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ABSTRACT

Quantity, type, and maturity of the organic matter of middle Miocene to Quaternary sediments from the eastern
North Pacific (Deep Sea Drilling Project Leg 63) were determined. Hydrocarbons and fatty acids in lipid extracts were
analyzed by capillary column gas chromatography and combined gas chromatography/mass spectrometry. Kerogens
were investigated by Rock-Eval pyrolysis and microscopy, and vitrinite reflectance values were determined.

At Site 467, in the San Miguel Gap of the outer California Continental Borderland, organic carbon contents range
from 1.46% to 5.40%. Normalized to organic carbon, total extracts increase from about 10 to 36 mg/g C,,, with depth.
The organic matter is a mixture of both marine and terrestrial origin, with the marine organic matter representing a high
proportion in some of the samples. Steroid hydrocarbons—sterenes and steradienes in the upper part of the section and
steranes in the deepest sample—are the most abundant compounds in the nonaromatic hydrocarbon fractions.
Perylene, alkylated thiophenes, and aromatic steroid hydrocarbons dominate in the aromatic hydrocarbon fractions of
the shallower samples; increasing maturation is indicated by a more petroleumlike aromatic hydrocarbon distribution.
Microscopy revealed a high amount of liptinitic organic matter and confirmed the maturation trend as observed from
analysis of the extracts. The vitrinite reflectance may be extrapolated to a bottom-hole value of nearly 0.5% R,,. The li-
quid hydrocarbon potential of the sediments at higher maturity levels is rated to be good to excellent.

At Site 471, off Baja California, organic carbon values are between 0.70% and 1.12%. Extract values increase with
depth, as at Site 467. The investigation of the soluble and insoluble organic matter, despite some compositional similar-
ities, consistently revealed a more terrigenous influx compared with Site 467. Thus the potential for liquid hydrocarbon
generation is lower, the organic matter being more gas-prone. The deepest sample analyzed indicates the onset of
hydrocarbon generation. At this site, frequent sand intercalations offer pathways for migration and possibly reservoir

formation.

INTRODUCTION

During DSDP Leg 63, thick sedimentary sequences
were penetrated at Sites 467 and 471 in the eastern
North Pacific Ocean off the coast of North America
(Fig. 1). Hole 467 was drilled at the San Miguel Gap in
the outer California Continental Borderland at a water
depth of 2146 meters. Hole 471 (water depth 3115
meters) was drilled on the Pacific plate in a sedimentary
wedge west of the foot of the continental slope off Baja
California. At both sites the age of the sediment column
ranges from middle Miocene to the present. The major
objectives of DSDP Leg 63 were to determine the Neo-
gene history of the California Current and the paleo-
ecologic and paleoclimatic history of the northeastern
Pacific.

Our study is concerned with the investigation of both
the soluble and the insoluble organic matter in the
sediments recovered from Holes 467 and 471. Com-
positional variations may reflect paleoenvironmental
changes during sedimentation of organic matter as well
as contribution from different sources. Furthermore,
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we are interested in the thermal maturation of the
organic matter and in potential hydrocarbon source
rocks in this area of high heat flow.

SAMPLES

Six samples each from Holes 467 and 471 were inves-
tigated. Tables 1 and 2 present information on depth,
stratigraphy, and lithology of these samples.

EXPERIMENTAL PROCEDURES

The frozen samples were dried at 50°C for 12 hours and ground.
Total carbon and organic carbon (after treatment with hydrochloric
acid) were determined with a LECO carbon analyzer. Extraction was
performed using a flow-blending technique (Radke et al., 1978) and
dichloromethane as solvent. The total extracts were separated into
nonaromatic hydrocarbons, aromatic hydrocarbons, and hetero-
components by automated medium-pressure liquid chromatography
(Radke et al., 1980). Only samples selected for fatty-acid analysis were
treated differently. In these cases, the total extracts were saponified by
boiling in methanol/KOH (5%) under reflux for 8 hours. The result-
ant mixtures were chromatographed on silica gel with methanol as
eluant. The hydrocarbon fractions were separated from these eluates
by medium-pressure liquid chromatography as above. The fatty acids
were eluated from the silica gel column with methanolic hydrochloric
acid and esterified with BF;/methanol.

A Siemens L 402 gas chromatograph (GC) equipped with a 25-m
% 0.3-mm (i.d.) glass capillary column coated with SE 54 was used for
gas chromatographic analysis of the nonaromatic hydrocarbon frac-
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Figure 1. Location of DSDP Sites 467 and 471 in the eastern North
Pacific Ocean.
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tions. Hydrogen was used as carrier gas. The temperature of the GC
oven was programmed as follows: (1) 80°C for 2 min, (2) 80°C to
250°C at a rate of 3°C/min, (3) 250°C (25 min). Quantitative deter-
mination of alkane concentrations was performed relative to an exter-
nal standard.

Gas chromatography/mass spectrometry (GC/MS) was carried
out on a MS 3074 mass spectrometer (Kratos AEI) linked directly to a
Pye 104 gas chromatograph via an open-split coupling. Samples were
injected splitless onto a 25-m x 0.3-mm i.d. glass capillary column
coated with SE 54. Helium was used as a carrier gas, and the tempera-
ture was programmed from 100°C to 250°C at a rate of 4°C/min.
The mass spectrometer was operated at an ionization energy of 70 eV.
The source temperature was kept at 200°C, and the magnet scanned
continuously at a rate of 3 s/scan. All data were stored and processed
using a DS 50S on-line data system (Kratos-AEI).

Rock-Eval (Rock-Evaluator) pyrolysis was performed according
to the method first described by Espitalié et al. (1977). Hydrogen and
oxygen contents of the rock samples were normalized to organic car-
bon and displayed as index values in a diagram adopted from Espitalié
et al, (1977).

Kerogen concentrates for microscopic investigations were obtained
from the ground samples by partial demineralization. Hydrochloric
acid was used to remove carbonates, and a subsequent threefold treat-
ment with concentrated aqueous HCI/HF (30:70% by volume) re-
moved most of the silicates. HCI/HF treatments were carried out in
an autoclave at 40°C, The residues were bloated in a KI/CdI solution
(density 1.95 g/em?) by ultrasonication, centrifuged, and the floating
fractions trapped, washed, freeze-dried, and embedded in synthetic
resin. After grinding and polishing, the kerogen concentrates were ex-
amined using a Zeiss Standard Universal reflected light microscope
equipped with a 100 x oil-immersion objective and a 40 x air objec-
tive. During measurements, kerogen background matter consisting of
a more or less intimate mixture of clay minerals, pyrite, amorphous
organic matter, and rounded to angular particles less than 3 pm in
diameter was distinguished from angular, partly structured particles
larger than 3 pym in diameter. These particles larger than 3 um were
used for measurement of maceral type distributions. Vitrinite reflec-
tance (at 546 nm in oil) and reflectance histograms are based on par-
ticles larger than 10 um exhibiting a clear and dense shape against the
granular matrix.

Although neither a total destruction of minerals nor a complete
recovery of organic matter is possible by the fractionation steps, the
organic matter visible under the microscope should reflect the general
type and composition of the total organic matter incorporated in the
sediments.

RESULTS

Site 467, San Miguel Gap

Carbon Contents and Extractable Organic Matter

The organic carbon contents are high in the upper
part of the sedimentary column of Hole 467, i.e., in
Lithologic Unit 1 and the upper part of Lithologic Unit
2. The measured values range between 3.70% and
5.40% organic carbon (Table 1). The organic carbon
contents are slightly lower (1.46-2.30%) in the core
samples from the lower part of Lithologic Unit 2 and
from Lithologic Unit 4 (Table 1). The inorganic (car-
bonate) carbon contents, which were determined as the
difference between total carbon and organic carbon, are
highest in Lithologic Unit 1 (3.80% and 3.20%) and
decrease in Lithologic Units 2 and 4. An exceptionally
low value was obtained for Sample 467-63-2, 130-133
(0.49%; Table 1). There is no general downhole trend or
a clear relationship between organic and inorganic car-
bon contents.
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Table 1. Organic- and carbonate-carbon values and extract data for Hole 467 samples.

Extract Chromatographic Fractions (%)
Sample Depth Lithologic Corg Cecarb mg/g  Nonaromatic Aromatic Hetero-
(interval in cm) (m) Age Unit Lithology (%f (%) ppm Corg Hydrocarbons Hydrocarbons compounds
467-13-4, 132-148 116.4 late Pliocene | Calcareous claystone 3.70 3.80 435 12 5.4 6.3 88.3
467-36-2, 133-150 331.9  early Pliocene 1 Silty nannofossil clay 5.40 3.20 587 11 5.5 6.0 B8.5
467-54-2, 100-115 502.6 late Miocene 2 Silty claystone 437 2708 543 12 6.2 7.4 86.4
467-63-2, 130-133 588.3 late Miocene 2z Calcareous claystone 1.46 0492 131 9 13.6 11.4 76.0
467-97-2, 105-109 911.1 middle Miocene 4 Calcareous claystone 1.63 2.54 508 3l 8.2 7.1 84.7
467-104-1, 145-150 976.5 middle Miocene 4 Silty claystone 2,30 2.04% 833 36 6.1 5.2 88.7

2 The carbonate content in some cases is not consistent with the general lithology taken from the shipboard core descriptions.

Table 2. Organic- and carbonate-carbon values and extract data for Hole 471 samples.

Extract Chromatographic Fractions (%)

. Sample Depth Lithologic Cirg Courb mg/g  Nonaromatic Aromatic Hetero-

(interval in cm) (m) Age Unit Lithology (%§ (%) ppm Cprg Hydrocarbons Hydrocarbons compounds
471-3-2, 120-137 21.8  Pleistocene 1 Silty nannofossil clay  0.86  0.57 59 7 23.1 3.8 73.1
471-13-7, 112-130 124.2  late Miocene 2 Diatomaceous clay 072 0.12 50 7 7.4 7.4 85.2
471-34-2, 103-107  316.0 late(?) Miocene 4 Silty claystone 0.81 0.15 88 11 12.6 11.7 75.7
471-44-1, 100-118  409.6 middle Miocene 4 Silty claystone .12 0.29 188 17 19.4 12.8 67.8
471-57-3, 100-126  536.1 middle Miocene 4 Silty claystone 0.78 0.19 202 26 7.2 5.1 87.7
471-69-3, 135-150  650.4 middle Miocene(?) 4 Silty claystone 0.70 0.07 257 37 8.3 4.8 86.9

The amount of extractable organic matter (normal-
ized to organic carbon) remains fairly constant in Litho-
logic Units 1 and 2, but shows a distinct increase in
Lithologic Unit 4 (Fig. 2). The extract values in the up-
per part of the sedimentary column are around 10 mg/g
Corgy Whereas 36 mg/g C,, were obtained from the
deepest sample in this hole (Table 1). In contrast to this
depth trend, the liquid chromatographic separation of
the total extracts revealed that the ratio of hydrocarbons
to heterocomponents remains more or less constant
throughout all samples (Table 1). Because of the low ab-
solute amounts of hydrocarbons recovered, however,
the accuracy of the fraction weights may be low.

Rock-Eval Pyrolysis

The results of the Rock-Eval pyrolysis classifies the
organic matter in five of the sediment samples from
Hole 467 as type 11 kerogens with some contribution of
terrigenous organic matter (Fig. 3). Comparable pyroly-
sis results were obtained by Roucaché et al. (1979) on a
number of Cretaceous deep-sea sediments from the
Atlantic ocean, and our classification is in agreement
with their system. The only exception in the Hole 467
series is the core sample from Section 467-63-2, which
yielded a low hydrogen index and a very high oxygen in-
dex (217 mg CO,/g C,,). Sample 467-13-4, 132-148 cm
also shows a fairly high oxygen index (Fig. 3), but this
high oxygen index is consistent with the shallow burial
of this sample (116.4 m).

Nonaromatic Hydrocarbons

The n-alkane and isoprenoid hydrocarbon distribu-
tions are similar within each lithologic unit but show
some differences between different lithologic units (Fig.
4). The Pliocene samples (Lithologic Unit 1) from Sec-
tions 467-13-4 and 467-36-2 contain a dominance of
long-chain z-alkanes with a maximum at n-C, and a

pronounced odd/even-carbon-number predominance.
The concentration of n-alkanes below n-Cy; is low, as is
the concentration of isoprenoid hydrocarbons. Phytane
and pristane are about equal in concentration, with a
slight predominance of phytane. Sections 467-54-2 and
467-63-2 (upper Miocene; Lithologic Unit 2) exhibit
n-alkane distributions similar to those obtained for Unit
1. They contain much higher amounts of pristane and
phytane, however, with phytane clearly dominating
(Fig. 4). The highest absolute amount of n-alkanes in
the Hole 467 series was found in Sample 467-63-2,
130-133 cm.

The n-alkane distributions of the middle Miocene
samples (Lithologic Unit 4) are much smoother com-
pared to the other samples described above; the long-
chain n-alkanes are no longer predominant. Pristane
and phytane show a similar abundance relative to the
n-alkanes, as in the Lithologic Unit 2 samples. The
pristane/phytane ratio, however, is above unity in the
deepest two samples (Fig. 4).

A detailed investigation of the branched and cyclic
hydrocarbons in the nonaromatic hydrocarbon frac-
tions was performed by combined gas chromatography/
mass spectrometry, Figure 5 displays the capillary col-
umn gas chromatograms of the nonaromatic hydrocar-
bon fractions of two representative samples from Hole
467. Branched and cyclic hydrocarbons identified by
interpretation of mass spectra and relative retention
times are marked and listed in Table 3 together with
estimated relative abundances for all Hole 467 samples.

The samples from Lithologic Units 1 (Pliocene) and 2
(upper Miocene) are characterized by a dominance of
numerous unsaturated hydrocarbons. Two isomeric pris-
tenes and three phytenes were detected in Sections 467-
36-2 (Fig. 5), 467-54-2, and 467-63-2 with increasing
relative abundances (Table 3). Lack of reference mate-
rial did not allow assignment of double-bond locations.
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Figure 2. Organic and inorganic carbon contents and the trend of in-
creasing extractable organic matter with depth for DSDP Hole 467
samples.

Regular sterenes and steradienes are the most abundant
unsaturated cyclic hydrocarbons in the uppermost four
samples, whereas only minor amounts of rearranged
sterenes (I) are present (see the Appendix for structural
formulas). Regular sterenes appear as ster-4-enes (II)
and ster-5-enes (I11), and the isomeric pairs are of nearly
equal abundance. Cholestenes (C,;) are generally slightly
more abundant than 2-ethylcholestenes (C,g); the con-
centration of 24-methylcholestenes (Csg) is considerably
lower. An exception is found in Section 467-54-2, where
all three homologs are major constituents. Steradienes
(IV) also appear as A% and A’-isomers, with the second
double bond at the C-22 position in the side-chain,
which has been deduced from the mass-spectrometric
fragmentation pattern (cf. Wyllie and Djerassi, 1968).
The 24-methylcholestadienes (C,g) are the most abun-
dant homologs in this series, Saturated steranes (V) rep-
resent only a minor portion of the nonaromatic hydro-
carbons in samples from Lithologic Units 1 and 2. The
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Figure 3. Results of Rock-Eval pyrolysis displayed as a hydrogen in-
dex versus oxygen index diagram (Espitalié et al., 1977) for
samples from DSDP Holes 467 and 471.

C,; to Cy9 homologs are present in all four samples. A
Cy¢-sterane (VI ?), probably derived from well-known
marine Cy-sterols (Djerassi et al., 1979), was only de-
tected in Section 467-36-2 (Fig. 5); 4-methylsteranes
(VIII) are trace constituents in all four samples.

Among the triterpene hydrocarbons, hop-17(21)-ene
(IX) and hop-13(18)-ene-II (X) are the most abundant
representatives in the four core samples from Lithologic
Units 1 and 2. The structures of other Cjy-triterpenes
(Table 3) could not be elucidated unambiguously. A
C,s-triterpane, 17a(H),18«(H), 218(H)-28,30-bisnorho-
pane (XI), is present in all four samples and is the most
abundant constituent in Section 467-36-2 (Fig. 5). This
compound has been identified in the nearby Monterey
shale (Miocene) by Seifert et al. (1978). Because of the
extremely high concentrations in this shale, small
amounts of eroded and redeposited sediment material
may account for the presence of the Cyg-triterpane in the
Hole 467 samples. The same compound was also de-
tected in particulate matter trapped from seawater in the
nearby Santa Barbara Basin (Crisp et al., 1979). Regular
hopanes identified are both from the 17«(H)-(XII) and
17B(H)-series (XIII). They are mostly minor or trace
constituents (Table 3); the highest concentrations were
found for 17«(H)-hopane and 173(H)-homohopane. No
moretanes with 178(H),21a(H)-stereochemistry (XIV)
were detected.
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Figure 4. N-alkane (solid lines) and isoprenoid hydrocarbon (dotted lines) distributions (absolute concen-
trations) for samples from DSDP Hole 467. (Note different vertical scales on left- and right-hand

sides of the figure.)

The nonaromatic hydrocarbon fractions of the sam-
ples from Lithologic Unit 4 (middle Miocene) exhibit a
clearly different composition. Regular unsaturated ste-
roid hydrocarbons are minor constituents in Section
467-97-2 (911.1 m) and have completely disappeared in
Section 467-104-1 (976.5 m), as shown in Table 3. In
contrast, the relative amount of rearranged sterenes (I)
has slightly increased compared to the shallower sam-
ples. Saturated steranes (V) with both 58- and Sa-
stereochemistry dominate in both samples (Fig. 5) as
Cyy- to Cyo-homologs. In addition, Cye-norcholestanes
(VI) were identified and also a C,,-sterane, which may
be pregnane (VII). The saturated triterpanes also in-
creased relative to the triterpenes, although hop-17(21)-
ene (IX) and hop-13(18)-ene-11 (X) are still present in
fairly high amounts. Only small changes were observed
with respect to the concentration of 178(H)-hopanes
(XIII) relative to the 17«(H)-hopanes (XII). Appar-
ently, the conversion of the former to the more stable
17a(H)-isomers (van Dorsselaer et al., 1977) proceeds
very slowly. As in the shallower samples, no moretanes
(XIV) were detected.

Aromatic Hydrocarbons

The four shallowest samples (i.e., those from Litho-
logic Units 1 and 2) contain perylene (XV) as the most
abundant aromatic hydrocarbon. Three thiophenes, for
which structures XVI, XVII, and XVIII are tentatively
assigned on the basis of their mass spectra, are the next

most abundant components in the aromatic hydrocar-
bon fraction of Sample 467-13-4, 132-148 cm (116.4 m).
Thiophenes are virtually absent in Sample 467-36-2,
133-150 cm, but reappear in the Lithologic Unit 2
samples as a variety of alkyl- and dialkylthiophenes.

Aromatic steroid hydrocarbons are present in all four
samples. Monoaromatic compounds with ring C aro-
matized (XIX) were identified on the basis of the intense
m/z 253 fragment in their mass spectra (Schaeffle et al.,
1978). Obviously a homologous series is present, but
the elemental compositions could not be determined due
to the absence of molecular ions. Diaromatic steroid
hydrocarbons were not identified unambiguously, but
triaromatic steroids (XX) are indicated on the basis of
the m/z 231 mass chromatograms. Other major com-
ponents in Lithologic Unit 2 samples were tentatively
identified as ring A or ring B aromatized monoaromatic
steroid hydrocarbons by interpretation of mass spectra
(e.g., molecular ions and base peak at m/z 211 from
possible ring D cleavage).

The two samples from Lithologic Unit 4 exhibit
aromatic hydrocarbon compositions similar to more
mature sediments. Perylene and the thiophenes identi-
fied in the shallower sediments are no longer dominant.
Instead, various alkyl aromatics of different homo-
logous series form the major portions of these fractions.
Because of this complexity, the capillary chromato-
grams show a major unresolved hump. Mono-, di-, and
triaromatic steroid hydrocarbons, however, are still
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Figure 5. Capillary column gas chromatograms of the nonaromatic hydrocarbon fractions of two sections from DSDP Hole 467.
(N-alkanes are numbered. Compounds marked with letters were identified by GC/MS and are listed in Table 3).

highly concentrated at the high molecular weight end of
the chromatograms.

Fatty Acids

GC/MS investigation of the fatty acid methyl esters
of three samples from Sections 467-36-2, 467-97-2, and
467-104-1 revealed a dominance of fatty acids between
n-C,, and n-Cg, with the n-C 4 acid as the most promi-
nent component in each case. N-Cy, to n-Cy fatty acids
and possibly some branched acids are present in low
concentrations. A very high predominance of even-car-

824

bon-number acids was observed both in the low and
high molecular weight part in all three samples.

Microscopy

All isolated kerogens of the samples from Hole 467
contain a background matter composed of clay miner-
als, pyrite, amorphous organic matter, and small,
rounded to angular particles of less than 3 um diameter.
The background matter forms the bulk of the kerogen
concentrates (Fig. 6). Larger, structured particles used
for maceral and reflectance measurements form only a
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Table 3. Isoprenoid, steroid, and triterpenoid hydrocarbons identified in the nonaromatic hydrocarbon

fractions of Hole 467 samples.

General Core-Section
Compound(s) Structure 13-4 36-2 54-2 63-2 972 104-1
pr pristane + & ++ +4+  +++F 4+
a pristenes + + +
ph phytane - - +++ A+ + +++ 4+
b phytenes - + ++
¢ Cap-sterane VIl + +
d rearranged sterenes 1 . & tr + 4 ++
e 5@-norcholestane Vi + +
f Sa-norcholestane Vi + ++ ++
cholesta-4,22-diene I\Y tr + 78
cholesta-5,22-diene v tr + +
g 5B-cholestane \'i + tr + tr ++ ++ +
h cholest4-ene 11 +++ +++ +++ 4+ +
i cholest-5-ene 111 +++ +++ F++ e+ +
j Sa-cholestane v + + + + Fohd
k 24-methylcholesta-4,22-diene v + + ++ ++ + + +
| 24-methylcholesta-5,22-diene v ++ ++ + 4+ ++
m  17a(H)-trisnorhopane XII + + + + + +
n  24-methyl-58-cholestane v + tr + tr ++ ++
178(H)-trisnorhopane XIII + . - + + tr
o 24-methylcholest-4-ene I + + ++ + + +
p 24-methylcholest-5-ene 11 + . + 4+ + +
q 24-methyl-5a-cholestane v + + + + +4++ +++
r 17a(H),18a(H),215(H)-28,30-bisnorhopane X1 ++ + 4+ + + + +
s 24-ethylcholesta-4,22-diene v + tr +++ +
t  24-ethylcholesta-5,22-diene v + tr + + + +
u  24-ethyl-55-cholestane v + tr + tr ++ ++
v 17a(H)-norhopane XII + + + + ++ ++
w  24-ethylcholest-4-ene I 4+ ++ +4+4+ +++ +
X 24-ethylcholest-5-ene 1 +++ ++ +++ +++ +
y 24-ethyl-Sc-cholestane v + + + + +++ +++
4-methylsteranes VIIIL tr tr r tr * +
C3p-triterpene tr r r tr
hop-17(21)-ene IX ++ 4  HH+ F4E ++
Caq-triterpene tr r T tr
A 17a(H)-norhopane XII + - + + K + +
B hop-13(18)-ene-11 X ++ ++ ++ + + +
C 178(H)-norhopane XIII + + tr tr
C3p-triterpene ir + +
Cjp-triterpene +
E 17«(H)-homohopane (2 isomers) XI1 + + tr tr + tr
F 178(H)-hopane XIIn + + + + + +
17a(H)-bishomohopane (2 isomers) XI1 4 + tr tr
G 178(H)-homohopane X111 + + + + + +
178(H)-bishomohopane X111 + + + % + A
C32-C35-17a(H)-hopanes X1 + tr tr

Note: Compounds are listed in order of elution from the GC column (cf. Fig. 5); estimated relative abundances within
each sample: + + + = major, + + = intermediate, + = minor, tr = trace amounts.

minor part of the kerogens (Fig. 6) and are almost com-
pletely of detrital origin. The autochthonous, marine
debris, mostly represented by algal filaments, is also
present in a detrital form. Unicellular algal bodies or
clearly identifiable algal colonies are rare in samples
from Hole 467, although the amount of liptinitic mate-
rial (as lipto-detrinite; Stach et al., 1975) is quite high
(Fig. 6).

The bulk of the background matter, especially in the
samples from Sections 467-13-4 and 467-36-2 (Litho-
logic Unit 1), is composed of nonfluorescent, unfigured,
somewhat diffuse material with a reflectance in the
range 0.17% to 0.4%. These particles are often frayed
at the edges and fissured. They may be humic gels com-
parable to the gelinite in brown coals (Cornford,
1979a). Section 467-63-2 (Lithologic Unit 2) lacks this
material in its disseminated, dispersed form, and Sec-
tions 467-97-2 and 467-104-1 (Lithologic Unit 4) are de-
pleted in humic gels, the background matter being
dominantly of sapropelic (i.e., amorphous bituminous)
nature.

The proportion of liptinitic matter in the kerogens
from Lithologic Unit 1 (Sections 467-13-4 and 467-36-2)
varies between 2% and 3% (Fig. 6) and makes up one
third of all well-characterized particles. Section 467-63-2
(Lithologic Unit 2) exhibits the highest amount of par-
ticles and an absolute liptinite content comparable to
the Lithologic Unit 1 samples (about 3%). However, the
large amount of eroded and reworked higher-reflecting
particles (Fig. 7), as indicated by the presence of bi-
macerites, considerably lowers the ratio of liptinite to
total particles to 10%. The number of both vitrinite and
inertinite particles is reduced in Lithologic Unit 4, but
on the other hand the fluorescence of the background
matter, dull in Unit 1 and very weak in Unit 2, becomes
more intense. Apparently, Lithologic Unit 4 contains a
more sapropelic type of organic matter, which is also
evident from the high amount of pyrite in Samples
467-97-2, 105-109 cm and 467-104-1, 145-150 cm. The
coincidence of reduced liptinite content and intensely
fluorescing background matter can be explained by the
diagenetic transformation and disintegration of struc-
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Figure 6. Amount and distribution patterns of structured organic par-
ticles larger than 3 um and characterization of kerogen matrix for
five samples from DSDP Hole 467.

tured organic matter at increasing depth of burial (see
the following).

Figure 7 shows the reflectance histograms (huminites,
vitrinites, and inertinites larger than 10 gm) for Sections
467-13-4 (116.4 m), 467-63-2 (588.3 m) and 467-97-2
(911.1 m). Excluding the more vitrinite/inertinite-rich
Section 467-63-2 (Fig. 6), differences mainly occur in
the reflectance range below 0.6% R,. This is consistent
with a simultaneous increase in reflectivity and maturity
at greater depths. The distributions in the higher reflect-
ance range are very much alike. Particles in this range
consist of oxidized and/or reworked organic matter.
The similarity indicates that the overall composition of
the eroded material remained constant in this area from
middle Miocene to Pliocene. Section 467-63-1, contain-
ing a more coaly type of organic matter, is an exception
in this series. The distribution in Figure 7 can be ex-
plained by an addition of obviously reworked vitrinitic
organic matter. The inertinite contribution is less af-
fected.

A tentative huminite/vitrinite reflectance trend with
increasing depth is shown in Figure 8. Though standard
deviations are fairly large, an increase of reflectance
downhole is obvious; maximum reflectance at bottom-
hole depth approaches 0.5% R,,.
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Site 471, Off Baja California

Carbon Contents and Extractable Organic Matter

The organic carbon contents of samples from Hole
471 are fairly constant down the hole. The absolute
amounts are moderate and vary between 0.70% and
1.12% (Table 2). The highest carbonate carbon content
(0.57%) was measured for the shallowest samples
(Pleistocene, 21.8 m). In the Lithologic Unit 4 samples,
the inorganic carbon content is very low and follows the
organic carbon variations (Fig. 9).

The amount of extractable organic matter is low in
the samples from Lithologic Units 1 and 2 (7 mg/g
Corg)- In samples from Lithologic Unit 4 the extract
yields steadily increase with depth from 11 mg/g C,, to
37 mg/g C, (Fig. 9, Table 2).

Rock-Eval Pyrolysis

In the hydrogen index versus oxygen index diagram
(Fig. 3), the Hole 471 samples are closer to the kerogen
type III line than are the samples from Hole 467. This
indicates that at Site 471 the contribution of terrigenous
and/or inert reworked organic matter was somewhat
higher than at Site 467. This led to a considerable di-
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ORGANIC PETROGRAPHY AND EXTRACTABLE HYDROCARBONS

lution of the autochthonous type II kerogens (cf. Rou-
chaché et al., 1979).

Nonaromatic Hydrocarbons

The n-alkane and isoprenoid hydrocarbon distribu-
tions are shown in Figure 10. Except for the deepest
sample (471-69-3, 135-150 c¢m) a predominance of long-
chain n-alkanes with maxima at n-Cyy or n-C;, and a
high odd-carbon-number preference is obvious in all
samples. The relatively large amount of n-alkanes below
n-C,s in Sample 471-3-2, 120-137 cm is possibly the
result of contamination. In all samples phytane domi-
nates over pristane, although this predominance is con-
siderably more pronounced in the deepest three sam-
ples. Within the series of these three samples the in-
crease of n-alkanes below n-C,; and the decrease of the
odd/even predominance and the phytane/pristane ratio
may indicate the onset of thermal hydrocarbon produc-
tion.

The GC/MS analysis of the nonaromatic hydrocar-
bon fractions revealed the presence of numerous satu-
rated and unsaturated cyclic hydrocarbons (Table 4).
The most important compounds are marked in the cap-
illary column gas chromatograms of three selected sam-
ples (Fig. 11). The uppermost two samples (from Litho-
logic Units 1 and 2) are relatively lean in saturated cyclic
hydrocarbons, and no unsaturated compounds were
detected except some traces of rearranged sterenes (I)
in Sample 471-3-2, 120-137 cm. Hopanes from the
17a(H)-series (XII) are the most abundant cyclic hydro-
carbons, but some 178(H)-hopanes (XIII) and more-
tanes (XIV) were also found (Table 4; Fig. 11, top).
Minor amounts of steranes are from the normal 5e- and
5B-series (V) with the Cyy-compound being more abun-
dant than C,;- and C,g-homologs.

The Lithologic Unit 4 samples contain a dominance
of steroid hydrocarbons. Unsaturated compounds are
of major importance in Samples 471-34-2, 103-107 cm
(Table 4) and 471-44-1, 110-118 cm (Fig. 11, middle),
and fully saturated steranes predominate in the deepest
samples (Table 4; Fig. 11, bottom). Sterenes and stera-
dienes in Sections 471-34-2 and 471-44-1 are A*- and
As-isomers, as described for the Hole 467 samples (see
the preceeding material). Rearranged sterenes are less
abundant (Fig. 11, middle). Small amounts of 5«- and
58-steranes in the range of Cygto Cyg (V, VI) are present
in Sample 471-34-2, 103-107 cm; a relative increase in
abundance of these compounds was observed in Sample
471-44-1, 100-118 cm.

Rearranged sterenes (I) are the only unsaturated
steroid hydrocarbons in Samples 471-57-3, 100-126 cm
(Table 4) and 471-69-3, 135-150 cm (Fig. 11, bottom).
Normal steranes (V, VI) in these samples range from Cyq
to Cp, with the major Cyg-compound being slightly
more abundant than the C,;- and Cye-homologs. In ad-
dition, small amounts of a C,;-sterane (VII) and various
4-methylsteranes (VIII) are present in all samples from
Lithologic Unit 4.

Hop-17(21)-ene (IX) and hop-13(18)-ene-II (X) are
the most important triterpenes in all samples from
Lithologic Unit 4. Saturated triterpanes are mainly from
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Figure 10. N-alkane (solid lines) and isoprenoid hydrocarbon (dotted lines) distributions (absolute concen-
trations) for DSDP Hole 471 samples. (Note different vertical scales on left- and right-hand sides.)

the 17a(H)-hopane series (XII), but 178(H)-hopanes
(XIII; decreasing concentration with depth) and more-
tanes (XIV) are also present.

Aromatic Hydrocarbons

Unsubstituted aromatic hydrocarbons, which most
probably originate from combustion-generated airborne
particulates (Blumer and Youngblood, 1975), dominate
in Sample 471-3-2, 120-137 cm. Phenanthrene, fluoran-
thene, and pyrene are the most abundant compounds
identified, while perylene (XV) and alkyl-substituted
aromatic hydrocarbons are found in much smaller con-
centrations. Perylene (XV) is, however, the dominant
component in Sample 471-13-7, 112-130 cm from Litho-
logic Unit 2.

The relative amount of perylene (XV) in the four
samples from Lithologic Unit 4 steadily decreases with
depth. At the same time the concentration of alkyl-
substituted aromatic hydrocarbons increases. Alkyl thio-
phenes, which are abundant in most samples from Hole
467, were only tentatively identified in very small
amounts in the two shallowest samples from Lithologic
Unit 4. Aromatic steroid hydrocarbons are present in all
four samples. Monoaromatic steroids are much more
abundant than their di- and triaromatic counterparts,
but there is a slight increase in the polyaromatic steroids
with depth. Ring C aromatized monoaromatic steroids
(XIX) were found as well as ring A and/or ring B
aromatized analogs. There seems to be a trend of in-
creasing generation, or favored preservation, of ring C
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aromatized monoaromatic steroid hydrocarbons (XIX)
with depth relative to the ring A or ring B aromatized
compounds.

Fatty Acids

Two samples from Hole 471 (471-57-3, 100-126 c¢cm
and 471-69-3, 135-150 cm) were analyzed for fatty
acids. The distributions of their methyl esters as deter-
mined by GC/MS are similar to those reported for Hole
467 samples (i.e., fatty acids between n-C;; and n-Cyq
are dominant, with the n-C,s homolog being the most
abundant compound in both samples). Long-chain fatty
acids were observed as minor components only. Even-
carbon-number acids are highly predominant over the
whole range.

Microscopy

The main difference between the Hole 471 and Hole
467 kerogen samples is a considerably lower content of
structured liptinites in the former, which indicates a
relatively higher contribution of terrestrial and/or re-
worked organic matter. The sample from Lithologic
Unit 2, an exception from this general scheme, is fairly
similar to the samples from Unit 1 in Hole 467 with
respect to background matter, total particle content,
and amount of liptinites (Fig. 12). Apart from this sam-
ple, fluorescence of background matter is not observed
(Section 471-3-2), very weak (Section 471-69-3), or yel-
lowish to greenish (Sections 471-34-2 and 471-44-1).
Section 471-44-1 is especially enriched in yellow greenish
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Table 4. Isoprenoid, steroid, and triterpenoid hydrocarbons identified in the nonaromatic
hydrocarbon fractions of Hole 471 samples.

General Core-Section
Compound(s) Structure 3-2  13.7 34-2 44-1 573 69-3
pr pristane +4+ o+ + + +++ +++ +++
ph phytane ++ ++  ++ 4+ +++ e+
¢ Cyj-sterane VIl tr + + +
d rearranged sterenes | tr " Ty + 4 &
e 58-norcholestane vl + +
f Sa-norcholestane Vi + tr + b
g S5B-cholestane v + tr + + ++ ++
h cholest-4-ene 1 +4++ +++
i cholest-5-ene 111 +++ +++
j Sa-cholestane ' + + + + + +4++ +++
k 24-methylcholesta-4,22-diene v +++ +
1 24-methylcholesta-5,22-diene v +++ +
m 17a(H)-trisnorhopane X1 + + + + 4 +
n  24-methyl-55-cholestane v + tr + + + + ++
178(H)-trisnorhopane X1 tr tr + + tr
0 24-methylcholest4-ene 11 +++ +++
p 24-methylcholest-5-ene 11 +4++  +++
q 24-methyl-5c-cholestane v + + + ++ ++4+ +++
5 2A-ethylcholesta-4,22-diene v + + +
t  24-ethylcholesta-5,22-diene v + + +
u  24-ethyl-58-cholestane v + tr + + + + ++
v 17Ta(H)-norhopane X1l ++ o+ + + ++ ++
w  24-ethylcholest-4-ene 1 +44+ +4++
X 24-ethylcholest-5-ene 111 +++ +++
¥ 24-ethyl-Sa-cholestane v + + - ++ o+ + e+t
4-methylsteranes VIII tr tr - - +
z  hop-17(21)-ene X +4+4+ +++  ++ +++
normoretane X1V + + + + tr
C3q-triterpene tr
A 17a(H)-hopane X1 ++ o+ + + + +
B hop-13(18)-ene-II X + + + + +
C 178(H)-norhopane XIn tr tr tr r tr tr
Cap-triterpene tr r +
D moretane XIv + + + + + +
E 17a(H)-homohopane (2 isomers) XII + + + + + +
F 178(H)-hopane X111 - + + + + tr
17a(H)-bishomohopane (2 isomers) X1 + + tr + + +
G 178(H)-homohopane X1 + + + + +
178(H)-bishomohopane X111 tr tr + + +
C33-C35-17a(H)-hopanes X1l tr tr tr tr tr tr

MNote: Compounds are listed in order of elution from the GC column (cf. Fig. 11); estimated relative abun-
dances within each sample: + + + = major, + + = intermediate, + = minor, tr = trace amounts.

fluorescing bitumen that may originate from waxy and
resinous plant constituents and is typical for sediments
of low maturity (Jacob, 1974).

A downhole huminite/vitrinite trend is shown in Fig-
ure 13. The reflectance of huminites in Sample 471-34-2,
103-107 cm (316.0 m) is in the range of 0.25% to
0.41%, with a pronounced maximum around 0.35%.
Determination of the mean reflectance value (0.34%) in
this sample was facilitated by the nearly complete lack
of higher-reflecting (oxidized) particles. Section 471-
69-3 (650.4 m) contains a dominance of huminites in the
reflectance range 0.35% and 0.44%, which results in an
arithmetic mean of 0.40%. This is in good agreement
with some clearly identifiable semi-fusinites of 0.61% to
0.64% reflectance, which are always observed at a re-
flectance value of 0.2% higher than are the correspond-
ing vitrinites (H. W. Hagemann, personal communica-
tion, 1980.).

DISCUSSION

Amount and Type of Organic Matter

The results of the organic geochemical and petro-
graphic investigations of the DSDP Leg 63 core samples
indicate that the environmental conditions at Sites 467

and 471 in general favored the preservation of organic
matter throughout the time span covered, i.e. from mid-
dle Miocene to present. High organic carbon contents,
which exceed 3% in the upper 500 meters of the sedi-
ment section at Site 467, together with molecular pa-
rameters (e.g., high phytane concentrations), suggest
that during sedimentation anoxic conditions prevailed
in the upper sediment layers and perhaps in the water
column above. Preservation of organic matter is not
favored in deep ocean waters (Mclver, 1975). There are
mechanisms, however, which allow sediments rich in
organic matter to be deposited at great water depths
(Welte et al., 1979). Examples are the barred basin
situation of the Black Sea (Ross et al., 1978), the sedi-
ment mass flows down the continental slope associated
with an oxygen-minimum layer at the shelf edge off
northwestern Africa (Cornford et al., in press; and
references therein), and the formation of Cretaceous
black shales in the northeastern Atlantic Ocean, which
is not readily explained at the moment but may be due
to local anoxic environments caused by extensive deltaic
influx of organic matter (e.g., Arthur, 1979; Cornford
et al., in press).

At Site 467 in the San Miguel Gap, which is a small
embayment at the rise of the outer California Conti-
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nental Borderland, slumping and turbidite mass flows
are only observed to a minor extent in the sections
penetrated (see the Site 467 chapter, this volume). It is
unlikely that this factor can account for the high organic
carbon contents, especially in Lithologic Units 1 and 2.
It thus seems possible that a local body of oxygen-
depleted water in the San Miguel Gap, a product of
restricted water circulation, has to be considered as a
factor responsible for the preservation of organic matter
at Site 467. In contrast to this, extensive distal turbidite
flows at Site 471 have transported organic matter to the
deep-water environment and prevented oxidative de-
struction by rapid burial. At the same time, the trans-
portation of large amounts of sands to this site results in
a decrease of organic matter concentration as a result
of dilution.

A first indication of the type of organic matter is
gained from the results of the Rock-Eval pyrolysis (Fig.
3). All kerogens apparently are mixed type II/type III
(cf. Roucaché et al., 1979). Apparently marine organic
matter is associated and mixed with terrestrial higher-
plant debris. The relative contribution of the latter com-
ponent is considerably higher at Site 471 than at Site
467. The results of the microscopic kerogen investiga-
tion are in good agreement with this interpretation.
Furthermore they allow more detailed characterization
of the type of organic matter. The samples from Litho-
logic Unit 1 of Hole 467 (Samples 467-13-4, 132-148 cm
and 467-36-2, 133-150 cm) and Unit 2 of Hole 471
(Sample 471-13-7, 112-130 cm) revealed a mixture of
predominantly humic matter and marine organic debris
together with some vitrinitic and inertinitic material,
which correlates well with a high to moderate oxygen
and moderate hydrogen index in the Rock-Eval diagram
(Fig. 3). Within this group, the sample from Section
471-13-7 exhibits the lowest content of liptinites and
consistently the lowest hydrogen index. A second group-
ing is formed by the more sapropelic (bituminous) kero-
gens of Unit 4 samples from Hole 467. They are charac-
terized by the absence (Sample 467-104-1, 145-150 cm)
or low concentration (Sample 467-97-2, 105-109 cm) of
humic gel and a high liptinite content (mostly amor-
phous). This corresponds to relatively high hydrogen
and low oxygen indices from pyrolysis (Fig. 3). Samples
with low contents of figured and/or amorphous lip-
tinites and high amounts of land plant and oxidized
organic material form a third group comprising the
Hole 471 samples (except from Lithologic Unit 2) and
Sample 467-63-2, 130-133 cm. An outstandingly high
oxygen index, which probably is related to a higher
inertinite content relative to the other samples, was
found for Samples 467-63-2, 130-133 cm and 471-3-7,
120-137 cm (Fig. 3).

The similarity of the distribution of rederived organic
matter in samples from Lithologic Units 1 and 4 of Hole
467 (Fig. 7) indicates a rather constant source for this
material over about the last 15 m.y. A different source
should be responsible for the vitrinitic matter in Sample
467-63-2, 130-133 cm (Lithologic Unit 2).
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A correlation of geochemical with petrographic data
can also be discerned from the n-alkane patterns. High
influx of terrigenous organic matter should yield high
amounts of odd-numbered n-alkanes in the range of
n-Cs,; to n-Cy, (Eglinton and Hamilton, 1963). A plot of
liptinite percentage versus concentration (normalized to
organic carbon) of odd-numbered n-alkanes in that
range clearly shows a negative correlation (Fig. 14). This
diagram also demonstrates that the liptinite enrichment
is much higher in Hole 467. For samples from both
holes, this enrichment is generally due to marine organic
matter and not to liptinites from terrestrial higher plants
(e.g., pollen, spores). An exception is Sample 471-44-1,
100-118 cm, described above as enriched in waxy and
resinous amorphous bitumen. This accumulation of ter-
restrial higher-plant lipids falls off the trend, toward
higher amounts of typical land-derived hydrocarbons
(Fig. 14).

The contribution of some terrigenous organic matter
to Sites 467 and 471 is indicated by the presence of long-
chain n-alkanes (C,5 to Cy5) with strong predominance
of odd carbon numbers. The highest absolute amount
of these n-alkanes at Site 467, in Section 467-63-2 (Fig.
4), correlates with the highest relative concentration of
vitrinitic kerogen particles. The dominance of perylene
(XV) in the samples from Lithologic Units 1 and 2 at
both sites provides further evidence for the presence of
terrigenous organic matter deposited under reducing
conditions (Aizenshtat, 1973). Apparently, no major
amounts of aromatic hydrocarbons are contributed by
the marine organisms or formed from their remains at
this very early stage of diagenesis. At Sites 467 and 471,
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perylene (XV) loses its dominance only in Lithologic
Unit 4, where the production of new aromatic hydrocar-
bons increases considerably with depth.

Nothing can be said at present about the origin of the
alkylated thiophenes, which were detected in Lithologic
Units 1 and 2 at Site 467, with increasing yields down-
hole. It is interesting, however, that they are not found
in similar concentrations in the Hole 471 samples. Thus
they possibly are related to the higher contribution of
marine organic matter at Site 467.

Steroid hydrocarbons form the major part of the
branched/cyclic nonaromatic hydrocarbons in all sam-
ples from Hole 467 and all but the two shallowest sam-
ples from Hole 471. The presence of the Cys-steranes
may be related to the unique appearance of Cy-sterols
in marine organisms (Djerassi et al., 1979). The distri-
bution of the C,;- to Cy-homologs, with the C,; com-
pounds being more abundant than the C,- and
Cso-steroid hydrocarbons, is characteristic of marine
sediments containing organic matter from planktonic
sources (Huang and Meinschein, 1979). This is true for
the saturated steranes in the deepest samples as well as
for the sum of the regular sterenes and steradienes in the
shallower samples (Figs. 5 and 11).

The compositions of the unsaturated steroid hydro-
carbons closely resemble those observed in slumped and
turbiditic sediment sequences drilled during DSDP Leg
47A at the northwest African continental rise south of
the Canary Islands (Cornford et al., 1979), Leg 50 off
Morocco (J. Rullkétter et al., in press) and Legs 56/57
in the Japan Trench (Rullkétter et al., 1980). As in these
cases, only the ster-4-enes and ster-5-enes and the cor-
responding dienes were observed, but not the ster-2-
enes, which are believed to be the first hydrocarbon in-
termediates during diagenetic conversion of steroids to
steranes (Dastillung and Albrecht, 1977). If this general
transformation procedure holds true for the slumped
and turbiditic sediments, it must be assumed that these
are acidic enough to catalyze complete isomerization of
ster-2-enes to ster-4-enes and ster-5-enes, but do not fur-
ther catalyze conversion to rearranged sterenes (Rubin-
stein et al., 1975), because these are only minor constitu-
ents in all samples analyzed.

During mass transport by slumping or turbidity cur-
rents, rapid burial reduces the possibility of microbial
degradation that plays a prominent role in the first con-
version step of biolipids to geolipids (e.g., sterol to
stanol transformation; Gagosian et al., 1979 and refer-
ences therein). Thus a different mechanism involving
direct removal of the sterol hydroxyl group may be in-
volved in the formation of the ster-4-enes and ster-5-
enes.

Aromatic steroid hydrocarbons have been detected in
increasing amounts with depth. In the monoaromatic
compounds, aromatization has occurred in ring A or B
and ring C, respectively. Diaromatic steroid hydrocar-
bons are generally minor constituents, but relatively
more triaromatic steroid hydrocarbons were found. A
more detailed study is needed, however, to decide if
these aromatic species are partly or mainly formed from



sterenes and steradienes or if there is a different diage-
netic route leading from sterols directly to aromatic
hydrocarbons.

Hop-17(21)-ene (IX) is the most abundant triter-
penoid hydrocarbon in the Leg 63 samples and was de-
tected in the nonaromatic hydrocarbon fractions of all
samples except the two shallowest ones from Hole 471
(Tables 3 and 4). Hop-17(21)-ene (IX) was described as
a constituent of the Messel oil shale (Kimble et al.,
1974), where it is the dominant nonaromatic cyclic
hydrocarbon (J. Rullkotter, unpublished results). The
composition of the extractable organic matter in the
Messel shale suggests a significant microbial contribu-
tion (Kimble et al., 1974); thus hop-17(21)-ene may be
of similar origin in the Leg 63 samples. Hop-13(18)-ene-
IT (X), though it was found in ferns (Ageta et al., 1968),
may also be a conversion product of hop-17(21)-ene
(Ensminger, 1977) and thus be related primarily to a
bacterial origin. Further evidence for the contribution
of bacterial microorganisms may be gained from the
relatively high concentration of extended 178(H)-ho-
panes (XIII) (Ourisson et al., 1979). Other triterpenoid
hydrocarbons, especially the 17«(H)-hopanes (XII), are
probably introduced into the sediments by transport of
allochthonous, partly eroded, and recycled organic mat-
ter, because they already appear as saturated compo-
nents in the shallowest samples.

Finally, the fatty-acid distributions, which were de-
termined for a limited number of samples only, are con-
sistent with a high contribution of marine organic mat-
ter, especially at Site 467. Long-chain fatty acids charac-
teristic of higher plants (e.g., Hitchcock and Nichols,
1971) are minor constituents. Iso- and anteiso fatty
acids, which are generally considered to be indicators of
bacterial origin (e.g., Boon et al., 1975), could not be
identified unambiguously.

Summarizing these observations, deposition of or-
ganic matter under anoxic conditions favoring preserva-
tion of this labile material is a prominent feature of the
sediments at DSDP Sites 467 and 471. Autochthonous
marine organic matter is mixed in varying concentra-
tions with terrestrial higher-plant debris, which was
transported to these sites from the nearby continent,
and with the remains of bacterial biomass. In addition,
reworked organic particles were detected but in many
cases could not be differentiated from primary particles
that were oxidized during distal transport. In general,
the influence of terrigenous organic matter is higher at
Site 471 than at Site 467. This general pattern has not
changed for each site from middle Miocene to Pleisto-
cene, although the detailed investigations have revealed
some variations.

Maturity

The kerogen maturity was determined by measure-
ment of the huminite/vitrinite reflectance of the lowest-
reflecting assemblage of huminite/vitrinite particles,
The results in Figures 8 and 13 show that a mean reflec-
tance of nearly 0.5% may be extrapolated to bottom-
hole depth at both sites, which is at about 1000 meters
for Hole 467 and about 700 meters for Hole 471, This is
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a considerably higher increase of maturity with depth
than determined at the passive margin of the eastern
North Atlantic. Mean vitrinite reflectance values of
0.5% were determined for the primary organic matter at
1450 meters for DSDP Site 397 (Cornford et al., 1979)
and at 1700 meters for Site 398 (Cornford, 1979a), and
only 0.45% were measured at 1600 meters for Sites 415
and 416 (Cornford, 1979b). In the Japan Trench (DSDP
Legs 56/57) a slightly higher gradient was observed,
which led to an extrapolated value of 0.5% vitrinite
reflectance at 1300 meters depth, though the primary
nature of the vitrinite organic matter was in question at
this site (Rullkotter et al., 1980).

Increasing maturity with depth is also obvious from
Figures 2 and 9, which show the amounts of extractable
organic matter relative to organic carbon at different
depth levels. At Site 467 the extract values remain con-
stant down to about 600 meters sediment depth (despite
some compositional variations evident from microscopy
and pyrolysis results) and show a threefold increase be-
tween 600 and 1000 meters (Fig. 2). This increase of ex-
tract yield may be interpreted as an effect of increasing
temperature and thus maturity. A similar observation
was made at Site 471 (Fig. 9). Here the extract yields
start to increase at about 300 meters depth and are
higher by a factor of three to four in the lowest sample.
As the chromatographic separation did not exhibit a
clear trend in the composition of the extractable organic
matter, the compounds released from the kerogens at
increasing temperatures may at first be mainly hetero-
compounds produced by cleavage at heteroatomic
bonds, with only some hydrocarbons. At both sites, the
microscopic data show the lowest contents of structured
liptinites at depths where a significant mobilization of
bitumen occurs. A decrease of structured liptinites and
increase of diffuse, amorphous liptinitic matter is espe-
cially pronounced in Hole 467 and may be partly a result
of progressive degradation and transformation of struc-
tured liptinitic particles with increasing depth of burial.

A maturation trend is also observed in the hydro-
carbon fractions. The most striking feature is the in-
creasing saturation of the steroid hydrocarbons toward
the lowermost samples (Figs. 5 and 11, Tables 3 and 4).
The n-alkanes are less affected, but in Samples 467-
97-2, 105-109 cm (911.1 m) and 467-104-1, 145-150 cm
(976.5 m), the two deepest samples from Hole 467, and
in Sample 471-69-3, 135-150 cm (650.4 m), the deepest
sample from Hole 471, the n-alkane distributions ap-
pear somewhat smoother than at shallower depths (Figs.
4 and 10). The aromatic hydrocarbons show an increase
in relative concentration of various homologous alkyl-
ated aromatics, which approach a petroleumlike dis-
tribution in the lowermost samples at both sites. The
changes in the composition of the aromatic steroid hy-
drocarbons with depth cannot be readily interpreted at
the moment. Surprisingly, the deepest samples also con-
tain considerable amounts of 178(H)-hopanes (XIII),
and there is no drastic depth trend due to conversion into
the more stable 17a(H)-hopanes (XII; van Dorsselaer et
al., 1977), which would parallel the conversion of ster-
enes to steranes. This may indicate that the two pro-
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cesses proceed at different rates and thus may be taken
as overlapping molecular maturation parameters.

The rapid increase of maturity with depth is in agree-
ment with the observed high geothermal gradient (70°C/
km-154°C/km) at Site 471, leading to a temperature at
maximum depth ranging from 50°C to 112°C (Site 471
chapter, this volume). No temperature data are avail-
able for Site 467. The value for Site 471 can be com-
pared with the level of organic maturation attained at
Site 397, where a reflectance of 0.45% was determined
at a temperature of only 50°C, calculated on the basis
of various physical parameters by a one-dimensional
computer model for a depth of 1300 meters (Cornford
et al., 1979; Yukler et al., 1979).

Comparison of Site 471 with Site 467 shows that the
stage of maturity is somewhat higher at any given depth
level at Site 471 (Figs. 8 and 13). Because the sediment is
older at a given depth level at Site 471 than at Site 467,
however, the maturation differences may be interpreted
as evidence for the importance of time in addition to
temperature in controlling the maturation of organic
matter in sediments. This implies that the thermal gra-
dient at Site 467 is in the same order of magnitude as at
Site 471.

Hydrocarbon Potential

The organic carbon contents and the predominantly
marine type of organic matter in the samples from Site
467 qualify these sediments as good to excellent poten-
tial petroleum source rocks. The maturity of the most
deeply buried samples and the development of the ex-
tract yields downhole indicate that the sediments near
bottom-hole depth may be just approaching the onset of
major hydrocarbon generation. Minor intercalations of
sand layers at different levels may provide possible
migration pathways for generated hydrocarbons.

At Site 471, the kerogen type as well as the total
organic carbon content are less favorable for thermal
generation of liquid hydrocarbons, but there should be
a good potential for gas generation. Hydrocarbon
generation may already have started in the lowermost
sample investigated. Frequent sand layers provide ex-
cellent migration and reservoir facilities.

CONCLUSIONS

The sediment samples from Site 467 and 471 of
DSDP Leg 63 offer an excellent opportunity to study
the various effects of the diagenetic development of
organic matter from the very immature stages to the
onset of thermal hydrocarbon generation. The down-
hole trends in the extractable as well as the insoluble
organic matter can be interpreted in terms of matura-
tion, being controlled by the ‘increase of temperature
with depth of burial. Examples are the transformation
of sterenes to steranes, the changes in the composition
of the aromatic hydrocarbons, increasing extract values
below a threshold depth, the degradation of structured
liptinites, and the increase of huminite/vitrinite reflec-
tance. More detailed studies are planned on the Leg 63
samples in order to attempt to quantitate and interrelate
the processes finally leading to hydrocarbon generation.
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APPENDIX
Structural Formulas for Hydrocarbons

=
)
)
I. rearranged sterenes 11, ster-4-enes 111, ster-5-anes
R

H H

IV, steradienes V. steranes V1. norchalestanes (Cag)
R =H, CH3, CoHg

VL. pregnane (Cgq)

X1, 17a(H), 18alH), 215{H)-
28, 30-bisnorhopane

R = H, CoHg, CHICHg) (CHg), CHy R = H, CyHg, CHICHZ)(CH,), CHy R = C,Hg, CHICH3),
n=05 n=02
Xil. 172{H}-hopanes XL 173(H)-hopanes X1V, maratanes

<@
. Ht \@1015“3: @915"33 @-523“4?
I

XV. perylena XVI, CggHagS XVIL. CooHzeS XVIL CozHgqf

o0 Y

R: not determined

X¥IX. monoaromatic steroids XX, triaromatic steroids
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