i  o l  og i  c a l  carbon f i x a t  i on and i t s  degradat ion ( remi nera l  i za t  i on) . 
Gas : 

d iox ide  and sometimes hydrogen s u l  f i d e  (C1 aypool and Kapl an, 1974). 

u s u a l l y  have CH4/(C2H6+C3H8) r a t i o s  g rea te r  than 1000, wh i l e  those o f  a thermogenic o r i -  

g i n  have r a t i o s  l e s s  than 50 (Bernard e t  al., 1976). For example, t h e  C1/(C2+C3) r a t i o s  f o r  
shal low sediment gases from Guaymas Basin, G u l f  o f  C a l i f o r n i a  range from 41-150 and thus  i n d i c a t e  a 
m i  xed o r i g i n  of b iogen ic  ( CH4) and thermogenic ( C2-C8) hydrocarbons (Simonei t e t  a1 . , 1979). 

The depth range where b iogen ic  gas can be found i s  v a r i a b l e  bu t  sha l low ( ~ 1 0 0  m) and depends on 
m ic rob ia l  p roduc t ion  and environmental cond i t i ons  i n  t h e  sediments. 

I n t e r s t i t i a l  gas i n  recent sedimentary environments cons is t s  p r i m a r i l y  o f  methane, carbon 

The b iogen ic  hydrocarbon gases 

L i p i d s :  

The l i p i d s  e x t r a c t a b l e  from recent  sediments, e s p e c i a l l y  t h e  hydrocarbons, have been examined 

The compound c lasses  which are commonly found as l i p i d  components and which are  most ex tens ive ly .  
reasonably stab1 e over geo log ic  t imes are:  hydrocarbons (normal , i so-, an te i  so-, a1 kene, arornat i c 

and isopreno id) ,  f a t t y  ac ids  (a1 so normal , iso- ,  an te i  so-, unsaturated and isopreno id)  , f a t t y  alco- 

hols,  ketones, wax es te rs ,  s te ro ids ,  te rpeno ids  (sesqu i - ,  d i - ,  ses ter - ,  tri- , and t e t r a - ) ,  and 
t e t r a p y r r o l e  pigments (Simoneit ,  1978a; 1982a; Cranwell  , 1982; Mackenzie e t  a1 . , 1982a). 

low ing  add i t i ona l  compound c lasses  are  analyzed i n  recent  sediments on ly ,  s ince  t h e i r  geo log ic  
ha1 f -1  i ves are shor t :  ami no ac ids  and pep t i  des, p u r i  nes and p y r i m i d i  nes, and carbohydrates 

(Simoneit ,  1978a). The homolog d i s t r i b u t i o n s  and molecular markers o f  t h e  f i r s t  category o f  com- 
pound classes w i l l  be b r i e f l y  i l l u s t r a t e d  w i t h  some examples and f u r t h e r  d e t a i l s  can be found else- 

where (Simonei t , 1978a and Cranwel 1 , 1982 and references c i t e d  t h e r e i n )  . 

The f o l -  

Some t y p i c a l  exampl es o f  homo1 ogous compound d i  s t  r i  bu t  i ons i n 1 i p i  ds o f  general 1 y immature 

1A) and even carbon 

sediments are shown i n  F igu re  1. 
t h e  South A t l a n t i c ,  e x h i b i t s  n -a lkanes  maximizing a t  2-C17 and n-C19 (Fig.  

numbered 2 - f a t t y  ac ids  w i t h  a maximum a t  2-Cl6 (F ig .  
t i v e  o f  pr imary b a c t e r i a l  l i p i d  res idues  o f  a marine o r i g i n  and t h e r e  are  o n l y  t races  o f  a l lochthonous 

DSDP sample 36-330-10-1, 95-102 cm, which i s  o f  Ju rass i c  age from 

1E). Both these d i s t r i b u t i o n s  are  i nd i ca -  
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F i g .  1 :  D i s t r i b u t i o n  diagrams (cQncent ra t ion  versus carbon number) o f  5-alkanes (A-D) and 5 - f a t t y  ac ids 
(E-H) ( .  . . isoprenoids,  --- d i  terpenoids)  : 

(A,E) Sample 36-330-10-1, 95-102 cm, S. A t l a n t i c  (Simoneit,  1980) 
(B,F) Sample ML71-2-23, 8.0 m, Mangrove Lake, Bermuda (Hatcher e t  a l . ,  1982) 
(C,G) Sample A~149-1462K, 5.0 m, Black Sea (Simonei t  1977b) 
(D,H) Sample 18-175-2-2, 45-47 cm, N.E. P a c i f i c  (Simoneit,  1977a, 1978). 

homologs > CZ1 (Sirnoneit, 1980). 
complex mix tu re  (hump) which maximized i n  t h e  GC r e t e n t i o n  reg ion  o f  CI7. 

found f o r  b a c t e r i a l  res idues i n  sur face sediments a t  n a t u r a l  gas emanations i n  C h i l e  (S imonei t  and 

Didyk, 197'8). 

The !-alkanes a r e  s u p e r i ~ p o s e d  on a minor  unresolved 

Such humps have been 

Sample ML71-2-23, 8,Om i s  from Mangrove Lake, Bermuda, o f  recent  o r i g i n  i n  a h i g h l y  p roduc t ive  

saprope l ic  environment (Hatcher e t  a l . ,  1977; 1982). 

f rom p r ~ m a r y  a l g a l  s y n t h ~ ~ i s ,  a t  c-C,~ from m i c r o b i a l  d e g r ~ d a t i ~ ~  o f  a l g a l  d e t r i t u s  and a minor  

one a t  2-Cz9, w i t h  a s t rong odd carbon number predominance > c26, der ived  from h igher  p l a n t  wax 
(eg. Simoneit, 1975; 1977a,b; 1978a). The maximum a t  ~ - C 2 2  w i t h  no carbon number p r ~ d o m i n a n c ~  
i s  superimposed on an unresolved hump which a lso  maximizes i n  t h a t  r e t e n t i o n  region. 

ac ids  (F ig .  1F) e x h i b i t  a bimodal d i s t r i b u t i o n  where t h e    red om in ant maximum a t  C28 and C30 i s  
o f  a p l a n t  wax o r i g i n  and t h e  minor  homologs < Cz0 o f  a marine d e r i v a t i o n  (Simoneit,  1977a,b; 

1978a; 1982a). 

The 2-alkanes (F ig .  1B) show maxima a t  n--C17 

The !-fatty 

The Black Sea i s  a s ink  f o r  te r r igenous l i p i d s  from p l a n t  waxes as i s  i n d i c a t e d  by the  example 

(F ig .  l C ,  G).  
predomi nance, t y p i c a l  o f  h igher  p l  ant  wax (Simonei t , 1974; 1977b; 1978b). Thi s i s  cor robora ted  by 
t h e  2-fatty ac ids w i t h  t h e i r  maxima a t  I - C l 6  and E-Cz6 and s t rong even carbon number predomin- 

ance, where the  homologs > Cz0 are  o f  an a l lochthonous te r r igenous o r i g i n  (Simoneit,  1977b; 1978b). 

The E-alkanes e x h i b i t  a maximum a t  2-CZ9 w i t h  a s t rong odd-to-even carbon number 
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DSDP sample 18-175-2-2, 45-47 cm i s  an example o f  a hemipelagic reducing microenvironment i n  
the  Northwest P a c i f i c ,  where t h e  n-alkanes (F ig .  1D) e x h i b i t  a s t rong  even-to-odd carbon number 

predominance f o r  t h e  homologs < C24 and t h e  d i s t r i b u t i o n  f o l l o w s  t h a t  o f  t h e  n - f a t t y  acids <C24 

(F ig .  1H) .  
from f a t t y  a lcoho ls  (Sirnoneit 1977a; T i s s o t  and Welte, 1978). 

carbon number predominance and maximum a t  ?-Cz9 are again der ived  from p lan t  waxes. 

These even !-alkanes <C24 may be der ived  from reduc t i on  o f  f a t t y  acids o r  o f  o l e f i n s  
The - n-alkanes >C24 w i t h  the  odd 

Strong eux in i c  c o n d i t i o n s  o f  sedimentat ion are r e f l e c t e d  i n  t h e  sa tura ted  hydrocarbons by an 

excess o f  phytane (Ph) > p r i s t a n e  (Pr )  as f o r  example f o r  DSDP sample 30-330-10-1 (F ig .  1A). A 
Pr/Ph r a t i o  o f  l e s s  than  u n i t y ,  coupled w i t h  t h e  presence o f  s i g n i f i c a n t  amounts o f  pigments and 
s u l f u r  have been u t i l i z e d  as i n d i c a t o r s  f o r  anoxic sedimentary cond i t i ons  (Didyk e t  a l . ,  1978). 

The d i  s t r i  b u t i  on p a t t e r n s  and t h e  carbon preference index  (CPI*) o f  homo1 ogous compounds i n  
l i p i d s  can be used t o  make p a r t i a l  assessments o f  t h e  genet ic  o r i g i n s  o f  those compounds. Th is  
approach can be f u r t h e r  strengthened by coup l ing  i t  w i t h  t h e  ana lys i s  and i n t e r p r e t a t i o n  o f  t h e  
mol ecul  a r  marker compounds i n t h e  1 i pids .  

Molecular markers a re  i n d i c a t o r  compounds which can be u t i l i z e d  i n  c o r r e l a t i o n s  o f  genet ic  

sources (Simoneit  , 1978a; 1981 ;"'1982a). 
can be r e l a t e d  e i t h e r  d i r e c t l y  o r  i n d i r e c t l y  v i a  a se t  o f  d iagene t i c  changes t o  t h e i r  source. 

sources can be b iogen ic ,  geo log ic  o r  syn the t i c  (Simoneit ,  1978a). 

t h e  compound groups which have had t h e  grea tes t  u t i l i t y  as s p e c i f i c  biomarkers i n  geo log ica l  app l i -  

c a t  i ons. 

Such molecules have d e f i n i t i v e  chemical s t ruc tu res  t h a t  
Such 

The terpenoids and s te ro ids  are 

Sesqui terpenoids have been i d e n t i f i e d  i n  t h e  marine environment as p r i m a r i l y  cadalene ( I ,  a l l  

They are o f  bo th  a chemical s t ruc tu res  are  shown i n  Appendix I), w i t h  var ious  t e t r a h y d r o  analogs. 

mari  ne ( a1 gal  ) and t e r r i  genous o r i g i n  (Simonei t and Kapl an , 1980). 

The d i te rpeno ids  t h a t  have been charac ter ized  f i t  i n t o  two classes, those der ived  from t e r r i -  

The genous sources (Sirnoneit , 1977a) and extended t r i c y c l  i c  terpanes o f  probably a marine o r i g i n .  

t e r r i genous  d i te rpeno ids  c o n s i s t  o f  a l a r g e  number o f  compounds and t h e  most abundant analogs are 
dehydroab ie t i c  a c i d  ( 1 1 )  , dehydroab ie t in  (111), dehydroabietane ( I V )  , simonel l  i t e  ( V )  and re tene 

(VI). 
Reed, 1977), where they  are  ub iqu i tous ,  and then i n  recent sediments. 

The extended t r i c y c l i c  terpanes ( V I I )  were f i r s t  i d e n t i f i e d  i n  sha le  and petroleum (eg. 

The t r i t e r p e n o i d s  found i n  most marine sediments are o f  an autochthonous o r i g i n  and are usual-  

l y  comprised o f  t h e  hopane and t o  a l e s s e r  ex ten t  t h e  moretane ser ies .  

tri snorhopane ( V I  I I , R=H) , norhopane ( V I  I I, R=C2H5) , hopane ( V I  I I, R=C3H7) and extended 
hopanes ranging from C31 t o  C35 (IX) w i t h  minor amounts o f  t h e  corresponding moretanes (X). 
The 17@( H) s tereochemis t ry  predominates i n  Recent , immature sediments (Das t i  11 ung and A1 brecht  , 
1976) and var ious  t r i t e r p e n e s  (eg. Recent sediments from t h e  
Gulf of C a l i f o r n i a  (F ig .  2A) i l l u s t r a t e  t h i s  p o i n t  i n  t h a t  o n l y  17~(H)hopanes and hopenes a re  pre- 
sent (Simoneit  e t  a l . ,  1979). The extended 17@(H)-hopanes occur as o n l y  t h e  22s diastereomer i n  

Recent sediments as t h e  d i  r e c t  markers o f  b iosyn thes i  s. 

The homologs cons is t  o f  

d ip lop tene,  X I )  are  a l so  present. 

* C P I  - Carbon Pre ference Index: f o r  hydrocarbons i t  i s  expressed as a summation o f  t h e  odd carbon 
number homologs over a range d i v i d e d  by a summation o f  t he  even carbon number homologs over 
t h e  same range (S imone i t ,  1978a; Cooper and Bray, 1963); f o r  f a t t y  ac ids  and a lcoho ls  i t  i s  
t h e  same r a t i o  
1966). 

o n l y  i n v e r t e d  t o  have even-to-odd homologs (Simoneit ,  1978a; Kvenvolden, 
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217) of some examples. The R and S diastereomers are also 
indicated and C Z e  Hopane I i s  17a(H) ,18a(H) ,21@(H)-28,30- 
bis~orhop~ne. 
( A )  

( B )  
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Terpanes, sample 3OG-I (lO2-105 em) , Guaymas Basin, 
Gulf o f  California (Simoneit e t  af., 1979)+ 
Terpanes, sample 193 (25-31 c s , ,  Santa Barbara Coastal 
Area, Southern California Bight (Simoneit and Kapfan ,  
1979). 

Atlantic (Simoneit, 1979).  
0 (C) Steranes, sample 36-330-4-2, 120-126 cm, South 

25 30 35 
c+ 

Steroidal compounds are widespread in sediments and they undergo complex diagenetic reactions 
yielding various series of hydrocarbons, alcohols and ketones (XII)  (Mackenzie et  al. , 1982a,b; Lee 
e t  a1 , 1977, 1979; Huang and Meinschein, 1979) The saturated hydrocarbons are comprised o f  the 
steranes [ X I I I ,  eg., cholestane, 5a(H) & coprostane, 5 p ( H ) J ,  diasteranes ( X X V )  and traces o f  
other isomers. 
from the South Atlantic, The 5~ stereomers are predominant over the 58 (Sirnoneit, 1980). Steroid 
residues in Recent sediments are unsaturated hydrocarbons, found mainly as ster-2-enes, ster-4enes9 
diasterenes and mo~~aromat~c  diasteranes, and fun&tional ized analogs found as  stan-3-01 s and s tan-  
3-oneS (Simonei t , 1978a; Cranwell , 1982; Mackenzie et  a1 . , 1982a ,b) . 

An example of a sterane distribution i s  shown in Fig. 2C for a Cretaceous sample 

Other minor components t h a t  can be uti1 ized as molecular markers are tetraterpenoids (W~t t s  
and Maxwell, 1937) , iso- and anteiso- alkanes or fatty acids, hydroxy fatty acids (BOOR et  a1 .. 
1977) ,  wax esters (Boon and deleeuw, 1979), tetrapyrrole pigments and aromatic hydrocarbons 
(Windsor and Hites, 1979). 
are excel 1 ent mol ecul ar markers ( Baker and Smith, 1974). 

Tetrapyrrole pigments (chlctrins) have been extensively studied and they 

Pseudokerogen, detritus, humic and fulvic substances: 

cules, and the l a t t e r  are of lower molecular weights and thus soluble in dilute HCl. 
Both humic and fulvic substances (solubles in aqueous base) are mixtures o f  complex m~croMole- 
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known about t h e  d e t a i l e d  s t r u c t u r e s  o f  t h e  compounds concerned and t h e  a n a l y t i c a l  da ta  cons is t  o f  
t h e i r  var ious  bu lk  p r o p e r t i e s  (eg., Schn i t ze r  and Khan, 1972; Stuermer, 1975; Stuermer e t  a l . ,  

1978; HUC, 1973, 1978; Huc and Durand, 1977; Harvey e t  al. ,  1983). 
and f u l v i c  substances decrease i n  concent ra t ion  w i t h  depth o f  b u r i a l  o r  geologic age and are pro- 
bab ly  incorpora ted  i n t o  t h e  kerogenous mater i  a l  (eg., N i  ssenbaum and Kapl an, 1972; Huc and Durand, 
1977; Stuermer and Simoneit ,  1978). 

It has been shown t h a t  humic 

Kerogens are  a1 so compl ex m ix tu res  o f  h i  gh mol ecul  a r  wei gh t  mo ie t i es  o f  var ious , essent i a1 l y  

unknown s t ruc tu res .  
marine o r i g i n s ,  bu t  most kerogens o f  sediments are admixtures o f  a1 1 i n p u t  sources (eg., T i s s o t  et 
d., 1974; van de Meent e t  a1 . , 1980). Kerogen i s  an i nva luab le  endogenous paleoenvironmental 
marker f o r  t h e  o r i g i n  o f  t h e  b u l k  o f  t h e  sedimentary o rgan ic  matter.  Recent sediments (eg., a l g a l  
mats) y i e l d  a "pseudokerogen" which i s  a l i p o i d  macromolecular ma te r ia l ,  c o n s t i t u t i o n a l l y  l e s s  

complex than anc ien t  kerogen, b u t  r e l a t e d  t o  i t  ( P h i l p  and Ca lv in ,  1976, 1977). I n  add i t i on ,  re -  

cen t  sediments can r e c e i v e  te r r i genous  i n f l u x  o f  p l a n t  d e t r i t u s  (eg. l i g n i n ,  po l len ,  etc.) ,  which 

then c o n s t i t u t e  t h e  more oxygenated pseudokerogen components (Hedges and Parker, 1976; Hedges and 

Mann, 1979). Recycled d e t r i t u s  as f o r  example charcoal can a l so  be incorpora ted  i n t o  Recent sedi-  
ments ( G r i f f i n  and Goldberg, 1975; 1983). 

The end members o f  kerogen sources a re  coa ls  f o r  te r r igenous and a l g i n i t e s  f o r  

Diagenesis: 

systems a re  termed diagenesis.  These processes tend t o  approach e q u i l i b r i u m  under m i l d  cond i t i ons  

and shal low depths o f  b u r i  a1 , thus  a f f e c t i n g  p r i m a r i l y  t h e  1 i pids,  humic/ fu l  v i c  substances and t h e  

pseudokerogen. 
lower molecular weight o rgan ic  residues, which upon f u r t h e r  r e a c t i o n  w i t h  macromolecular d e t r i t u s  

are i n s o l u b i l  i z e d  t o  generate t h e  geopolymers (kerogen). L a b i l e  1 i p i d  components a re  a1 so i n c o r -  

porated i n  p a r t  i n t o  t h e  kerogen f r a c t i o n  and f u l v i c  and humic substances condense f u r t h e r  by e l im-  
i n a t i o n  of H20, NH3, etc.  y i e l d i n g  mo ie t i es  w i t h  even h ighe r  mo lecu la r  weight ranges. 

The m i c r o b i o l o g i c a l  , chemical and phys ica l  t rans format ions  o f  o rgan ic  ma t te r  i n  sedimentary 

Th is  degradat ion  and a l t e r a t i o n  r e s u l t s  i n  t h e  polycondensation o f  some o f  t h e  

I V .  NATURE OF ORGANIC MATTER I N  MATURING BASINS 

The processes o f  matura t ion ,  ie.  catagenesis and metagenesis, w i l l  be examined i n  t h i s  sec t i on  

and how these a f f e c t  sedimentary organic ma t te r  a f t e r  d iagenesis.  B a s i c a l l y ,  t he  na tu re  o f  t h e  

organic ma t te r  determines t h e  r e s u l t i n g  products i n  terms o f  gas versus o i l  provinces. 

Gas : 
Natura l  gas forms by a v a r i e t y  o f  processes and thus occurs w i t h  many d i f f e r e n t  composi t ion 

ranges. 

d iox ide ,  hydrogen s u l f i d e ,  n i t rogen,  hydrogen and noble gases may a l s o  be found i n  va ry ing  amounts. 
The o r i g i n  o f  these c o n s t i t u e n t s  can be from organic ma t te r  and from atmospheric, vo l can ic  and 
geothermal sources. 

Methane (CH4) i s  always a major cons t i t uen t  and h i g h e r  homologs (wet gas), with carbon 

Organic ma t te r  de r i ved  from mari ne o r  1 a c u s t r i  ne pal  eoenvi ronments ( t y p e  I o r  I I kerogen, 

T i s s o t  e t  al. ,  1974) w i l l  u l t i m a t e l y  y i e l d  wet gas assoc ia ted  w i t h  petroleum i n  the  l a t e  catagene- 

t i c  stage. More t e r r e s t r i a l  and ox id ized  organic ma t te r  ( t y p e  I 1 1  kerogen) w i l l  generate d r y  gas 
(CH4, C02 and N2) d u r i n g  t h e  ca ta-  and metagenetic stages. 
composi t ions o f  CH4 i n  na tu ra l  gases range from 6 13C = -60°/oo (immature, low temperature 

The s t a b l e  carbon iso tope 
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genesis) t o  r -30°/00 ( l a t e  metagenetic stage) (Galimov, 1975; Frank -- e t  al . ,  1974; Galimov and 
Simoneit, 1982a,b; Simoneit and Galimov, 1983). 
hydrocarbon composit ion i n  a range o f  C,/C, + C3 r a t i o s  u s u a l l y  < 50 (Bernard -- e t  at., 1974). 

In te rmed ia te  values of C1/C2 + C3 r a t i o s  a re  u s u a l l y  i n t e r p r e t e d  as admixtures o f  thermogenic 
and b iogenic  gas (eg. Simoneit e t  a l . ,  1979). 

Thermogenic n a t u r a l  gases r e f l e c t  t h e i r  v a r i e d  

Bitumen: 

s t r e s s  increases w i t h  g rea ter  b u r i a l .  
posed on t h e  o r i g i n a l  bitumen o f  t h e  source rock. Most o f  these new ~ydrocarbons  have a medium 

(<Cz0) t o  low molecular  weight range and thus  skew t h e  - n-alkane d i s t r i b u t i o n  t o  low carbon num- 
bers (eg. The C P I  approaches u n i t y  and a major  envelope o f  unresolvable branched and 

c y c l i c  hydrocarbons (N,S,O compounds, naphthenes, o r  hump) i s  a l s o  generated (Vassoevich e t  a l . ,  
1974). Th is  petroleum genesis a l s o  y i e l d s  s i g n i f i c a n t  amounts o f  gas. The o i l  genesis window has 

The p r i n c i p a l  stage o f  o i l  f o ~ a t i o n  proceeds under t h e  catagenet ic  regime, as t h e  g e o t h e r ~ a l  

Hydrocarbons are cracked from t h e  kerogen and are superim- 

F ig.  3) .  

been estimated t o  commence a t  temperatures i n  t h e  range o f  50 t o  120°C ( T i s s o t  -- e t  a1 . , 1975). 

I 

I 
t 

I 
I 

i 
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I 
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F ig .  3: C a p i l l a r y  gas chromatographic t r a c e  o f  an example o f  a petroleum (Bradford crude o i l ,  Pennsyl- 
vania) .  The carbon numbers o f  t h e  ?-alkanes are  i n d i c a t e d  and P r  = p r i s t a n e  and Ph = phytane. 
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Mol ecul a r  marker geochemi s t r y  has been e x t e n s i v e l y  appl i ed t o  assess m a t u r i t y  and f o r  o i  1 - 

I n  anc ien t  sediments o r  crude o i l s ,  the hopanes ( V I I I ,  CZ7, 

source rock and o i l - o i l  c o r r e l a t i o n s  (eg. Welte 

1978; 1980; S e i f e r t  gal., 1979). 

CZ9 and C30), occur  as t h e  17~t(H) stereomers and t h e  extended 17a(H)-hopanes ( I X ,  C31-C-35) 
a re  found as 22R and 225 d iastereomer ic  pa i rs ,  where f u l l  m a t u r i t y  i s  i n d i c a t e d  by an S/R r a t i o  of 

about one ( D a s t i l l u n g  and Albrecht ,  1976; Simoneit and Kaplan, 1980). For example, a seep o i l  from 
t h e  Southern C a l i f o r n i a  B igh t  o f f  Santa Barbara shows t h e  t y p i c a l  t r i t e r p a n e  d i s t r i b u t i o n  o f  pet ro-  
leum c o n s i s t i n g  of ma in ly  t h e  17a(H)-hopane s e r i e s  (eg. Fig. 2b). Also, 17a(H) ,18a(H) ,218fH)- 
28,30-bisnorhopane, a C28H48 t r i t e r p a n e  i s  a major  analog i n  t h i s  sample ( S e i f e r t  e t  al,, 1978; 

Simoneit and Kaplan, 1980). 
a re  u s u a l l y  coupled w i t h  t h e  occurrence o f  t h e  17a(H)-hopane s e r i e s  o f  t r i t e r p a n e s  (Simonei t  and 

Kapl an, 1980) 

t o  CZgHs4, w i t h  v e r y  s i m i l a r  d i s t r i b u t i o n s  and maximum a t  C23H42 (F ig.  2b). 
hydrocarbons are  widespread i n  mature source rocks and i n  petroleum. 

w i t h  t h e  5a(H) > 58(H) stereochemistry, and d ias te ranes  (XIV) a r e  c o ~ o n l y  present  ( S e i f e r t  and 
Moldowan, 1979; Ensminger e t  a1 . , 1978). 
shale i s  shown i n  F ig .  2c (Simoneit,  1980). 
have a1 so been u t i l  i z e d  as maturat ion temperature i n d i c a t o r s  (eg. Mackenzie e t  a1 . , 1982b). 

a., 1975; S e i f e r t ,  1978; S e i f e r t  and  oldo ow an, 

_I_I 

Extended t r i c y c l i c  terpanes ( V I I )  are  present i n  t h i s  sample and they 

These extended t r i c y c l i c  terpanes range from C19~34 t o  C26H48 and sometimes 

Stero ida l  
The steranes ( X I  I I) , usual 1 y 

An example o f  a s terane d i s t r i b u t i o n  i n  a Cretaceous 
Monoaromatic steranes, common as minor c o n s t i t u e n t s ,  

Other minor  components t h a t  can be u t i l i z e d  as molecular  markers a re  t e t r a t e r p e n o i d s ,  i s o -  and 

The t e t r a p y r r o l e  p ig-  ante iso-  a1 kanes, t e t r a p y r r o l e  pigments and a1 k y l  ated aromatic hydrocarbons. 

ments (porphyr ins)  have been e x t e n s i v e l y  s tud ied  and they are  e x c e l l e n t  molecular  markers as we1 1 
as geothermal sensors (Baker and Smith, 1974; Mackenzie e t  al,, 1980). 

Kerogen : 

t h e  organic  mat te r  and f o r  the  thermal e f f e c t s  d u r i n g  maturat ion.  
t e r i z i n g  i t s  b u l k  s t r u c t u r e ,  and thus i t s  genet ic  o r i g i n .  The elemental composit ion and atomic H/C 
and O/C r a t i o s  o f  kerogen can be c o r r e l a t e d  us ing  van Krevelen (1961) diagrams t o  assess t h e  magni- 

tude o f  t h e  a l lochthonous i n f l u x  and t h e  ex ten ts  o f  d iagenesis  and catagenesis (eg., Deroo e t  al., 

1978). Using s t a b l e  carbon iso tope r a t i o s  i n  a c o r r e l a t i o n  versus H/C (eg., F igure  4 )  o f  kerogens 
o f  Recent t o  Cretaceous age revea ls  a c l u s t e r i n g  which r e f l e c t s  the  genet ic  o r i g i n ,  i.e., t e r r i g e n -  
ous, marine o r  a m i x t u r e  o f  both. 

Kerogen i s  an i n v a l u a b l e  endogenous paleoenvironmental marker f o r  the o r i g i n  o f  t h e  b u l k  o f  

T h i s  can be enhanced by charac- 

Kerogen i s  s e n s i t i v e  t o  thermal s t r e s s  from e i t h e r  t h e  normal g rad ien t  due t o  depth o f  b u r i a l  
(eg., T i s s o t  e t  al., 1971; T i s s o t  and Welte, 1978) o r  from t r a n s i e n t s  such as i n t r u s i o n s  o r  hydro- 

thermal a c t i v i t y  (S imone i t  e t  al . ,  1978; 1981; Simoneit and P h i l p ,  1982). T h i s  catagenesis r e s u l t s  
i n  t h e  generat ion o f  bitumen (pet ro leum) from t h e  kerogen, and t h i s  kerogen t h u s  becomes more aro- 
mat ic  o r  remains as spent amorphous carbon (Sirnoneit, 1982b). Th is  i s  i l l u s t r a t e d  i n  F i g u r e  5, 

where an igneous s i l l  i n t r u s i o n  i n t o  Cretaceous shale r e s u l t e d  i n  t h e  l o s s  o f  v o l a t i l e s  and a de- 
crease i n  t h e  H/C i n  t h e  s i l l  p r o x i m i t y  (S imonei t  et al., 1978; 1981). A d d i t i o n a l  parameters and 

t ~ c h n i q u e s  t h a t  can be u t i l  i zed  i n  kerogen e v a l u a t i o n  are v i t r i n i t e  r e f l e c t a n c e ,  Rock-Eva1 p y r o l y -  
s i s ,  p y r o l y s i s  GC and p y r o l y s i s  GC-MS and maceral ana lys is  by microscopy. Thus, the b u l k  parame- 
t e r s  o f  kerogen can be good i n d i c a t o r s  of t h e  thermal h i s t o r y  o f  t h e  source rock and i t s  o rgan ic  
mat te r  . 
V. NATURE OF ORGANIC MATTER I N  HYDROTHERMAL SYSTEMS 

The e f f e c t s  o f  hydrothermal a c t i v i t y  on sedimentary organic  mat te r  w i l l  be i l l u s t r a t e d  here 

w i t h  t h e  e x t e n s i v e l y  s tud ied  case o f  t h e  Guaymas Basin i n  t h e  G u l f  o f  C a l i f o r n i a .  Th is  i s  an example 
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Fig. 4. Correlation diagram o f  H/C versus cii9C for 
some kerogens and humates (A Recent kerogen; 
0 Cretaceous kerogen; R Recent kerogen from 
work of Stuermer e t  a f . ,  1978; a Recent and o 

Fig. 5: Plot of the atomic H/C of the kerogens 
a t  DSDP s i t e  41-368 versus depth in the 
sediment (Simoneit e t  a l . ,  1978; 1981). 
The intrusions are indicated by the 

Cretaceous humates. ha tched  areas e 

of a ridge-crest hydrothermal system w i t h  a sediment cover ~m~ximum water temperature measured 
= 315OC a t  ~ 2 0 0  atmospheres) and i t  differs from hydrothermal systems depositing more of the 
noble metals (Barnes, 1979). However, i t  i s  ideal in terms of petroleum genesis. 

Geologic Setting: 

spreading axes and transform faults t h a t  extend from the East Pacific Rise t o  the San Andreas fault 
(Curray et ai,, 3979, 1982). The processes of ocean plate accretion result in high conductive heat 
flow (locally exceeding 1.2 Wm") and d i k e  and s i l l  intrusions into the unconsolidated sediments 
(Mi 11 iams et  a1 ., 1979; Einsele et  a1 . , 1980; Curray et a1 * ,  1982) + Sediments accumulate a t  a rate 
of more t h a n  1 ~ / ~ O O O  yrs. and have covered the r i f t  floors t o  a depth of up t o  400 m (Curray 3 
fi., 1979; 1982). 

Guaymas Basin (Fig, 6)  i s  an actively-spreading oceanic basin, which i s  part o f  the system of 

Organic matter of these Recent hem~p~lagic sediments i s  comprised of various ~ p e r a t i ~ n a l  frac- 
tions as defined by the analytical procedures. The fractions t h a t  have been analyzed here are 
in te rs t i t i a l  gas ,  l ipids,  fulvic and humic substances and detri tal  carbon ~pseudokerogen~. All o f  
these carbonaceous fractions are very sensitive t o  thermal stress,  as for example from a n  intrusion 
or a deep-seated heat source and are thus easily pyrolized, as i s  the case here, especially in the 
southern r i f t  (Fig. 6) .  

E x ~ e r i m ~ n t ~ l  : 
The samples described in th i s  summary are derived from gravity coring (306, Simoneit e t  a1 

1979), Deep Sea Drilling Project, Leg 64 coring (Curray e t  a1 a 1979 , 1982; Sirnoneit e t  a1 . 1982), 
dredging operations (70, Simoneit and Lonsdale, 1982), piston coring (LaPaz 9P, 13P and 15P) and 
sampling with the submersible Alvin (Fig. 6). T h r  zP1ient analytical results for all  samples are 

collected in Table 2. 224 
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F i g .  6: Location maps o f  t h e  Guaymas Basin area i n  the Central Gulf of Ca l i fo rn ia ,  showing the 
sampling loca t ions .  
showing loca t ions  of DSDP S i t e  477, dredge 7D and t h e  mound patches v i s i t e d  by DSRV Alvin. 

( a )  Overall basin w i t h  DSDP s i t e s ,  and (b)  portion of Southern Trough 

TABLE 2. Summary o f  ana ly t i ca l  r e s u l t s  f o r  sedimentary bitumen and hydrothermal petroleum from Guaymas 

Samples Total  Organic Total Extract  Total Hydrocarbon CPI Reference 

Basin, Gulf o f  California .  

Carbon ( % )  Yield (vg/g dry Yield ( v g / g  
weight of sample)' dry sample)2 

306 ( ~ 3  m )  1 .7-2.5 

64-477-5-1 2.6 

64-477-1 7-3 0.8 

64-477A-9-1 0.4 

7D-2B n.a.  

7D-4A,B n.a.  

9P (12.9-14.4 m )  n.d. 
13P (10.5-12.4 m) n.d. 
15P (11.2-11.9 m)  n.d. 
1172-2 (DSRV Alvin) n.a.  
1172-4 (DSRV Alvin) n.a.  
1177-3 (DSRV Alvin) n .a .  

n.d. 

21 60 
(83,000) 

1230 
(1 53,750) 

2380 
(600,000) 

1075 

70,400 

21 10 
3040 
5000 

76 , 300 
552,000 
55 , 000 

1-24 
(60-1 000) 

78 
(3000) 
430 

(53,700) 
14 

(3500) 
27 

4850 

41 
17 
16 

n.d. 
n.d. 
n.d. 

1.4-6.0 

1.9 

1.03 

1.02 

1.03 

1.2 

1.05 
1.7 
1.2 
1 .o 
n.d. 
0.88 

Simoneit e t  a l .  (1979) 

Simoneit and Philp (1982) 

Simoneit and Philp (1982) 

Simoneit and Philp (1982 

Simonei t and Lonsdale 
(1 982) 
Simonei t and Lonsdale 
(1 982) 
Simonei t (1983) 
Simonei t (1 983) 
Simonei t (1 983) 
Simonei t (1 983) 
Simonei t ( 1  983) 
Simonei t (1 983) 

' Values include entrapped bitumen l i b e r a t e d  a f t e r  mineral removal w i t h  HF; values i n  parentheses a r e  
w / g  Corg.  
Values i n  parentheses a r e  hydrocarbon y i e l d  i n  pg/g Corg.  n.d. - not determined 

Carbon Preference Index (Simonei t , 1978a). n .a .  - not appl icable  
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Analyses f o r  gaso l ine  range (C4-Cg) hydrocarbons were c a r r i e d  ou t  on canned o r  bagged 

samples by t h e  methods descr ibed (Simonei t  e t  al., 1979; Whelan and Hunt, 1982). 
gases i n  vacuta iners were analyzed f o r  composit ion and stab1 e iso tope contents  (Simoneit,  1982b; 
G a l  imov and Simoneit,  1982a,b). 

by t h e  w e l l  defined organic  geochemical p r a c t i c e  (S imonei t  and P h i l p ,  1982; Jenden e t  at,, 1982) 
and t h e  petroleum was analyzed by t h e  same methods a f t e r  e x t r a c t i v e  separat ion from t h e  minera ls  

(S imonei t  and tonsdale, 1982; Simoneit,  1983). 

I n t e r s t i t i a l  

The e x t r a c t a b l e  bitumen and protokerogen analyses were c a r r i e d  out 

The var ious organic  f r a c t i o n s  were analyzed by capi 11 ary  gas chromatography (GC) and computer- 

i z e d  gas chromatography/mass spectrometry (GC/MS)(Simoneit and P h i l p ,  1982; Simoneit, 1983). The 
pseudokerogen from sediments was separated and then analyzed by Cur ie  p o i n t  p y r o l y s i s ,  e l e c t r o n  

s p i n  resonance spectrometry (ESR)  

P h i l p ,  1982; Jenden e t  a]., 1982)*  
and f o r  s t a b l e  i so tope and elemental composit ions (Simonei t and 

Hydrothermal Petroleum: 

The f i r s t  i n d i c a t i o n  t h a t  t h e ~ o g e n i c  products  were d i f f u s i n g  t o  t h e  seabed from depth i n  
Guaymas Basin was found i n  a g r a v i t y  core taken a t  S i t e  30G i n  t h e  n o r t h  r i ft (F ig.  6a)(Simonei t  9 
a!., 1379). The b u l k  o f  t h e  organ ic  mat te r  was o f  an ~ u t o c h ~ h o n o u s  marine o r i g i n ,  b u t  t h e  lower  
sec t ions  o f  t h e  core conta ined s i g n i f i c a n t  concent ra t ions  o f  gaso l ine  range hydrocarbons, 

m i g r a t i o n  o f  hydrocarbons was observed i n  o t h e r  shal low (9P,13P and 15P, c f .  Table 2) cares f rom 
t h i s  rift (Simoneit, 1983). 

S i m i l a r  

Leg 64 o f  t h e  Deep Sea D r i l l i n g  P r o j e c t  e n c o u n t ~ r e d  i n t r u s i v e s  and h y d ~ o t h e r m ~ ~  a l t e r a t i o n  a t  

depth a t  S i t e s  477, 478 and 481 (F ig .  
C02 were i d e n t i f i e d  f o r  a l l  s i t e s  based on composit ion and s t a b l e  carbon iso tope data (Sirnoneit,  
198233; Galimov and Simoneit,  1982a,b). 
p a t t e r n  ( S i t e s  481 and 478 , and a l  so 306, c f ,  Simoneit e t  a1 . , 1979), however, w i t h  inc reas ing  
depth, the  613C values became heav ie r  i n d i c a t i n g  t h e  removal (by  d i f f u s i o n  andfor d i s t i l l a t i o n )  

Of t h e  l i g h t e r  I2CH4 due t o  t h e  thermal s t r e s s  from i n t r u s i v e  and conduct ive heat sources. The 

CH4 a t  S i t e  477 was heaviest ,  r e f l e c t i n g  t h e  h ighest  temperature e f f e c t s ,  and t h e  data f o r  S i t e  
481 between t h e  s i  11 s i ndi  cated v a r i  ous thermal stresses. 

6a)  (Curray et a,, 1982). Thermogenic gas and H2S and 

A t  shal low depths, t h e  data i n d i c a t e d  a t y p i c a l l y  b iogen ic  

The t o t a l  hydrocarbon f r a c t i o n s  of t h e  l i p i d s  were evaluated t o  compare these e f f e c t s  and two 
examples are shown i n  Fig. 7, one o f  una1 t e r e d  b iogen ic  1 i p i d s  and one o f  thermogenic p e t r o l  i f e r o u s  

bitumen. The una l te red  sample e x h i b i t s  2-alkanes ranging from C14-C35, w i t h  a s t rong odd 
carbon number predomi nance, especi a1 l y  >Cz3 ( t e r r e s t r i  a1 p l  an t  wax , eg., Simonei t , f978a) , and 

subord inate amounts of C2* and C25 na tura l  c y c l i c  o l e f i n s  and t r i t e r p e n e s .  The t h e r m a l l y  
a l t e r e d  sample e x h i b i t s  n-a lkanes w i t h  e s s e n t i a l l y  no carbon number predominance and a range f rom 
C15-C31. Prjmary ol e f i n s  and elemental s u l f u r  are a1 so dominant components. 

The l i p i d s  i n  t h e  sediments from shal low depths o f  S i t e s  477, 478 and 481 are  p r i m a r ~ l y  o f  an 

The paleoenvironmental c o n d i t i o n s  o f  sedimentation were p a r t i a l l y  eux in ic ,  probably  as a 

a u ~ o c ~ ~ h ~ n o ~ ~  marine o r i g i n ,  with a minor  i n f l u x  o f  t e r r e s t r i a l  p1.ant wax ~ S i ~ o n e i t  and P h i l p ,  
1982) 
r e s u l t  o f  t h e  h igh  d e p o s i t i o n  rates.  

(S imonei t  and P h i l p ,  19821, which i s  i n d i c a t e d  by t h e  l o s s  o f  t h e  carbon number predominance o f  t h e  
- n-alkanes, t h e  appearance o f  a broad hump o f  unresolvable complex m a t e r i a l ,  t h e  t h e ~ o d y n ~ m i c  equi- 
1 i b r a t i o n  o f  c e r t a i  n stereoisomers o f  t h e  hopane molecular  markers, and t h e  presence o f  1 arge 

t i p i d s  a re  t h e r m a l l y  a l t e r e d  c l o s e  t o  and betow t h e  s i l l s  
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ind ica te  !-a1 kanes). 
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DSDP 64-481A-8-73 b: 64-477-17-3; numbers 

amounts of primary o l e f in s  and  elemental su l fu r .  T h i s  thermal a l t e r a t ion  of organic mat ter  i s  most 
severe a t  S i t e  477 and intermediate a t  S i t e s  478 and 481 (Simoneit e t  a1 . , 1982). 

Numerous hydrothermal mounds r i s ing  20-30 m above the basin f loo r  (water depth about 2000 m) 

have been mapped in  t h e  Southern Trough and some have ac t ive  hydrothermal plumes (Lonsdale,  1980). 
A dredge haul (7D, Fig. 6b) across  a 50 m-wide patch of s i n t e r  deposi ts  (forming a mound) recovered 
claystones,  massive s u l f i d e s ,  b a r i t e ,  t a l c  and  other  hydrothermal minerals,  together  with tube-worm 
specimens. Many of t h e  fragments in the  dredge were s ta ined w i t h  a petroleum-like oi l  and had a 
strong odor s imi la r  t o  d iese l  fue l .  

Gasol i ne range hydrocarbons ( C5-Clo) were analyzed in two dredge sampl es  (Simonei t and 
Lonsdale, 1982). 
f o r  both samples, and the  l a rge  concentrat ions with the  associated s t ruc tu ra l  d i v e r s i t y  confirmed 
t h e i r  o r ig in  by thermal generation from the sedimentary organic matter (Whelan and H u n t ,  1982). 

The r e l a t i v e  d i s t r i b u t i o n s  o f  a l l  hydrocarbons in  t h i s  range were very s imilar  
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70-4A,B; both extracts of the samples exhibit blue fluorescence i n  solution typical for petroleum 
condensates. These two bitumens are clearly different (Simoneit and tonsdale, 1982). 
t i c  fraction ( F f )  i s  lowest for both samples and most of the bitumen is  comprised of asphaltic (F3) 
and then aromaticfnaphthenic (F2) material. 
9 . 3  and i t  i s  4.7 for sample 7D-4A,B, typical for many crude o i l s  ( H u n t ,  1979). 

The t o t a l  bitumen ( l ip id)  extract of sample 7D-2B i s  light amber in color and black for sample 

The a1 ipha- 

The aromatic t o  aliphatic ratio for sample 70-28 i s  

The GC traces of the aliphatic hydrocarbons (Fig. 8) are dramatically different. Sample 70-2B 
exhibits a pattern typical o f  petroleum, where the d o m i ~ ~ n t  ?-alkanes range from C12-C33 with 
no carbon number predominance (CP112_33= 1.03) and a maximum a t  C - C ~ ~ .  Pristane and phytane 
are about equal (PrlPh = l,O6). The mixture of b r a n ~ h ~ d  and cyclic hydrocarbons (i.e., hump) 
ranges from Cll t o  C 3 f ,  also typical of petroleum, On the other hand,  sample 70-4A,B exhibits 
a much narrower GC profile, skewed t o  lower carbon numbers. The domi~ant resolved peaks are vari- 
ous mono- and diolefins ranging from C I 2  t o  C19 and the hump ranges from Cg t o  abou t  CZ1.  
This i s  very much unlike typical petroleum, as olefins are not found in mature crudes ( H u n t ,  1979; 
Tissot and We1 t e ,  1978). 

1 
19 

18 i I l l  

1' ! 
1 6:Z 'I 722 

I I  

I i  n 

Fig. 8: Capillary gas &hromatograms o f  aliphatic (Fl)  and aromatic f F 2 )  hydroc~rbon fractions for dredge 
samples ( a  and c) 7D-2B and ( b )  7D-4A,B (Simoneit and tonsdale, 1982): 
(the carbon chain length of the ?-alkanes i s  indicated by the arabic numerals, Pr = pristane, 
Ph = phytane); ( b )  sample 7D-4A3B, F t  (olefins are indicated by chain length: 
equjvalen~);  ( c )  sample 70-28, F2 (1 = t e t r a m e t ~ ~ l b ~ n ~ e n e ,  2 = phenanthrene, 3 = pyrene, 
4 = benz(a)anthracene, 5 = chrysene, 6 = benzofluoranthenes, 7 = benzo(e)pyrene, 8 = benzo(a)- 
pyrene, 9 = peryfene, 10 = ~enzop~rylene,  71 = coronene) . 

( a )  sample 7D-2B, F7 

double bond 
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The !-alkanes of sample 7 D - 4 A , B  were determined by GC/MS analysis t o  be present as minor com- 
ponents, ranging from Cl0 to  C23, with a minor odd carbon number predominance (CPIlo-23 = 

1.20) and a maximum a t  C15. 
d a t a  for both samples confirmed the presence of mono- and diolefins ranging from C12 t o  CI9 .  
These compounds are not terminal olefins as were identified near the s i l l s  of DSDP Site 481A 
(Simonei t and Phi 1 p ,  1982). They are sl ightly more s t a b 1  e " i  n-chai n" ol efi  ns with methyl branch- 
ing, similar to  those in Bradford crude oil (cf.  Fig. 3) (Hoering, 1977) .  

Pristane i s  more a b u n d a n t  t h a n  phytane (Pr/Ph = 1.6). The GC/MS 

The major diagnostic molecular markers in the hydrocarbon fraction (7D-2B,Fl)  consist o f  t r i -  
terpenoids, extended t r i  cycl i c terpanes and steranes with thei r rearranged anal  ogs (di asteranes) 
(Simonei t and Lonsdal e ,  1982). 
simi 1 ar distribution pattern as observed for other mature petrol eum sampl es (Simonei t and Kapl a n ,  
1980). They are, however, not present in the unaltered surface sediments. The triterpenoids (Fig. 
9) are essentially "mature"; they are for the most part in their  thermodynamically more stable 
form, completely different from those in unaltered 1 ipids of surface sediments (Simoneit and Philp, 
1982; Simonei t e t  a1 . , 1979) .  The t r i  terpenoids are comprised primarily of the 17a( H )  ,218( H )  hopane 
series ranging from C27 (no  c28) t o  C35 and the homologs from C31-C35 are present as 22-S 
and R diastereomeric pairs in a ratio of about  unity (Fig. 9 ) .  This series constitutes the stable 
mature form of these compounds (Dastillung and Albrecht, 1976; Ensminger e t  a l . ,  1974) and appears 
t o  have been generated by the hydrothermal activity. The compounds are not found in the unaltered 
sediments, where the biogenic markers with the 178(H) ,21g(H)  stereochemistry and various t r i t e r -  
penes predominate. 
21B(H)-hopanes (C27 and C30), &-hop-l3(18)-ene and 17~(H)-moret-Z2(29)-ene are also present 
in sample 7D-2B. 

The extended tricycl ic  terpanes range from Cz0 t o  CZ9 in a 

Minor amounts of 17B(H) ,21a(H)moretanes(C29, C30 and C31) , 1 7 ~ ( H )  , 

These are precursor relics and intermediates from the thermal conversion process. 

r n 2 B  nc 
m h  191 

Fig. 9: Mass chromatogram (GC-MS, m/z 191) 
7D-2B (Simoneit and Lonsdale, 1982). 
bic numerals followed by CL, moretanes by @a, 17~(H)-hopanes by B and olefins by 30:l 
(*indicates not present in mature crude o i l s ,  + no t  common in mature crude o i l s ) .  

showing the triterpenoid distribution o f  dredge sample' 
The predominant 17a(H)-hopanes are indicated by the ara- 

The steroidal markers consist o f  primarily 5a(H) , 1 4 ~ t ( H )  ,17a(H)-steranes (20 R )  , with lesser 
amounts of 5 ~ (  H )  ,14a( H) ,17a( H )  steranes (20 R )  and  di asteranes [mainly the 13B( H )  ,17a( H)-20 R or S 
series]. 
tribution pattern indicates a marine autochthonous origin and f i t s  best with similar d a t a  for DSDP 
Site 477 (Simoneit and Philp, 1982). 
elevated thermal s t ress  which probably converted other steroidal compounds t o  these hydrocarbons. 

The steranes ranged from CZ6 t o  C30, with cholestane as the major homolog. The dis- 

The large 5a(H)-sterane concentration i s  a result of the 

An example o f  a GC trace of the aromatic/naphthenic fraction ( F 2 )  of sample 7D-2B is  shown in 
Fig. 8c. The GC/MS d a t a  indicate t h a t  the major resolved peaks are polynuclear aromatic hydrocar- 
bons ( P A H )  , another group of compounds uncommon in petroleums b u t  ubi qui tous in higher temperature 
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p y r o l y s i s  res idues (Geissman e t  al. ,  1967; Hunt, 1979; Blumer, 1975; LaFlamme and H i tes ,  1978; 
I s h i w a t a r i  and Fukushima, 1979). 

mat ic  s e r i e s  as f o r  example pyrene, benzopyrenes, perylene, benzoperylene and coronene, 
i n d i c a t i o n  f o r  a p y r o l y t i c  o r i g i n  i s  t h e  presence o f  five-membered a l i c y c l i c  r i n g s  (eg,, acenaph- 
thene, f luorene,  f~uoranthene,  etc,) , which are  found i n  a l l  py ro lysa tes  from organic  mat ter ,  s i n c e  
once formed they do no t  e a s i l y  r e v e r t  t o  pericondensed aromatic hydrocarbons (Blumer, 1975, 1976; 

Scot t ,  1982)-  

PAH. The benzopyrenes are major  components and t h e  h i g h l y  t o x i c  benzo(a)pyrene i s  present i n  t h e  

two samples a t  l e v e l s  o f  25 and 16 ngfg of t o t a l  bitumen, respec t ive ly .  
these f r a c t i o n s  and it i s  t h e  predominant PAH i n  t h e  una l te red  sedimentary l i p i d s  o f  samples depos- 

i t e d  i n  t h e  G u l  f from o ~ y ~ ~ ~ ~ m i n i ~ u m  envi r o n m ~ n t ~  ( Simonei t and Phi  1 p, 1982; Simonei t 1382b). 
Thus, t h e  chemical composit ion o f  t h i s  f r a c t i o n  i n d i c a t e s  a source from p y r o l y s i s  w i t h  r a p i d  
quenching by hydrothermal removal and subsequent condensation a t  t h e  seabed. 

The dominant analogs f o r  bo th  samples are  t h e  pericondensed aro- 

A f u r t h e r  

It should a l s o  be noted t h a t  t h i s  f r a c t i o n , c o n t a i n s  s i g n i f i c a n t  amounts o f  t o x i c  

Pery lene i s  present  i n  

Th is  process o f  pyrogenesis, ~ y d r o t h e ~ a l  removal and t r a n s p o r t  tu  t h e  seabed appears t o  be 
o p e r a t i v e  a t  most o f  the  mounds explored by subsequent d i v i n g  w i t h  t h e  deep submersible R,VI A l v i n  

d u r i n g  January, 1982 (F ig.  6b). 
a t  t h e  mounds consi  s ted o f  hydrothermal m i  nera l  s cemented by sol  i d  p e t r o l  eum. 

f i e d  upon warming on deck, thus  l i b e r a t i n g  t h e  c h a r a c t e r i s t i c  v o l a t i l e  and odorous components. 

da ta  i n d i c a t e  t h a t  h y d r o t h e ~ a ~  petroleum has become i ~ c o r p ~ r a t e d  i n t o  seven o f  t h e  n i n e  areas 
sampled by t h e  D.S.R.V. A l v i n  and one vent was d ischarg ing  a water -o i l  emulsion. 

ranges and c o m ~ o s i t i o n s  o f  t h e  var ious  oil  samples are  q u i t e  v a r i a b l e  (eg- ,  Fig. IO) ,  bu t  r e f l e c t  

Most o f  t h e  areas w i t h  lower  temperature regimes t h a t  were sampled 

Thi s mater i  a1 1 i q u i  - 
The 

The b o i l i n g  

I 

a 
i 
i 

1170-1 IElSIDE 

1177-3 OILY CRUST 

b 
1170-1 DUfSfDE 

1172-1 ROCK FRAGIENT 

~~ 

Fig .  10: C a p i l l a r y  gas chromato~raph ic  t races  o f  t o t a l  so lvent  e x t r a c t s  from samples recovered by 
D.S.R.V. A l v i n  i n  ~uaymas Basin ( ~ ~ o ~ a l  alkanes are  i n d i c a t e d  by t h e  arab ic  numerals, P r  = 
p r i s t a n e ,  Ph = phytane): 
( c )  sample 1177-3 ( o i l y  c r u s t ) ;  (d f  sample 7172-3 ( rock  f r a g m ~ n ~ ) .  

( a }  sample 1170-1 ( i n t e r i o r ) ;  ( b )  sample 1170-1 ( e x t e r i o r ,  exposed); 
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t h e i  r r a p i d  hydrothermal genesis and s im i  1 a r i  t y  w i t h  t h e  sampl es descr ibed from t h e  dredgi  ng opera- 
t i ons .  The o i l  on e x t e r i o r  surfaces o f  t he  mounds and i n  unconsol idated shal low sediments i s  wea- 
thered, 1 eached and/or biodegraded, whereas i n t e r i o r  samples a re  re1 a t i  ve l y  unal te red .  

Pseudokerogen-amorphous carbon: 

Kerogen, t h e  i s o l u b l e ,  d e t r i t a l  organic ma t te r  i s  an exce l l en t  i n  s i t u  i n d i c a t o r  o f  t h e  e f -  

f e c t s  o f  " instantaneous" thermal stress.  For example, t h e  organ ic  n i t rogen  conten t  a t  S i t e  477, 
expressed as t h e  carbon t o  n i t rogen  r a t i o  i n  F ig .  11 can be used as an i l l u s t r a t i o n .  
o f  11-14 i s  t y p i c a l  f o r  immature, marine organic ma t te r  (Simoneit ,  1982b). A t  depths exceeding 150 

m, t h e  C/N r a t i o  increases t o  i n f i n i t y ,  i n d i c a t i n g  a l l  organic n i t rogen  has been removed by py ro l y -  

s i s  (under l abo ra to ry  s imu la t i on  t h i s  requ i res  temperatures i n  excess o f  500OC) .  

t h e  C/N  i s  a l so  observed above and below the  upper s i l l ,  con f i rm ing  t h a t  it i s  an i n t r u s i o n  and not 
a f low, i.e., t h e  organ ic  ma t te r  was the rma l l y  s t ressed on bo th  s ides o f  the  s i l l .  

A C/N va lue  

An increase i n  

Pyrolysis-GC and pyrolysis-GUMS has been u t i 1  i z e d  t o  cha rac te r i ze  kerogens (van de Meent et 
aJ., 1980) and t h e  DSDP samples were analyzed by  these same techniques t o  assess bo th  t h e i r  compos- 
i t i o n  and degree o f  thermal catagenesis (Simoneit  and Ph i l p ,  1982). Examples o f  pyrograms f o r  
una l te red  and t h e r m a l l y  a l t e r e d  kerogen from S i t e  477 a re  g i ven  i n  Fig.  12. 
e x h i b i t s  a pyrogram t h a t  i s  v i r t u a l l y  i d e n t i c a l  t o  those o f  sur face  samples from a l l  t h e  o t h e r  
s i t e s  and i s  rep resen ta t i ve  o f  t y p i c a l  unal t e r e d  marine organic ma t te r  (Simonei t and Phi  1 p, 1982). 
The o the r  (deepest)  sample r e f l e c t s  a p a t t e r n  o f  e s s e n t i a l l y  complete expu ls ion  o f  pyro lysa te .  

-- i n  s i t u  appearance of t h e  kerogen i n  t h e  zones o f  h i g h  thermal s t ress  ( a t  depth o f  S i t e s  477 and 

478) resembles a c t i v a t e d  amorphous carbon (Simoneit,  1982b) and i s  rep resen ta t i ve  o f  t h e  spent 
kerogen. 

The sha l low sample 

The 

100 
C/N 

50 

250L 

a 
I 64-477-5-1 (89-91 and 94-96) 

64-477A-9-1 (39-41) 

Fig .  11: Atomic r a t i o s  of organ ic  carbon t o  
n i t r o g e n  versus depth a t  DSDP S i t e  
477 ( i nc ludes  da ta  f o r  477A)(Simoneit, 
1982a). (Sirnoneit and Ph i l p ,  1982): 

F ig .  12: Examples o f  Cur ie  p o i n t  p y r o l y s i s  - GC t races 
f o r  kerogen concentrates from S i t e  477 (sub- 
bottom depths a r e  g iven i n  parentheses) 

a )  64-477-5-1 (una l te red ,  30 m) 
b )  64-477A-9-1 ( s t rong  hydrothermal a1 t e r -  

a t i on ,  240 m ) .  
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VI. EFFECTS OF PRESSURE, TEMPERATURE AND TIME ON CHEMISTRY OF O R G A N I C  MATTER 

Pressure, temperature and time all affect the nature of sedimentary organic matter. The end 
results of these processes yield various grades of petroleums and cause i ts  migration and inter- 
actions with the ino~ganic surroundings* 

-- Petroleum genesis: 
The principal zone of petroleum formation in sedimentary sequences under normal geothermal 

gradients c o ~ e n c e ~  a t  about 1 km to as low as 3 km (eg, Tissot and bfelte, 1978; Hunt  1979). 
corresponds t o  a temperature range of 5Oo-12O0C and is  dependent on the geologic age of the 
sediments (duration o f  heating)* 
important and needs more supportive d a t a  (Tissot and Welte, 1978). 
t o  natural gas i s  believed to take place a t  elevated temperatures of 15O0-25O0C leg. H u n t ,  
1979; Vassoevich et  al.,  1974; Kartsev et  a l e ,  1971). 
oil and gas '*windowstr need some adjustment in consideration of more recent da ta .  

This 

The  effect of pressure OR th i s  process i s  significant, bu t  less 
The cracking of organic matter 

These proposed temperature regimes for the 

The "i nstantaneous" petroleum genes1 s in Guaymas Basin occurs a t  temperatures approaching a 
maximum of 315OC. 

preted by the rapid removal o f  the thermogenic products from the ho t  zone. 
hydrothermal petroleum appears t o  commence in low kemperature areas, f i r s t  generating products from 
weaker bonds (eg. ether, sulfide, carbonyl, tert iary carbon 1 inkages) , and later as the temperature 
regime rises, products from more refractory and even "resynthesized" (eg. PAH) organic matter, 

I n  th i s  case, the lack o f  extensive organic matter destruction can  be inter- 
The formation o f  this 

The organic matter associated with deeper hydrothermal systems (eg. e p i t h e ~ a l  ores in volcan- 
i c  terranes) i s  usually more asphaltic with a high PAH content. 
distributed and for example has been studied from the California mercury deposits ( i d r i a l i t e ,  
Blumer, 1975; Geissman 
kova, 1972). The advent of deep well drilling (>7000 m) has yielded core materials (Cretaceous 
shales) which were a t  in si tu temperatures o f  about  26O0-3OO0C (eg. Price, 1982; Price et  a t . ,  
1981). 
significant hydrocarbon generation potential , 
much higher temperatures as discussed above and over long geologic time periods. 
appears t o  require much higher temperature conditions t h a n  normally believed. 

Such organic matter i s  widely 

id-,, 1967) and other hydrothermal sulfide deposits (Germanov and Banni- 

These samples had high concentrations of bitumen components and the kerogens s t i l l  had a 
This indicates t h a t  in si tu pet~oleum is  stable a t  

Metagenesis also 

Migration Processes: 

( s u F ~ r ~ r i t i c a ~ ? ~  from the source rocks t o  the traps ( H u n t ,  19791, 
leums and various hydrocarbon fractions has been determined experimentally (Price, 1976). 
found t h a t  the petroleum solubility increased exponentially above 100°C t o  18OoC and these 
solubili t ies were high enough t o  account for the  formation of petroleum reservoirs by the primary 
migration mechanism of molecular solution, 
of the p ~ ~ r o ~ e u m  and a t  350°/oo essentially total itsalt-out" was observed (Price, 1976). 
finding supports the requirement for the exsolution o f  the petroleum from the migration solution in 
the salty waters of reservoir sands, I n  addition, i t  has been demonstrated t h a t  methane in the 
presence o f  water i s  an even better carrier for petroleum t h a n  each alone (Price et al.,  1983). 
Both increases in pressure ( t o  about  1800 atmospheres) and tempera~ure ( t o  25OoC) raised the 

Migration o f  petroleum in sedimentary sequences proceeds in solution and in the gas phase 
The aqueous solubility of petro- 

I t  was 

Salinities o f  150'foo NaCf caused drastic exsolution 
This 
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l i t y  o f  petroleum. 
2OO0C a t  500 atm.). 
p o s i t i v e  e f f e c t .  Thus, p r imary  m i g r a t i o n  appears t o  proceed by gaseous and aqueous solu- 

C o s o l u b i l i t y  was found a t  r a t h e r  m i l d  cond i t i ons  (eg. 100°C a t  1000 

The a d d i t i o n  of o the r  gases (eg. C02, ethane) t o  t h i s  m ix tu re  a l s o  

n t h e  case o f  t h e  Guaymas Bas in  hydrothermal system the  petroleum products have migra ted  by 
advect ion,  d i f f u s i o n ,  d i s t i l l a t i o n  and hydrothermal c i r c u l a t i o n  away from t h e  heat sources, a lso  i n  

gaseous bu t  ma in ly  i n  aqueous s o l u t i o n  upward t o  t h e  seabed. There t h e  petroleum condenses accord- 

i n g  t o  t h e  ambient temperatures i n  the  condu i t s  and vugs o f  t h e  hydrothermal mineral  mounds. 
and s u l f u r  condense i n  the  hot vents; waxes c r y s t a l l i z e  i n  i n te rmed ia te  temperature reg ions  

(Q0-88C);  and t h e  v o l a t i l e  petroleum p a r t i a l l y  c o l l e c t s  i n  c o l d  areas (OOC) and emanates i n t o  

t h e  ambi en t  sea water (Simonei t , 1983). 

PAH 

Ino rgan ic  I n t e r a c t i o n s :  
Processes i n v o l v i n g  organic ma t te r  c o n t r i b u t e  t o  t h e  fo rmat ion  o f  a v a r i e t y  o f  ore depos i ts  

(Saxby, 1976). 
b iogen ic  o r i g i n ,  whereas t h e  depos i t i on  o f  s u l f i d e s  represents a m i n e r a l i z a t i o n  a t  t h e  o x i d a t i v e  
expense o f  o rgan ic  matter.  Metal -organi  c compl e x i  ng has been invoked t o  concent ra te  metal s and 

such e n t i t i e s  can be de r i ved  from b iogen ic  precursors (eg. porphyr ins)  o r  be generated de novo. 

The depos i t i on  o f  metal carbonates and phosphates i s  a process w i t h  a d e f i n i t e  

Dur i  ng m i  ne ra l  d i  agenesis and metamorphi sm under non-oxi d i  z ing  c o n d i t i o n s  t h e  organ ic  ma t te r  

composi t ion changes p rog ress i ve l y  t o  more aromat ic and a s p h a l t i c  res idues  by the  expu ls ion  o f  vola- 

t i l e  components (eg. C02, CH4, H20, etc.).  
Guaymas Basin hydrothermal system the  spent kerogen remaining i n  t h e  a l t e r e d  sediments ( a t  about 

30OoC) cons is ted  o f  amorphous, a c t i v a t e d  carbon (Simonei t , 1982b). Th is  h ighe r  temperature aro- 

ma t i c  and aspha l t i c  o rgan ic  ma t te r  i s  o f t e n  associated w i t h  heavy metal enrichments as f o r  example 
uranium (eg. Schidlowski ,  1981) o r  Car l i n - t ype  go ld  and s i l v e r  ores (eg. Radtke and Scheiner, 

1970). 

be good i n d i c a t o r s  f o r  such processes i n  t h e  per iphery  o f  s u l f i d e  o re  bodies (Germanov and Banni- 

kova, 1972). 

The i n f e r r e d  residuum i s  g r a p h i t e  and i n  t h e  

Heavy aromat ic hydrocarbons (PAH) are  a product of h i g h  temperature a l t e r a t i o n  and thus may 

V I I .  SUMMARY AND CONCLUSIONS 

The sequences o f  organic ma t te r  t rans fo rma t ions  i n  t h e  l i t h o s p h e r e  have been descr ibed b r i e f -  

ly. Organic ma t te r  occurs as gaseous ( v o l a t i l e ) ,  l i q u i d  and s o l i d  components (Table 1) and i s  
u s u a l l y  analyzed i n  these ca tegor ies  (Tab le  3 ) .  

posthumus b iogen ic  d e t r i t u s ,  which upon depos i t i on  undergoes d iagenet ic  and add i t i ona l  m ic rob ia l  

a1 t e r a t  i on. 

Recent immature sediments a re  t h e  receptables o f  

Inc reas ing  b u r i a l  i n  sedimentary bas ins  r e s u l t s  i n  t h e  onset o f  o rgan ic  ma t te r  maturat ion,  
which generates some v o l a t i l e  products f rom t h e  kerogen ( e a s i l y  cracked mo ie t i es )  t h a t  become su- 
perimposed on t h e  endogenous l i p i d  residues. 
depth o f  b u r i a l  ( i e .  temperature) keeps i nc reas ing  catagenesis commences and here major petroleum 

genera t ion  takes  place. A t  s t i l l  g rea te r  depths o f  b u r i a l  t h e  metagenetic stage i s  envisaged, 

where ex tens ive  c rack ing ,  d i s p r o p o r t i o n a t i o n  and re fo rming  o f  t h e  organ ic  mat te r ,  bo th  petroleum 
and kerogen residues, occur t o  y i e l d  p r i m a r i l y  gases and amorphous carbon ( w i t h  heavy t a r s ) .  

Th is  i s  t he  beg inn ing  o f  petroleum format ion.  A s  t h e  
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I n  the case of hydrothermal systems the previous processes are compressed into an  "instantane- 
ous" geological time frame. 
Basin) generate petroleum from t h a t  sedimentary organic matter, which migrates upward and leaves 
behind  a spent carbonaceous residue. T h i s  same process of organic matter pyrolysis and movement 
appears t o  have occurred in hydrothe~al regions where ore deposits formed and the organic matter 
content o f  the  country rocks i s  low. Organic matter associated with such minerals reflects the 
temper~ture of their  f o ~ a t i o n .  

Hydrothermal systems operative below a sediment blanket (eg. Guaymas 

Migration o f  petroleum i s  aided by the presence of gases (CH4, GOz, etc.) and water, with 
elevated temperature and pressure regimes. 
out  o f  dissolved petroleum, 
under non-oxidizing conditions and they can thus be associated with heavy metal enrichments. 

High salinit ies result in essentially complete salting- 
Heavy aromatics and asphalts can migrate during mineral metamorphism 

In conclusion, gases, lipids (bitumen) and kerogens are ideal carbonaceous fractions t h a t  
complement each other in providing information about the sources and thermal history of sedimentary 
organic matter (Table 3 ) .  Kerogen is a sensitive 2 situ indicator for thermal stress, and bitumen 
(petrol eum-asphal t )  represents the product mixture of t h a t  s tress - products t h a t  may have remained 
-_I- in s i tu  or migrated, 

TABLE 3.  
I .  INTERSTITIAL GAS: 

Overview for the Analysis and Data Interpretation o f  Sedimentary Organic Matter. 

0 Analog identification and quantitation by gas chromatography (FID, TCD), GC-MS 
0 Range a )  C,-C,  hydrocarbons and other gases (CO,,  H2S, e tc) .  

b )  Gasoline range hydrocarbons (C,-C,,) 
0 Other methods (eg. stable isotope compositions, 6D,&"C.. .) 
0 Results 

- Evaluation of biogenic versus thermogenic gas 
- Commercial exploration and drilling safety 

11. BITUMEN (LIPID)  ANALYSIS: 
0 Chemical separations (into functional group or compound class fractions, sometimes with 

deri vatization) 
- Liquid chromatography (column) 
- Thin layer chromatography 
- High pressure LC 

Instrumental analysis 
- Gas chromatography - homologies, quantitation, hump 
- GC-PIS - homologies, hump, molecular markers 
- High resolution MS - absolute compositions 
- Stable isotope MS - element isotope fractionation 

- NMR - for individually isolated compounds 
- IR and  UV - functional and structural determination 
- ORD - asymmetry 

0 Anci 1 lary techniques 

Results 
- Compositional survey (concentration of homologs and analogs in l ipids) 
- Source and degradation correlations 
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Table 3. (continued) 
- Molecular markers - product/precursor re la t ionships  

- stereochemistry - thermal s t r e s s  
- i d e n t i t y  - sources and transport 

111. K E R O G E ~  A~ALYSIS (Asphaltenes, f u l v i c  and humic acids ,  and humin): 
0 Bul k p rope r t i e s  

- Elemental composition ( C  ,H ,O,N ,S) 

- Stab le  isotopes (6”C,  615N, 6D, 6 3 4 S )  

- ESR, NMR 
0 Results 

- Parameter co r re l a t ions  
- Ind ica t ive  of sources (autochthonous vs .  allochthonous) 

0 Specif ic  analyses 
- V i t r i n i t e  r e f l ec t ance  
- Petroleum generating po ten t i a l  
- Pyrolysis  GC and  py-GC-MS 

- Evaluations of ~ a t u r i t y  
- Thermal h i s to ry  
- Resource potent ia l  
- Oil versus gas 

0 Results 

0 Other methods 
- Microscopy (visual  c l a s s i f i c a t i o n  and i d e n t i f i c a t i o n )  
- Chemical degradation (some indicat ions o f  molecular o r i g i n )  

~ 
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Appendix  I - 
Chemical S t r u c t u r e s  C i t e d  

A 
I. Cadalenc 

I V .  Dehydroabietane 

V I I .  Extended t r i c y c l i c  

t e rpanes  

@ 'COOH @ 
11. O e h y d r o a b i e t i c  d c i d  I I I .  Dehydroab ie t i n  

V. S i m o n e l l i t e  V I .  Retene 

V I I I .  Hopanes I x .  Extended hopanes 

R = 9, C2II5,C3H7 R'= H, CH3 

X I .  D i  p l o p t e n e  X.  Moretanes X 11. S t e r o i d a l  d e r i v a t i v e s  

H 

X I I I .  Steranes,  5 a , / @ ( H !  
R = H,CH,, C,H, 

2 R = tl, CH3, C2H5 

X I V .  D ias te ranes  

2 4 1  


