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ABSTRACT
The solvent-extractable lipids of Sections 14-4, 18-3, and 28-4

from the Valanginian turbidite sequence of Hole 416A were exam-
ined. The major compound classes studied include π-alkanes,
«-alkanoic acids, acyclic isoprenoid alkanes, steranes, rearranged
sterenes, 4-methyl rearranged sterenes, triterpanes, triterpenes, aro-
matic hydrocarbons, and porphyrins. The distributions of these
compounds suggest fairly uniform contributions from terrigenous,
algal, and bacterial sources. Minor variations in composition may be
attributed to slight changes in the relative proportions of these dif-
ferent sources. The lipid distributions also show that all three
samples are at an immature stage of diagenesis. Comparison of con-
stituents with those of Leg 48 black shales shows several similarities
in distributions that suggest common sources. Qualitative and quan-
titative differences, however, exist; for example, the Leg 48 samples
appear to possess a greater proportion of organic matter of bacterial
origin.

INTRODUCTION

The composition and quantities of solvent-extract-
able lipids present in three core sections from the Val-
anginian turbidite sequence of Hole 416A were inves-
tigated. The aliphatic and aromatic hydrocarbons, por-
phyrins, and carboxylic acids were examined by chro-
matographic, spectroscopic, and spectrometric meth-
ods.

Table 1 summarizes the lithologic characteristics of
the core sections analyzed. All three samples were
shipped to the United Kingdom in a frozen state and
freeze-dried at British Petroleum, Sunbury-on-Thames,
prior to extraction.

This preliminary report documents the lipid composi-
tion of the extractable organic matter of each sample,
and attempts to relate the composition to the environ-
mental conditions and subsequent diagenesis and mat-
uration. It does not include investigations of the wide
range of bound lipids (e.g., hydroxy acids; Cardoso et
al., 1978) or of the kerogen that composes the bulk of
the organic matter.

The lipid analysis scheme was essentially similar to
that used in our investigations of Leg 48 lipids (Barnes
et al., in press), but differed with respect to the hydro-
carbon separation to allow a discrete porphyrin fraction
to be obtained. Differences are detailed in Experimental
Procedures.

EXPERIMENTAL PROCEDURES
General

The measures taken to minimize contamination dur-
ing sample analysis have been previously documented

(Barnes et al., in press). The instrumentation and ex-
traction procedures were generally similar to those used
for the analysis of Leg 48 samples.

The major difference in experimental procedure con-
sisted in modification which enabled the collection of a
discrete metalloporphyrin fraction. The "hydrocar-
bon" band obtained from preliminary TLC separation
(CH2C12 as eluant) of the total neutrals was re-
chromatographed using hexane/CH2Cl2 (95:5) as devel-
oper, affording alkane/alkene (Rf 0.9-1.0), aromatic
(Rf 0.35-0.9), metalloporphyrin (Rf 0.2-0.35, pink), and
polar (Rf 0.0-0.2) fractions. Analytical procedures for
the alkane/alkene and aromatic cuts were similar to
those for Leg 48.

In addition, an analysis of "Bestolife" pipe dope was
carried out to evaluate the possibility of contamination
during core recovery. Of all the oil-based lubricants
used in the drilling operations, pipe dope appears to be
the most prevalent contaminant; occasionally it is visible
on the exterior of the sediment cores.

Metalloporphyrins: Isolation and Demetallation

Electronic spectra (uv-visible) of the fractions were
obtained on a Unicam SP 800 spectrophotometer, in
CH2C12, using 1 cm (600 µ\ capacity) quartz cells. Hol-
mium was used for calibration.

Mass spectra were obtained using a Finnigan 4000
spectrometer. The scan cycle was 2.8 seconds and the
mass ranges were m/e 350-550 for the metalloporphyrin
fraction from Section 416A-14-4, and m/e 350-600 for
those in Sections 416A-18-3 and 416A-28-4. Operating
conditions were: source temperature 250 °C, electron
energy 35 eV, and emission current 400 µA. Samples
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TABLE 1
Samples Extracted, Hole 416Aa

Sample
(Interval in cm)

14-4, 133-150

18-3,75-91

28-4, 124-145

Sub-Bottom
Depth

(m)

1227.9

1265.8

1361.8

Age

Valanginian

Valanginian

Valanginian

Lithology

Gray-green fissile shale containing car-
bonized plant remains; from turbidite
sequence (avg. about 7.9 cm/cycle)

Gray-green fissile shale containing car-
bonized plant remains; from turbidite
sequence (avg. about 10.8 cm/cycle)

Gray-green fissile shale containing car-
bonized plant remains; from turbidite
sequence (avg. about 7.6 cm/cycle)

Totalb

Org. C
(%)

0.54

0.62

0.28

CO32-
(%)

30.5

21.5

23.1

Organic-carbon and carbonate data supplied by British Petroleum Co. Ltd.; other data from Site 416 report, this
volume.

(about 2 µg) in CH2C12 were transferred via a syringe in-
to a clean glass crucible; a new crucible was used for
each sample to prevent cross-contamination. After sol-
vent evaporation, samples were introduced into the
spectrometer by direct insertion probe. It was necessary
to heat the probe slowly to allow some of the contamin-
ants to volatilize. The porphyrins vaporized between
175° and 280 °C. To avoid the effects of differential
evaporation, the spectra for each mixture were averaged
over the volatility range. It was necessary to perform
background subtraction (using the last scan prior to the
appearance of the metalloporphyrin ions above back-
ground) as considerable amounts of non-porphyrinic
material were present.

Demetallation was carried out in the following man-
ner. In each case, the crude metalloporphyrin fraction
was treated with methane sulphonic acid (about 20 µl) to
form a pale orange-pink solution, then heated at 108 °C
for an hour to form a purple solution. After cooling,
saturated aq. NaHCO3 solution (4 ml) was added and
the mixture extracted with CH2C12 (2 × 2 ml). After
evaporation of CH2C12, the residue was taken up in
pyridine/toluene (1:100, 2 ml) and the solution evapo-
rated to remove traces of water and CH3SO3H, yielding
the demetallated fraction.

HPLC analyses were carried out using a stainless-
steel column (25 cm × 4.6 mm i.d.) packed with Partisil
(5 µm, Whatman). The equipment consisted of two sol-
vent delivery pumps (Waters M6000 D), solvent pro-
gramer (Waters M660), and spectrophotometer (Varian
Variscan L635M), equipped with Varian flow cells (8 µ\
capacity) as detector, monitoring at 400 nm. Solutions
were introduced into the column via a septum inlet port
using a syringe and the stop-flow technique. Gradient
elution was performed with the following solvent mix-
tures: System A (hexane/toluene; 9:1, vohvol) and Sys-
tem B (toluene/chloroform; 1:1, vol. vol). The samples
were eluted using a linear gradient starting at 25 per cent
B, and reaching 75 per cent B after 10 minutes, and a
flow rate of 1.5 ml/min at ambient temperature.

RESULTS
A blank analysis was carried out in parallel for each

core section; examination of the various fractions
(Table 2) by GLC revealed the absence of contaminants
at concentrations corresponding to those of the sample
components. The only exception was the presence of
two components, one a phthalate and the other un-
known, in each aromatic hydrocarbon blank (these are
shown below). No porphyrins were detected by UV-
visible analysis of the appropriate blank fractions.

Analysis of the "Bestolife" pipe dope confirmed that
this contaminant had not made any significant contribu-
tion to the hydrocarbons and porphyrins observed.

Tentative structural assignments are mainly made on
the basis of relative retention times and comparison of
full mass spectra with those of authentic standards
(where available), comparison with literature spectra, or
spectral interpretation. In addition, co-injections of cer-
tain aromatic hydrocarbon components were carried
out (as shown below). The polar neutral fractions, in-
cluding ketones and alcohols, have not yet been ex-
amined.

Aliphatic Hydrocarbons (Alkane/Alkene)
Normal

The major class of component of all three samples is
«-alkane, dominated in each case by n-C21. The relative
proportions of the individual carbon number members,
calculated from m/e 85 mass fragmentograms, are
shown schematically in Figure 1; the absolute concen-
tration of specific /2-alkanes given is in Table 2.

The carbon preference index (CPI) values for the
C14to C21 range are 1.6, 1.2, and 1.5 for Sections
416A-14-4, 18-3, and 28-4, respectively. These values
are much lower than the corresponding CPI values for
the C22 to C35 range, which are 2.6, 2.4, and 2.8.

Branched/Cyclic

The acyclic isoprenoid alkanes recognized in each
core section include C16 and C18-C21 members identified
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Figure 1. Relative concentrations of n-alkanes (un-
broken lines) and acyclic isoprenoid alkanes (broken
lines; from left to right, C16, C18, Cl9, C20, C21) in
Sections: (a) 416A-14-4, (b) 416A-18-3, (c) 416A-
28-4.

by gas-chromatograph retention times and mass spec-
trometry. The distributions are given in Figure 1, as
calculated from m/e 85 mass fragmentography.

The polycyclic isoprenoid hydrocarbons identified in
all three core sections include series of rearranged
sterenes (shown by mass fragmentography of m/e 257,
Figure 2) and 4-methyl rearranged sterenes (m/e 271,
Figure 2). The components present in all three samples
(quantitated in Tables 3 and 4) are similar, although the
relative concentrations of series members in Sections
416A-14-4 and 416A-18-3 differ slightly from those of
Section 416A-28-4. In the quantitation of both re-
arranged sterenes and their 4-methyl analogs, the liabili-
ty of these compounds makes rapid analysis imperative.

Even within the few days between extraction and GC-
MS analysis, a proportion of these compounds under-
goes oxidation, thereby influencing the absolute
amounts observed. In future analyses, we hope to retard
this oxidation process by the introduction of radical in-
hibitors. Mass fragmentographic searches for rearranged
steranes (m/e 259) and 4-methyl rearranged steranes (m/e
273) indicated the absence of these compounds in signi-
ficant quantities.

The sterane (m/e 217, Figure 3A) content of the
shallower core sections (Table 5A) is considerably
greater than that of Section 416A-28-4, whereas sterenes
(m/e 215, Figure 3B) are only present above trace quan-
tities (0.5 ng/g per major component) in Section
416A-18-3 (Table 5B). Mass fragmentography of m/e
253 indicates the presence of a series of mono-aromatic
steroidal compounds in all three samples. In addition,
mass fragmentography of m/e 239 and 267 suggested
that parallel series of methyl and normethyl mono-
aromatic steroids might also be present in each of the
samples.

The same triterpanes and triterpenes (m/e 191,
Figure 4) are present in all three samples, although the
relative concentrations of the individual components in
Section 416A-28-4 differ markedly from those of Sec-
tions 14-4 and 18-3 (Table 6). All the triterpenoid hydro-
carbons recognized possess hopanoid skeletons with 5-
rather than 6-membered E-rings. The absence of diter-
penes and diterpanes was shown by mass fragmentog-
raphy of m/e 189 and m/e 191, because no significant
response was observed for all three samples in the AT-C17

to /7-C24 alkane GC elution region.

Aromatic Hydrocarbons

Identification of polycyclic aromatic hydrocarbon
(PAH) components was made on the basis of mass spec-
tral characteristics and gas chromatographic retention
times. Several assignments were confirmed by gas-
chromatograph co-injection with standards on glass cap-
illary columns (Figure 5). The quantities of the individ-
ual PAH detected in each of the three samples are listed
in Table 7, together with the mass spectrometric ions
used for their recognition. The PAH compositions of
the three core sections closely resemble one another,
both qualitatively and quantitatively. Perylene is the
major single component in all three samples. A substan-
tial number of the PAH recognized possess alkyl sub-
stituents; these alkyl homologs are often present in
greater quantity than their unsubstituted counterparts.

Porphyrins

No demetallated porphyrins were detected in the sedi-
ment extracts, as indicated by the absence of a red-
brown band (Rf <0.8) in the initial TLC separation,
and confirmed by the absence of bands fluorescing red
under ultra-violet light (λ 254 nm). Vanadyl porphyrins
also were not detected, as shown by the absence of a red
band (Rf <0.8) in the initial TLC separation.

The UV-visible data for the metalloporphyrins are
summarized in Table 8. These show that the metallopor-
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TABLE 2
Lipid Analyses, Hole 416A

Component Classesa

Aliphatic hydrocarbons

n-alkane

Acyclic isoprenoid

Diterpane

Diterpene

Triterpane (hopanoid)

Triterpene (hopanoid)

Triterpene (non-hopanoid)

Neohopane

Sterane

Sterene

Rearranged sterane

Rearranged sterene

4-Me sterane

4-Me sterene

4-Me rearranged sterene

Aromatic hydrocarbons

Unsubstituted PAH

Unsubstituted PAH

Alkyl substituted PAH

Aromatized triterpene

Aromatic steroid

Carboxylic acids

rc-alkanoic

ft-alkenoic

Monomethyl branched

Acyclic isoprenoid

Diterpene

Triterpene

Hydroxylated

Metalloporphyrins

Ni DPEP

Ni etio

VO porphyrins

Cu porphyrins

Chlorins

Chlorins

Structural Type

Straight chain

Branched chain

Diterpenoid

Diterpenoid

Triterpenoid

Triterpenoid

Triterpenoid

Triterpenoid

Steroid

Steroid

Steroid

Steroid

Steroid

Steroid

Steroid

PAH

PAH

Alkyl PAH

Triterpenoid

Steroid

Straight chain

Straight chain

Branched chain

Branched chain

Diterpenoid

Triterpenoid

Straight chain

Metalloporphyrin

Metalloporphyrin

Metalloporphyrin

Metalloporphyrin

Chlorin

Data

Table

-

-

-

-

6

6

-

-

5A

5B

3

-

-

4

7

7

7

7

-

10

-

-

-

-

-

-

8,9

8,9

-

-

-

Reported

Figure

1

1

-

-

4

4

-

-

3

3

2

-

-

2

5

5

5

5

-

7

7

-

-

-

-

-

6

6

-

-

-

Example (Structure)

n-C21

Pristane

-

-

Homohopane (VII,R=CH(CH3)C2H5)

22,29,30-trisnorneohop-13(18)-ene
(IV, R=H)
-

-

C 2 9 H 5 2 (II,R=C2H5)

C 2 9 H 5 0 ( I I I , R = C 2 H 5 )
C 29 H 52
C 2 9 H 5 0 (I,R=C2H5, R'=H)
C 30 H 54
C 30 H 52
C 3 0 H 5 2 (I,R=C2H5, R'=CH3)

Phenanthrene (X)

Perylene (XXVI)

Alkyl Phenanthrenes (XI,R=CH3,
C 2 H 5 ,C 3 H 7 )

Tri- and tetra-aromatic hopanoid
(XXIX,XXX,XXXI,R=CH3)
C 2 7 H 4 4

16:0

16:1

Iso-15:0 + anteiso 15:1

Phytanic

Dehydroabietic

-

-

N i C 3 2 ( X X X I I I , Σ R = C 1 0 H 2 7 )

N i C ^ X X X I U R = C i o ^ s )
-

-

-

Concentration in
Core Sections*3

14-4

43

22

_c

-

27

5

-

-

1.5

Tr

-

31

-

-

4.5

1

4

5.5

4

5

2.5

-

Tr

Tr

-

-

n.d.

35

2.5

-

-

(ng/g)

18-3

70

14

-

-

12

1

-

-

3.0

3.5

-

35

-

-

4.5

0.5

5

12

4

14

5.0

0.5

0.5

Tr

-

-

n.d.

31

7

-

-

-

28-4

43

8

-

-

10

4

-

-

1.5

Tr

-

22

-

-

7.5

0.5

2.5

5

1

9

Tr

-

Tr

Tr

Tr

Tr

n.d.

n.d.

n.d.

-

-

-

Note: Tr = trace of component (<0.5 ng/g dry wt. sediment); n.d. = not determined.
fTLC fractions and appropriate compound classes therein. The various polar fractions are not listed since they have not yet been studied.

Dry weight sediment, quantitated from GLC and/or mass fragmentography or HPLC to nearest 0.5 ng/g.
Not observed.

phyrins are nickel complexes. The lack of absorption at
520, 530, 560, and 570 nm in all three samples indicates
that copper and vanadyl porphyrins are not present in
detectable amounts. The ratio of the a (550 nm) to ß

(514 nm) absorptions ranges from 2.3 to 2.4, indicating
that etioporphyrins compose 30 to 40 per cent of the
total porphyrins, by comparison with the a/ß ratios of
nickel etioporphyrin-I (3.0, Buchler and Puppe, 1970),
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(a) (0

I I i π
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Figure 2. Partial mass fragmentograms of m/e 257 (a, ×3.5 and b, ×5.4) and m/e 271 (c,
×14.1 and d, ×16.1) from C-GC-MS analysis of aliphatic-hydrocarbon fractions from
Sections 416A-18-3 (a and c) and 416A-28-4 (b and d). Peak numbers refer to Tables 3 and
4, respectively. The mass-fragmentogram multiplication factors normalize (to 100%) the ion
current for the scan with the highest signal. The factors are therefore inversely proportional
to the absolute concentrations.

and nickel deoxophylloerythroetioporphyrin (2.0, Baker
et al., 1978); however, changes in ß substitution (e.g.,
replacing alkyl groups with hydrogens) may significant-
ly alter a/ß ratios.

The nickel petroporphyrin distributions were assessed
from the averaged, background-subtracted mass spec-
tra. The range of DPEP porphyrins varies from C29 to
C,, (416A-14-4) to C3fi to C,, (416A-18-3 and 28-4), and
of etioporphyrins from C26 to C30 to C26 to C29 in Sections
416A-18-3 and 416A-28-4, respectively. No etioporphy-
rins were recognized in Section 416A-14-4. In all three
samples, the major nickel porphyrin component is C32
DPEP. We did not attempt more detailed and quan-
titative interpretation because of the small sample size
and the high background of non-porphyrinic material;
indeed, the relative intensity of the M+ and associated
isotopic ions did not accord well with those observed for
nickel petroporphyrin standards.

HPLC analysis (Hajlbrahim et al., 1978) of the
demetallated petroporphyrins enabled tentative assign-
ment of individual components by co-injection with
etioporphyrin-I and the individual C30 and C31 etio and

C31 DPEP petroporphyrins isolated from gilsonite, an
Eocene bitumen from the Uinta Basin, Utah.

The HPLC distributions of Sections 416A-14-4 and
18-3 were similar (Figure 6) and resembles the distribu-
tion of the demetallated porphyrins of gilsonite. Peak
assignments (Figure 6 and Table 9) are based on the
known components of gilsonite (Quirke et al., un-
published results; Hajlbrahim, 1978). The DPEP/etio
ratio calculated from the HPLC peak areas is about 2.0
for both core sections. There was insufficient petropor-
phyrin in Section 416A-28-4 to allow HPLC analysis.

Carboxylic Acids (FAME)

Monocarboxylic acids were very minor components
(Table 10) of the three core sections. Straight-chain
components predominated in each case; however, dif-
ferent molecular distributions were found in each sam-
ple. The relative concentrations of the straight-chain
monocarboxylic acids are shown in Figure 7.

The top section (416A-14-4) exhibited a bimodal
distribution from C12 to C32, maximizing at 18:0, with a
strong secondary maximum at 28:0. The distribution of
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TABLE 3
Rearranged Sterenes, Hole 416A

(a)

Peaka

1

2

3
4

5

6

7

8

9
10
11

12

13

14

15

16

Formula

C27H46
C27H46
C27H46
C27H46
C28H48
C28H48
C28H48
C28H48
C29H50
C28H48
C28H48
C29H50
C29H50
C29H50
C30H52
C29H50

Structure13

R(R' = H)

I,H
I, H

I, H

I,H
I,CH3

I, CH3

I,CH3

I,CH3

I,'CH3
5

I, CH3

I,C2H5

I,C2H5

I, C3H? ?
I,C2H5

Mol. Wt.

370

370

370

370
384

384

384

384

3981
384J
384

398

398

398

412
398

Concentration in
Core Sections0

14-4

1.0

5.8

3.3

23.5
11.6

1.4

1.2

1.9

18.2

2.4

7.2

30.9
0.9

2.6

2.9

(ng/g)
18-3

1.7

11.7
3.5

23.9
18.0

1.6
1.2

3.1

f l l . l l

2.0

8.1

35.2
1.4

3.6
4.4

28-4

3.4

16.3
2.2

20.7
7.3

1.2

1.2

6.6

21.0

1.5

5.5

21.8
Tr

1.3
Tr

Note: Tr = trace of component (<0.5 ng/g dry wt. sediment).
aPeak designations of Figure 2a, 2b.
"General structure; C-20 stereochemistry not determined and
individual peaks not assigned to this or other isomers (see
text). Structures shown in Appendix, this chapter.

cDry wt. sediment, quantitated from mass fragmentography
of m/e 257.

TABLE 4
4-Methyl Rearranged Sterenes, Hole 416A

Peaka

1
2
3
4

5
6

7
8

9

Formula

C28H48
C 28 H 48
C 29 H 50
C 30 H 52
C 29 H 50
C 30 H 52
C 29 H 50
C30H52
C 30 H 52

Structure15,
R(R'=CH3)

,H
,H
,CH 3

>C2H5
,CH3

>C2H5
[,CH3

,C 2 H 5

,C 2 H 5

Mol. Wt.

384

384
398

412
398
4121

398J
412
412

Concentration in Core
Section0 (ng/g)

14-4

0.9
3.7
1.8

1.1
Tr

ç f
J .1

4.5

3.6

18-3

1.6
4.3

1.8
1.7
Tr

0 . 0

4.6

5.1

28-4

6.4

4.6
7.9
4.7

0.9

f 3.4
jlθ.1

7.5

5.4

Note: Tr = trace of component (<0.5 ng/g dry wt. sediment).
aPeak designations of Figure 2c, 2d.
bGeneral structure; C-20 stereochemistry not determined and indi-
vidual peaks not assigned to this or other isomers (see text). Struc-
tures shown in Appendix, this chapter.

cDry wt. sediment, quantitated from mass fragmentography of m/e
271.

long straight-chain acids is typical of higher plants
(Eglinton and Hamilton, 1967), whereas the shorter
chain acids are thought to reflect both a bacterial and
algal origin. Only trace quantities of iso- and anteiso-
branched acids, often abundant in gram-positive bac-

(b)

Figure 3. Partial mass fragmentograms of m/e 217 (a,
×36.3) and m/e 215 (b, ×30.8) for the aliphatic-
hydrocarbon fraction of Section 416A-18-3. (Identi-
cal scan ranges are shown.) Peak numbers refer to
Tables 5A and 5B, respectively.

teria (Shaw, 1974) were detected. Triterpanoic acids and
unsaturated straight-chain acids were below the level of
detection.

The middle section (416A-18-3) showed an unusual
distribution (C12 to C28), long-chain «-fatty acids rep-
resenting less than 2.per cent of those present. A strong
predominance of 16:0, 14:0, and 12:0 was found, in
contrast to Section 416A-14-4, where 18:0 predomi-
nated. Iso- and anteiso- 15:0 (ratio 1.7:1, 1.6% of
monocarboxylic acids) were also present, suggesting a
slightly larger bacterial contribution. However, no tri-
terpanoic acids of the hopane type could be detected.
Small quantities of 16:1 (4.7%) and 18:1 (4.5%) were
detected, together with 18:2 (2.8%) identified from full
mass spectra and co-injection on capillary OV-1 and
Carbowax GC columns. This is the only sample in
which unsaturated monocarboxylic acids could be
detected.

The concentration of monocarboxylic acids in the
deepest section (416A-28-4) is less than 7 per cent of the
concentrations in the overlying samples. The bimodal
distribution, similar to that for Section 416A-14-4,
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TABLE 5A
Steranes, Hole 416A

(a)

Peaka

1

2

3

4

5

6

7

8

9

10

Formula

C 27 H 48
C 27 H 48

9

C 27 H 48
C 28 H 50
C 28 H 50
C 29 H 52
C 29 H 52

9

9

Structure"
R

II, H

II, H

II, H
II,CH3

II,CH3

II,C2H5

II,C2H5

1
1

Mol. Wt.

372

372

1

372

386

386

400

400
9

9

Concentration in Core
Section0 (ng/g)

14-4

Tr

0.3

0.5

1.2

0.2

0.5

0.6

1.4

0.3

Tr

18-3

0.7

0.6

0.9

1.9

0.4

0.7

1.4

2.9

0.7

0.6

28-4

Tr

Tr

Tr

0.4

Tr

0.2

0.4

0.6

0.4

0.2

Note: Tr = trace quantity (<O.l ng/g dry wt. sediment).
aPeak designations of Figure 3a.
"General structures; individual peaks not assigned to this or other iso-
mers shown in Appendix, this chapter.

cDry wt. sediment, quantitation from mass fragmentography of m/e
217.

TABLE 5B
Sterenes in Section 416A-18-3a

Peakb Formula
Structure0

R Mol. Wt.
Concentration^

(ng/g)

1
2

3

4

5

6

7

C27H46
C28H48
C29H50

9

1

C29H50
C29H50

III, H
III,CH3

III,C2H5

9

9

III,C2H5

III, C2H5

370
384

398
9

9

398

398

1.7
0.9

3.6

0.3

1.8

1.5

0.1

Sterenes present in Sections 416A-14-4 and 28-4 in trace quan-
tities (<0.5 ng/g dry wt. sediment).
Peak designations of Figure 3b.
General structure; individual peaks not assigned to specific
double-bond positions. Structures shown in Appendix, this

.chapter.
Dry wt. sediment, quantitation from mass fragmentography of
m/e 215.

ranges from C10 to C32, maximizing at 16:0. No un-
saturated monocarboxylic acids were detected and only
small quantities of iso- and anteiso- 15:0 (ratio 1:1.4,
3% of monocarboxylic acids) were found. Several triter-
panoid acids of the hopane type were detected from the
mass chromatogram for m/e 191; however, the quan-
tities present were too small (< 10•2 ng/g) for detailed
structural analysis.

Isoprenoid acids were minor components in all three
core sections, a relative enhancement being found in the
deepest section. Diterpenoid acids (Simoneit, 1977) were
only detected in trace quantities in 416A-28-4. Complex
mixtures of polar and hydroxylated fatty acids were ob-
served in all three sections; these fractions, however,
were not studied in detail.

(b)

Figure 4. Partial mass fragmentograms of m/e 191 for
the aliphatic hydrocarbon fractions from Sections
416A-1-3 (a, × 10.1) and28-4 (b, × 14.9). Peak num-
bers refer to Table 6.

TABLE 6
Triterpenoid Hydrocarbons, Hole 416A

Concentration in
Core Sections0

Peaka

1

2

3

4
5
6
7
8
9

10
11
12
13
14
15
16
17
IS

Assignment'3

22,29,30-Trisnorneohop-
13(18)-ene
22,29,30-Trisnorhop-
17(21)-ene
17αH-22,29,30-
Trisnorhopane
22,29,30-Trisnorhopane
30-Norneohop-13(18)-ene

30-Norhop-17(21)-ene
Hop-17(21)-ene

30-Normoretane
17αH-Hopane
Neohop-13(18)-ene

30-Norhopane
Homohop-17(21 )-ene
Homohop-17(21)-ene
17αH-horhohopane
Hopane
Homomoretane
Homohopane
Bishomohopane

Formula

C 2 7 H 4 4

C 2 7 H 4 4

C 2 7 H 4 6

C 2 7 H 4 6
C 2 9 H 4 8
C 2 9 H 4 8
C 3 0 H 5 0
C 2 9 H 5 0
C 3 O H 52
c 3 0 H 5 0
C 2 9 H 5 0
C 3 1 H 5 2
C 3 1 H 5 2
C 3 1 H 5 4
C 3 0 H 5 2
C31H54
C 3 1 H 5 4
C 3 2 H 5 6

R

IV,H

V,H

VI,H

VII.H
IV,C 2 H 5

V,C 2 H 5

V,CH(CH 3) 2

VIII,C 2H 5

V1,CH(CH3)2

IV,CH(CH3)2

VII,C 2H 5

V,CH(CH 3)C 2H 5

V,CH(CH 3)C 2H 5

\α,CH(CH 3 )C 2 H 5

VH,CH(CH3)2

VIII,CH(CH3)C2H5

V1I,CH(CH3)C2H5

VII,CH(CH 3)C 3H 7

Mol. Wt.

368

368

370

370
396

396

410

398

412
410
398

4 24
424

426

412

426

426

440

14-4

5.0

3.5

7.8

1 8.3

15 2

5.5

16.1

8.9
3.1
4.2

9.3

3.5

27.3
5.9

18-3

1.2

0.9

1.7

5.8

3.7

1.9

5.4

2.1

1.2
1.8
3.9

0.8
11.7

1.7

28-4

4.0

3.5

5.5

26.8

3.5

'3.5

15.8

1.8
1.0

2.5

5.1

0.9

10.0
1.6

Note: Structures are shown in Appendix, this chapter.
aPeak designations of Figure 4.
''Assignments on basis of individual mass spectral characteristics and capillary GLC retention data

of standards, or by comparison with triterpenoid identification in Leg 48 samples (Barnes et al.,
in press).

cDry wt. sediment, quantitation from mass fragmentography of m/e 191, taking into account the
intensity of this ion as given in Leg 48 report (Barnes et al., in press).
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50
Temp CC)

Figure 5. Gas chromatogram of the polynuclear-aromatic-hydrocarbon (PAH) fraction from Section 416A-18-3. Peak
numbers refer to Table 7, except for peaks a and b, which are contaminants (a phthalate and an unknown com-
ponent) found in the blank analyses. An unresolved complex mixture of PAH is also present. Conditions: 20 m
OV-1 WCOTglass capillary column, programmed from 50 to 250 °C at 3.5°C/min, N2 carrier gas.

DISCUSSION

Straight- and Branched-Chain Components

Long-chain w-alkanes predominate in each of the
three hydrocarbon distributions (Figure 1). The strong
predominance of odd chain lengths in addition to a
common maximum at n-C21 is consistent with a higher
plant origin for these alkanes (Barnes et al., in press).
The abundances of these alkanes in the top and bottom
core sections are remarkably similar (Table 2), sug-
gesting a similar level of higher plant contribution to
these sections.

In contrast to these high «-alkane concentrations,
monocarboxylic acids are comparatively minor constit-
uents of the solvent-extractable lipids. The major pro-
portion of fatty acids in these sediments is probably
present in non-solvent-extractable forms, although we
do not have data on this point at present. In view of
this, a degree of caution must be exercised in the inter-
pretation of environments from the fatty acid distribu-
tions.

Long-chain fatty acids, considered to derive from
higher plants, do not predominate in any of the core sec-
tions, owing to a contribution of short-chain fatty acids
from autochthonous sources. These short-chain acids

are most abundant in the middle core, 416A-18-3, which
can only be caused by an increased autochthonous con-
tribution at this level. The presence of 16:1, 18:1, and
18:2 together with a low abundance of odd-chain and
branched acids suggests a predominantly algal origin for
these short-chain (<C20) acids. This correlates well with
the greater amounts of amorphous algal debris noted in
the kerogen description of this core section (G. C.
Speers and T. Doran, personal communication).

The low abundance of iso- and anteiso-branched
acids in all three samples suggests a minimal contribu-
tion to the sedimentary organic matter from gram-posi-
tive bacteria. This, taken together with the absence of
branched mono-unsaturated acids, even in Core 416A-
18-3, where straight-chain mono-unsaturated fatty acids
were found, further suggests that the sulfate-reducing
bacterium, Desulfovibrio desulfuricans, has not been an
important contributor to the sedimentary lipids (Boon
et al., 1977).

Algal and, to a lesser extent, bacterial sources prob-
ably account for the small quantities of short-chain
«-alkanes present. Note that the w-alkane distributions
appear to be less sensitive indicators of autochthonous
contribution than the fatty acid profiles. This is presum-
ably because algae and bacteria have fewer /i-alkanes
than do the higher plants.
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TABLE 7
Aromatic Hydrocarbon Assignments, Mass Spectral Characteristics, and Quantitations, Hole 416A

Peaka

1

2

3

4

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

Compound(s)

Methylfluorenesb

Unknown

Phenanthrenec

Ethylfluorenesb'd

Unknown

Methylphenanthrenesb>e

4H-cyclopenta(d,e,f)phenanthreneb

Methylphenanthrenesb'e

Unknown

Dimethylphenanthrenesb>e

Ethylphenanthrenes^'e

Fluoranthenec

Pyrenec

Dihydro(4,5)pyrenee

Ethyl-4H-cyclopenta(d,e,f)phenanthrenes"'e

Propylphenanthrenese'f

Methylfluoranthenese/benzanthrenee

Methyldihydro(4,5)pyrenese

Methylpyrenese

Propyl-4H-cyclopenta(d,e,0phenanthrenese'^
Ethylpyrenes >e

Chrysenec

Unknown
Unknown

Methylchrysenesb'e

Ethylchrysenes^'e

Benzofluoranthenest

Benzopyrenesb

Perylenec

Methylperylenese

Ethylperylenes >e

Benzo(g,h,i)peryleneb

(3'-Ethylcyclopenteno-7,8)-l,l-dimethyl-
tetrahydro(l,2,3,4)chryseneb

7-Methyl-3'-ethyl-l,2-cyclopentenochryseneb

?, 7-Dimethyl-3'-ethyl-l,2-cyclopenteno-
chrysene"

Formula

C 14 H 12
C14H16
^14^10
C 15 H 14

C 15 H 12

C 15 H 12
C16H16

C 16 H 14
C 16 H 14
C 16 H 10
C16H10
C 16 H 12

l U I Δ

C 1 7 H 1 4
C17H16
C 17 H 12
C 17 H 14
C 17 H 12
C18H16
C 1 8 H H

C 18 H 12
C 2 4 H 3 8 ?

C 20 H 20
C 19 H 14
C 20 H 16
C 20 H 12
C 20 H 12
C 20 H 12
C 21 H 14
C 22 H 16
C 22 H 12

C 25 H 28

C 24 H 22

C 25 H 24

C f ri 1 c tl 1 r p
O LI UL. LUIC

R

IX,CH3

-

X

IX,C2H5

_

XI,CH3

XII

XI,CH3

-

XI,(CH3)2

XI,C2H5

XIII
XIV

XV

XVI,C2H5

XI,C3H7

XVII,CH3/XVIII
XIX,CH3

XX,CH3

XVI,C3H?

XX,C2H5

XXI

-

_

XXII, CH3

XXII,C2H5

XXIIlS

XXIV.XXV

XXVI

XXVII,CH3

XXVII,C2H5

XXVIII

XXIX

XXX

XXXI ,CH3

Number
of

Isomers

3

-

_

4

2

2
_

3

5

2

5

-

-

_

2

3

2

3

2

5

4

-

1

3
3

4

2

2

-

2

3

-

-

_

1

Diagnostic Ions1

Mt

180(90})

184(100)

178(100)

194(90})
208(30))

192(100)
190(100)

192(100)
208(60)
208(60)
208(100)
206(50)

206(100)

202(100)

202(100)

204(100)
218(85)J

220(100)

216(100)

218(100)
216(100))

232(100)

230(100)

228(100)

326(96)

260(100)

242(100)

256(100)
252(100)

252(100)

252(100)

266(100)
280(100)

276(100)

328(62)

310(45)

324(52)

(intensities)

Fragment Ions

165(100)
169(82)

179(100)178(53)
194(9O)J193(38)J
179(100)178(60))
191(54))

189(98)

191(51)J
193(50)179(100)
193(100)179(30)
207(90)
191(100)
205(51))191(55)J

203(95)202(70)
203(100)202(74)

205(55)J

215(97)J

217(40))
215(97))

231(47)J

215(45)1

311(100)
245(90))

241(35)i

241(10))

265(55)252(26)

313(65)299(100)257(24)

281(100)266(25)265(26)

295(100)280(14)279(13)

Concentration in
Core Sections^

14-4

0.4

Tr

1.2

0.8

0.2

0.3

0.2

0.7

0.4

0.3

3.5

0.1

0.6

2.3

1.7

1.0
0.5

2.5

1.7

0.8

2.2

0.6

Tr

0.7

1.0

1.0

0.4

0.7

3.7

0.6

Tr

0.3

0.3

3.0

0.8

(ng/g)

18-3

1.1

3.0

0.4

2.1

0.4

2.0

0.5

2.2

1.1

0.7

4.8

0.2

1.8

3.6

1.5
1.9

1.8

2.8

3.9

1.6

2.0

0.4

2.6

0.8

1.3

0.5

0.1

Tr

5.0

0.4

0.3

0.2

1.1

2.8

0.2

28-4

Tr

Tr

0.3

0.7

0.3

0.3

0.1

0.6

0.7

0.2

3.0

0.1

1.1
2.3

1.0

0.8

0.4

2.2

2.1

0.6

2.0

0.3

Tr

Tr

Tr

Tr

0.4

0.5

2.6

0.8

0.2

Tr

0.2

0.6

Tr

Note: Tr - trace quantity (<O.l ng/g dry wt. sediment). Structures are shown in Appendix, this chapter.
aPeak designations of Figure 5.

Assignments on basis of comparison with reference mass spectra and capillary GLC retention data.
cAssignments made from mass spectra and capillary GLC co-injection.

May be dimethyl.
eAssignments made by mass spectral interpretation and capillary GLC retention data.
'May be trimethyl or methylethyl.
£θther structural isomers present.
"Number of isomers determined from capillary GLC or mass fragmentography.
'Mass spectra recorded at 40 eV.
J Average ion intenstiy of the isomers.
kDry wt. sediment, quantitated by GLC or mass fragmentography.

Steroidal Components

The diversity of rearranged sterenes observed in the
three samples cannot be explained by the known re-
arrangement of sterols via sterene intermediates under
clay-rich conditions (Rubinstein et al., 1975; Dastillung
and Albrecht, 1977). This conversion generates 20R and

20S rearranged sterene diastereoisomers for each carbon
number (typically C 2 7, C2 8, C 2 9 Rubinstein et al., 1975)
whereas six C 2 8 components have been recognized
herein, for example, in Section 416A-18-3 (Table 3). An
additional diagenetic process therefore appears to be
occurring to generate additional rearranged sterene
isomers.
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TABLE 8
Metalloporphyrins: UV-Visible Data (in CH2CI2)

and Concentrations, Hole 416A

Section

14-4
18-3
28-4

Soret

392
392
392

Bands (nm ± 1)

a

514
514
514

ß

550
550
550

Q

to
 

to
 

to .4
.3
.3

Species

Nickel
Nickel
Nickel

Concentration'3

(µg/g dry
wt. sediment)

0.08
0.10
0.05

aRatio of absorbances of a and ß bands.
^Estimated using the molar extinction coefficient: 34,820 at 550
nm (Baker etal., 1978).

The carbon number range of the steroidal com-
pounds (see also below) is atypical of higher plants
(where C28 and C29 components dominate; e.g., Huang
and Meinschein, 1976) indicating that they are unlikely
to be the dominant contributor of sterols to the sedi-
ment. In addition, the rearranged sterenes include a
C30 component, probably derived from a C30 4-des-
methyl sterol. The rarity of C30 sterols in terrestrial
organisms relative to their known presence in marine
organisms suggests that this C30 sterene is characteristic
of a marine source. The 4-methyl rearranged sterenes
parallel the rearranged sterenes in the variety of their
isomers for each carbon number, and therefore the

Figure 6. HPLC traces of demetallated petroporphyrins of core sections: (a)
416A-14-4, (b) 416A-18-3. Peak numbers refer to Table 9. For conditions,
see Experimental Procedures.
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TABLE 9
Relative Concentrations of Demetallated Porphyrins, Hole 416A

Peak
(Figure 6)

1

2

3

4

5

6

7

8

9

10
11

12

13

14

15

16

17

18

Rel. Ret. Timea,
(min)

6.3

6.7

7.3

7.7

8.2

8.7

9.2

9.8

10.3
10.7

11.5
12.1

12.9

13.5

14.3

15.2

15.6

16.0

Tentative Assignment
(C n 0 and Substituent Type)

Unknown

Unknown

Unknown

Unknown

C 3 0 E d

C32E(4Me,4Et)c

C29E(5Me,2Et,H)d

C31E(5Me,3Et)c

C 2 8 E d

C30E(6Me,2Et)c

C30Dd

Unknown

C3 jD + other components"
C33Dd

C 3 2 D d

C32Dd

Unknown

C3 lDC

Section
14-4

(%)b

5.4

2.7

11.4

3.0

1.7

1.1

1.4

0.7

1.4

2.9

11.7

1.7

0.5

0.6

44.1

n.d.

2.8

7.0

18-3
(%)b

1.8

1.6

13.8

1.1

1.1

0.2

1.3

0.2

0.8

7.0

10.3

3.8

0.5

0.5

31.2

0.7

n.d.

23.8

Note: n.d. = not detected; Me = methyl; Et = ethyl; E = Etio porphyrin,
XXXIII (demetallated); D = DPEP porphyrin, XXXIV (demetallated).

aRelative to solvent front (S) in Figure 6 (accuracy ± 0.3 min).
"Percent of total by triangulation and peak-area measurement.
cCo-injected with component isolated from an Eocene bitumen (analyzed by
NMR; Quirke et al., unpublished results) or with etioporphyrin-I (C32E).

"By comparison of relative retention time with components isolated from an
Eocene bitumen (Quirke et al., unpublished results).

TABLE 10
Total Monocarboxylic

Acids, Hole 416A

Concentrations of
Chain-Length Rangesa

(ng/g)

Section C1()-C20 C21-C32

14-4
18-3
28-4

9

18.3
0.9

6

0.3

0.2

aDry wt. sediment, quantitated
from GLC and mass fragmento-
graphy of m/e 74.

4-methyl group evidently does not greatly affect the
rearrangement process.

The absence of rearranged steranes (shown by m/e
259 and m/e 273 mass fragmentograms) at detectable
levels, while a series of steranes (m/e 217) is present in
all three samples, indicates that the sterene to sterane
conversion occurs under less severe diagenetic or mat-
uration conditions than the rearranged sterene to rear-
ranged sterane reduction. This can be attributed to the
steric hindrance of the double bond in rearranged
sterenes. The samples, therefore, appear to be less
mature than the shallow Toarcian shales of the Paris
Basin found at Jouy (Rubinstein et al., 1975; Ens-
minger, 1977), and more closely resemble the diagenetic
stage of the Messel shale (Ensminger et al., 1978).

(a)

I 1 I 1 4- 1 I
10 15 20 25 30

(b)

—µ-- I
i

1
1 , i

' • ? • • • • > • • • — 1 '
10 15 20 25 30

20 25
Carbon Number

Figure 7. Relative concentrations of n-alkanoic acids
as methyl esters (FAME) (unbroken lines), 16:1
and 18:1 (broken lines) in Sections: (a) 416A-14-4,
(b) 416A-18-3, (c) 416A-28-4. Acids are designated
as: number of carbon atoms: number of double
bonds.

The presence of sterenes (m/e 215) in significant
quantities in one of the samples suggests that their con-
version to steranes and (or) rearranged sterenes is not
complete. The sterenes found could, however, be de-
rived from the clay-catalyzed dehydration of saturated
sterols effected by the freeze-drying process, as shown
in a recent study of the technique (Van de Meent et al.,
1977).

The mono-aromatic steroidal compounds (m/e 253)
appear (like the series of rearranged sterenes, sterenes,
and steranes) to be derived from diagenetic aromatiza-
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tion of the original contribution of sterols and stanols.
The absence of reported occurrences of these aromatic
steroids in Holocene sediments supports the belief that
they form by chemical aromatization. Unfortunately,
the observed lability of the rearranged sterenes invali-
dates quantitative comparisons between them and the
aromatic steroidal components; it is difficult, therefore,
to evaluate the possibility that the aromatic steroids are
derived from the rearranged sterenes (P. Albrecht, per-
sonal communication).

Triterpenoidal Components

Sections 416A-14-4 and 416A-18-3 possess virtually
identical distributions of triterpenes and triterpanes,
whereas Section 416A-28-4 (Figure 4) shows greater pro-
portions of 30-norneohop-13(18)-ene and neohop-13
(18)-ene. This difference, suggesting enhanced isomer-
ization, can perhaps be attributed to the greater maturi-
ty of the lowest sample. The absence of neohopanes in-
dicates that saturation of the 13(18) double bond does
not occur at the maturity level of these samples.

The high relative abundance of the 17/3H hopane
isomers relative to their 17αH counterparts and the
absence of 22R and S diastereoisomers is further evi-
dence of the immaturity of these samples comparable to
the Messel shale (e.g., Wardroper et al., 1977) rather
than oils and oil-source rocks (Dastillung and Albrecht,
1976; Van Dorsselaer et al., 1974).

The aromatized triterpenoid hydrocarbons (peaks
32-34, Table 7) recognized in all three samples are
thought to be derived from aliphatic hopanoid precur-
sors, suggesting the process of progressive chemical
aromatization (Spyckerelle, 1975; Greiner et al., 1976).
The ratios of the pentacyclic hopanoid-derived phenan-
threnes to the chrysenes for the three samples do not
vary sufficiently to suggest an increasing maturity, on
this basis, with depth.

The hopanoid chrysene (peak 33, Figure 5; Table 7)
has been found in Holocene surface sediments from the
Norwegian Sea, about 150 km north of Trondheim, sug-
gesting that aromatization can be an early-stage dia-
genetic process, probably resulting from bacterial ac-
tivity or contribution (Tissier and Spyckerelle, 1977).

Polynuclear Aromatic Hydrocarbons (PAH)

In an ancient sediment, the constituent polynuclear
aromatic hydrocarbons (PAH) may have been gener-
ated at three different stages: (1) Predepositional; con-
tributions from either (a) weathering of oil shales, coals,
and other preconsolidated or thermally mature sources,
or (b) natural combustion of organic matter, such as the
products of grassland and forest fires (Blumer and
Youngblood, 1975), followed by aqueous or eolian
transportation to the site of deposition. (2) Syndeposi-
tional; in-situ generation of aromatic hydrocarbons
from functionalized precursors, e.g., the proposed
transformation of extended quinone pigments to pery-
lene (Orr and Grady, 1967; Aizenshtat, 1973; Laflamme
and Hites, 1978). (3) Postdepositional; formation of
aromatic components by diagenetic aromatization, aid-
ed by active clay surfaces, e.g., production of various

aromatized terpenes (Brooks, 1948; Mair, 1964; Blumer,
1965; Spyckerelle, 1975; Frenkel and Heller-Kallai,
1978).

The airborne pollutants derived from the combustion
of fossil fuels, namely coal, wood, and petroleum (Lee
et al., 1976, 1977) provide an additional contribution of
PAH to Holocene sediments (Giger and Schaffner,
1977; Thompson and Eglinton, 1978a; Laflamme and
Hites, 1978), most prominent in areas that receive a
large urban air fallout (Farrington et al., 1977). As ex-
pected, this anthropogenic contribution of PAH shows
a historical variation in accord with man's increased use
of fossil fuel (Hites et al., 1977; Müller et al., 1977). The
observed distributions of PAH in the three core sections
analyzed differ markedly from those characteristic of
fossil-fuel combustion products. In particular, the pro-
portions of alkyl-substituted PAH in these Cretaceous
sediments are significantly greater than the amounts in
high-temperature combustion products (e.g., from
kerosene; Lee et al., 1977) where unsubstituted PAH
dominates. Combustion at lower temperatures might,
however, increase the proportion of alkyl-substituted
PAH, although the combustion products from natural
fires have not been investigated in detail, so that this
postulation remains speculative. Alkyl homologs are
present in greater amounts than their unsubstituted
counterparts in both crude oils (Coleman et al., 1973)
and oil shales (Youngblood and Blumer, 1975), presum-
ably derived mainly by post-depositional aromatization.
In the three core sections studied, we observed a similar
dominance of alkyl-substituents over unsubstituted
PAH. Unlike most crude oils, these sediments have
undergone insufficient thermal treatment for compo-
nents derived from the cracking of kerogen to constitute
a significant proportion of the total PAH mixture,
hence the requirement for an alternative source. Chem-
ical aromatization of terpenoids, enhanced by active
clay surfaces, generates PAH derivatives, and piman-
threne (1,7-dimethylphenanthrene) derived from diter-
penoid acids (Simoneit, 1977; Laflamme and Hites,
1978) is possibly one of the alkyl-substituted phenan-
threnes present. None of the core sections contains
retene (l-methyl-7-isopropyl-phenanthrene), an aro-
matic diterpenoid derived from abietic acid, so that a
major contribution of diterpenoids in the PAH appears
unlikely. This observation argues against a major con-
tribution of higher plant (conifer) resins to the samples
investigated, although amber is present in other core
sections (e.g., Section 16-2) from this site (Site 416
report, this volume).

Perylene is abundant in many Holocene sediments,
suggesting a rapid generation from natural-product
precursors inasmuch as it is not a significant component
of anthropogenic PAH sources. Various authors have
proposed early-stage production from the defunctional-
ization of extended quinones (Orr and Grady, 1967;
Aizenshtat, 1973), a process that may be favored by
rapid deposition under reducing conditions (Aizenshtat,
1973). In addition, perylene may be stabilized by II-
complexing with transition metals (Clar, 1964). The
precise mechanism of perylene formation and the stage
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at which it occurs (e.g., Laflamme and Hites, 1978) re-
mains enigmatic at present. The relative concentration
of perylene (peak 29, Figure 5; Table 7) is similar in all
three core sections, which reflects the similarity of the
depositional conditions. Perylene has been found in
crude oils (Carruthers and Cook, 1954), but never in
concentrations comparable to those of sediments. The
low levels of perylene in crude oils and combustion
products support the concept of its syndepositional
generation.

The PAH distributions in all three samples appear to
be natural, rather than contaminant, and represent a
combination of components formed during (1) pre-,
(2) syn-, and (3) postdepositional periods.

Category 1 includes a contribution of alkyl-substi-
tuted PAH, such as methylphenanthrenes, which seem
to originate from incomplete combustion of organic
matter, such as vegetation (e.g., forest fires). An alter-
native origin from the weathering of oil shales, coals, or
oil seeps, etc., is possible, but other data, for example
the absence of 22R and S diastereomeric pairs of no-
panes typical of mature sediments and petroleum (Das-
tillung and Albrecht, 1976), argue against it. The higher
alkyl homologs (> C4) may have been lost in the three
core sections during aqueous transportation as a direct
result of their greater water solubility (McAuliffe, 1966;
Boehm and Quinn, 1973; Eganhouse and Calder, 1976)
relative to lower series members, although loss by
eolian-transportation mechanisms seems more likely for
combustion products.

In category 2 the major syndepositional products
observed are perylene, the tentatively assigned alkyl
perylenes and benzo(g,h,i)perylene (Figure 5; Table 7).

Category 3 comprises the components formed by
postdepositional aromatization, including the triter-
penoid-derived PAH and possibly a proportion of the
unsubstituted PAH and their alkyl homologs. The ther-
mal immaturity of the samples argues against a major
contribution of PAH from kerogen breakdown.

In summary, the diversity of the PAH present in all
three cores suggests that the individual components are
contributed from various sources and (or) generated
within the sediment during all stages of diagenesis.

Nickel Porphyrins

The mass spectrometric and HPLC data for the
nickel petroporphyrins show that C32 DPEP porphyrin
(peak 15, Table 9; Figure 6) is the major compound of
all three samples; we are, however, uncertain whether it
is a single component or a mixture of type (positional)
isomers. The former possibility would be in accord with
the theory of Treibs (1936) that deoxophylloerythroetio-
porphyrin, a C32 DPEP, is the initial porphyrin product
of the defunctionalization of chlorophyll a.

The greater quantity of the pentamethyl diethyl C31
DPEP porphyrin in Section 416A-18-3 relative to 14-4 is
unlikely to be a result of thermal maturation change
because of the minor difference (38 m) in their sub-
bottom depths, and the similarity of their DPEP/etio
ratios. Possibly, the C31 DPEP component is formed by

conversion of the chlorophyll a vinyl group to a methyl
group. This process may be effected by bacteria in a
manner analogous to the formation of pemptoporphy-
rin from protoporphyrin-IX (French et al., 1964). A dif-
ference in bacterial contribution and (or) activity might
therefore explain the discrepancy in the C31 DPEP
values. The possibility that the C31 DPEP porphyrin is
formed via chlorophyll d seems unlikely because of the
scarcity of chlorophyll d in most organisms. It does oc-
cur in significant amounts in Rhodophyceae (Manning
and Strain, 1943), but the distribution of other lipids
argues against a major contribution of red algae to the
sediment.

The absence of vanadyl porphyrins, as indicated by
both mass spectrometry and electronic spectroscopy in-
dicates sediment immaturity. The petroporphyrin con-
centrations and distributions of all three samples are
broadly similar, as expected, considering their uniform
lithology and close vertical proximity.

Comparisons of Leg 48 and Leg 50

The similarity of analytical procedures between in-
vestigation of Leg 48 (Barnes et al., in press) and Leg
50 samples enables comparison of the extractable lipid
distributions for these two suites of samples. The main
reasons for making such comparisons are: (1) to identify
any similarities and differences in the lipid composition
reflecting changing contributions, depositional condi-
tions, or subsequent diagenesis, and (2) to establish
points of reference for future analyses to enable the
recognition of specific marker compounds.

In the two suites of samples the distributions of re-
arranged sterenes (as shown by m/e 257; Figure 8), their
4-methyl analogs, and the hopanoid triterpenoids, in-
cluding triterpanes, triterpenes (m/e 191; Figure 8), and
their derived aromatic compounds, are all remarkably
similar. These similarities suggest a source component
of organic matter common to both sites of deposition.
Differences in the relative amounts of specific compo-
nents appear to reflect changing proportions of in-
dividual contributions within this common source of
organic matter rather than different diagenetic pro-
cesses. This suggestion is supported by the partial simi-
larity of «-alkane and /2-alkanoic distributions.

The pristane/phytane ratios for the Leg 48 samples
(avg. 1.1) are lower than those of the Leg 50 samples
analyzed (avg. 1.7), suggesting that the black shale may
have been deposited under lower redox potentials than
the turbidite sequence (Didyk et al., 1978).

The polynuclear aromatic distribution in the Leg 50
turbidites may represent a combination of the Leg 48
perylene-dominated sample (402A-18-1) and the alkyl
substituents of Sections 402A-24-1 and 402A-30-1. The
variable predominance of these two components in dif-
ferent Leg 48 samples strengthens our belief that they
originate from different sources.

One of the major differences in the lipids of the two
suites of samples is their tetrapyrrole content. The
higher content of nickel petroporphyrins in the tur-
bidites may reflect different sources or a less extensive
breakdown of chlorophyll prior to consolidation com-
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(a) (c)

JL
Figure 8. Qualitative comparison between the partial mass fragmentograms characteristic of two major poly-

cyclic series from Leg 48 (upper figures, a and c and Leg 50 (lower figures, b and d. a and b: rearranged sterenes
(m/e 257) of Sections 402A-24-1 and416A-18-3, respectively. Peak designations refer to the carbon number of the
components, c and d: triterpenoid hydrocarbons (m/e 191) of Sections 402A-24-1 and 416A-18-3, respectively.
Peak letters refer to the Leg 48 assignments (Barnes et al., in press). The A to R designations of Figure 8d are
equivalent to 1-18 in Figure 4 and Table 6.

pared to the Leg 48 black shale. In the samples from Leg
48, the ratio of sterenes to rearranged sterenes was very
low in comparison with Leg 50, particularly Section
416A-18-3. This difference may reflect the lower clay

content in specific horizons of the turbidites, reducing
the efficiency of the rearrangement process.

The absence of triterpanoic and triterpenoic acids in
the Leg 50 samples contrasts sharply with the concentra-
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tions of Leg 48, where they occurred in significant
amounts. The concentrations of triterpenoid alkanes
and alkenes were also higher in Leg 48 samples. These
results suggest a lower bacterial contribution to the Leg
50 samples than to the Leg 48 cores.

In summary, the similarities in the compositions of
the Leg 48 and Leg 50 samples may be rationalized in
terms of a common lipid contribution composing a sig-
nificant part of the extractable organic matter. The
organic matter in both cases includes a terrestrial com-
ponent, but Leg 48 samples appear to possess a greater
proportion of attributable bacterial contribution.

Leg 50 Conclusions

The similarity of the extractable lipids found in three
samples of the turbidite sequence suggests fairly uni-
form contributions of organic matter and similar depos-
itional conditions. Minor differences in composition
may be caused by slight changes in the proportion of
specific sources contributing to the three samples. The
average sediment thickness of the turbidite cycles varies
from core to core throughout the sequence (Table 1), so
that each sample interval contains incomplete cycles.
Because the turbidites are graded, the three core sections
are probably biased toward particular grain-size frac-
tions. Lipids from specific sources are known to be con-
centrated in discrete grain-size fractions (Thompson and
Eglinton, 1978b); hence the lipid distributions may, in
part, reflect the particle-size differences rather than
changing sources of the organic matter. The limited
range of parallel lipid analyses precludes detailed assign-
ment of components and diagenetic history; however,
we can recognize both terrestrial and algal contributions
of organic matter, whereas the minor differences in
depth between the samples (Table 1) explain the absence
of any prominent differences in their state of diagenesis.
The maturity of the three core sections, on the evidence
of the absence of rearranged steranes and 22R and S
diastereomeric hopane pairs is similar to the Messel
shale (e.g., Ensminger, 1977; Wardroper et al., 1977;
Ensminger et al., 1978), thought to have been subjected
to a maximum temperature of 40°C (Matthes, 1968).
Assuming a geothermal gradient of about 2-4°C/hm for
the Moroccan basin, a depth of burial of 1362 meters
(Table 1) would correspond to a temperature of about
30° to 55°C.
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