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ABSTRACT

Lipids, humic acids, and kerogens were isolated from Site 582 sediment cores. The amount of each organic fraction
in the samples taken from 5.6 to 694 m sub-bottom is almost unrelated to depth of the sample. A study of the oxidation
of organic matter by the alkaline KMnO, method reveals that distribution of polymethylene chain lengths of the kero-
gens and humic acids in the marine sediments differ from those in lacustrine sediments. The order of abundance of
these chains in the sediments is: kerogens, 52-66% of total methylene chains; humic acids, 25-33%; and lipids, 8-16%.
The results suggest that polyunsaturated fatty acids (=4 double bonds) may be important in the formation of poly-
methylene chains of kerogens and humic acids in marine sediments.

INTRODUCTION

Insoluble organic matter (kerogen) constitutes a ma-
jor portion of all organic matter in sediments. Many
degradation studies, such as oxidation studies (Philp and
Yang, 1977; Machihara and Ishiwatari, 1981) and pyrol-
ysis studies (Philp et al., 1978; Sklarew, 1979), have shown
the presence of polymethylene chains (—(CH,),—) in
the kerogen structure. However, precursors and the for-
mation process of polymethylene chains in kerogen are
not well known. The study of the chemical structure and
the source of the polymethylene chains in kerogens is
important, because thermal degradation may transform
these chains into aliphatic petroleum hydrocarbons
(Welte, 1972; Tissot and Welte, 1978; Hunt, 1979).

In a previous report (Ishiwatari and Machihara, 1983),
we examined lipids, humic acid, and kerogen in lacus-
trine sediment by the KMnO, oxidation method. Those
results demonstrate that the molecular distribution of
polymethylene chains (normal aliphatic «,w-dicarboxyl-
ic acids as major degradation products) are similar among
the three fractions. This similarity indicates a common
origin for the polymethylene chains of these three or-
ganic materials.

We report on the study of oxidation of three organic
fractions (lipids, humic acid, and kerogen) from Site 582
samples, in order to compare the characteristics of these
three organic materials from a marine sediment in terms
of their polymethylene chains. Humic acid was included
in this study, because some marine sediments contain
these acids in relatively large amounts (Degens et al.,
1964; Stuermer et al., 1978; Sato, 1980).

METHODS

Sample Description

Sediment samples used in this study are muds (Cores 582-1 and
582B-3 to 582B-50) or mudstones (Cores 582B-58 and 582B-68) of
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Quaternary age (Table 1). Age at the base of Hole 582B (749.4 m) is
approximately 0.65 Ma (Kagami et al., 1983).

Separation of Lipids, Humic Acid, and Kerogen

A freeze-dried sediment sample (50-67 g) was ground to a fine
powder and extracted with benzene-methanol (6:4) in a Soxhlet appa-
ratus for 70 hr. to remove lipids. Sulfur was removed by adding copper
to the boiling solution. A portion (approximately 30 g) of the sedi-
ment residue was subsequently extracted with a solution of 0.5 N
NaOH (50 ml x 5) by ultrasonication (20 kHz; 60 minutes x 3) at ap-
proximately 50°C to remove humic and fulvic acids. The alkaline solu-
tion was filtered through a Whatman GF/C filter, acidified with 6 N
HCl to a pH of approximately 1 and centrifuged to obtain the humic
acid. This acid was purified by dissolution in a 0.2 N solution of
NaOH, filtered through a GF/C filter, acidified to a pH of approxi-
mately 1, and centrifuged. The resulting humic acid was rinsed with
distilled water and freeze-dried. The residue from the alkaline extrac-
tion was treated with 46% HF/6 N HCI (1:1) solution to decompose
inorganic materials. The kerogen was concentrated from the inorgan-
ics by using heavy liquid (ZnCl, at specific gravity 2.0). The kerogen
thus obtained was washed with distilled water and freeze-dried. Be-
cause the ash content of the kerogen was high (60-70%), it was further
treated with 6 N HCI at 95°C for 10 hr. in order to decrease inorganic
materials.

Alkaline Potassium Permanganate Oxidation

The methods of oxidation and extraction of degradation products
are reported in detail elsewhere (see Machihara and Ishiwatari, 1983).
Briefly, a sample (2-20 mg) of lipids, humic acid, or kerogen was
mixed with 10 ml of 2% KMnO, in 1% KOH aqueous solution and al-
lowed to react for 60 minutes at 60°C. The degradation products were
extracted, silylated, and analyzed by gas chromatography (GC) or gas
chromatography-mass spectrometry (GC-MS).

Instrumentation

GC analyses were carried out on a Hewlett-Packard 5840A gas
chromatograph with a flame ionization detector. GC separations were
performed using a Hewlett-Packard OV-1 fused silica capillary column
(25 m long x 0.31 mm internal diameter). The column temperature
was programmed from 90-280°C at 10°C/minute.

Degradation products were quantified by measuring their peak
heights or peak areas on the gas chromatograms. Standards are nor-
mal saturated monocarboxylic acids (Cg, Cyg, C12, Ci4» Cyi6r C18r Capr
and C,y); normal saturated «,w-dicarboxylic acids (Cy4, Cq, Cg, and
C,0); 2,2-dimethy] succinic acid; and benzenecarboxylic acids (ben-
zoic, phthalic, and trimesic acids).

The degradation products were confirmed with a Hewlett-Packard
5985 gas chromatograph-mass spectrometer. The temperature and col-
umn conditions were the same as used for GC analyses. Helium was
used as carrier gas. The mass spectrometer was operated at an electron
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energy of 70 eV, a separator temperature of 300°C, and an ion source
temperature of 200°C.

CHN Analyses

Organic carbon in sediment samples and elemental analyses of lip-
ids, humic acid, and kerogen were determined with a Yanagimoto CHN
analyzer (Type MT-2).

Isotopic Measurements

8'3C values were obtained using a Varian Mat 250 isotope mass
spectrometer. PDB was used as the standard.

RESULTS AND DISCUSSION

The lipid contents of Cores 582-1 and 582B-3 are

higher than those of deeper samples, whereas the humic
acid and kerogen contents of the same cores are slightly
low compared to those of deeper sediments (Table 1;
Fig. 1). In the cores deeper than 130 m sub-bottom, the
amounts of lipids, humic acid, and kerogen are practi-
cally constant: 2.8 to 4.1% for lipids, 12 to 14% for hu-
mic acids, and 42 to 50% for kerogens. Some of the to-
tal organic matter (36-49%) was not recovered; it prob-
ably consists of fulvic acids and low molecular weight
compounds.
- The H/C and O/C ratios for kerogens are lower than
those for the humic acids (Table 2; Fig. 2). This distinc-
tion may arise from the different methods of separation
of humic acid and of kerogen from the sediment sam-
ple; that is, humic acid is not treated with mineral acids,
whereas kerogen is treated with 6 N HCI for 10 hr. to di-
minish inorganic materials. For example, upon hydroly-
sis of kerogen from Lake Haruna sediment with 6 N
HCI (Machihara and Ishiwatari, 1980), the ratios of H/
C and O/C decreased substantially: 1.17 to 0.81 and
0.44 to 0.38, respectively. Although a similar change may
have occurred for the kerogens in this experiment, we
have no data to ascertain this point, because the ash
content of the kerogen is too high (60-70 wt.%) to ob-
tain accurate evaluations of the hydrogen and oxygen
contents.

613C values of the three fractions change almost in
parallel with depth except for a slight low value of the
Core 582-1 lipids (Fig. 3), indicating a common source
for each. The 6!3C for each organic fraction of the sam-
ple from Core 582B-68 is relatively high, suggesting that
this sample has more organic matter from a marine source

Table 1. Organic carbon, lipids, humic acids, and kero-
gens in sediments at Site 582.

Sub-

bottom  Organic Lipid I-Iur_mc

Hole-Core- depth carbon Iplos acid Kerogen

Section (m) (%) (mg C/g dry sediment)
582-1-4 6 0.54 0.33 0.38 2.07
582B-3-1 75 0.66 0.46 0.68 2.24
582B-10-2 137 0.43 0.15 0.58 2.13
582B-16-1 194 0.69 0.27 1.00 2.95
582B-22-1 252 0.65 0.18 0.85 2.94
582B-30-6 336 0.55 0.24 2.79
582B-40-1 423 0.52 0.15 0.81 237
582B-50-2 520 0.46 0.19 0.66 2.03
582B-58-2 598 0.26 0.076 1.09
582B-68-2 694 0.35 0.14 0.44 1.45

Note: Blanks indicate no measurement made.
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Figure 1. The relation of amounts of lipids (triangles), humic acids
(open circles), and kerogens (solid circles) in Site 582 sediments to
sub-bottom depth.

than do the other four sediment samples (Degens, 1969).
This pattern conforms with sedimentologic, biostrati-
graphic, and physical properties observations that iden-
tify Core 582B-54 as the border between Nankai Trough
turbidites above and Shikoku Basin sediments below (site
chapter, Site 582, this volume).

Oxidative degradation products obtained from the three
fractions are normal «,w-dicarboxylic acids, benzene-
carboxylic acids, normal monocarboxylic acids, and
2,2-dimethyl succinic acid (Table 3). These products are
commonly observed in oxidation studies of organic
matter (lipids, humic acid, and kerogen) in lacustrine
sediments (Machihara and Ishiwatari, 1981; Machihara,
1981). For Leg 87 samples, normal o,w-dicarboxylic
acids of the lipids have peaks at C,, C4, and Cg (Core
582-1, Fig. 4A) or Cg and C, (Cores 582B-10, 582B-22,
and 582B-50), whereas those of the humic acids and ke-
rogen show a maximum peak at C, (Figs. 4B; 4C). The
distribution pattern of the benzenecarboxylic acids are
almost the same among the three fractions.

A large portion of the «a,w-dicarboxylic acids of the
lipids may have been derived from unsaturated fatty acids
or their alteration materials (Ishiwatari and Machihara,
1983). We have observed that lipids extracted from algae
(bluegreen and green algae and diatoms) generate C4-
C,; a,w-dicarboxylic acids (with a maximum peak at Cg
or Cg) by their KMnO, oxidation (Ishiwatari and Machi-
hara, 1982). We have also obtained large quantities of
C4-Cy a,w-dicarboxylic acids with a maximum peak at
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Table 2. Elementary composition and 13¢ values of lipids, humic acids, and kerogens.

Elemental analyses®

Hole-Core- (%) Ash Adouric oo 613(:
Fraction Section C H N ob (o) H/C N/C 0O/C (%0 vs. PDB)
Lipids 582-1-4 75.6 9.66 1.51 13,28 1.54  0.017 0.13 —-25.8
582B-3-1 80.5 11.3 0.97 7.18 1.69 0,010 0.07
582B-10-2 82.0 11.2 1.50 5.28 1.64 0.016 0.05 =257
582B-16-1 823 113 0.90 5.51 1.65 0,009 0.05
582B-22-1 779 10.8 1.49 9.82 1.67 0.016 0.09 =257
582B-30-6  Bl.1 11.4 1.05 6.51 1.68 0,011 0.06
582B-40-1 78.8 11.0 1.47 8.71 1.68 0,016 0.08
582B-50-2 79.8 11.0 1.22 7.99 1.65 0.013 0.08 -25.8
582B-58-2 79.8 11.0 1.54 7.72 1.65 0,017 0.07
582B-68-2 80.4 10.8 1.58 7.20 1.62 0,017 0.07 -25.2
Humic acids ~ 582-1-4 56.2 490 350 354 460 1.05 0.053 047 -22.2
582B-3-1 55.2 489 391 36.0 11.0 1.06 0.061 0.49
582B-10-2  55.7 553 344 353 44.8 1.19 0,053 0.48 -23.4
582B-16-1 55.4 552 332 356 44.6 1.20 0.051 0.48
582B-22-1  56.3 6.00 339 343 39.8 1.28 0.052 0.46 ~23.3
582B-30-6 55.4 527 377 356 490 1.14 0.058 0.48
582B-40-1  57.1 506 299 349 24.1 1.06 0.045 0.46
582B-50-2  58.5 494 279 338 21.6 1.01  0.041 043 -23.1
582B-58-2  61.9 503 349 296 1.4 097 0.048 0.36
582B-68-2  60.8 569 422 293 28 1.12  0.059 0.36 -20.7
Kerogens 582-1-4 71.2 391 214 228 6.47 0.66 0.026 0.24 -234
582B-3-1 69.6 417 195 243 797 072 0024 0.26
582B-10-2  70.5 420 1.74 235 9.00 0.71 0.021 0.25 -24.3
582B-16-1  68.9 463 1.86 24.6 7.43  0.81 0.023 0.27
582B-22-1  69.9 433 1.80 240 8.12 074 0.022 0.26 ~24.6
582B-30-6  69.2 436 192 246 693 076 0.024 027
582B-40-1  71.6 4.62 2.08 21.7 5.60 077 0.025 023
582B-50-2 71.6 4.57 191 219 6.50 0.76 0.023 0.23 -24.3
582B-58-2  70.4 4.02 1.88 23.6 15.1 0.68 0.023 0.25
582B-68-2 65.4 419 216 28.2 20.5 0.77 0.028 0.32 -229
Note: Blank indicates not measured.
2 Ash-free basis.
b By difference.
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Figure 2. The oxygen/carbon versus hydrogen/carbon atomic ratios
for the humic acids and kerogens. Symbols as in Figure 1.

Cg or Cq by oxidation of authentic standards such as A%-
Cig:1, A°-Cyg.y, A%12-Cyg.y, and A%1215-Cyq.5 (Machihara
and Ishiwatari, 1983).

Interestingly, the distribution pattern of «,w-dicarbox-
ylic acids obtaingd from the kerogens (and humic acids)
in these marine sediments is different from those in

Figure 3. §'°C values in each organic fraction for samples from Holes
582 and 582B. Symbols as in Figure 1.

lacustrine sediments (Machihara and Ishiwatari, 1980,
1981). In other words, a,w-dicarboxylic acids of the ma-
rine sediments have a maximum peak at C4 and decrease
with increasing carbon numbers, whereas those of the
lacustrine sediments show a maximum peak at Cq. This
contrast may be due to the difference of precursor mate-
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Table 3. Yield of organic compounds produced by oxidation of each
fraction (expressed as mg/g organic carbon).

Hole-Core- Humic
Section Degradation products Lipids acid Kerogen
582-1-4 n-Cg ~ n-Cag monocarboxylic acids 5.39 3.95 0.59
n-C4~-n-Cy4 o,w-dicarboxylic acids  16.5 344 10.5
Benzenecarboxylic acids 16.5 6.2 5.47
2,2-dimethy] succinic acid 1.83 1.63 0.54
Total 40.2 46.2 17.1
582B-10-2  n-Cg—n-Cyg monocarboxylic acids 7.46 1.58 2.02
n-C4~n-C4 a,w-dicarboxylic acids  22.4 24.1 15.8
Benzenecarboxylic acids 7.0 5.94 6.03
2,2-dimethyl succinic acid 1.36 1.38 0.87
Total 38.2 33.0 24.7
582B-22-1  n-Cg~n-Cpg monocarboxylic acids 9.82 1.29 1.89
n-C4 ~n-Cy4 a,w-dicarboxylic acids 40.4 24.3 16.9
Benzenecarboxylic acids 7.6 341 5.62
2,2-dimethyl succinic acid 2.40 1.40 0.94
Total 60.2 30.4 25.4
582B-50-2  n-Cg~n-Cyg monocarboxylic acids 8.96 2.06 1.70
n-C4~n-Cy4 a,o-dicarboxylic acids  31.7 224 14.2
Benzenecarboxylic acids 6.2 5.95 10.0
2,2-dimethyl succinic acid 2.04 1.62 0.84
Total 48.9 32.0 26.7

rials (i.e., unsaturated fatty acids). The composition of
unsaturated fatty acids is remarkably different between
fresh-water and seawater algae (Pohl et al., 1968; Jamie-
son and Reid, 1972). The former consist mainly of A7-
or A%-Cyg,, A%-Cyg.1, A*'12-Cyg.5, and AM1215-Cyq.5, where-
as the latter, in addition to those unsaturated fatty acids,
contain polyunsaturated fatty acids (=4 double bonds)
such as ASSI215.Clp,, ASBILIC, . ABILILIT.Cy
ASBILIANT.Cp o ATIOIBIGI O, o and ASTIOIBIEN.C,, o
Therefore, if we assume that polyunsaturated fatty acids
(=4 double bonds) have been incorporated in the kero-
gen and humic acids, then C4-C; a,w-dicarboxylic acids
should be produced from the oxidation of kerogen and
humic acids; e.g., C4, Cs, Cg, and C, from A%7:10.13.16,19
CZZ:E' AS,S,I I,l4_cm:4’ A6,9,12.15_Cls:4’ and 3?,10.13,]6,!9_C22:5’
respectively.

The distribution patterns of «,w-dicarboxylic acids
between lipids and kerogen (or humic acid) differ from
each other. In the case of the oxidation study of three
organic fractions (lipids, humic acid, and kerogen) in a
lacustrine sediment, such differences were not observed
(Ishiwatari and Machihara, 1983). This contrast may be
interpreted in terms of the reactivity of unsaturated fat-
ty acids with kerogen (or humic acid). Polyunsaturated
fatty acids (=4 double bonds) may have reacted more
easily with kerogen (humic acid) than unsaturated fatty
acids (<3 double bonds) and were incorporated in their
matrices. On this assumption, lipids become richer in
Ci¢:1 and C,s., » ; unsaturated fatty acids (or their altera-
tion products), compared to kerogen (or humic acid).
Thus, upon oxidation, lipids would generate «,w-dicar-
boxylic acids with a maximum at Cg or Cy. At present,
however, this interpretation is speculative. Further study
is needed to elucidate the high reactivity of polyunsatu-
rated fatty acids (=4 double bonds) with kerogen and
their incorporation into kerogen matrix.

In all of the oxidation products of the three fractions,
2,2-dimethyl succinic acid was detected. A precursor of
this acid is probably carotenoid pigments (e.g., 8-caro-
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tene; Machihara and Ishiwatari, 1983). Although small
amounts of 2,2-dimethyl glutaric acid, which is also ob-
tained by oxidation of S8-carotene, were detected, its yield
was not measured in this experiment. Yield of 2,2-di-
methyl succinic and glutaric acids produced from the
oxidation of B-carotene was 5.5 wt.% (Machihara and
Ishiwatari, 1983). Therefore, the content of 3-carotene
in the lipids, humic acid, and kerogen in the sediments
can be estimated approximately, assuming that 2,2-di-
methyl succinic acid was derived from §-carotene (or re-
lated compounds). The amount is calculated as 2.5 to
4.4% for the lipids, 2.5 to 2.9% for the humic acids,
and 0.9 to 1.6% for the kerogens.

The amounts of polymethylene chains in the three
organic fractions in the sediments were calculated (Ta-
ble 4) using the quantified amounts of the three frac-
tions (Table 1) and the yields of aliphatic acids produced
by the oxidation of each fraction (Table 3). In this calcu-
lation, the yield of aliphatic acids from polymethylene
chains by KMnO, oxidation was assumed to be the same
for the three fractions. The order of abundance of these
chains in the sediments is kerogen, 52-66% of total
methylene chains; humic acid, 25-33%; and lipids, 8-
16%. The distribution of polymethylene chains among
the three fractions is almost unrelated to depth of the
sample.

CONCLUSIONS

1. The amounts of lipids, humic acids, and kerogens
in sediment cores (5.6-694 m) were almost unrelated to
depth of the samples. The order of amounts of these
types of organic matter in the sediment is kerogens, 34-
51% of total organic carbon; humic acids, 7.1-15.5%;
and lipids, 2.4-7.0%.

2. 8'3C values of the three fractions varied almost in
parallel with depth. This uniformity indicates a com-
mon source for the lipids, humic acid, and kerogen in
each sediment sample.

3. Oxidation study of the each fraction showed that
the distribution pattern of polymethylene chain lengths
differs between the lipids and kerogen (or humic acid).
Thus, polyunsaturated fatty acids (=4 double bonds)
may play an important role in the formation of poly-
methylene chain structure in marine kerogen and humic
acid.

4. A significant amount of carotenoid pigments may
also be responsible for the polymethylene chain struc-
ture in kerogen and humic acid.

5. The polymethylene chains in the sediments are dom-
inant in the kerogen fraction. The abundance was calcu-
lated to be 52 to 66% of total methylene chains in the
sediments.
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Figure 4. Distributions of aliphatic monocarboxylic and dicarboxylic acids and benzenecarboxylic acids in the oxidation products. A. Lipids;
B. Humic acid; C. Kerogen. R-COOH, HOOC-R-COOH, and g -(COOH),, indicate aliphatic monocarboxylic acids, aliphatic &,w-di-
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