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Abstract—The effects of intrusive thermal stress have been studied on a number of Pleistocene sediment 
samples obtained from Leg 64 of the DSDP-IPOD program in the Gulf of California. Samples were 
selected from Sites 477, 478 and 481 where the organic matter was subjected to thermal stress from sill 
intrusions. For comparison purposes, samples from Sites 474 and 479 were selected as representative of 
unaltered material.

The GC and GC-MS data show that lipids of the thermally unaltered samples were derived from 
microbial and terrestrial higher-plant detritus. Samples from sill proximities were found to contain 
thermally-derived distillates and those adjacent to sills contained essentially no lipids. Curie point 
pyrolysis combined with GC and GC-MS was used to show that kerogens from the unaltered samples 
reflected their predominantly autochthonous microbial origin. Pyrograms of the altered kerogens were 
much less complex than the unaltered samples, reflecting the thermal effects. The kerogens adjacent to 
the sills produce little or no pyrolysis products since these intrusions into unconsolidated, wet sediments 
resulted in in situ pyrolysis of the organic matter.

Examination of the kerogens by ESR showed that spin density and line width pass through a maximum 
during the course of alteration but ESR g-values show no correlation with maturity. Stable carbon isotope 
(5 ,?C) values of kerogens decrease by 1-1.5%o near the sills at Sites 477 and 481 and the atomic N/C 
decreases slightly with proximity to a smaller sill at Site 478. Differences in maturation behavior between 
Sites 477 and 481 and Site 478 are attributed to dissimilarities in thermal stress and to chemical and isotopic 
heterogeneity of Guaymas Basin protokerogen.

Key words: л-Alkanes, bitumen, Deep Sea Drilling Project, diatomaceous ooze, ESR, GC-MS, 
Guaymas Basin, hydrothermal alteration, lipids, molecular markers, protokerogen, pyrolysis, stable 
carbon isotopes, thermal stress.

INTRODUCTION

Leg 64 of the D eep  Sea D rilling Project— In te rn a 
tional Phase of O cean D rilling (D S D P -IP O D ) p rog
ram  was designed to investigate th ree  m ajor geolo
gical environm ents in the G ulf o f C alifornia (C urray  
et a l., 1982). T hese can be sum m arized:
(1) Baja California  (C abo  San Lucas): Typical pas

sive m argin, with som e intrusive sills (Sites 474,
475 and 476).

(2) G uaymas B asin: Spreading cen te r with high 
heat flow, sills and tu rb id ites (Sites 477, 478 and 
481).

(3) G uaymas C ontinental S lope: O xygen-m inim um  
zone on con tinen tal slope (Sites 479 and 480). 
A t Site 480 the hydraulic piston corer provided 
undisturbed lam inated  sedim ents (Schrader et 
a l. , 1980).

T he drilling locations o f the sites in this study are 
shown in Fig. 1. A  b rie f description of the geology 
and lithology is given below  and sum m arized in Figs 
2-5.

* Author to whom correspondence should be addressed, 
t  Present address*. Global Geochemistry Corporation, 

6919 Eton Avenue, Canoga Park, CA 91303, U .S.A .

Baja C alifornia-C abo San Lucas Sites 
Sites 474-476 w ere drilled along a transect of the 

B aja  C alifornia continental m argin. Site 474 is lo
cated  on oceanic crust, overlain by 500 m o f d ia to 
m aceous m ud and tu rbid ites at a w ater dep th  of 3023 
m. Sites 475 and  476 w ere drilled on the low er 
continen tal slope at 2631 and 2400 m w ater dep ths, 
re sp e c tiv e ly . B o th  s ite s  p e n e tr a te d  p rim a rily  
hem ipelagic sedim ents and a m inor carbonaceous 
m udstone overlying a conglom erate. T he geological 
structure  of this m argin is dom inated  by horst-and- 
graben tectonics and by listric faulting. Sites 475 and
476 lie on the tw o lowest and m ost deeply-subsided 
blocks (C urray  et al., 1982).

G uaym as Basin

T he G uaym as Basin is an actively spreading ocean 
basin th a t includes tw o well-defined rifts separa ted  by 
a 20-km -long transform  fault (C urray  et a l. , 1979, 
1982). H igh sed im entation  ra tes keep the basin floor 
covered  w hile new  ocean crust form s. Sites 477 and 
481 are  located  in the sou thern  and no rth e rn  rifts, 
respectively, while Site 478 is ad jacen t to  the  tran s
form  fault zone on slightly o lder crust ju s t n o rth  of 
the  sou thern  rift (C urray  et a l., 1979, 1982). The
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Fig. 1. Location map for the Leg 64 drill sites at the mouth and in the central Gulf of California.

sedim ents are diatom aceous oozes and turbid ites, 
in truded  by dolerite sills. Site 477 had the highest 
heat flow (20 H F U ), and Site 481 had slightly higher 
heat flow than  Site 478 (abou t 4 H F U ).

G uay mas Slope  

Sites 479 and 480 are on the M exican continental 
slope north  of G uaym as Basin w ithin the present 
oxygen-m inim um  zone. L am inated  diatom aceous 
sedim ents are deposited th roughou t the northern  
G ulf of C alifornia, w herever the oxygen-m inim um  
zone contains less than 0.2 ml/1 0 2 (C alvert, 1964). 
A lternations of lam inae rich in d iatom s o r in te r
rigenous clay apparently  reflect seasonal variations in 
productivity  and/or runoff (C alvert et a l., 1964, 
1966). L am ination is a response to  both  source 
variations (m arine versus terrigenous input) and 
preservation  (a reducing or anoxic w ater colum n 
prevents significant b io turbation  and favors p re 
servation  of organic m atter). Sites 479 and 480 
provided detailed  sam pling of these lam inated sequ
ences. They contain inform ation on past climatic 
changes and cycles, circulation pa tte rn s, depth  or 
intensity  of developm ent of the oxygen-m inim um  
zone, sea level, diagenesis, and the floral and faunal 
assem blage of surface and bo ttom  w aters. A lte rna
tions o f lam inated and non-Iam inated zones are 
probably  responses to changes in the degree of 
oxygenation of bottom  w aters. T he deeper sections 
at Site 479 are m ore indurated  than  the shallow 
sections and thus have been less d istu rbed  by drilling. 
Lam inated  sedim ents continue to the bottom  of the 
hole.

APPROACH

This paper p resen ts an overview of the organic 
geochem istry of these sites. Particular a tten tion  is 
devoted  to the evaluation  of two m ajor topics: (1) the 
sources and characteristics of the organic m atter; (2) 
the effects o f therm al stress on that organic m atter. 
The sources and characteristics o f the organic m atter 
can be determ ined  by analyzing the lipid fractions for 
h o m o lo g o u s co m p o u n d  d is tr ib u tio n s , types o f 
m olecular m arkers and the nature of the unresolved 
m ixtures (S im oneit, 1975, 1978, 1982a,b), and by 
analyzing the kerogens for their bulk com positional 
p roperties (e.g . elem ental analysis, E S R , e tc .) , as 
well as by pyrolysis-gas chrom atography (G C ), and 
pyroIysis-G C -m ass spectrom etry  (M S) (e.g . van de 
M eent et al. , 1980). T he effects of therm al stress on 
the organic m a tte r can also be evaluated  by these 
same lipid and kerogen analyses. These data can then 
be corre la ted  w ith the interstitial hydrocarbon gas 
(C i-C 7) com position. The effects of the intrusive sills 
on the organic m atte r have been exam ined by 
C urie-point pyrolysis (C upy), electron spin reso
nance spectroscopy (E S R ), stable carbon isotope 
com position and elem ental analysis.

R ecently , pyrolysis has becom e a pow erful analy
tical too l, especially in studying m acrom olecular 
m aterials (Irw in , 1979a,b). Increased applications of 
pyrolysis are the result of fast m icroscale flash 
pyrolysis techniques tha t appear to yield predom i
nantly degradation  products (Jones and C ram ers,
1977). Pyrogram s, ob tained  e ither by C upy-G C  or
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SITE 479

Bulk Density 
(g/cm3)

HYDROCARBONS (̂ g/g) Pr/Ph CPI

Fig. 5. Lithologic column, bulk density log, and trends of hydrocarbon concentration, Pr/Ph, and CPI
versus depth for Site 479.

C upy-M S, are sufficiently reproducible and specific 
to  characterize synthetic polym ers, biopolym ers, and 
geopolym ers. T o relate  therm al degradation  p ro 
ducts to the original m acrom olecule, it is necessary to 
identify the p roducts and understand  how they are 
form ed. C upy -G C -M S  (Sim m onds et al. , 1969) and 
pyrolysis high-resolution M S, using field ionization 
and field desorption  (Schulten et al., 1973, 1978), 
have yielded much structural inform ation on therm al 
degradation  products of various types of macro- 
m olecular m aterials. T he general reaction m echan
isms that form pyrolysis products are only poorly 
understood, although recently substantial advances 
have been made (Posthum us et al. , 1974; Posthum us 
and N ibbering, 1977; D cJongh , 1977). D espite this 
shortcom ing, pyrolysis techniques have been success
fully used to study biopolym ers (M euzelaar et al. ,
1977), humic substances (Bracew ell e ta l. , 1976), and 
kerogens (M aters et al., 1977; L arte r and D ouglas,
1978). M ore recently , C upy, with G C  and G C -M S, 
has been utilized to characterize pro tokerogens from 
R ecent algal m ats and kerogens from D SD P core 
sam ples and ancicnt sedim ents (van de M eent et al. ,
1980).

V arious o th e r m icro-scale pyrolysis-G C  techni
ques have been used recently to  characterize p e t
ro leum  source rocks and kerogens (W helan et aL, 
1980; H ue e ta l . , 1981) and to  study the effects of clays 
on hydrocarbon  generation  (D avis and Stanley,
1982). L a rte r (1984) has review ed the application of 
pyrolysis to  kerogen  characterization  and fossil fuel 
exp loration .

METHODS

Lipids

Small sam ples of cores were dried onboard  ship in 
an oven at 45°C for C, Η , N analysis and were then 
ex tracted  with m ethylene chloride (C H 2C12) for this 
study. L arger sam ples were freeze-dried  and rep e
atedly ex tracted  with a chloroform  and m ethanol 
m ixture (1 : 1) by ultrasonication. T he extracts w ere 
concen tra ted  on a rotary evapora to r and trea ted  with 
B F3 in m ethanol to derivatize free fatty acids. The 
extracts w ere then  subjected to  thin-layer ch rom a
tography (T L C ) on silica gel; hexane and diethyl 
e th er m ixture ( 9 : 1 )  was used as the eluent. A fter 
developm ent with iodine vapor the bands corres
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ponding to hydrocarbons, esters and ketones were 
scraped from the T LC  plates and ex tracted  with 
m ethylene chloride. The hydrocarbon and com bined 
ester and ketone fractions were analyzed by G C  and 
G C -M S.

G C  analyses were carried ou t on a H ew le tt- 
Packard 5830 gas chrom atograph using a 25 m x 0.20 
mm fused silica capillary colum n coated  with S P -2100 
and program m ed from  35 to 280°C at 4°C/min; He 
was the carrier gas. G C -M S  analyses w ere perform ed 
on a Finnigan 4000 quadrupole mass spectrom eter 
interfaced directly to a Finnigan 9610 gas ch rom ato 
graph equipped with a 30 m x 0.25 mm fused silica 
capillary colum n coated  with SE-54. T he G C  condi
tions for the G C -M S  analyses w ere the sam e as those 
em ployed in the analytical G C  system  and the mass 
spectrom eter was scanned at 0.95 sec/decade. The 
mass spectrom etric da ta  w ere acquired  and proces
sed with a F inn igan-Incos 2300 da ta  system .

Kerogen
The exhaustively-extracted sam ples w ere trea ted  

with 3 M HC1 and w arm ed to  approxim ately  60°C for
1 hr. T he acid was rem oved, and the residue was 
w ashed  w ith  d is tilled  w a te r and  d ried . A fte r 
weighing, the sam ple was trea ted  with aliquots of 3 M 
HC1 and 50%  H F  in a 1 : I ra tio  until no fu rther 
weight loss of the residue was recorded . Finally, the 
kerogen concentrate  was re-ex tracted  with С Н 2СЬ to 
rem ove any en trapped  lipids. T he extracts obtained  
after the acid trea tm en t were evapo ra ted  to  dryness 
(cf. Sim oneit and Philp, 1982, for yields of each 
fraction) and w ere not analyzed fu rther. No attem pt 
was m ade to  isolate humic and fulvic acids from  these 
small kerogen fractions. It is assum ed that the humic 
and fulvic acids becom e in co rpo ra ted  into the 
kerogen under increased therm al stress, thus all 
m acro-m olecular organic m atter is te rm ed  kerogen in 
this paper.

C u p y-G C  with C u p y -G C -M S

The exhaustively extracted  kerogens w ere sub
jected  to pyrolysis-G C  analyses using a Pye Curie- 
point pyrolyzer coupled to a H ew le tt-P ack ard  5710 
GC. N ickel/iron alloy wires w ere used in the pyro
lyzer to produce a pyrolysis tem pera tu re  of 610°C 
for 12.5 sec (van de M eent et a l. , 1980). T he G C  was 
equipped with a fused silica capillary colum n (50 m 
x  0.3 mm o .d .) coated with SE-30. T em peratu re  
conditions w ere as follows: A m bien t for 2 m in; 70°C 
for 2 min; program m ed at 4°C/min to  260°C.

C u p y -G C -M S  of selected  kerogens was per
form ed using a Pye C urie-point pyrolyzer coupled to 
a Finnigan 4023 G C -M S system  equipped  with a 
F innigan-Incos 2300 data  system . K erogens were 
selected on the basis of C u p y -G C  results. Those 
producing only small concen trations o f pyrolysate 
were not analyzed fu rther by C upy-G C -M S . Alloy 
wires o f N i/Fe w ere used with the pyrolyzer to  give a 
pyrolysis tem pera tu re  of 610°C for 12.5 sec. A 30-m

SP-2100 W C O T  capillary colum n was used in the 
G C -M S system , and the tem pera tu re  was program 
med from 100 to 270°C at 4°C/min. T he separa to r 
(interface line) tem pera tu re  was 250°C, the ion 
source tem pera tu re  was 260°C, the filam ent cu rren t 
was 250 μ Α , the elec tron  energy was 70 eV , and the 
scan speed was 0.95 sec/decade.

E SR  Analyses  
For e lec tron  spin resonance (E SR ) analyses, 

kerogens were sealed under vacuum in 4 x 3 mm 
quartz tubes and scanned using a V arian E-12 
spectrom eter. The spectra  were recorded at a m icro
wave frequency of 9.5 G H z and a pow er ou tpu t of 2 
mW. T he m agnetic field was m odulated at 100 kH z 
frequency and 5 gauss am plitude, and absorption  
occurred around  3380 gauss. T he line w idth, Δ // ,  was 
m easured betw een extrem es of the first derivative 
absorption  spectrum . V arian  strong pitch standard  
(0.1 % in KC1) was used to calibrate g-value and spin 
concentration  m easurem ents. To calculate g-value 
the following form ula was used:

^sam ple ^standard
H<standard

Я,sample -

w here H  refers to the m agnetic field strength  at 
maxim um  resonance.

Spin concen tra tion , /V, was assum ed to be p rop
ortional to  the first derivative absorption  intensity, / ,  
tim es the line w idth, ΔЯ , squared (C hesnut, 1977):

N  /  (Δ Η )2

V alues w ere norm alized to percen t carbon in the 
kerogens.

Stable Carbon Isotope Analyses  
For carbon iso tope analysis, 10 mg sam ples of 

kerogen w ere com busted  at 850°C in 7 x  9 mm quartz  
tubes in the presence of C uO  wire and A g foil 
(F razer, 1962). C arbon  dioxide was purified, m ea
sured , and collected on a vacuum  line for analysis 
using a V arian  M A T  250 stable isotope ratio  mass 
spectrom eter.

E lem ental Analyses  
The kerogens w ere found to average only 10-15%  

carbon, so tha t fu rth e r purification was requ ired  to  
p revent erroneous H /C  determ inations (D u ran d , 
1980a; D urand  and M onin , 1980). D igestion for 24 hr 
in an aqueous solu tion  of 25%  А Ю з'б Н гО  dissolved 
large am ounts o f fluoride m inerals precip ita ted  d u r
ing H F  tre a tm e n t (Jen d en , 1983). A fter w ater 
w ashing and lyophilization, m acroscopic pyrite was 
rem oved from  sam ples taken  from  C ores 477-22, 
477A-5, 477A -9, 478-13 and 478-40, and from  Sec
tions 478-29-1 and 478-29-2 (slick) by density separa
tion in b rom otrich lo rom ethane, C B rC l3 (specific 
gravity ~2). T he heavy liquid was rem oved by cutting



180 B e r n d  R. T. S im o n e it et al.

and rinsing with hexane and the kerogen  was dried 
under a stream  of n itrogen gas. T hese  procedures 
raised  the average carbon con ten t in th e  kerogen  to  
approxim ately  40% . Samples from  Site 477 and 
Section 481-11-2 w ere sen t to  the  M icroanalytical 
L abora to ries at the U niversity o f C alifo rn ia , B er
keley, for carbon , hydrogen and n itrogen  d eterm ina
tion . T he rem aining sam ples w ere analyzed at U C L A  
according to the m ethods outlined  in F razer (1962) 
and Peters (1978).

RESULTS AND DISCUSSION

T he sam ples in this study are  listed in T ables 1 and
2 w ith a sum m ary of various param eters ob ta ined  for 
each sam ple. In the first pa rt o f th is discussion the 
resu lts  o f the  lipid analyses from  th e  surface 
sam ples are detailed  prio r to  exam ining the  effects of 
the  in trustions on the lipids at g rea te r dep ths in the 
drill sites. T he second part focuses on the  bulk 
chem istry of the kerogen fractions and exam ines the 
effects of intrusive therm al stress on these kerogens.

Lipids in Surface Samples fro m  Sites 474 , 477 to 479, 
and 481

Exam ples of «-alkane d istributions from  these sites 
are  shown in Figs 6 -8 , and the hydrocarbon  yields, 
C PI and Pr/Ph data  are p lo tted  in Figs 2 -5  (C PI =  
carbon preference index; C ooper and B ray  (1963); 
Pr/Ph =  pristane-to-phytane ra tio ; D idyk et al. 
(1978)).

T he lipids of the surface sam ples from  the  m outh of 
the  G u lf of C alifornia are prim arily  o f a m arine 
au toch thonous origin (Sim oneit, 1982c; G alim ov et 
al., 1982). This is based on the л -alkanes which are 
derived mainly from  microbial sources, w ith only a 
m inor higher-plant wax com ponent.

T he shallow sam ples from Sites 477 and 478 
contain  roughly equal proportions o f lipids from 
m arine and terrestrial sources. In  genera l, the n- 
alkanes (e.g. Figs 6 and 7) range from  C 12 to  C35, with 
m axim a at C ]9, C22 and C29, and a strong  odd-to-even 
carbon -num ber predom inance > C 24. T he  low er 
m olecular weight hom ologs (< C 25) and the  associ
ated  unresolved complex m ixture (hum p), represen t 
p rim ary  and degraded detritus from  m icrobiota; the 
h igher hom ologs are  from vascular p lan t waxes 
(S im oneit, 1975, 1978, 1981; G alim ov et al., 1982). 
T he predom inance of л -nonadecane (л -С 19; Figs 6 
and 7) may indicate an unaltered , prim ary bacterial 
residue. Phytane is the p redom inant isoprenoid 
hydrocarbon (Pr/Ph <  1; Figs 2 and 3) and varying 
am ounts of sulfur and perylene are also presen t, 
indicating partially euxinic paleoenvironm ental con
d itio n s of sed im en ta tion  (D idyk et a l., 1978). 
Perylene is com m on in R ecent sedim ents. It probably 
indicates deposition under anoxic conditions, w here 
it may derive from possible biogenic precursors of 
e ither a m arine or terrigenous origin (S im oneit e ta l . , 
1982; B aker and L ouda, 1982). T he presence of

organic and/or e lem ental sulfur is, how ever, less 
definitive for paleoenvironm ental conditions but 
does indicate a low level of oxygen (i.e . euxinic). This 
agrees with the lithological in terp re ta tion  of an 
organic-rich sedim ent influx in to  the  G uaym as Basin 
(C urray  et al. , 1979, 1982), leading to  euxinic condi
tions w here no t all the organic m a tte r can be fully 
degraded . T he high phytane con ten t of sam ple
477-7-1,124-126 cm is typical o f sapropelic sedim ents 
deposited  under strongly euxinic conditions (e.g. 
S im oneit, 1977a, 1981; Sim oneit et a l., 1979).

T he sam ples from  Sites 479 and 480 contain lipids 
which are im m ature, but appear to  m ature versus 
d ep th  (G a lim o v e ta l., 1982; S im oneit, 1983). A p pro 
xim ately equal p roportions o f autoch thonous m arine 
and a llochthonous terrigenous /i-alkanes are present. 
Fo r Site 479 and Pr/Ph is less than one, and both 
perylene and sulfur are  p resen t, again indicating 
p a rtia lly  euxinic pa leo en v iro n m en ta l conditions 
(S im oneit, 1983). T he overall hydrocarbon yield 
increases slightly versus d ep th , while both the Pr/Ph 
and C PI appear to  decrease (Fig. 5).

A t Site 481, the lipids are  derived from terrestrial 
sources. T he /i-alkanes (Fig. 8) range from C n to C 35, 
with m axim a at C 17 and C29 and have a strong 
odd-to-even carbon num ber predom inance > C 23. 
T he m inor com ponents < C 21 are  from  degraded 
m icrobial de tritus, and the significant odd-carbon 
л-alkanes (> C 23) are  derived from  vascular p lant 
waxes (Sim oneit, 1975, 1978, 1981). T he distribu
tions are  sim ilar to  som e o f the surface sam ples from 
Site 30G  (about 8 km  to  the no rtheast, Sim oneit et 
al., 1979), and the terrestrial-w ax com ponent may 
originate prim arily from  grassland and forest vegeta
tion. T he Pr/Ph is abou t one (Fig. 5) and som e sulfur, 
but no pery lene, occurs. This indicates partially 
euxinic conditions resu lting  from  the high and 
varying influx o f sedim entary  detritu s by turbidite 
tran spo rt, which leads to  lim ited degradation  and 
thus, g rea te r p reservation  o f organic m atter.

M olecular m arkers

T he influx o f a m inor te rrestria l com ponent from 
resinous plants to  the G uaym as Basin and Slope is 
confirm ed by the presence of dehydroabietic acid 
(S tucture I, A ppendix) (S im oneit, 1983; Sim oneit 
and Philp, 1982). It is the dom inant m olecular 
m arker of resinous h igher p lants (Sim oneit, 1977b), 
and occurs in all the shallow  sam ples and at Site 30G 
(Sim oneit et al. , 1979). D ehydroabietic  acid was not 
detec ted  in the sam ples from  the m outh of the G ulf of 
C alifornia (Sim oneit, 1982c).

Exam ples o f m tz  191 mass chrom atogram s are 
shown in Fig. 9 to  illustrate the  m ajor changes. The 
trite rpeno ids in the shallow  sam ples at Site 477 are 
prim arily the therm ally  m ature  17a(H )-hopanes (II) 
with lesser am ounts of 17p(H )-hopanes (II) and 
various hopenes and m oretanes (e.g . Fig. 9d). In 
com parison, the trite rpeno ids of shallow samples
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from Sites 478, 479 and 481 are dom inated by the 
17p (H )-hopanes (II) and the w ?ohopanes (III) (also 
/5(?-hopanes), with significant am ounts of various 
triterpenes (e.g. IV ), m oretanes (V) and 17a(H )- 
hopanes (e.g. Figs 9a and 9b). These trite rpeno id  
d is trib u tio n s co rre la te  with those at Site 30G 
(Sim oneit et al. , 1979) and they reflect an origin 
primarily from  au tochthonous m icrobiota (Sim oneit, 
1978, 1984). The preponderance of the 17β(Η) 
stereochem istry for the hopanes and the presence of 
olefins confirms the im m aturity  and in this case the 
R ecent origin of these m olecular m arkers. Iso - 
hop-13(18)-ene (V I) appears to be an unaltered  
m arker com pound derived from m icrobiota (H o 
w ard, 1980; H ow ard  et al., 1984) ra ther than  from  
allochthonoussources (e.g . ferns; A geta eta l . , 1968).

M inor am ounts o f sesquiterpenoid  (e.g. cadalene, 
VII) and d iterpeno id  hydrocarbons (e.g. dehyd- 
roab ietane, V III; dehydroabietin , IX; re tene , X; 
sim onellite, XI) occur in all sam ples. T heir concen
trations are h ighest in the shallow and im m ature 
sam ples. These m olecular m arkers are derived p ri
marily from  terrestria l resinous plants (Sim oneit, 
1977b). E x tended  tricyclic te rpanes (XII) are d e tec t
able in only a few therm ally altered  sam ples (from  
Sections 477A-5-1, 477A-9-1, and 481A-14-3), and 
they appear to  be derived from unknow n biogenic 
precursors, occurring with the 17a(H )-hopane series.

Steroidal derivatives are found mainly in the 
hydrocarbon fractions. Typical exam ples o f various 
mass chrom atogram s are shown in Fig. 10. T he 
steranes in the shallow  sam ples at Site 477 indicate 
significant m atu ra tion , probably caused by the very 
high therm al g rad ien t at this site (e.g. Fig. 10b; 
M ackenzie et al. , 1982a). The m ajor steranes are  the 
5a and 5β,14α Д 7 а (Н ) hom ologs (X III, R =  H , 20R 
stereochem istry) ranging from C26 to C 30 w ith a 
predom inance of cholestane. These steranes are of a 
m arine source, based  on their ternary  d istribution  
(H uang and M einschein , 1979). No sterenes are 
p r e s e n t ,  a l t h o u g h  s m a l l  a m o u n t s  o f  4- 
m ethylsitostane (X III, R  =  C H 3, R ' =  C2H 5) and 
diasterenes (X IV , e.g . Fig. lOe) ranging from  C 27 to 
C29 are found. T he advanced m aturity of the b itum en 
from  sam ples n ea r the  sill at Site 477 is also confirm ed 
by o ther stero id  derivatives. For exam ple, the ring С 
m onoarom atic steranes (m iz  253, Fig. 10c) are 
present at significant concentrations, as are  the 
triarom atic s teranes (suggested structure XV, m lz  
231, Fig. lOd). T he arom atization  ratios, as p roposed 
by M ackenzie et a l  (1982b) for the 5<x(H) and 5β(Η ) 
isom ers of (24R /S)-(20R)-24-ethyl-17p-m ethyl-18- 
norcholesta-8 ,11 ,13-triene to the (24R/S)-(20R)-24- 
ε ί 1 ι γ 1 - 1 7 β - ι η 6 ΐ 1 ι ^ 1 - 1 8 ,1 9 ^ ΐ η ο Γ ΰ 1 ι ο ΐ € 8 ί 3 -  
l ,3 ,5 (1 0 ),6 ,8 ,ll ,1 3 -h ep taen e , range from  15 to  20% 
for these sam ples. T he C-20 isom erization ratios of 
(2 4 R /S ) - (2 0 R )-2 4 -e th y l-5 a (H ) ,1 4 a (H ) ,1 7 a (H ) -  
cholestane (M ackenzie et al., 1982b; Seifert and 
M oldow an, 1979) vary from  5 to  10% for these 
sam ples.

T he im m aturity  of the surface sedim ents at Sites 
478, 479 and 481 is indicated by the predom inance of 
s te renes (e.g . Fig. 10a), som e sterad ienes and 
5 a (H ),l4 a (H ) ,1 7 a (H )-s te ra n e s  (X III, R =  H ,2 0 R ). 
The sterenes are com prised of prim arily  the Δ4 and Δ5 
isom ers (XVI) ranging from C 27 to  C 29 and the 
sterad ienes consist of the Δ5,22 isom ers, also with the 
sam e range and relative d istributions. The m ore 
pronounced  influx of terrigenous detritu s to these 
sites is indicated by relatively higher concentrations 
o f the C29 steroids (H uang and M einschein, 1979).

T etrapyro le  pigm ents are the m ost sensitive indica
tors for the therm al history of sed im entary  organic 
m atte r (B aker and Louda, 1982, 1983) and the trend 
is illustrated  for Site 477 in Fig. 11 with typical 
U V -visible spectra. The pigm ents in the shallow and 
im m ature sam ples consist of chlorins (G alim ov et al. , 
1982; G alim ov and K odina, 1983).

Stable carbon isotope data

T he carbon isotope d istribution  betw een  various 
b itum en  fractions is characterized by a regular dep le
tion o f 12C with increasing polarity  o f the bitum en 
fraction (G alim ov e ta l., 1982; G alim ov and K odina,
1983), Som e exam ples of this dep letion  trend  are 
show n in Fig. 12 and, as therm al stress increases, the 
trend  inverts. The overall 5 I3C da ta  for the im m ature 
lipid fractions from all sites are in the range of - 2 3  to 
-2 4 % o , typical of prim arily m arine organic m atter 
(G alim ov, 1974; G alim ov et al., 1982).

HYDROTHERMAL EFFECTS OF INTRUSIONS ON LIPIDS

Site 477

T he hydrocarbon yields, C PI, Pr/Ph ratios and 
л -alkane distributions for selected sam ples from  Site
477 are  shown in Figs 2 and 6, respectively. The 
differences in hydrocarbon d istribu tions (Fig. 2) 
approach ing  the sill are quite d ram atic. N ear the sill a 
therm ogenic com ponent appears , w hich shows no 
carbon  num ber predom inance and ranges from  C 20 to 
C 33, w ith a m axim um  at C25 (Fig. 6). C om pared  to  
im m ature sam ples, the wax alkanes with an odd 
carbon num ber predom inance have d isappeared . 
P hytane is predom inant, and the C 17 and C 19 hydro
carbons indicate a microbial rem nan t. A  b road , 
unresolved mixture (hum p) o f hydrocarbons char
acterizes the G C  traces of these and the following 
sam ples— further evidence of a therm ogenic com po
nen t. Sim ilar hydrocarbon d istributions occur below 
the sill in the high-heat-flow zones o f H oles 477 and 
477A . W ith increasing subbottom  dep th  and tem per
a tu re , these hydrocarbon distribu tions reflect p ri
m arily the effects of extensive (>350-400°C ) hyd
ro therm al activity. M axim a in hydrocarbon  concen
tra tions are evident above and below  the sill and at 
g rea te r dep th , although the sam ple density  is lim ited 
(cf. Fig. 2). These hydrocarbon distribu tions differ 
from  those of an in truded , sem ilithified, C retaceous
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T a b le  1— continued
478-12,13-1,2 (composite) 110.0

(114.0)
478-13-2 (120-150 cm) 110.7

(П 3.9)
478-16-4 (120-150 cm) 142.2

(143.5)
478-20-4 (108-138 cm) 170.5

(172.3)
478-28-4 (120-150 cm) 248.2

(252.2)
478-29-1 (57-59,124-126cm) 251.4

(254.4)
478-29-2 (108-110 cm) 253.1

(255.9)
478-29-2 (129-131 cm) 253.3

(256.7)
478-30-1 257.3
478-35-2 (77-79 cm) 300.0

(302.3)
478-35-5 (110-140 cm) 305.1

(307.2)
478-40-2 (61-63 cm) 338.1

(343.3)
479-9-2 (110-115 cm) 72.2

(74.1)
479-19-4 (115-140 cm) 170.1

479-27-4 (120-150 cm) 246.1

479-29-5 (114-116 cm) 266.6

479-43-1 (120-140 cm) 393.7
(400.7)

481-2-2 (125-150 cm) 7.6

481-11-2 (140-145 cm) 50.4

481A-4-2 (110-140 cm) 73.1
(78.8)

481A-6-5 (118-120 cm) 96.7

481A-8-7 (0-5 cm) 117.5

481 A -12-1 (107-109 cm) 147.6
(148.8)

Diatom, mud ooze, 
Late Pleist.

3.9 2.4

Diatom, mud, 
Late Pleist.

ND 2.2

Diatom, mud, 
Late Pleist.

ND 1.0

Diatom, mud, 
Late Pleist.

ND 1.1

Diatom, mud. 
Late Pleist.

ND 1.8

Diatom, mud, 
Late Pleist.

3.4 2.2

Dolomitic claystonc, 
Late Pleist.

2.1 1.7

Dolomitic claystone. 
Baked, Late Pleist.

1.4 1.4

Slick, Late Pleist. — 2.1
Diatom, mud, 
Late Pleist.

4.2 2.7

Dolomitic siltstone, 
Late Pleist.

ND 0.4

Dolomitic claystonc, 
Late Pleist.

1.1 1.1

Diatom, mud. 
Late Pleist.

ND 2.2

Diatom, ooze, 
Late Pleist.

ND 1.8

Diatom, mud. 
Late Plioc.

ND 2.3

Diatom, mud. 
Late Plioc.

3.0 2.6

Diatom, mud, 
Pleist.

ND 1.0

Diatom, mud ooze. 
Late Pleist.

ND 2.3

W ood, Late Pleist. 38.2 38.2

Diatom, mud. 
Late Pleist.

ND 1.5

Sand turbidite. 
Late Pleist.

1.5 1.3

Diatom, mud, 
Late Pleist.

1.6 1.4

Silty clay. 
Late Pleist.

1.5 1.3



—continued

6 0.071(14) 2050 18 2.7 17,29 1.17 ND — —

— ND 1490 70 1.2 19,25,
27

0.73 ND -

— ND 1030 30 2.0 19,27,
29

0.64 ND — —

— ND 660 20 2.0 19,27,
29

0.38 ND — —

— ND 1450 105 1.04 16,19.
27

0.47 ND — —

11 0.063(16) 2 UK) 12 3.4 17,29 0.50 ND — —

3 0.059(17) 240 10 1.07 17,25 1.14 ND - -

0 0.038(26) 170 8 1.01 17,24 3.00 ND -

_ 0.045(22) 5Ш ND — — — ND - —

13 0.059(17) 380 28 1.77 17.22.
29.31

0.91 40 7.5 16,26

— ND 190 20 1.3 19,25 0.20 ND — —

0 0.077(13) 680 42 1.07 18.25 1.14 ND -

- ND 1390 78 1.2 16,19,
25

0.79 ND - -

— ND 1440 66 0.9 16,19.
22

0.53 ND — —

— ND 1490 83 0.9 19,27 0.29 ND — —

3 0.067(15) 680 42 1.07 18,25 1.14 ND -

- ND 780 120 0.9 Ph.22, 
27

0.20 ND - -

— ND 2550 132 0.97 19,27.
29

0.45 ND — —

0 ND 490 64 1.6 17,29,
31

0.88 80 8.6 16,26

— ND 2370 116 1.1 19,27.
29

0.62 ND — —

2 0.071(14) 1060 18 4.0 17.29 1.60 12 5.4 16,30

2 ND 1410 36 2.5 17,29 0.78 45 3.9 16,30

2 0.077(13) 27(X) 74 4.1 16,29,
31

0.38 ND — -

'ontinued

DSDP 
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Table 2. Data for kerogens from the Gulf of California

185

Elemental analysis ESR Analysis

Sub-bottom Atomic Atomic 63C /V (x l017 Line width
Sample depth (m)" % Ch H/C N/C ('/oo)‘ spins/gC) (gauss) g

474-6-5 46.3 30.8 0.98
32-34 cm (46.8)

477-5-1 30.4 43.9 1.18
81-91. 94-96 cm (36.7)

477-5-cc 32.6
(39.0)

47.6 1.06

477-7-1 49.7 28.9 0.94
124-126 cm (56.8)
477-7-2 50.1 25.1 0.42
14-16 cm (57.2)
477-17-3 127.9 34.6 0.61
44-46 cm (133.4)
477-20-2 155.1 36.3 0.51
61-63 cm (161.8)
477-22-1 172.3 41.9 1.12
26—28 cm (179.3)
477-23-1 185.0 19.9 0.80
“slick” ±  0.7
477A-5-1 191.4 41.8 0.62
44-46 cm (199.6)
477A-9-1 229.4 67.1 0.45
39-41 cm (237.6)
478-2-2,3,6; 8.0 to 42.9 1.05
478-3-1, composited 13.2
478-13-1,2 110.0 44.4 0.89
138-140, 116-118 cm (114.0)
478-29-1 251.4 46.8 0.95
57-59, 124-126 cm (254.4)
478-29-2 253.1 32.2 0.50
108-110 cm (255.9)
478-29-2 253.3 41.4 0.53
129-131 cm (256.5)
478-29-2 252.7 59.3 0.64
“slick” ±  0.7
478-30-1 257.6 50.1 0.49
“slick” ±  0.7
478-40-2 338.1 55.0 0.45
61-63 cm (343.3)
479-29-5 266.6 34.4 1.20
114-116 cm (266.6)
481-11-2 50.4 39.0 1.38
140-145 cm, wood (50.6)
481A-12-1 147.6 27.4 0.87
107-109 cm (148.8)
481A-14-3 169.0 47.8 0.49
50-52 cm (172.5)
481A -14-4 170.0 52.0 0.46
2-4 cm (173.5)
481A-14-4 170.5 51.7 0.49
52-54 cm (174.0)
481A-18-1 203.8 33.2 0.84
27-29 cm (212.4)
481A-20-1 223.1 39.9 0.98
60-62 cm (230.4)

0.051 -2 0 .9 1.5 4.6 2.0028

0.060 -2 0 .7 1.1 4.2 2.0027

0.049 -2 0 .8 2.4 4.1 2.0030

0.045 -2 0 .8 34 5.1 2.0030

0.037 -2 2 .4 120 5.1 2.0028

0.027 -2 1 .7 98 4.7 2.0029

0.024 -2 1 .2 140 4.2 2.0028

0.047 -2 0 .4 11 4.4 2.0024

0.013 -2 1 .4 N D d ND(' ND^

0.019 -2 2 .7 27 5.6 2.0028

0.011 -2 3 .5 61 7.7 2.0030

0.063 -2 1 .1 3.4 4.0 2.0028

0.038 -2 0 .7 42 4.1 2.0028

0.048 -2 0 .8 25 5.9 2.0030

0.045 -2 0 .2 56 6.1 2.0028

0.037 -2 0 .6 9.2 5.2 2.0029

0.045 -2 0 .9 85 6.4 2.0028

0.052 -2 0 .6 17 5.3 2.0031

0.031 -2 0 .9 45 4.5 2.0027

0.046 -1 9 .7 1.5 4.2 2.0028

0.022 -2 5 .1 ND^ ND^ ND rf

0.041 -2 1 .1 14 5.1 2.0028

0.023 -2 1 .9 170 4.2 2.0030

0.021 -2 1 .9 200 4.2 2.0027

0.021 -2 2 .0 180 4.1 2.0027

0.037 -2 1 .7 65 5.8 2.0028

0.050 -2 1 .0 5.1 5.2 2.0031

“The subbottom depth is given according to the DSDP convention and in parentheses as it is calculated upward from the 
core catcher.

Determined after aluminum trichloride digestion and in some cases, heavy liquid separation.
‘'м л carbon isotope composition recorded in parts per thousand deviation from the PDB Chicago standard.
Not determined, due to insufficient material.



186 B e r n d  R. T. S im o n e it et al.

A·.

/ Й

№ :
№

° ~ №

£:·*■■
to
fc #
V:···
l/ii

fr :
№
Ifyr

ί ί ν ,
V #.
V x:.

t:V::

ϋ:ΐ

t
V;V:

ч ;;

Cl J .

■8 ^  
ε ^
о о  *- η

i tс  ^
"S го 
<  £  Г- ,
Cl ^■** r -  
■Ό 'T
Я тГ 

(—
5  Ε
СЛ υ  vC
0 71 4

Н :
Cl r f  ,

ε •—Я4
«л Г*·

£ ω с  > я 
С —. 
О Os
«  I
2 S3
с
<U I
с  ^
о сг
УЗ -—-
ε зя
OJQ^га тэ

^  о 
с  с

.2 £

1 1"

О га



DSDP sediments from the Gulf of California

4 7 8

\

,A j
■Jk  -

Fig. 7. Distribution diagrams and gas chromatograms for л-alkanes of samples ̂ orn Site ■
«ih.hr.ttr.ni i isnnrenoidsh numbers on GC traces indicate carbon number of n-alkanes,

120-150cm; (h) 478-20-4,108-138cm; (,ι) «/й-го-ч, Υ Γ / - 7ο ί Γ ς  1 in_i40 rm- (o\
478-29-2, 108-110 cm; (1) 478-29-2, 129-131 cm; (m) 478-35-2, 77-79 cm; (n) 478-35-5, 10-14

478-40-2, 61-63 cm.
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Fig. 8. Distribution diagrams for л-alkanes of samples from Site 481 shown versus sub-bottom depth 
(....indicates isoprenoids): (a) 481-2-2, 125-150cm; (b) 481A -4-2,110-140tm ; (c) 481A-6-5, 118-120cm; 
(d) 481A-8-7, 0-5 cm; (e) 481A-12-1, 107-109 cm; (f) 481A-12-4, 55-65 cm; (g) 481A-13-6, 0-14 cm; (h) 
481A-14-3, 50-52 cm; (i) 481A-14-4, 2-4 cm; (j) 481A-18-1, 27-29 cm; (к) 481A-20-K 60-62 cm; (1) 

481A-24-5, 110-140 cm; (m) 481 Α-25-сс; (n) 481A-30-5. 110-140 cm.
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Fig. 9. Selected examples of mass chromatograms (m /z 191) indicating the trends of triterpenoid 
diagenesis and maturation. Numbers indicate carbon skeleton: 1 = olefin; α =  17a(H), 21β(Η), βα = 
17β(Η),21α(Η) and β = 17β(Η),21β(Η) configurations, (a) 481A-25-cc; (b) 481A-8-7, 0-5 cm; (c) 

481A-12-4, 55-65 cm; (d) 477-7-1, 124-126 cm; (e) 477-17-3, 44-46 cm.

black shale (D SD P Site 368; S im oneit et a l 1978, 
1981). In the la tte r case, the hydrocarbon  distribu
tions near the sill were narrow er (C 12-C 2o only).

The m olecular m arkers also show  the effects of 
therm al stress. T he triterpenoids o f sam ples close to 
and below  the sill are m ore m atu re  than  the surface 
sam ples (e.g . Figs 9d and 9e). T hey consist prim arily 
of the 17a(H )-hopanes (II, 17a), and the extended 
hom ologs (> C 31) occur w ith 22S-to-22R ratios of 
about 1.2. This indicates unusually  high m aturity  for 
such a R ecent sedim ent. M inor am ounts o f 17β(Η)- 
hopanes (II, 17β) rem ain and tr ite rp en es are not 

e tectable o r are  found only in trace  am ounts (Figs 
9d and 9e).

The sesqu iterpenoid  and d iterpeno id  residues in 
the shallow  sam ples occur in trace am ounts o r as 
m inor arom atized com ponents. T he extended tricy
clic te rpanes (X II) are found only as trace com po
nents, and they appear to  be syngenetic with the 
trite rpanes. A s is the case for the shallow im m ature 
sam ples, the C27 (m arine origin) steranes p redom in
ate in the therm ally -altered  sam ples, with a signi
ficant am ount o f the 5β (Η ) stereom ers (X III, R  =  H , 
5β) and sim ilar d istribu tions o f o ther analogs as 
described above (Fig. 10). T he C-20 isom erization 
ratios (M ackenzie et al. , 1982b; Seifert and M oldo- 
w an, 1979) vary around  10% .

T he te trapyrro le  p igm ents at dep th  of Site 477 are



190 B e r n d  R . T . S im on eit et al.

Fig. 10. Selected mass chromatograms illustrating the effect of thermal stress on steroid hydrocarbons. 
Numbers indicate carbon skeleton, Δ' = double bound position, stereochemistry is summarized in 
parentheses. Sample 481A-25-cc (a) and sample 477-7-1, 124-126 cm (b-e): (a) m iz  215 indicator for 
sterenes (XVI); (b) mtz 217, steranes (XIII); (c) miz 253, monoaromaticsteranes; (d) miz 231, triaromatic 

steranes (XV); (e) miz 257, diasterenes (XIV).

mainly nickel porphyrins and sam ple 477-7-1, 132— 
142 cm contains nickel, copper and vanadyl po rphyr
ins (Fig. 11; G alim ov et al. , 1982; G alim ov and 
K odina, 1983). Samples under high therm al stress 
have no detec tab le  te trapyrro le  pigm ents (e.g . 477- 
16-5, Fig. 11).

T he presence of olefins and di-olefins in the deeper 
sam ples at this site is due to the high tem peratures. 
T hese olefins are therm ogenic products derived from 
the  pro tokerogen . T he lipid fractions appear to

contain large am ounts of polysulfide m oieties (e.g. 
Ss, S7, and Sft), which were probably  generated  by the 
hydrotherm al activity from  organic sulfur and/or 
H 2S. Polysulfides also occur in euxinic sedim entary 
environm ents (e.g. the shallow  sedim ents in the 
G uaym as Basin and the S outhern  C alifornia B order
land; Sim oneit et a l., 1979; Sim oneit and M azurek,
1981).

T he stable carbon isotope distributions for various 
b itum en fractions change depending on the level of
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477

Fig. 11. Tetrapyrrole pigments versus sub-bottom depth in 
Hole 477: (a) Sample 477-5-1, 120-140 cm, chlorins; (b) 
Sample 477-7-1, 132-142 cm, Ni and VO porphyrins; (c) 

Sample 477-16-5, 55-88 cm, no pigments.

therm al stress (Fig. 12; Galim ov and K odina, 1983). 
In the im m ature sequence the hydrocarbons are 
relatively enriched and asphaltenes are d ep le ted  in 
12C, bu t in the m ore m ature sam ples (e.g . 477-16-5) 
this isotope d istribution  changes. T he 5 l3C d a ta  vary 
irregularly and average out (Fig. 12). This ind icates a 
red istribution  of carbon isotopes betw een b itum en 
fractions due to  d isproportionation  reactions (G ali
mov and K odina, 1983). This process genera tes 
higher m olecular w eight condensation products from  
initially 12C -enriched m aterial (e.g. hydrocarbons), 
w hereas the original hydrocarbons becom e dep le ted  
in 12C due to  a kinetic isotope effect tha t accom panies 
cracking.

Site 478

The n-alkane d istributions, hydrocarbon yields, 
C PI and Pr/Ph ratios for Site 478 are show n in Figs 3 
and 7. T he lipid d istributions in the upper sam ples of 
this hole to  abou t 40 m above the m ajo r sill are 
im m ature, reflecting unaltered  biogenic input. T he 
л -alkanes > С 2з are  from  terrestria l p lan t w axes (as 
discussed), and the hom ologs < C 23 are o f an a u to 
chthonous m arine origin. T he to ta l hydrocarbon  
yield (Fig. 3) does no t show clear m axim a n ea r the 
sill, p robably due to  the non-uniform  lithology and 
lim ited sam pling.

Sample 478-29-2, 108-110 cm (Fig. 7) is about 1.8 
m below com posited sam ple 478-29-1, 57-59 cm, 
114-126 cm , and about 0 .6 -2 .9  m above a small sill 
(~1.5 m thick). T he л -alkanes appear a ltered  (> C 21), 
with a rem nant m icrobiological im print < C 2(). Sam 
ple 478-29-2, 123-131 cm , which is 5 cm from the 
contact of the small sill, is in the hydrotherm ally- 
altered  zone. T he л -alkanes confirm  this by their low 
concentration  and very narrow  distribution , similar 
to that of the in truded  C retaceous shales (Sim oneit et 
al., 1978, 1981).

These hydro therm ally-altered  sam ples do not con
tain significant am ounts of m olecular m arkers (e.g. 
triterpanes) but have high concentrations of sulfur 
(S8, e tc.) and som e m inor polycyclic arom atic hydro
carbon series. T he trite rpanes and o ther lipids appear 
to have been rem oved by hydro therm al circulation 
and/or by therm al conversion to  o ther products (e.g. 
arom atics).

Site 481

The sedim ents of H ole 481A  w ere in truded  by two 
dolerite  sills. H ow ever, the lipids from the sam ples 
are essentially unaltered , reflecting their biogenic 
origin (Figs 4 and 8 ). T he hydrocarbon yields, CPI

Fig. 12. Effects of thermal stress on the stable carbon 
isotope distributions of various bitumen fractions (hydro
carbons, resins, asphaltenes; Galimov et al., 1982) at Site 

477.
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and Pr/Ph show no obvious trends versus depth  and 
n ea r sills (Fig. 4), indicating tha t therm al effects due 
to  the intrusions were m inor.

Sam ple 481A-12-1, 107-109 cm (Fig. 8 ) is about 25 
m above the upper sill com plex (E insele  et al. , 1980). 
T he л -alkane d istribution is essentially  the sam e as 
tha t in shallow sam ples. Phytane is p redom inant, 
w here the variability in concentrations is probably 
the result o f m inor differences in paleoenvironm ental 
conditions. Sample 481 A -12-4, 55-65 cm is about 22 
m above the upper sill com plex. Its com position for 
the л -alkanes and «-fatty acids differs from  shallow er 
sam ples. The even-carbon-num ber alkanes represent 
a significant proportion  of the hom ologous series; the 
odd-carbon-num ber fatty acids are  also quite high 
(S im oneit and Philp, 1982). P ristane is the dom inant 
isoprenoid  hydrocarbon. This may rep resen t some 
therm ogenic contribution  to  the natu ra l background 
lipids. The d istribution closely resem bles o thers in 
the in truded  C retaceous shale sequences (Sim oneit et 
al., 1978, 1981), which is supported  fu rther by the 
two next-low er sam ples, containing essentially no 
therm ogenic lipids.

Tw o sam ples (481A-14-4, 2 -4  cm and 481A-14-4,
52-54 cm) which are relatively close to  the sill (Fig. 8 , 
about 5 and 50 cm) exhibit the sam e biogenic 
fingerprints as observed in the shallow  sam ples. The 
л -alkanes are dom inated by terrestria l p lant wax 
( > 0 :з)' with m inor au toch thonous m icrobial consti
tuen ts; the /ϊ-fatty acids also contain  both  of these 
source com ponents (Sim oneit and Philp , 1982). Two 
explanations for the presence of these im m ature, 
unaltered  lipids close to the sill are p roposed. First, 
the true in situ distance of the sam ples from  the sill 
contact may have been grea ter because of sedim ent 
loss during drilling. Second, the section above the sill 
(a m egaturbidite; Fig. 4), which includes these 
sam ples, may have been em placed on a flow of basalt 
a fter cooling. This second suggestion, how ever, is not 
supported  by the data for sam ples below  the sill, since 
they too , are essentially unaltered .

H ow ever, at about 5 cm (or 3.5 m; sam ple 481A-14- 
4, 52-54 cm; Table 1) above the sill, the hydrocarbon 
distribution is heavily altered . T he /i-alkanes range 
from  C 13 to C29, with a m axim um  at C 18 and 
essentially no carbon-num ber predom inance. This 
distribution  reflects the effects of therm al stress, as 
confirm ed by the presence of various olefins, and a 
large am ount of sulfur. The m ajor olefins are the 
n -a lk -l-enes ranging from C )4 to C 2h, with a strong, 
even-carbon-num ber predom inance and maximum 
at C]*.

Sam ples below the m ajor sill com plex, and more 
than 50 m above the m inor sills at depth  have 
d istributions of н-alkanes which are essentially iden
tical (Fig. 8 ). Terrestrial-plant-w ax com ponents p re
d o m in a te , and there  are m inor au toch thonous 
m arine lipids. These distributions are  also similar to 
those just above the sill com plex and those in the 
shallow sam ples. T herm ogenic lipids are  not evident.

T he m olecular m arkers o f the lipids from H ole 
481A  show lim ited effects of therm al m aturation , and 
m ost are im m ature. D iterpenoids and sesquiterpe- 
noids are p resen t. They consist of dehydroabietic 
acid (I), cadalene (V II), dehydroabietin  (IX), retene 
(X, R  =  C H 3), sim onellite (X I, R  =  C H 3), 1-methyl- 
7 -e thy lphenanthrene (X, R  =  H ), and norsim onellite 
(X I, R  =  H ). T he trite rpeno ids of the deepest sam ple 
(Fig. 9a) consist mainly of 17β(Η )^ορ3η ε5  (II), 
/sohop -13 (18 )-ene  (V I), hopenes and m oretanes. 
T heir d istribution  is essentially identical to tha t for 
th e  shallow  sam ple from  Section 481A-8-7 (Fig. 9b) 
and rep resen ts im m ature m arkers in the early stages 
of diagenesis. T he trite rpeno ids of the sam ples close 
to  the sill com plex are m ore m ature (e.g. Fig. 9c), 
w ith a dom inance of 17a(H )-hopanes (II) and 
1 7 p ( H ) - m o r e t a n e s  ( V)  a n d  e s s e n t i a l l y  no  
trite rpenes. These d istributions approach the m ature 
pa tte rn s at Site 477 (e.g. Figs 9d and 9e). Based on 
the  im m atu re  n a tu re  of d eeper sam ples, there 
appears to have been  a w eak but definite therm al 
effect on the m olecular m arkers in the lipids of the 
sedim ents near the upper sill com plex. The sterane 
d istribu tions support the proposed  lipid alterations 
caused by therm al effects near the upper sill complex. 
S terenes (e.g . XVI) p redom inate  (e.g . Fig. 10a) in 
progressively d eep er sam ples, while steranes (X III), 
d iasterenes (XIV) and arom atic steranes (e.g. XV) 
occur closer to the sills. Increasing therm al m atu ra 
tion  is fu rther indicated near sills by the appearance 
o f 5 a , 14a, 17a(H )-steranes and the C-20 isom eriza
tion  ratio  approaches 10% .

T he te trapyrro le  pigm ents in sam ples from H ole 
481A  are com prised of nickel porphyrins and no 
pigm ents are de tec tab le  near sills (G alim ov et al 
1982; G alim ov and K odina, 1983).

Kerogen Analyses
In this section the elem ental com position, stable 

carbon  isotope and elec tron  spin resonance data are 
discussed first, follow ed by the pyrolysis data. A naly
tical da ta  for the kerogens are sum m arized in Table 2.

B ulk  chemistry

A tom ic H /C  ratios and 513C values for the shal
low est sam ples at the five sites listed in Table 2 
average 1.16 and — 21.5% o, respectively. These 
values indicate a type II kerogen com posed largely of 
m arine organic m atte r (Tissot and W elte, 1978; 
G alim ov, 1980). This observation  is confirmed bv 
C urie point pyrolysis (this paper) and agrees with 
results ob tained  by K endrick (1982).

Figure 13 shows that the atom ic H /C  ratios d e 
crease near the do lerite  sills at Sites 477, 478, and 
481. This is due to  the therm al liberation of w ater, 
light hydrocarbons and heavy bitum en. C oncurrent 
with the loss of these hydrogen-rich volatiles is a 
decrease in atom ic N/C ratio , presum ably due to the 
elim ination of am m onia (R ohrback  et al. , 1983).
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Fig. 13. Plots of atomic H/C data for kerogens versus sub-bottom depth in the vicinity of dolerite sills, (a)
Site 477; (b) Site 478; (c) Site 481.

W ith increasing a lteration , ESR  spin density and 
line w idth pass through maxim a (Jenden  e ta l ., 1982). 
The spin density m axim um  is caused by the co m p e t
ing processes o f free radical generation  by hom olytic 
cleavage of alkyl side chains and free radical e lim ina
tion by elec tron  pairing  (A usten  et a l., 1966; Ishiwa- 
tari e ta l . ,  1977; H o , 1979; Peters et al., 1981). T he 
line w idth m axim um  has been observed in several 
o ther studies, but is not well understood  (Pusey , 
1973; D urand  et al., 1977; M orishim a and M atsu- 
bayashi, 1978; P eters, 1978; B aker et a l. , 1978; 
M archand and C onard , 1980; Peters et al., 1981; 
Jenden , 1983). E S R g-values fall betw een 2.0027 and 
2.0031 and do no t vary with m aturity. This m ay be

due to  the presence of hum ic acids which could easily 
mask a small decrease (Jenden  et al., 1982).

Significant differences in the natu re  of the organic 
m atter at Sites 477, 478, and 481 seem  unlikely 
because the sites are all located  in the G uaym as Basin 
w ithin 25 km of one ano ther. N evertheless, different 
responses to therm al stress are  apparen t.

F or instance, Fig. 14, which shows atom ic N/C 
versus atom ic H /C , indicates th a t kerogen from  Site 
478 has lost co m p ara tiv e ly  less n itrogen  than  
kerogens from  Sites 477 and 481. The atom ic N/C 
ratios for highly-altered kerogens at Sites 477 and 481 
cluster betw een 0.025 and 0.011. A  sim ilar range of 
N /C ratios was observed by Sim oneit etal. (1981) for
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Fig. 14. Plot of atomic N/C versus atomic H/C data for 
kerogens from Sites 477, 478 and 481. The arrow indicates 
the general maturation path for kerogens from Sites 477 and 

481.

Fig. 15. Plot of 5 ,3C versus atomic H/C data for kerogens 
from Sites 477,478 and 481 (Site 478 data falls on a different 

correlation line).

C retaceous sedim ents recovered ad jacen t to diabase 
sills in the E aste rn  A tlantic. In con trast, the atom ic 
N /C ratios of highly-altered kerogen from  Site 478 
range from  0.031 to  0.052.

O th e r differences are also apparen t. A t Sites 477 
and 481, 8 13C values decrease by 1 to  1.5%o as the 
dolerite sills are approached. H ow ever, little or no 
change in 6 13C is observed at Site 478. This behavior 
is illustrated  in Fig. 15 which shows a plot o f 6 13C 
versus atom ic H /C .

T herm al a ltera tion  experim ents (Ishiw atari et al. , 
1977; Peters et a l. , 1981) and analysis of regional 
m etam orphic  effects (M cKirdy and Powell, 1974; 
H oefs and F rey , 1976) have shown that small in 
creases in 5 13C from  a few tenths of a perm il to 1.5%o 
or m ore may accom pany kerogen m aturation  into the 
dry gas zone. Sim oneit etal. (1981) found an increase 
of 2-4°/oo in kerogen 8 13C as a result of diabase 
intrusions in C retaceous black shales. These in
creases in 8 13C during kerogen m aturation  are a ttr i
bu ted  to the p roduction  of isotopically light hydro
carbons by cracking reactions. The carbon isotope 
behavior of kerogen from Site 478 is consistent with 
these findings, w hereas the distinct decreases in 6 13C 
observed at Sites 477 and 481 are not.

F inally, E S R  spin density, N , for kerogens appears 
to  show  a d ifferent response to  therm al stress at the 
th ree  sites. N  is p lo tted  against atom ic H /C  for Sites 
477, 478, and 481 in Fig. 16. T he spin concentration 
o f kerogen from  Site 478 is generally  low er than  that 
o f kerogen from Sites 477 and 481 and follows a 
d ifferen t m aturation  path . Im m atu re  kerogens at 
bo th  sites have spin densities o f 1-10 x  1017spins/g C. 
K erogens from  Sites 477 and 481, how ever, show a 
slow initial increase in spin density  w ith increasing 
m atu rity  follow ed by a sharp  m axim um  of 2 00  x  1017 
spins/g С a t an H /C  of 0.45 . I n  con trast, kerogen from 
Site 478 shows a sharp increase in spin density with 
increasing m aturity  follow ed by a b road  maxim um  of 
85 x  1017 spins/g С at an H /C  of 0.64. Sim oneit et al.
(1981) observed a spin density m axim um  of 80 x  1017 
spins/g kerogen at an atom ic H /C  value of 0.61 for 
a lte red  sedim ents from  the E astern  A tlantic.

T he reason for the differences betw een Site 478 
and  Sites 477 and 481 is unclear. A t all th ree sites, 
Q u ate rn ary  d iatom aceous oozes and tu rbid ites over
lie basaltic crust less than  o r equal to  260,000 years 
old (C urray  et al. , 1982). L ittle  o r no evidence exists 
fo r m ajo r differences in the type of organic m atter 
deposited  (Sim oneit et al., 1984). T he sedim ents at 
Site 478 are  located approxim ately  12 km from  the 
p resen t spreading axis and m ay be som ew hat older 
th an  the active rift sedim ents from  Sites 477 and 481. 
H ow ever, of m ore in terest is the fact tha t four of the 
five a ltered  sam ples from  Site 478 w ere recovered 
n ea r a sill only 3 m thick. T he sam ples from Sites 477 
and 481 w ere recovered near sills ten  tim es thicker. 
T he d ifferent m aturation  behaviors might therefore 
reflect m ore prolonged heating  and hydrotherm al

Fig. 16. Plot of ESR spin density (Л  ̂versus atomic H/C foi 
kerogens from Sites 477, 478 and 481.
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circulation in the case of the sam ples recovered from 
Sites 477 and 481. U nfortunately , optical m easu re
m ents of m atu ra tion , which might have shed som e 
light on this possibility, were not conducted.

In any case, the m aturation  behavior, and m ore 
specifically, the unusual 8 I3C trends at Sites 477 and 
481. appear to reflect the chemical and isotopic 
heterogeneity  of very young organic m atter. A belson 
and H oering (1961), G alim ov (1974), and M onson 
and H ayes (1982) have clearly dem onstra ted  tha t 
b io ch em ica l m o lecu le s  a re  iso to p ica lly  h e te r 
ogeneous. M oreover, young sedim ents typically con
tain appreciable am ounts of humic and fulvic acids, 
which are chem ically and isotopically distinct from  
coexisting kerogen  (N issenbaum  and K aplan, 1972). 
S im oneit et al. (1979) found that humic acids com 
prise 2 0 % o f the organic m atter in surface sedim ents 
from  the G uaym as Basin. The situation  m ay be 
fu rther com plicated by the presence of terrestria l as 
well as m arine organic m atte r in the G uaym as Basin 
cores (G ilbert and Sum m erhayes, 1982). T aken  
together, the p resen t results suggest m ore com plete 
elim ination o f a nitrogen- and l3C-rich com ponent at 
Sites 477 and 481 than  at Site 478. T he chem ical and 
isotopic heterogeneity  o f recently deposited  organic 
m atter may cause a m ore com plex response to 
therm al stress than  would be expected of a kerogen  
which has already undergone an extensive period  of 
early-diagenetic m aturation .

Pyrolysis

This section com pares the pyrolysis p roducts of 
kerogens from  shallow  sam ples at each site. In 
addition, the  pyrogram s of the kerogens isolated 
from  the dow n-hole sam ples are discussed in detail, 
with em phasis on  the  effects of the intrusions.

(I) Shallow  Sam ples fro m  Sites 474, 477, 478 , and  
479:

T he sim ilarity o f the pyrogram s for the shallow  
sam ples shows tha t the organic m aterial deposited  at 
all four sites is very sim ilar (Sim oneit and Philp , 1982; 
Peters and S im oneit, 1982). These pyrogram s are 
com parable to  tha t o f a kerogen isolated from  a 
d iatom aceous ooze (from  W alvis Bay, N am ibian 
Shelf, S .W . A frica) (Sim oneit and Philp, 1982). 
T hus, the bulk organic m atter deposited  a t the  G ulf 
of C alifornia sites is predom inantly  m arine and lacks 
a significant con tribu tion  from  higher plants (Peters 
and S im oneit, 1982; Sim oneit and Philp, 1982). This 
is in con trast to  the  lipid results, w here a p lan t wax 
com ponent is presen t.

T he m ajor fea tu res of the pyrogram s, w hich are 
similar to  th a t of 477-5-cc shown in Fig. 17 can be 
sum m arized as follows:

(1) They show  a predom inance of л -alkene/alkane 
doublets in the range C 10 to  C21 o r C22, with relatively 
m inor am ounts of higher hom ologs above C 22. T he 
alkene in each doublet generally dom inates the 
corresponding alkane. T he com plex “hum ps” of

unresolved com ponents obscure any m arked even/ 
odd predom inance of these doublets. U nlike the 
isoprenoids, norm al paraffins and olefins can origin
ate from all kinds of lipids, and hence, these products 
can only be used to give an indication o f relative 
am ounts of m arine versus terrestria l m aterial (van de 
M eent et a l. , 1980). H ow ever, the relatively low 
concentration  of aliphatic products in the higher- 
carbon-num ber range probably  reflects the low 
abundance of long-chain structures generally en 
countered  in the m acrom olecular organic m atter 
(p ro tokerogen) of aquatic ecosystem s or possible 
precursors from o ther te rrestria l sources.

(2) P rist-l-ene is p rom inent in each pyrogram  and 
generally is twice as concen trated  as the C 17 doublet. 
The mass spectrum  of the p ris t- l-en e  in these sam ples 
corresponds to tha t identified by L arte r et al. (1979) 
as the m ajor pyrolysis p roduct o f M essel shale 
kerogen. P rist-l-ene  is com m on in the pyrolysates of 
surface sedim ents from  environm ents extrem ely rich 
in phytoplankton . This indicates rapid  b io trans
form ation of the phytol m oiety on chlorophyll into 
the pristene precursor (van de M een t et al., 1980). 
P rist-l-ene  is com m on in alm ost all pyrogram s of 
geological sam ples repo rted  in the lite ra tu re . In the 
pyrogram  of the Site 474 sam ple, p ris t- l-ene  and 
prist-2-ene occur in approxim ately  a 1 : 1 ratio . T he 
presence of prist-2 -ene is not widely docum ented and 
it only appears in sam ples of relatively recent geolo
gical age. This suggests the possibility of using the 
prist- l-ene/p rist-2 -ene ratio  as an early  m aturation  
indicator for sam ples com posed of sim ilar source 
m aterial.

(3) T he pyrogram s in Figs 17a, 18a, 18b, 19a and 
19d exhibit com plex hum ps of unresolved com po
nents underlying the alkene/alkane doublets. T he 
hum ps have tw o m axim a, the first in the C 18 to C2o 
region appears to consist of po lar m aterial (possibly 
phenolic). T he peaks on the second hum p in the 
C 28- C 3o region presum ably rep resen t sterane and 
trite rpane  derivatives as observed by G allegos (1975) 
and Philp et al. (1978), and differences in relative 
concentrations of individual com ponents probably 
reflect differences in source m aterial and/or the 
env ironm ental conditions during deposition . C upy - 
G C -M S  of these sam ples prov ided  partial mass 
spectra  to support the identification of the steranes 
and trite rpanes. T heir relative concentrations w ere 
low, as was the quality of their mass spectra. H ow ev
er, a com bination of this d a ta  w ith the relative 
re ten tion  tim es support these ten tative identifica
tions.

(4 ) C o m p arin g  th e se  p y ro g ram s w ith  th o se  
ob ta ined  from  im m ature terrestria l-type kerogens or 
lignite (van de M eent et al., 1980) confirms the 
essential absence o f higher p lan t contribu tions to  the 
shallow  G uaym as Basin kerogens. U nlike the la tte r , 
kerogens from  sedim ents rich in te rrestria l h igher 
p lan t detritus produce significant am ounts o f alkyl- 
and m ethoxyphenols. W ax residues from  higher
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plants occur in the pyrolysates as long-chain alkanes 
with odd and alkenes with even carbon-num ber 
predom inances, respectively. Phenol hum ps and 
long-chain alkene/alkanes are found in only minor 
am ounts in som e of these types of kerogens.

(II) Effect o f  burial and sill intrusions on kerogen:
(i) Holes 477 and 477A. Sample 477-7-1, 124- 

126 cm is the first kerogen exam ined in this study that 
shows the effects of a dolerite  intrusion. A character
istic feature in the pyrogram s of all kerogens thought 
to have been affected by sill in trusions is the presence 
of a complex m ultiplet o f com ponents in the л -С 12 
region (G C  elution) of the ir pyrogram s. These 
appeared to  be arom atic, based on low level, incon
clusive C upy-G C -M S  data . The abundance of the 
alkene/alkane doublets fo r a lte red  sam ples decreases 
com pared to unaltered  kerogens. A lthough p rist-l- 
ene is still p resen t, the relative abundance o f the 
unresolved com plex hum p is reduced in the pyro
gram s. T he “n a tu ra l” pyrolysis induced by the sill 
intrusions rem oved m uch of easily pyrolyzable m ate
rial responsible for the com plex pyrogram s of the 
shallow  sam ples. It m ay also have a ltered  the 
kerogen structure , such tha t subsequent C upy-G C  
produces the com plex, bu t characteristic, m ultiplet in 
the n-C i2 region.

T he effects of the sill in trusion  are m ore distinct in 
the kerogen pyrogram  for sam ple 477-7-2, 14-16 cm 
(Fig. 17c). T he m ultip let of peaks in the n-C 12 region 
is the m ost abundan t fea tu re  o f the pyrogram . 
C om ponents in the C 18- C 2o region are presen t only in 
relatively m inor quantities. N one of the o th er fea
tu res described for the pyrogram s of shallow sam ples 
are  p resent. T he alkene/alkane doublets, p rist-l-ene  
and prist-2 -ene are absen t, and the pyrogram  is 
devoid of any com plex hum p of unresolved com po
nents. The structural source of these traces of 
volatilizable com pounds is unknow n.

Sample 477-17-3 , 44-46 cm was taken approx
im ately 25 m below  the bo ttom  of the sill (cf. Fig. 2). 
The kerogen pyrogram  is virtually identical to  tha t of 
sam ple 477-7-2,14-16 cm (Fig. 17c) which is from  0.8 
to  7.6 m eters above the sill. A  com parison o f kerogen 
pyrogram s from  sim ilar distances above and below 
the sill, suggests tha t those below  have been affected 
slightly m ore by the  heat than  those above. Two 
explanations are: H ea t transfer laterally  and through 
the underlying sedim ents from  the sill is m ore 
efficient, o r the underlying sedim ents are affected 
both  by the heat from  the sill and additional heat flow 
from depth  (C urray  et a l , 1979, 1982; E insele et a l , 
1980). A  firm conclusion on this m atter cannot be 
draw n from  these data.

T here is a progressive dep letion  with dep th  of 
pyrolysis products th a t can be generated  from  sam 
ples below the sill. Sam ple 477-22-1, 26-28 cm (Fig. 
17d) has a significant pyrolysate o f unknow n com 
pounds. M ultiplets in the w-C12 region rep resen t the 
m ajor peaks of the pyrogram  o f sam ple 4 7 7 A -5 -1 , 
44-46 cm (Fig. 17e). R elatively small am ounts of

a lkene/alkane doublets and broad peaks, tentatively  
identified as phenolic-type com pounds from C u p y - 
G C -M S  d a ta , also occur in the region above C 20. 
T hese phenolic type com pounds may be p resen t in 
pyrogram s of shallow sam ples, but are not easily 
observed because of the much higher abundance of 
the alkene/alkane doublets. T heir low abundance in 
this sam ple precluded the acquisition of high quality  
mass spectra.

Sam ple 477A-9-1, 39-41 cm is the deepest from  
this site (Fig. 17f). The pyrogram  of this kerogen does 
not d iffer significantly from that described for sam ple 
477A-5-1, 44-46 cm. A gain, it is p roposed tha t this 
organic m a tte r has been altered  by high heat flow 
from  d ep th , and not from the sill (C urray  e t a l , 1979, 
1982; E insele et a l , 1980).

(ii) Site 478. C ores recovered at this site range 
from  0 to 464 m sub-bottom  and dolerite sills in truded  
the section at 230 and 255 m (Fig. 3). C om posite 
sam ple 478-2-2 (2-5 cm ), -2-6 (102-104 cm ), -3-1 
(19-21 cm ) has a kerogen pyrogram  (Fig. 18a) 
essentially identical to the o th er shallow sam ples 
described above. Sample 478-29-1/2, com posite (Fig. 
18b) is essentially  unaltered  and sam ple 478-29-2, 
108-110 cm , approxim ately 0 .4-3  m from the sill, 
shows som e therm al effects from the intrusion. In the 
pyrogram  (Fig. 18c) the unresolved com plex hum ps 
a re  sm all; p ris t-1-ene predom inates over p rist-2 -ene, 
and the alkene/alkane doublets are reduced. In 
addition , a com plex m ixture of com ponents is p re 
sent in the  C 17- C 21 region.

Sam ple 478-29-2, 129—131 cm is 0.2 to  2.8 m from  
the sill con tac t, and the kerogen pyrogram  confirm s 
m ore extensive therm al alteration  than  in sam ple
478-29-2, 108-110 cm. The predom inance of the 
m ultip let in the n -C l2 region of the pyrogram  suggests 
extensive altera tion  due to  the intrusion. T he relative 
intensity  of the alkene/alkane doublets has been 
fu rth e r reduced . T he complex m ixture in the C it -C 22 
region is still ev ident and sim ilar to tha t in the 
pyrogram  of 478-29-2, 108-110 cm.

T he organic m atte r in Section 478-30-1 was sam 
pled as a hydrophobic slick on the in terstitial w ater of 
split cores. It was characterized as am orphous acti
vated  carbon  and represen ts the in situ spent kerogen  
(S im oneit, 1982d; C urray  et a l , 1982). This carbo 
naceous slick also reflects therm al stress from  the sill 
(cf. Fig. 18d). T he am ount o f pyrolyzable m ateria l is 
reduced , bu t the characteristics of a therm ally altered  
sam ple rem ain  in the pyrogram . T he a lkene/alkane 
doublets are  absen t, and the appearance o f a series o f 
w ell-defined hum ps of polar m aterial is observed  in 
the  C 17- C 22 region of the pyrogram .

Sam ple 478-40-2, 61-63 cm occurs abou t 340 m 
sub-bo ttom , elim inating any possibility o f a lte ra tion  
of the organic m aterial by the sill a t 255 m. M ost of 
the  a lte ra tion  is probably due to the m ajo r do lerite  
sill im m ediately  below  the sam ple. T he pyrogram  
(Fig. 18e) is sim ilar to tha t of the slick described 
above (Fig. 18d). T he m ultiplet in the m-C12 region is



198 B e r n d  R. T. S im o n e it et al.

4 7 8

■I
I,

г :
V r

22

d  12*

" ' 4 .

··' »'·

Fig. 18. Examples of Cupy-GC traces for kerogens from Site 478 shown versus sub-bottom depth: (a) 
478-2/3-2,6,1, composite; (b) 478-29-1/2, composite; (c) 478-29-2, 108-110 cm; (d) 478-30-1, slick; (e)

478-40-2, 61-63 cm.

presen t, and the alkene/alkane doublets and prist-1- 
ene are  absent. Phenolic-type hum ps, tentatively 
identified as m ore polar phenolic com pounds, occur 
in the C 12- C 22 region.

(iii) Site 481. T he shallow est sam ple analyzed 
from  this hole occurs at a depth  of 147.5 m ; therefo re , 
no direct com parison has been m ade w ith shallow 
sam ples from the o ther sites. C hanges in the pyro- 
gram s with increasing sam ple dep th , how ever, show

tha t alteration  was caused by the intrusions and not 
by burial m aturation .

Sam ple 481A -12-1 ,107-109 cm is from  about 25 m 
above the sill com plex (170.5-203 m sub-bottom ; cf. 
Fig. 4). T he kerogen pyrogram  exhibits early signs of 
therm al a lteration  (Fig. 19a). T he m ultiplet is weakly 
developed in the n -C n  region and the complex 
hum ps in pyrogram s of shallow  sam ples from o ther 
sites are essentially absent. T he pyrogram  is dom in
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481 Д

Fig. 19. Examples of Cupy-GC traces for kerogens from Site 481 shown versus sub-bottom depth: (a) 
481A-12-1, 107-109 cm; (b) 481A-14-3, 50-52 cm; (с) 481A-14-4, 2-4 cm; (d) 481A-20-1, 60-62 cm.

ated  by alkene/alkane doublets ranging from C 10 to 
Сзо and maximizing betw een  C 18 and  C20. The 
presence both  of p ris t- l-ene  and prist-2 -ene in a ratio  
of about 1 : 1 and the steranes and triterpanes 
suggests tha t the sam ple has undergone only lim ited 
alteration . Previous pyrogram s in this study indicate 
tha t prist-2 -ene, as well as steranes and  triterpanes 
are absent if the sam ple has been  substantially 
altered.

Sam ple 481A-14-3, 50-52 cm is one of th ree from  
the im m ediate vicinity of the sill com plex. The 
pyrogram  (Fig. 19b) has m any characteristics of 
previous sam ples tha t w ere extensively altered . The 
am ount of pyrolyzable m aterial is low and its source

is unknow n. T he m ultip let in the  n-C u  region is the 
dom inan t fea tu re  and the pyrogram  generally lacks 
o th e r in te rp re tab le  inform ation.

Sam ple 481A-14-4, 2 -4  occurs only one m eter 
d eep er than  481A-14-3, 50-52 cm , and its kerogen 
pyrogram  (Fig. 19c) lacks any evidence of alkene/ 
alkane doublets. In stead , seven o r eight broad  hum ps 
in the С 17-Сзо region are the m ajo r features. O n each 
hum p is a trip le t o f peaks, which appear to  form  th ree  
hom ologous series. This pyrogram  has only a sm all 
m ultip let in the n -C 12 region.

Sam ple 481A-14-4, 52-54 cm is 50 cm low er than  
481 A -14-4 ,2 -4  cm , and its kerogen pyrogram  is very 
sim ilar. T he series of b road  hum ps and associated
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trip lets are p resent. This sam ple has a significant 
m ultiplet in the C 12 region, plus a com plex distribu
tion of o ther com ponents in the low er-m olecular- 
w eight region.

T hese pyrogram s are quite d ifferen t from  any 
o thers for therm ally-altered  kerogens in this study. 
T he m ultip le em placem ent o f th e  sill com plex 
(Sim oneit, 1982d; E insele et a i y 1980) in this hole 
indicates tha t these two sam ples m ay represen t 
“bitum inized kerogens” (Peters et al., 1979). The 
“pressure-cooking” effect on the trap p ed  kerogen 
and liquids produced by therm al degradation  of the 
organic m aterial could cause them  to  recom bine and 
form  a coke-like m aterial sim ilar to  m esophase 
form ation  in coal (D urand , 1980b; V an K revelen, 
1961).

Sam ple 481A-18-1, 27-29 cm occurs im m ediately 
below  the sill and the pyrogram  of this kerogen gives 
no indication of any extensive a ltera tion . T he extract 
shows no fluorescence, which also indicates no m ajor 
therm al alteration  (Sim oneit, 1982d). T he dom inant 
fea tu res of the pyrogram  are  the alkene/alkane 
doublets ranging, from C9 to  С зЬ w ith no odd/even 
carbon-num ber-predom inance, and maxim izing at 
C 20. Prist-1-ene and prist-2 -ene also occur in approx
im ately equal am ounts. The pyrogram  is very similar 
in appearance to tha t of sam ple 481A-20-1 ♦ 60-62 cm 
in Fig. 19d.

The kerogen pyrogram  of sam ple 481 A -20-1, 60- 
62 cm (Fig. 19d) is nearly identical to  the shallow 
sam ples and W alvis Bay d ia tom aceous ooze pyro
gram s (Sim oneit and Philp, 1982). A lkene/a lkane 
doublets occur th roughout the pyrogram  and are 
p redom inant below C20. P rist-l-ene  and prist-2 -ene 
are present in a 1 : 1 ratio  and are m ore abundant 
than the C l7 doublet. Steranes and tr ite rp an es in the 
C 30 region and com plex unresolved hum ps are prom 
inent features of the pyrogram .

T herefo re , it appears tha t the tw o sam ples below 
the sill are essentially unaffected by the therm al 
effects of the intrusion, and little a lteration  has 
occurred from  burial m aturation  or by diagenesis.

SUMMARY AND CONCLUSIONS

Lipids and kerogens w ere analyzed from  sam ples 
at various depths and near intrusive sills at Sites 474,
477-479, and 481. The lipids w ere characterized  by 
the ir hom olog distributions, m olecular m arkers, and 
unresolvable com ponents to  assess the ir genetic 
sources (cf. Sim oneit et al., 1984) and the therm al 
alteration  caused by the intrusions. The kerogens 
w ere analyzed for their pyrolysis products (a m easure 
of therm al m aturity) and for the sources o f the carbon 
in the kerogen (Sim oneit et a i , 1984).

Site 474
The lipids from the shallow sam ples at the m outh 

o f the Gul f  of California are of an au tochthonous 
m arine origin and were deposited under oxic condi

tions (S im oneit, 1982c). The kerogen from  Site 474 is 
unaltered  and sim ilar to  shallow sam ples from  the 
o th e r sites.

Site 477
Lipids from  the shallow sam ples at Site 477 are 

prim arily  of an au tochthonous m arine origin, with 
m inor terrestria l p lan t waxes. Sedim entation was 
partially  euxinic, probably  due to  the high deposition 
ra tes o f organic detritus. N ear and below the sill, the 
lipids are therm ally  altered . This is indicated on 
approach ing  the sill by a loss of the odd/even 
carbon-num ber-p redom inance o f the л -alkanes, the 
appearance  of a b road , unresolved hum p, and the 
isom erization  and  generation  of m ature  m olecular 
m arkers. Large am ounts o f olefins (occurring only in 
the a ltered  sam ples from  Sites 477 and 481) and 
e lem ental sulfur are  also presen t. T herm al alteration  
o f lipids is m ost severe at Site 477.

U nalte red  kerogens from  sam ples 477-5-1, 81-91, 
94-96 cm and 477-5-cc are nearly  identical to  surface 
sam ples from  all the o th e r sites. Sample 477-7-1, 
124-126 cm a few m eters above the sill, shows signs of 
being a ltered , presum ably  as a result of the intrusion. 
N eare r the sill, sam ple 477-7-2,14-16 cm shows even 
m ore dram atic altera tion , A characteristic of these 
therm ally -altered  sam ples is a m ultiplet of peaks in 
the n-C  12 region o f the pyrogram . K erogens from 
sections 477-17-3 and 477-20-2 give pyrogram s sim i
lar in appearance to  tha t o f Section 477-7-2, indicat
ing a high degree of therm al alteration . Section
477-22-1, 75 m below  the bo ttom  of the sill, produces 
a pyrogram  show ing som e signs of a lteration , as 
indicated  by the m ultiplet in the n -C 12 region. It also 
has som e characteristics of the unaltered  sam ples. 
This sam ple p robably  has not been affected as much 
by the sill as by the high heat flow from depth  (C urray 
et al., 1982; E insele et al., 1980). Finally, the two 
d eepest sam ples, from  Sections 477A-5-1 and All A- 
9-1, yield sim ilar pyrogram s and appear to  be m ore 
a ltered  than the sam ples from  Section 477-22-1. High 
heat flow from  g rea te r dep th  has probably played a 
m ore im portan t role in the a lteration  of these sam 
ples than  the sill in trusion.

Site 478
In the shallow  sam ples, the lipids are derived from 

m arine and allochthonous terrigenous sources in 
about equal p roportions (cf. Sim oneit et a i , 1984). 
T hey w ere deposited  under partially euxinic condi
tions, again due to  the high sedim entation rates of 
organic detritus. T he lipids in sam ples from greater 
depths are essentially  unaltered  (e.g . in Section
478-35-2) unless they are near sills. The deep, 
unaltered  sam ples reflect the sam e sources and 
depositional conditions as the shallow sam ples. The 
d istributions of the hom ologous com pounds, the 
hump,  and the degree of isom erization of m olecular 
m arkers (e.g . trite rpanes) indicate that  the lipids of 
the altered  sam ples have experienced lower therm al 
stress than those from  Site 477.
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For the kerogens, therm al alteration  increases with 
dep th , as is observed for Site 477. T he effect of 
a lteration  is first noticeable (in the pyrogram ) in 
s a m p l e  478-29-2,108-110 cm , near the sill (about 255 
m). U nlike Site 477 there is no obvious evidence for a 
"pressure-cooker’' effect on the organic m atter trap 
ped betw een the sill intrusions. T he sills are responsi
ble for most of the therm al a lteration  in these 
sam ples.

Site 481
The lipids from  shallow sam ples in the northern  rift 

are primarily from  terrigenous sources, with a m inor 
com ponent o f au tochthonous m arine detritu s (cf. 
Sim oneit et al. , 1984). O n the continen tal slope at 
Site 479, how ever, these two sources are about 
equivalent. The environm ental conditions w ere p a r
tially euxinic (as in the o ther areas) because of the 
high sedim entation rates of organic detritus. T he 
lipids of the therm ally-altered  sam ples indicate a 
sim ilar stress as at Site 478. T he carbon-num ber- 
predom inance of the л -alkanes is lost, a broad  hum p 
is presen t, and m olecular m arkers have undergone 
isom erization. C om pared to Site 478, lesser am ounts 
of sulfur are presen t, and olefins occur only in sam ple 
481A-14-4, 52-54 cm , near the sill com plex.

The kerogens from three sam ples above the sill 
com plex show signs of therm al a ltera tion . Two 
sam ples (481A-14-4, 2 -4  cm, and 481A-14-4, 52-54 
cm) are unique. A  series o f phenolic-type hum ps in 
their pyrogram s suggest a recom bination  of kerogen 
and liquid products in a “p ressu re-cooker” env iron
m ent. Below the sill com plex, the sam ples w ere not 
affected by the sill and the pyrogram s are sim ilar to 
those of shallow sam ples or W alvis Bay d ia to 
m aceous ooze.

Therm al alteration  of p ro tokerogen  at Sites 477,
478 and 481 occurred due to  the in trusions of dolerite 
sills. K erogen atom ic H /C  values as low as 0.4 occur 
near the sills. D uring altera tion , E S R  line w idth 
passes through a maxim um  of 6.5 gauss at an H /C  of 
about 0.64. E SR  g-value, on the o th e r hand , shows 
no correlation  with m aturity , perhaps due to the 
presence of hum ic acids in the sam ples.

A tom ic N /C, carbon isotope com position , and 
E SR  spin density all show the effects o f therm al stress 
near the sills. T heir behavior, how ever, is no t 
uniform am ong the th ree sites. A t Sites 477 and 481, 
N/C values decrease near the sills to  0.025 and less. In 
contrast, N /C values near the small sill a t Site 478 
rem ain as high as 0.05. The 6 13C values decrease by 
1-1.5%o near the sills a t Sites 477 and 481, w hereas 
they increase slightly at Site 478. Finally, spin density  
reaches h igher values at Site 477 than  a t Site 478, and 
the m aximum occurs at a low er H /C  ratio . These 
incongruities do no t seem  to be a resu lt of com posi
tional differences bu t may reflect differences in sill 
thickness (and hence intensity and dura tion  o f th e r
mal stress) at the th ree sites. It is proposed  th a t a 
therm ally labile, isotopically heavy, and  n itrogen- 
nch com ponent o f the G uaym as Basin p ro tokerogen

was altered m ore at Sites 477 and 4 8 1 than at Site 478. 
The chem ical and isotopic heterogeneity  o f recently- 
deposited  protokerogen  may thus cause a m ore 
com plex response to therm al stress than that e x 
pected for a d iagenetically-m ature kerogen.
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APPENDIX

C h em ica l S tructures C ited

Dehydroabietic Acid (I. Hopanes III. /io-Hopanes

Г

IV . Hop-17(21)-ene

Moretanes V I. /so Hop-13(18)-ene V II Cadalene

fv ill. Dehydroabietane X. Retenes X I. Simonellites

X II. Extended tricyclic 
terpanes

X III.  Steranes
X IV . Diasterenes

R -  H .C H -.C -H ,

XV. Trioromotic Steranes X V I. SteM-enes ,Ster 5-enes
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