35. ORGANIC GEOCHEMISTRY OF SEDIMENTS FROM THE SOUTHERN CALIFORNIA
BORDERLAND, DEEP SEA DRILLING PROJECT LEG 63!

Bernd R. T. Simoneit, Institute of Geophysics and Planetary Physics, University of California,
Los Angeles, California

M. A. Mazurek, Department of Earth and Space Sciences, University of California, Los Angeles, California

ABSTRACT

Selected core samples from the California Continental Borderland (Sites 467-469) were analyzed to evaluate the
nature and composition of the lipids and kerogens in terms of their genetic origin and geological maturity.

The lipids were of a multiple origin. On the basis of the homolog distributions of the n-alkanes and n-fatty acids,
with the shape and magnitude of the unresolved branched and cyclic hydrocarbons, and the structural and stereochem-
ical compositions of the molecular markers, these lipids were derived from primary autochthonous marine (microbial),
from allochthonous terrigenous (higher plant wax), and from recycled (geologically mature organic matter) sources.

The kerogens were composed of principally marine microbial detritus with a minor input of allochthonous ter-
restrial material. For the most part, the samples had undergone a thermal maturation according to a normal geothermal
gradient, except in the proximity of intrusives. Such additional thermal stress was evident for the samples from Site 469
and to some extent for Site 467 at about a sub-bottom depth of 700 to 800 meters,

INTRODUCTION

The California Continental Borderland is an area of
great geological complexity, and the clues to its Neogene
history are to be found in the deep-sea sediments of this
area. Recent, near-surface sediments from the Califor-
nia Bight and borderland contain organic matter de-
rived from autochthonous production and from alloch-
thonous sources such as natural petroleum seepage and
influx of terrestrial detritus (Simoneit and Kaplan,
1980; Venkatesan et al., 1980). Thus it was of interest to
follow these trends versus depth in the sedimentary rec-
ord.

Sites 467 to 469 (Fig. 1), located in the California
Continental Borderland, contain relatively thick se-
quences of nannofossil chalk, silty and dolomitic clay-
stones, tuff, porcellanite, and thin sequences of clay and
ooze with glauconite and vitric ash (Hagq et al., 1979).

The outer southern California borderland may be
another natural example of distinct regimes of thermal
stress upon organic material (kerogen) within a localized
marine setting, analogous to the case of the observed
thermal alteration of Cretaceous black shale by basaltic
intrusions in the eastern Atlantic (Simoneit et al., 1978).

Sites 468 and 469 are located on the Patton Ridge
along the western edge of the borderland and are within
15 km of the inferred paleotrench of southern Califor-
nia (Table 1). Site 467 is situated at the base of the con-
tinental slope at the San Miguel Gap and is on the Pa-
cific plate, just west of the postulated paleotrench (Haq
et al., 1979, table 1). All three sites have high heat-flow
values, and the respective core lithologies show varying
degrees of volcanic influence. Sites 467 and 468 contain
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Figure 1. Location map of Sites 467 to 469 in the California Conti-
nental Borderland.

locally derived, middle Miocene (10-15 Ma) andesitic
and dacitic tuffs and breccias, presumably formed after
cessation of plate subduction (Haq et al., 1979). Hole
469 penetrated pillow basalt and contains zones of
pumiceous tuff and diabase (Haq et al., 1979).

Thus we further characterized the organic matter
(i.e., lipids and kerogen) by its chemical, elemental, and
stable isotope (C and H) compositions to evaluate the
effects of differential heating or anomalous maturation
resulting from high heat flow or localized volcanic
emanations.

EXPERIMENTAL METHODS

Lipids

Lipids were removed from subsamples of the freeze-dried
sediments by multiple mechanical extractions using shaker table agita-
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were applied to the directly measured CO, mass numbers, The CO,
gas was measured relative to the Pee Dee Belemnite (PDB) standard,
the H, gas was compared to Standard Mean Ocean Water (SMOW),
and the N, gas was referenced to atmospheric nitrogen. Isotopic
deviation from the relative values established by these reference com-
pounds was expressed in the conventional *§’* notation in parts-per-
mil, where:

8 (%o) = [R—___”m”; - R*'“““’{I X 1000

standard
and
R = BC/12C for carbon,
R = D/H for hydrogen, and
R = 5N/'"N for nitrogen.
RESULTS AND DISCUSSION
Lipids

The lipid yields were high, and the concentrations of
the hydrocarbons were generally in excess of the fatty
acids (Table 1). Ketones were present as minor com-
ponents only, with 6,10,14-trimethylpentadecan-2-one
as the major analog.

The distribution diagrams for the n-alkanes and
n-fatty acids of the Site 467 samples are found in Figure
2. The n-alkanes of the samples back to the early Plio-
cene exhibit an essentially trimodal distribution, with
maxima at C,;, Cy;, and Cy, no carbon number pre-
dominance < Cs, a strong odd carbon number predom-
inance > C,, and a range from C,, to Ca; (Fig. 2A-D).
The sources of the homologs < C,4 are from primarily
degraded microbial detritus of an autochthonous origin,
and the homologs > C, are derived from allochthonous
terrigenous plant waxes (Simoneit, 1978; 1979a)., The
n-alkanes of the lithic tuff (467-85-4, Fig. 2E) exhibit a
bimodal distribution ranging from C,; to Cy;, with no
carbon number predominance and maxima at C,; and
C,3. This distribution is indicative of a thermally de-
graded lipid residue (Simoneit 1978, 1979a). The bottom
sample in the diatom-nannofossil ooze (Fig. 2F) ex-
hibits n-alkanes derived from microbial residues (< Cag)
and higher plant waxes (> C,4). The pristate-to-phytane
ratios of the upper samples (Fig. 2A-D) are approxi-
mately 1.0 (cf., Table 1), indicating incomplete euxinic
conditions (Didyk et al., 1978) where the rate of influx
of organic detritus did not fully deplete the oxygen in
the sedimentary environment. This interpretation, how-
ever, must be considered with caution, because a signifi-
cant portion of the lipids is interpreted to be not syn-
genetic but derived from geologically older material.
Thus the Pr/Ph may not reflect the true sedimentary
conditions. The Pr/Ph of the two lowest samples (Fig.
2E, F) is about 2.0, indicating oxic sedimentary condi-
tions (Didyk et al., 1978). The dominance of pristane in
these two samples may indicate the major contribution
of diatoms to the lipids. Perylene, another indicator of
anoxic conditions of sedimentation (Simoneit, 1979b;
Didyk et al., 1978), was detected as a major lipid com-
ponent in Sections 467-8-5, 467-18-5, 467-41-4, 467-85-
4, and 467-110-3 (Table 2).

ORGANIC GEOCHEMISTRY OF SEDIMENTS

The n-fatty acids of the upper samples (Fig. 2G-J)
exhibit bimodal distributions, with a strong even-to-odd
carbon number predominance, a range from C;o-Ci,,
and maxima at C;4 and Cy or C,3. The homologs <Cs,
are primarily of an autochthonous microbial origin (Si-
moneit, 1975) and the homologs >C,,, when consid-
ered in conjunction with the respective n-alkane distri-
butions, are further markers of allochthonous higher
plant lipids (Simoneit, 1975, 1978). The n-fatty acids of
Sample 467-85-4 (Fig. 2K) exhibit an essentially uni-
modal distribution, with strong even-to-odd carbon
number predominance, a range from C;yto Cy4, and the
major maximum at C,s. This distribution is typical of
microbial residues (Simoneit 1975, 1978).The n-fatty
acids of Sample 467-110-3 (Fig. 2L) exhibit a bimodal
distribution, with an even-to-odd carbon number pre-
dominance, range from C, to Cj,, and maxima at C¢
and C,4. This distribution is of a mixed origin from
microbial residues and to a lesser extent from terrestrial
higher plant wax (Simoneit, 1975, 1978). A minor
amount of dehydroabietic acid was detected in some of
the samples (Fig. 2), indicating some allochthonous in-
flux of resinous plant detritus (Simoneit, 1977).

The distribution diagrams for the n-alkanes and
n-fatty acids of the samples from Sites 468 and 469 are
found in Fig. 3. The n-alkanes of Sample 468-2-3,
100-120 c¢m exhibit a polymodal distribution, with max-
ima at C]Z’ C]'l,r, ng, and CZ?; range from Cm to C33, and
a strong odd carbon number predominance above Cyg
(Fig. 3A). The homologs <Cy are of a primarily
autochthonous microbial origin and those > Cy4 are de-
rived from allochthonous vascular plant waxes (Simon-
eit, 1978, 1979a). In the case of Sample 468-18-3, 100~
119 cm the distribution is bimodal, ranging from C;; to
C,;, with maxima at C;; and C,,, and essentially no car-
bon number predominance (Fig. 3B). This distribution
may be indicative of a partially degraded microbial lipid
residue, and it is the same as for Sample 467-85-4, 105-
116 cm in the lithic tuff section.

The n-alkanes of Sample 469-2-2, 150 cm reflect a
primarily allochthonous terrigenous origin from plant
waxes by the dominance of the odd carbon number
homologs >C,s and maximum at Cy (Fig. 3C). The
minor maximum at C,; and homologs from C,y through
Cy¢ are derived from degraded microbial lipids, In the
case of Sample 469-43-1, 131-150 cm, located near the
diabase sill, the distribution of the n-alkanes is poly-
modal, with maxima at C,3, C;7, and C,, ranging from
Cyg to Cy3, with a strong odd-to-even carbon number
predominance >C,4 (Fig. 3D). The major homologs
< Cy4 are derived from partially degraded autochtho-
nous microbial detritus, where the cluster at C;3 may be
contamination from diesel oil used on the core catcher.
The homologs >C,4 are derived from allochthonous
higher plant waxes.

The Pr/Ph of the samples from Sites 468 and 469 are
about 1.2 or greater (Table 1), indicating oxic sedimen-
tary environments (Didyk et al., 1978). Perylene was
detectable as a minor component in Sections 468-2-3,
469-2-2, and 469-43-1 only (Table 2). It is another in-
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Figure 2. Distribution diagrams for the n-alkanes (A-F) and n-fatty acids (G-L) of the samples from Site 467. (. . . indicates isoprenoids; ———,
dehydroabietic acid; C, carbon numbers). A, G: Sample 467-3-3, 105-120 cm, B, H: Sample 467-8-5, 100-117 cm, C, I: Sample 467-18-5,
100-118 cm, D, J: Sample 467-41-4, 100-121 ¢m, E, K: Sample 467-85-4, 105-116 cm, and F, L: Sample 467-110-3, 5-9 cm.)

dicator of anaerobic conditions of sedimentation (Si-
moneit, 1979b; Didyk et al. 1978).

The n-fatty acids of Sample 468-18-3, 100-119 cm
range from C, to Cy4, with a strong even-to-odd carbon
number predominance and maximum at C,q (Fig. 3F).
This is typical of a microbial origin. The n-fatty acids of
the other three samples (Fig. 3E, G, H) range from C,,
to Cy, with a strong even-to-odd carbon number pre-
dominance and bimodal distributions, with maxima at
C,s and Cyz. The homologs < C,;, are of an autochtho-
nous microbial origin and those > C,,, when considered
with the n-alkanes > C,, are of an allochthonous origin
from higher plant wax. A trace amount of dehydroabi-
etic acid was detected in the surface sediments only, in-
dicating a very minor influx of allochthonous detritus
from resinous plants (Simoneit, 1977).
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Molecular Markers

The concentrations of the n-alkylcyclohexanes, the
extended diterpanes, the triterpenoids, and the steranes
with sterenes are given in Table 2. Major sterane and
triterpane concentrations were encountered in Sections
467-8-5, 467-18-5, 467-41-4, and 467-110-3.

Microbial markers in the form of n-alkylcyclohex-
anes were present, and their distributions are found in
Figure 4. All samples, except 467-85-4, 105-116 cm,
have similar distributions with maxima at C,;, no car-
bon number predominance, and an approximate range
from C;3 to Cys. The exception (467-85-4) has a max-
imum at C,5 and narrower range from C,4 to C,;. These
compounds are general indicators of microbial detrital
lipids (Simoneit, 1978, 1980).
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Table 2. Approximate concentrations of some molecular markers of
sediments from Leg 63.

ORGANIC GEOCHEMISTRY OF SEDIMENTS

Alkyl- Extended
Perylene cyclohexanes Diterpanes Triterpenoids Steranes
Section (ng/g)? (ng/g) (ng/g) (ng/g) (ng/g)
Site 467
1. 33 nd.b 130 800 1200 250
2. 85 1000 105 660 1800 830
3. 185 3200 48 340 930 22,000
4, 414 900 82 100 190 460
5. 854 30 27 20 70 130
6. 110-3 200 840 380 2040 9600
Site 468
7. 243 100 170 190 300 n.d.
8. 183 n.d. — —_ — —
Site 469
9. 22 10 730 270 530 95
10, 43-1 20 - — — —

2 Based on dry sediment weight.
b n.d, = not detected.
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The relative distributions based on the m/z 191 mass
chromatograms of the extended diterpanes and triterpe-
noids are found in Figure 5. The extended diterpanes
(Structure I)l range from C20H36 (l, R = Csz) to
C26H43 (I, R = Can) with a maximum at C23H42. In
some samples, the range extends to C,Hs, and the
homologs > C,sH,g are resolved into two diastereomers.
The distribution patterns of the extended diterpanes,
when considered with the triterpane distributions, are
similar to those of shallow sediment samples from the
Southern California Bight (Simoneit and Kaplan, 1980).

The triterpenoids (Fig. 5) consisted of primarily the
geologically mature hydrocarbons of the 17«(H)-ho-
pane series (II), with minor amounts of 178(H)-hopanes
and 178(H)-moretanes. The extended 17a(H)-hopanes

2 Hereafter, roman numerals following chemical species refer to structures illustrated in
the Appendix.
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Figure 5. Relative distribution diagrams for extended diterpanes and triterpenoids. (The concentrations are based on the relative intensity of the
m/z 191 mass chromatograms and gas chromatographic response. The R and S diastereomers of the extended homologs are also indicated, and
the Cyq is 17a(H), 18a(H), 215(H)-28,30-bisnorhopane. A, Sample 467-3-3, 105-120 cm; B. Sample 467-8-5, 100-117 cm; C. Sample 467-18-5,
100-118 cm; D. Sample 467-41-4, 100-121 cm; E. Sample 467-85-4, 105-116 cm; F. Sample 467-110-3, 5-9 cm; G. Sample 468-2-3, 100-120 cm;
H. Sample 469-2-2, 136-150 cm; 1. Sample BLM 193, 25-31 ¢m, Southern California Bight [Simoneit and Kaplan, 1980]; and J. Sample 30 G-5,

Guaymas Basin [Simoneit et al., 1979].)

ranged from C;; to C35 and were resolved into two dia-
stereomers at the C-22 position. The 22S to 22R ratios
were variable and approach unity for some samples,
analogous to the samples from the Southern California
Bight (Simoneit and Kaplan, 1980; Venkatesan et al.,
1980). The Cyg triterpane was identified from its reten-
tion index and mass spectrum (Fig. 6A) as 17a(H),
18a(H),2158(H)-28,30-bisnorhopane (III; Simoneit and
Kaplan, 1980; Seifert et al., 1978). It was present in all
samples and was the dominant analog in samples 467-
3-3, 467-8-5, and 469-2-2. The similarity of the extended
diterpane and triterpane distributions of the shallower
samples (467-3-3, 467-8-5, 467-18-5, 468-2-3, and
469-2-2) with some of those of the samples from the
Southern California Bight (e.g., Fig. 5I; Simoneit and
Kaplan, 1980) lend support to paleoseepage or erosive
recycling of more mature bitumen to these sediments.
This is further supported by the presence of a broad
envelope of unresolved branched and cyclic hydrocar-
bons in these samples. The triterpenoid distributions of
these samples are completely different from the uncon-
taminated distribution; for example, from the Guaymas
Basin in the Gulf of California (Fig. 5J); Simoneit et al.,
1979).

Indicators of an additional syngenetic component of
triterpenoids were the unsaturated hydrocarbons and
acids. Triterpenoid ketones were only trace constituents.
The major unsaturated triterpenoid was identified as
iso-hop-13(18)-ene (IV) from its retention index and
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mass spectrum (Fig. 6B) (Ageta et al., 1968). It is the
major triterpenoid of Sample 467-18-5 and occurs in ex-
cess of hop-17(21)-ene (V) in all the other samples. Iso-
hop-13(18)-ene was not detected in the shallower sedi-
ment samples of the Southern California Bight (Simon-
eit and Kaplan, 1980), where the major unsaturated
triterpenes consisted of primarily diploptene and lesser
amounts of 178(H)-hop-21(22)-ene and hop-17(21)-ene.
Diploptene and 178(H)-hop-21(22)-ene were not present
in these samples. Minor amounts of iso-trisnorhopane
(VI) were present in all samples. This compound may
represent a degradation product of iso-hop-13(18)-ene.
Ageta et al. (1968) reported iso-hop-13 (18)-ene present
in ferns. Such a source seems unlikely for these samples,
especially when considered with the presence of the
other major non-hopanoid structures (cf., III, VI, and
VII). These compounds are probably derived from
microorganisms in the autochthonous environment.
The fatty acid fractions contained varying amounts
of extended triterpenoidal acids, and Sections 467-85
-4, 467-110-3, and 468-18-3 contained no detectable
amounts of these cyclic acids. The extended 178(H)-
hopanoic acids, ranging from C;; to Cs;, with 176(H)-
bishomohopanoic acid as the major homolog, were
present in Sections 467-41-4, 468-2-3, 469-2-2, and 469-
43-1. The predominent stereochemistry was 178(H) with
only one diastereomer and traces of the 17«(H) epimers.
Samples 467-3-3, 467-8-5, and 467-18-5 contained a se-
ries of extended 28-norhopanoic acids, ranging from



Figure 5. (Continued).

Cyp to Cs;, with the C;; homolog as the major com-
pound. The structure of the C;; homolog was deduced
from its mass spectrum (Fig. 6C) to be 28-norbishomo-
hopanoic acid (VII). The biogenic source of these com-
pounds is unknown but may be analogous to that of the
other extended hopanoic acids from bacteriohopane-
polyols of a microbial origin (Ourisson et al., 1979). The
biogenic precursors of the extended 28-norhopanoic
acids may also be the source of dominant 17a(H),18x
(H),218(H)-28,30-bisnorhopane (I1I).

The steranes present in these samples consisted
primarily of the 5«(H) and 58(H),83(H), 14x(H) homo-
logs (VIII, Fig. 7), ranging from C,; to Cy, with lesser
amounts of 4-methylsitostane (VIII, R’ = CHj). Sec-
tions 467-3-3, 467-8-5, 467-18-5, 467-41-4, 467-85-4,
and 467-110-3 contained varying amounts of norcholes-
tane (IX). Pregnane (C, H;4) was also identified in these
samples (Fig. 7). The presence of norcholestane may in-
dicate an origin from marine biogenic sources (e.g.,
Djerassi et al., 1979). The dominance of the C,, sterane
in all samples is more characteristic of an origin from
marine planktonic detritus (Huang and Meinschein,
1979). However, the high concentrations of the 53(H)-
steranes in the shallower sections (e.g., 467-3-3, 467-8-5,
and 469-2-2) indicate an admixture of geologically ma-
ture bitumen from recycled or paleoseep material (Si-
moneit and Kaplan, 1980). This can be compared with
the example of a sample from the Southern California
Bight (Fig. 7H). The isomeric 5«(H) or 58(H),88(H),
143(H)-steranes (X) were present in most of the samples
as the second most abundant steranes and occurred in
essentially a 1:1 ratio of diastereomers. The 4-methyl-
sitostane is a further indicator of an autochthonous ma-
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rine component (Simoneit, 1978). Rearranged steranes
and their monoaromatic analogs were present as trace
constituents only. Pregnane (C, Hyq) was detected as a
significant component of all samples (Fig. 7), and its
source is uncertain. Sterenes and steradienes were not
present as significant constituents. Also, the polyole-
finic hydrocarbons detected in the shallow Southern
California Bight sediments (Simoneit and Kaplan, 1980)
were not present in these samples.

Traces of the diterpenoid hydrocarbon derivatives
retene, dehydroabietin, simonellite, dehydroabietane,
norsimonellite, methylphenanthrene, and cadalene were
detected in some samples. Coupled with the presence of
low amounts of dehydroabietic acid, these traces in-
dicate a minor influx of resinous higher plant detritus
(Simoneit, 1977).

The presence of organic or elemental sulfur has been
used as an indicator of anoxic sedimentary conditions
(Didyk et al., 1978). With the present GC/MS system,
the elemental sulfur could be speciated into some poly-
sulfide moieties. Thus the polysulfide peaks correspond-
ing to Sg, S;, and Sg are resolved in the GC/MS data
(Fig. 8) and their molecular weights confirmed by the
mass spectra. Sections 467-3-3, 467-8-5, 467-18-5, 467-
41-4, 467-110-3, and 469-2-2 contained these polysul-
fides, indicating euxinic sedimentary conditions. The
other lipid data also lead to this conclusion.

Kerogens

Kerogen combustion followed by manometric mea-
surement of the resultant gases for a determination of
C, H, N, and O in the original kerogen generally has
given the elemental results listed in Table 1. Some of the
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Figure 8. GC/MS data for the polysulfides. (A. Mass chromatogram for m/z 64, the base peak of S, S,,

and Sg. B. Total ion current trace.)

variability can be attributed to the high ash content in
all but one of the kerogen samples (No. 7—Hole 468).
Cores from Holes 467 and 469 contained variable
amounts of pyrite (FeS,), which was also detected in the
initial core analyses on board ship, thus high ash values
in the kerogen are not surprising. The H/C values for
Samples 5 and 9 are therefore high. Values for Samples
1, 3, 4, 6, and 8 fall in the more aromatic range, whereas
Samples 2, 5, 7, and 9 are more aliphatic (cf., Table 1).

The 8'3C, 6N, and 6D data for the kerogens are
listed in Table 1. Values for 8!3C fall within the range of
—20 to —23%, and are indicative of chiefly marine
planktonic source material with minor input of ter-
restrial higher plant detritus (Sackett, 1964; Peters et
al., 1978; Stuermer et al., 1978).

In addition to source elucidation, §'*C data have
been used to indicate structural modification of kerogen
resulting from microbial breakdown or from elevated
thermocatalytic effects due to increased burial. Figure 9
shows a plot of kerogen 6!3C versus depth within each
core. In Hole 467, shallow samples become isotopically
heavier with depth, reaching a maximum value at 381
meters sub-bottom (Sample 4), and then decreasing to
the lowest 63C value in the core at the concomitant
greatest sub-bottom depth of 1035 meters (Sample 6).
This 813C profile may be the result of two competing
processes: the microbial or oxidative alteration of kero-
gen substrate moieties enriched in 12C, and the inorganic
thermal decomposition of kerogen carboxyl functionali-
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ties that are enriched in 13C. It is well established that
less energy is required to break '2C-!2C bonds than it is
for BC-12C linkages (Stevenson et al., 1948; Brodskii et
al., 1959); therefore degradation of kerogen would be
expected to utilize preferentially '2C-12C fractions, leav-
ing the residual kerogen heavier in 13C/12C. Indeed, this
appears to be the dominant process for Hole 467 until,
at a sub-bottom depth of 381 meters (4), there is a rever-
sal and 6!3C becomes increasingly lighter. That phenom-
enon may be attributed to the overriding effects of ther-
mal decomposition of kerogen portions that are 3C-
enriched in conjunction with the waning fractionation
of 12C-rich groups from the microbial or oxidative deg-
radation of kerogen. Slight systematic enrichment in 2C
in the residual kerogen, which is derived from the elimi-
nation of — COQH groups heavy in '*C, has previously
been demonstrated (Abelson and Hoering, 1961; Gali-
mov, 1973, 1978; Rohrback, 1979). It is not clear that
the pumiceous tuff located in the sedimentary column
between 700 and 820 meters might have accelerated the
rate of decarboxylation reactions in the kerogen, be-
cause there are no major discontinuities in the decreas-
ing 8!3C trend with depth for the data points at 381
meters (4), 800 meters (5), and at 1035 meters (6). More
information is needed on samples taken within close
proximity both above and below the tuff interval in
order to clarify the situation. Similarly, Hole 468 shows
an increase in 6!3C from a depth of 7.5 meters (7) to the
deepest subsample recovered at 160 meters (8). Appar-
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Figure 9. Plot of the §'’C data versus depth for the kerogens from
Sites 467 to 469.

ently, temperature effects were not great enough to ini-
tiate decarboxylation of kerogen, and decomposition by
microbes or oxidation was the dominant process, yield-
ing kerogen residues heavier in §'3C. Conversely, Hole
469 shows nearly a constant §3C value with depth
(—22.20%), which could mean that microbial-oxidative
and thermal decomposition processes for the refractory
organic material were roughly in balance with one an-
other throughout the core intervals sampled. Because of
the limited data, however, this should be interpreted
with caution until additional 6!3C analyses can be con-
ducted on further samples taken between Samples 9 and
10.

Deuterium ratios for the ten kerogen samples demon-
strate greater variance, showing a distribution between
— 140 to +29%,. Before an assignment of organic source
material can be made on the basis of 6D variance,
limitations to the usage of the deuterium ratio must be
understood. Generally, 6D results are thought to pro-
vide a less concrete basis for the elucidation of organic
source material, because deuterium values have pre-
viously been shown to be intrinsically related to the 6D
ratios of meteoric waters that drain into a given
geographic location, rather than to inherent biological

ORGANIC GEOCHEMISTRY OF SEDIMENTS

fractionation processes of marine and terrestrial biota
(Hoering, 1975). Nissenbaum (1974), however, detected
slight differences among 6D measurements of various
marine and terrestrial humic acids and found that for a
given restricted geographic location 8D ratios ranged
from —102 to —110%, for humic material in the un-
derlying recent marine sediments, Nissenbaum attrib-
uted this range to contributions primarily by marine
plankton. Comparing this 6D range to the 6D values of
these kerogen samples (Table 1), only Samples 1 and 8
(Quaternary and lower/middle Miocene, respectively)
coincide with the —102 to —110 %, interval. Clearly,
the 6D values generated in this study do not support the
corresponding '*C data, which irrevocably point to a
marine planktonic origin for these kerogens. Factors
that may have induced the wide variations in 6D
measured in the other eight sample intervals include the
following:

1) presence of heavy minerals in the isolated kerogen
fractions could either increase or diminish 6D during the
separation and pyrolysis phases of kerogen analysis
(Durand and Monin, 1978),

2) fractionation due to equilibration or exchange of
kerogen hydrogen during analytical procedures (Hoer-
ing, 1975),

3) fractionation of the hydrogen fraction contained
in humates during diagenetic processes that lead to
kerogen formation; thus — 102 to — 110%, measured in
humates is fundamentally not applicable to kerogen,
and

4) Application of varying degrees of thermal stress to
the kerogen after burial within the sediment.

Knowledge of the thermal stress within a given sedi-
ment may be used to demonstrate the changes in 6D
with depth and thus to correlate increasing temperature
due to burial within a geothermal gradient. It may there-
fore be possible to document paleothermal events by
analysis of anomalous 6D fluctuations with depth (Fig.
10). For Hole 467, 6D remains nearly constant to a
depth of 381 meters (4), then increases to a maximum
value at 800 meters (5), and finally decreases in the
deepest kerogen sample. The substantial depletion of
12C at a depth of 800 meters also coincides with the ap-
pearance of a pumiceous tuff. It seems evident that the
heat from this nearly cooled volcanic material was suffi-
cient enough to cause mass fractionation of the lighter
isotope, leaving behind a deuterium-enriched kerogen
residue. Moreover, in terms of D/H content, the sample
at 800 meters (5) is diagenetically more mature than the
lower kerogen sample from 1035 meters (6). This anom-
alous maturation in the tuff vicinity may be interpreted
as a Rayleigh distillation effect in which the lighter
isotope is distilled off first, the magnitude of which is
related to the absolute distance from the heat source. A
similar phenomenon has been observed in the thermal
alteration of Cretaceous black shale by basaltic intru-
sions in the eastern Atlantic (Simoneit et al., 1978).

For Site 468, 6D increases with depth, however, the
deepest sample is only 160 meters (8). Apparently, the
sediment in this interval of 7.5 to 160 meters did not
undergo an unusual thermal stress, because the 6D lies
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Figure 10. Plot of the 6D data versus depth for the kerogens from
Sites 467 to 469.

within the same range as for the shallow kerogen at Site
467, despite the fact that volcanic ash layers appear in
the core lithology at a depth of about 230 meters. Simi-
lar behavior is not true for Hole 469, in which 6D is
enriched by 40 to 70%, in the core relative to the 8D
values in either Hole 467 or 468. The organic matter in
Hole 469 exhibits a high diagenetic maturity in terms of
very large D/H ratios, which may well have been in-
duced by the high thermal stress imparted by the ob-
served diabase intrusion. Moreover, the intrusion ap-
pears to be upper Quaternary; this would account for
the high 6D value in the shallow 10.0-meter (9) sample
that was formed during this era. Therefore, when com-
paring the relative thermal stress induced by volcanic
debris or alternatively, the greatest extent of diagenetic
maturity of the organic matter, the following is true: the
core from Hole 469 shows extensive thermal degrada-
tion, followed by localized zones of moderately heated
kerogen from Hole 467, and finally, no significant ther-
mal alteration of kerogen from Hole 468.

When a correlation is made between 6D and 63C for
each kerogen sample (Fig. 11), a compelling segregation
of Holes 467 and 468 from 469 is evident. This separa-
tion of data points may be a manifestation of differen-
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Figure 11. Correlation diagram of 8D versus 6'3C for the kerogens
from Sites 467 to 469,

tial thermal stress on the various kerogen fractions by a
nonuniform thermal gradient or by nonhomogeneous
heating by volcanic debris. That is assuming that the ef-
fects of experimental fractionation, heavy mineral in-
teraction, meteoric deuterium values, and organic source
material are roughly equivalent among all ten kerogen
samples. Overall, §'*C shows minor deviation (— 20 to
—23%,), whereas 8D values demonstrate significant
variability (— 140 to +29%.). By plotting the changes in
4D and 6'3C among kerogen samples from a single drill
site, consistent progressions become apparent. At Hole
467, shallow samples are clustered together (1 to 4) hav-
ing low 8D ratios. Deeper samples (5 and 6) show an
enrichment in deuterium of about 40%,, relative to the
shallow kerogen. Carbon values are more or less in the
same range for all analyzed kerogen, with a variability
of approximately 2%,. Thus with depth there is a rapid
increase of 8D relative to §!'3C, and this relation may in-
dicate the accelerated effect of biological and abiologi-
cal kerogen alteration processes acting upon the lighter
element. This same trend is noted for Hole 469 and is
less pronounced for Hole 468. Consequently, in diage-
netic alteration of kerogen, changes of greater magni-
tude occur for hydrogen components than for carbon
components. This generalization is supported by simu-
lated laboratory thermal alterations of kerogens (Bae-



decker et al., 1977; Ishiwatari et al., 1977; Sackett,
1978; Rohrback, 1979; Durand and Monin, 1978),
which show the degree of elemental loss in the order of
O>H>N>C.

The 615N data for the kerogens are also listed in Table
1, and they range from +1.4 to +11.8%,, with con-
siderable scatter and error due to the low levels of
nitrogen contents. The correlation of §!5N versus §13C is
shown in Fig. 12, and the correlation line (slope = 1.1)
for organic matter from the continental shelf sediments
of the northeast Pacific (Peters et al., 1978) is also in-
dicated. The interpretation of the data is limited, but it
shows that all these kerogens are of a mixed composi-
tion derived from terrestrial and marine detritus. Based
on the 8N values, the samples from Site 469 are
distinctly more marine in character.

CONCLUSIONS

The nature and composition of the lipids and kero-
gens of selected core samples from Sites 467 to 469 were
determined; these data enabled us to evaluate the ge-
netic origin and maturity of that organic matter.
Lipids

The lipids had a multiple origin from primary au-
tochthonous marine production (i.e., microbial resi-
dues) and from allochthonous sources (Table 3). The al-
lochthonous influx was composed of terrigenous detri-
tus, primarily higher plant wax and traces of resin
residues, and geologically mature bitumen from seepage
or from recycled older sedimentary material. These in-
ferences are based on the homolog distributions of the
n-alkanes and n-fatty acids, with the shape and magni-
tude of the unresolved branched and cyclic hydrocar-
bons (the hump), and the structural and stereochemical
compositions of the molecular indicators.
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Figure 12. Correlation diagram of 6'°N versus §'3C for the kerogens
from Sites 467 to 469,
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Table 3. Inferred sources of lipids and kerogen of Leg
63 samples based on organic geochemical data.

Section Lipids Kerogen
467-3-3  marine/terrigenous®  marine
8-5 marine/terrigenous  marine
18-5 marine/terrigenous  marine/terrigenous?
41-4 marine/terrigenous  marine
854 marine marine
110-3 marine/terrigenous  marine
468-2-3 marine/terrigenous  marine
18-3 marine marine
469-2-2 marine/terrigenous marine/terrigenous
43-1 marine/terrigenous marine

2 Dominant source of two is underscored.

The Pr/Ph values ranged from 0.7 to 2.0 and pery-
lene and polysulfide sulfur were present in most sam-
ples, indicating partial euxinic paleoenvironmental con-
ditions of sedimentation.

Kerogen

The 6D and 6'3C values of the kerogen samples
demonstrate that Sites 467 to 469 contain organic mate-
rial principally derived from marine planktonic sources,
with a minor input of terrestrial higher plant compo-
nents (Table 3). Although these sites are within close
proximity to each other, the respective sediments show
varying degrees of thermal stress (on the basis of the
variation of 6D with depth). Hole 469 shows anoma-
lously high 8D values, which support the idea of local-
ized heating by a recent (Quaternary) diabase intrusion.
Alternatively, Site 467 material was moderately heated
within close proximity of a vitric tuff, whereas Hole 468
does not show any significant alteration of kerogen by a
far-removed lapili tuff. Moreover, the in situ thermal
alteration of the organic matter shows these overall
trends:

1) 6D increases with increasing depth in a normal
diagenetic sequence as a result of the preferential loss of
the lighter isotope with increasing temperature (mass
fractionation).

2) d13C increases with increasing depth, initially,
because of microbial degradation, and then decreases
with depth due to inorganic breakdown (thermal stress).

3) Loss of H is more rapid than loss of C during the
normal diagenetic sequence of events.,
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APPENDIX
Chemical Structures Cited

|. Extended diterpanes

1. 17, 18a, 218(H)- 28, 30- IV. iso - Hop=13 (18) —ene V. Hop-17 (21)—ene
Bisnorhopane

VL. iso—= Trisnorhopane VI1l. 28—Norbishomohopanoic acid

R=H, CH3
R"=H, CH3, CyHg
IX. Norcholestane

R
VIII. Steranes

H
X. 88, 148(H) - Steranes
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