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Detection of mono- and bicyclic alkanes and their characteristicsin
Neogene sediments of the Shinjo basin, Japan
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Forty five mono- and 12 bicyclic alkanes were detected in a sedimentary sequence from Miocene to
Pliocenein the Shinjo basin, northeastern Japan. The monocyclic alkanes included polyal kylcyclohexanes
(Cq, Cip, Cyq, @nd Cy3), a series of n-alkylcyclohexanes (Cg—C,g) and a series of n-alkylcyclopentanes
(C12—Cy). Thebicyclic alkanes were from Cqto C,,, including cis- and trans-hydrindanes, cis- and trans-
decalins, and methyl- and dimethyldecalins. These cyclic alkanes were detected at a level of 0.01-1
nmol gL Concentrations of 2-alkyl-1,1,3-trimethylcyclohexanes (C;; and C,5), @ major portion of n-
alkylcyclohexanes (C;;—C,), all n-alkylcyclopentanes, and methyl- and dimethyldecalins showed a maxi-
mum in the lower part of the sequence which has been known to be an oil generation zone. n-Alkane (Cy5—
Cjg) concentration as well as that of pristane and phytane also showed a maximum in the lower part.
Concentrations of 1,1,3-trimethyl-, and 1,1,2,3-tetramethylcyclohexanes, a minor portion of n-
alkylcyclohexanes (Cq and C,), cis-hydrindane, cis- and trans-decalin showed a maximum in the middle
part of the sequence. Only trans-hydrindane showed a maximum concentration in the upper part of the
sequence, as did perylene. The molecular distributions of series of n-alkylcyclohexanes (C,5—C,) and n-
alkylcyclopentanes (C,5—C,s) showed a predominance in arange from C,5 to Cyg in the upper part of the
sequence, whereas that of n-alkanes did from C,,—C5, in the part. However, the distributions of the three
series became relatively smooth in the lower part, reflecting the further progress of diagenetic maturation

resulting from the oil generation in the part.

INTRODUCTION

A large number of organic geochemical stud-
ies on hydrocarbons in sediments and crude oils
has been reported, since the study by Smith (1952).
A general background of those hydrocarbon stud-
ieswas summarized from aviewpoint of their ori-
gin and diagenesis by Killopsand Killops (1993),
and of their petroleum geochemistry by Hunt
(1996). Cyclic alkanes are one of the major classes
of hydrocarbons which are commonly present in
sediments and crude oils. A large portion of cy-
clic alkane studies in these geochemical materi-
als has dealt with tri-, tetra-, and pentacyclic
alkanes such as steranes and hopanes mainly be-
cause of the interest in molecular biomarkers in

relation to their sources and maturity parameters
on organic diagenesis. On the other hand, studies
of mono- and bicyclic alkanes have been reported
infrequently, probably because many of these com-
pounds are rather volatile (therefore, partially lost
in sediment and/or during analysis), or cannot be
easily linked to specific precursors compared to
tri-, tetra- and pentacyclic alkanes. Therefore, it
remains important to study mono- and bicyclic
alkanesin sediments and to understand their char-
acteristics in relation to sediment diagenesis as
well as their precursors.

Neogene sediments of the Shinjo basin, Japan
provide a suitable sedimentary sequence for a
geochemical study of cyclic alkanes as well as
many other organic compounds, because the
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sediments are in an old oil field and intense oil
generation occurred in the lower part of the se-
quence (Taguchi et al., 1986). Asto cyclic alkanes,
several steranes and hopanes were detected in the
sediments, and the SR ratios of C,4 sterane iso-
mers and C;, hopane isomers were shown in rela-
tion to the sediment diagenesis (Taguchi et al.,
1986).

Therefore, we analyzed the mono- and bicy-
clic alkanes in the Neogene Shinjo sediments to
determine their characteristic distributions over
the sedimentary sequence. Here we report the de-
tection of 45 monocyclic and 12 bicyclic alkanes
in the sediments and the determination of their
absolute (30 components) and relative concentra-
tions (27 components). Furthermore, using these
data, we describe characteristics of their depth and
molecular distributions over the stratigraphic se-
guence, including comparison with those of the
n-alkanes, pristane, phytane, tetralin, and perylene
analyzed in the same extracts from the sediment
samples.

EXPERIMENTAL

Samples

Sediment samples were aliquots of common
samples collected for the joint study on the
diagenesis of organic and inorganic constituents
in the Neogene Shinjo basin, Yamagata Prefecture,
northeastern Japan (Taguchi et al., 1986). The
samples are chiefly marine shales and mudstones
of the Nakawatari and Noguchi Formations
(Pliocene), and the Furukuchi and Kusanagi For-
mations (Lateto Middle Miocene), in stratigraphic
descending order. Therock facies of the sediments
were shown in the stratigraphic and lithol ogic sec-
tions of these formations (Taguchi et al., 1986).
In this study we analyzed 18 sediment samples
numbered from 83110 to 90105 representing the
top and bottom, respectively, of the 1600 m thick
sedimentary sequence.

Analyses
For each analysis, a pulverized sediment sam-
ple (2 g) was extracted with hexane (5 ml) by soni-

cation (30 min) and the supernatant after centrifu-
gation wasrecovered. This extraction and centrifu-
gation process was repeated 6 times. The
supernatants were combined, concentrated under
reduced pressure, and applied to a silica gel col-
umn (220 mm x 10 mmi.d.; Keiselgel-60, Merk).
From the column, cyclic and acyclic alkaneswere
eluated with hexane (15 ml) and then aromatic
hydrocarbons with benzene (15 ml). The hexane
and benzene eluates were concentrated to 50 ul
individually under anitrogen flow for analysis by
a gas chromatography (GC)-mass spectrometry
(GC-MS) (Hewlett Packard G1800 GCD System).
The gas chromatograph was equipped with a HP-
5 capillary column (30 m x 0.32 mm i.d.). For
cyclic and acyclic alkanes, the GC oven tempera-
ture was programmed to hold at 40°C for 10 min,
and to increase from 40 to 65°C at arate of 1°C
min~?, from 65 to 160°C at a rate of 4°C min™,
and from 160 to 300°C at a rate of 6.5°C min™.
For aromatic hydrocarbons, it was programmed
to hold at 40°C for 5 min, and to increase from 40
to 100°C at arate of 6°C min™t, from 100 to 130°C
at arate of 3°C min~%, and from 130 to 300°C at a
rate of 4°C min~L. The mass spectrawere acquired
every 0.5 sover m/z 45 to 425 in an electron im-
pact ionization mode at 70 eV. ldentification and
quantification of compounds were made by com-
parison of peak retention times on mass
chromatograms and mass spectra, and peak areas,
respectively, with those of standard compounds.
For compounds without standard compounds,
identification was made by comparison of mass
spectra with library data of the National Institute
of Standards and Technology (NIST), USA (1992)
or datareported by Yamamoto et al. (1990). Rela-
tive concentrations of isomers and homologous
series were obtained by comparison of peak areas
on their mass chromatograms.

Hexane and benzene (analytical grade, Wako
Pure Chem.) were distilled twice before use. All
glassware was heated at 500°C for at least 3 h
before use to eliminate organic contaminants. A
procedural blank was carried out with pre-ignited
sea sand powder (1 g) and it was found that there
was no significant contamination during the analy-
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sis. A recovery test of cyclic alkanes was al so car-
ried out with 13 standard compounds mixed with
sea sand (1 g) under the same procedure as em-
ployed in the analysis of the sediments.

RESULTS AND DISCUSSION

Identification

Figure 1 shows partial mass chromatograms
(retention time 5-45 min) of m/z 69, 83, 97, and
111, which are major fragment ionsfor monocyclic
alkanes (Fig. 2), and m/z 67 and 81 for bicyclic

Monocyclic alkanes

alkanesrecovered from the sediment 83002. These
fragment ions are of an olefin fragment from a
cyclohexyl ring and/or acyclopentyl ring (m/z 69),
acyclohexyl ring (m/z83), and alkyl cyclohexanes
(m/z97 and 111) formed upon the el ectron impact
ionization. The molecular ions of monocyclic
alkanes were not intense and often less than 10
percent of those of base ions, which varied de-
pending on the kind of polyalkylcyclohexanes, i.e.,
m/z 111 vs. 126 for 1,1,3-trimethylcyclohexane
(peak 1in Fig. 2), and m/z 97 vs. 126 for 1-ethyl-
4-methylcyclohexane (peak 4 in Fig. 2). For bi-
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Fig. 1. Mass chromatograms of m/z 69, 83, 97, and 111 for monocyclic alkanes, and m/z 67 and 81 for bicyclic
alkanes in the Shinjo sediment 83002. Peak numbers correspond to those in Table 1.
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Fig. 2. Mass spectra of cyclic alkanes in the Shinjo sediment 83002. Peak numbers correspond to thosein Fig. 1

and Table 1.

cyclic alkanes, base ions of m/z 67 and 81 were
used to obtain their mass chromatograms (Fig. 1).
Mass spectra of the peaks 17, 19, 21, and 24 in
Fig. 2 showed that the intensities of the two base
ions were large and those of molecular ions were
strong compared with those of monocyclic
alkanes.

Figure 3 shows the later parts of mass
chromatograms (retention time 30—-85 min) of
m/z 83 (n-alkylcyclohexanes), m/z 69 (n-
alkylcyclopentanes), and m/z 57 (amajor ion for
n-alkanes, pristane, and phytane) recovered from
the sediment 83002. n-Alkylcyclohexanes were
detected from Cq to C,g and n-alkylcyclopentanes
from C;, to C,s. The mass chromatograms of
m/z 69 indicated the presence of
alkylcyclohexanes as shown in the earlier part
(Fig. 1), but also showed the presence of a series
of n-alkylcyclopentanes. The peaks of n-
alkylcyclohexanes, n-alkylcyclopentanes and n-
alkanes were clearly recognized. Individual peaks

of n-alkylcyclohexanes and n-alkylcyclopentanes
with the same carbon numbers were noted by ex-
panding parts of the two mass chromatograms and
the total ion chromatogram (TIC) (Fig. 4), al-
though the retention times of some members of
the two series were very close to each other in
Fig. 3. Their mass spectra (Fig. 2) were also dis-
tinguishable from each other by the intensity ra-
tio of the m/z 83 to 69, i.e., the ratio of n-
alkylcyclohexane (peak 30) was larger than 1, and
that of n-alkylcyclopentane (peak 45) was less
than 1. In addition, identification of tetralin
(1,2,3,4-tetrahydronaphthelene) and perylene (58
and 59, respectively, in Appendix) in benzene elu-
ate were identified by mass chromatograms of
their molecular ions, m/z 132 and 252, respec-
tively.

In summary, 45 monocyclic alkaneswere iden-
tified (Table 1). Among these compounds, 26 were
identified using standard compounds. These in-
cluded two trimethylcyclohexanes (1 and 2; Ta-
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Fig. 3. Mass chromatograms of m/z 83 for n-alkylcyclohexanes, m/z 69 for n-alkylcyclopentanes, and m/z 57 for
n-alkanes (@), pristane (Pr), and phytane (Ph) in the Shinjo sediment 83002. Peak numbers correspond to those

in Table 1.
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Fig. 4. Expanded parts of mass chromatograms of m/z 83 for n-alkylcyclohexanes, m/z 69 for n-alkylcyclopentanes,
and TIC (total ion chromatogram) over retention time of 68—73 min in the Shinjo sediment 83002.
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Table 1. Cyclic alkanes identified in the Neogene Shinjo sediments

Peak number Compound Base m/z Sandard
1 1,1,3-Trimethylcyclohexane 69, 111 *
2 1,2,4-Trimethylcyclohexane 69, 111 *
3 1-Ethyl-3-methylcyclohexane 97 *
4 1-Ethyl-4-methylcyclohexane (trans) 97 *
5 1-Ethyl-4-methylcyclohexane (cis) 97 *
6 iso-Propylcyclohexane 69, 83 *
7 1-Ethyl-2-methylcyclohexane 97 *
8 n-Propylcyclohexane 83 *
9 1,1,2,3-tetramethylcyclohexane 69, 83

10 1-Methyl-4-isopropylcyclohexane 69, 97 *
11 1-Methyl-propylcyclohexane 69, 97

12 n-Butylcyclohexane 83 *
13 2-Ethyl-1,1,3-trimethylcyclohexane 69, 83, 97, 111

14 2-Butyl-1,1,3-trimethylcyclohexane 69, 83, 97, 111

15 Bicyclo[3.3.1]nonane 67,81, 124

16 Methylbicyclo[ 3.3.0] octane 67,81, 124

17 Hydrindane (trans) 67, 81,124 *
18 Hydrindane (cis) 67,81, 124 *
19 Decalin (trans) 67, 81, 138 *
20 Decalin (cis) 67, 81, 138 *
21 Methyldecalin 67, 81, 152

22 Methyldecalin 67, 81, 152

23 Dimethyldecalin 67, 81, 166

24 Dimethyldecalin 67, 81, 166

25 Dimethyldecalin 67, 81, 166

26 Dimethyldecalin 67, 81, 166

ble 1), four ethyl-methylcyclohexanes (3, 4, 5, and
7), isopropylcyclohexane (6), 1-methyl-4-
isopropylcyclohexane (10), and a series of 18 n-
alkylcyclohexanes from Cqto Cyq (8, 12, and 27—
42). In addition, four polyalkylcyclohexanes (9,
11, 13, and 14) were identified using the NIST
library data, and a series of 15 n-
alkylcyclopentanes from C,, to C,4 (43-57) us-
ing the data of Yamamoto et al. (1990). Asto bi-
cyclic alkanes, 12 compoundswereidentified (Ta-
ble 1) using standard compounds of trans- and cis-
isomers of hydrindane (17 and 18) and those of
decalin (19 and 20), and the NIST library data of
bicyclo[3.3.1]nonane (15), methylbicyclo[3.3.0]-
octane (16), two isomers of methyldecalin (21 and
22), and four isomers of dimethyldecalin (23-26).
However, methyl positions on the bicyclo[3.3.0]-
octane and the decalin structure could not be de-
termined. Structures of these mono- and hicyclic
alkanes are shown in Appendix. In addition to

those cyclic alkanes, a series of n-alkanes (C,,—
C;s), pristane, phytane, tetralin, and perylene were
identified, although they are not listed in Table 1.

Concentrations

The recovery experiment showed about 20—
40% of polyalkylcyclohexanes (C,), and trans-
and cis-decalins (C,4), and 50-80% of n-
alkylcyclohexanes (C,,—C,, except C,5 and C,¢)
(Table 2). In spite of these rather low recoveries,
concentrations of the 30 cyclic alkanes for which
we have standard compounds and rel ative concen-
trations of the other 27 components were esti-
mated. Therefore, the test indicated that the con-
centrations estimated were roughly a half or less
of the concentrations in the sediments, especially
for compounds with lower molecular weight be-
cause of their rather high volatility. Nevertheless,
those values enable their approximate concentra-
tion levelsto be determined. In addition, they are
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Peak number Compound Base m/z Sandard
27 n-Pentylcyclohexane 83 *
28 n-Hexylcyclohexane 83 *
29 n-Heptylcyclohexane 83 *
30 n-Octylcyclohexane 83 *
31 n-Nonylcyclohexane 83 *
32 n-Decylcyclohexane 83 *
33 n-Undecylcyclohexane 83 *
34 n-Dodecylcyclohexane 83 *
35 n-Tridecylcyclohexane 83 *
36 n-Tetradecylcyclohexane 83 *
37 n-Pentadecylcyclohexane 83 *
38 n-Hexadecylcyclohexane 83 *
39 n-Heptadecylcyclohexane 83 *
40 n-Octadecylcyclohexane 83 *
41 n-Nonadecylcyclohexane 83 *
42 n-Eicosylcyclohexane 83 *
43 n-Heptylcyclopentane 69
44 n-Octylcyclopentane 69
45 n-Nonylcyclopentane 69
46 n-Decylcyclopentane 69
a7 n-Undecylcyclopentane 69
48 n-Dodecylcyclopentane 69
49 n-Tridecylcyclopentane 69
50 n-Tetradecylcyclopentane 69
51 n-Pentadecylcyclopentane 69
52 n-Hexadecylcyclopentane 69
53 n-Heptadecylcyclopentane 69
54 n-Octadecylcyclopentane 69
55 n-Nonadecylcyclopentane 69
56 n-Eicosylcyclopentane 69
57 n-Heneicosylcyclopentane 69

*; compound with standard.

useful for comparing the depth profiles and mo-
lecular distributions of the three homologous se-
ries over the stratigraphic sequence, because the
comparison was made on the basis of the same
compounds (therefore, similar recoveries) among
different sediments. Concentrations of n-alkanes
from C,, to C,, were not estimated, although they
were detected, because they are highly volatile
compared to n-C;5 and longer n-alkanes. Their
abundances among the sediments were not par-
ticularly important in this study.
Polyalkylcyclohexanes (Cq and C,,) were de-
tected at a concentration level of 0.01-1 nmol g
(Table 3). Most of these compounds were present
in the middle part of the sequence (upper part of

the Kusanagi Formation), and absent or nearly
absent in the upper part (Nakawatari and Noguchi
Formations) and the bottom two sediments of the
sequence (lower part of the Kusanagi Formation).
n-Alkylcyclohexanes from Cq to C,, were detected
aso at alevel of 0.01-1 nmol g, whereas those
from C,4to C,, were present at one order of mag-
nitude less than those from Cq4 to C;; (Table 4).
Compounds from C,5 to C,g were present in all of
the 18 sediments. However, those from Cyto Cy5
and from C,, to C,; were not detected in the top
two sediments (Nakawatari Formation).

The bicyclic alkanes, hydrindanes and
decalins, were detected at a level of 0.01-1
nmol g~* (Table5). trans-Hydrindane was present
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Table 2. Recovery of cyclic alkanes in the analytical procedure

Peak number Compound Amount/nmol/ul  After the recovery test  Recovery/%
2 1,2,4-Trimethylcyclohexane 0.19 0.04 22
6 iso-Propylcyclohexane 0.22 0.07 30
7 1-Ethyl-2-methylcyclohexane 0.21 0.08 36

19 trans-Decalin 0.20 0.07 33
20 cis-Decalin 0.18 0.07 39
27 n-Pentylcyclohexane 0.20 0.10 52
28 n-Hexylcyclohexane 0.18 0.10 55
29 n-Heptylcyclohexane 0.17 0.10 61
30 n-Octylcyclohexane 0.17 0.11 64
32 n-Decylcyclohexane 0.14 0.10 73
33 n-Undecylcyclohexane 0.16 0.12 74
34 n-Dodecylcyclohexane 0.19 0.15 77
36 n-Tetradecylcyclohexane 0.13 0.10 80

in all the sediments except the top sediment of
the sequence (Nakawatari Formation), while the
cis-isomer was found mainly in the middle part
(upper part of the Kusanagi Formation). trans-
Decalin was present over most of the sequence
except for a few of the top most sediments
(Nakawatari and Noguchi Formations) and the
bottom sediment (lower part of the Kusanagi For-
mation), while cis-decalin was detected in great-
est concentration in the sediment 83003 (upper
part of the Kusanagi Formation).

The concentrations of most
polyalkylcyclohexanes, n-alkylcyclohexanes, and
bicyclic alkanes in the sediments from 83110 to
83103 (Nakawatari to Furukuchi Formation) inthe
upper part of the sequence were generally at the
same level or less than those of n-alkanes from
C,5 to Cyq, pristane, and phytane, which were
present at a level of 0.01-1 nmol g (Table 6).
Their concentrationsin the sediments from 83102
to 90105 (upper to lower part of the Kusanagi
Formation) in the lower part of the sequence were
one order of magnitude lower than those of n-
alkanes, pristane, and phytane which were present
at alevel of 0.1-10 nmol g. These relative com-
positions of mono- and bicyclic alkanes to n-
alkanes in sediments are roughly similar to those
in crude oils (Rubinstein and Strausz, 1979;
Kissin, 1990). Perylene was present at a level of
0.01 or 0.1 nmol g. The other cyclic alkanesin-
cluding a series of n-alkylcyclopentanes, methyl-

and dimethyldecalins, and tetralin were present at
most at a level of 1.0 or sub-nmol g2, judging
from their peak areas on the mass chromatograms

(e.g., Fig. 1).

Depth profiles

The absolute and relative concentrations of
cyclic alkanes were plotted with depth of the
sediments down the sequence. Based on the depth
of maximum concentrations, these cyclic alkanes
could be divided into three groups.

Thefirst group includes 39 cyclic alkanes, such
as n-alkylcyclohexanes (C;;—C,s), n-
alkylcyclopentanes (C;,—C,g), 2-alkyl-1,1,3-
trimethylcyclohexanes (Cy; and C;3), and methyl-
and dimethyldecalins (Figs. 5a, b, and c). Abso-
lute or relative concentrations of thisgroup started
increasing at the depth of the sediment 83102 (up-
per part of the Kusanagi Formation), maximised
at the sediment 90103 (middle part of the Kusanagi
Formation), and then decreased in the bottom two
sediments. Similar depth profiles were observed
with n-alkanes (C;5—Csg), pristane plus phytane
(Fig. 5d), and the reported EOC/TOC ratio (Fig.
5e; Shimoyama and Matsubaya, 1985).

The second group comprises 17 cyclic alkanes,
such as 10 polyalkylcyclohexanes (Cy and C,),
n-alkylcyclohexanes (Cq and C;), cis-hydrindane,
cis- and trans-decalins, bicyclo[3.3.0]nonane, and
methylbicyclo[3.3.0]octane (Fig. 6). Their concen-
trations started increasing at the depth of the sedi-
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Table5. Concentrations of bicyclic alkanesin the Neogene Shinjo sediments

Formation Sample No. Concentrations/nmol g~ Rock
Hydrindane Hydrindane  Decalin  Decalin

(trans) (cis) (trans) (cis)
Nakawatari 83110 n.d. n.d. n.d. n.d.
83109 0.81 n.d. n.d. n.d.
Noguchi 83108 1.89 n.d. n.d. n.d.
83107 159 n.d. 0.46 n.d.
83106 219 n.d. n.d. n.d.
Furukuchi 83105 0.44 n.d. n.d. n.d.
83104 0.29 n.d. 0.76 n.d.
83103 0.50 n.d. n.d. n.d.
Kusanagi 83102 1.04 0.13 1.38 0.02
(upper) 83101 0.76 0.27 0.37 n.d.
83003 — 2.13 2.05 2.70
83002 0.07 153 3.42 0.03
83001 0.26 1.01 117 0.05
(middle) 90101 101 0.41 137 0.12
90102 0.15 n.d. 0.12 n.d.
90103 0.22 n.d. 0.56 n.d.
(lower) 90104 0.09 n.d. 1.87 n.d.
90105 0.22 n.d. n.d. n.d.

n.d.; not detected, —; not determined.

ment 83102 (upper part of the Kusanagi Forma-
tion), maximised at the sediment 83003 or 83002
(upper part of the Kusanagi Formation), decreased
down to the sediment 90102 (middle part of the
Kusanagi Formation), and were not detected be-
low. This depth profile resembles those of
naphthal enes (Shimoyama et al., 2000).
Thethird group consists of only one cyclic al-
kane, trans-hydrindane (Fig. 7). Its concentration
started increasing at the depth of the sediment
83109 (lower part of the Nakawatari Formation),
becamerelatively high in the sediments 83108 and
83107 (Noguchi Formation), and maximised at
83106 (lower part of the Noguchi Formation). The
concentration generally decreased with depth ex-
cept in the sediments 83102 and 83101 (upper part
of the Kusanagi Formation), and 90101 (middle
part of the Kusanagi Formation) where it was
higher than those of sediments just above and be-
low. Perylene analyzed in this study also showed

asimilar depth profile.

The fact that the cyclic alkanes in the first
group showed a similar depth profile to those of
acyclic alkanes, revealed that the major portion
of cyclic alkanes had been formed around the same
diagenetic stage as those of acyclic alkanes. The
horizon at the sediment 83101 is known to be at
the beginning of the intense oil generation zone
in the sedimentary sequence as shown by
stratigraphic profiles of TOC and EOC
(Shimoyama and Matsubaya, 1985), the vitrinite
reflectance, T, value, and the ratios of 20520R
of C,q steranes and of 22522R of C;, hopanes
(Taguchi et al., 1986).

The cyclic alkanes in the second group were
relatively abundant just above the oil generation
zone. They had been formed in the oil generation
zone, and probably volatilized or diffused to ho-
rizons higher than the sediment 90103 (maximum
concentration horizon of the first group) because



H. Yabutaet al.

97 67°¢ 99°v £0'S 98°¢ 629 yTL 10°L 069 oI'L 80'6 (4% SI'y S0106
STy LS S0'6 0L'8 106 9°01 871 9T 98'6 911 I'L1 1’1 8L'8 0106 (romoy)
8IS STL 91l A! 6C1 4! 1'81 9'81 9¢l 8'¢€T zee VLI €8I £0106
el £6'l L8T we 61t [ ws SEY 68'¢ 699 S09 0T’s (2N 20106
oLe 144 §2° 08'L YL £9'8 98'L ws L89 LTI 124! yI'6 601 10106 (3rpprur)
$9°0 £8°0 STl (4! 861 SS'l 98'l 09’1 1 8L'1 £9C SL'1 0£C 1008
9I'1 611 P81 L8] vTe w0T 10°¢ £1'e 881 6£C L6T ¥9°C [4: X4 200¢8
LET 0LC 06'¢ 1244 88'v X4 £0°S L8V 8v'v |84 £6'S 89 619 £00¢8
Lo 080 601 601 9¢'1 €1 S9! LE] yTl1 or'l 651 6v'1 So'l 101¢€8 (12ddn)
LE'E ore 1434 £6'¢ 18 1233 €6t 8T 9I't £8'l LTT 8¢'1 99°'1 01¢8 15euesny|
wo 620 (340} ¥£0 90 o 0€°0 €20 00 810 810 81°0 170 £01¢8
6£0 170 1£°0 €20 970 810 61°0 10 €10 €10 91°0 820 91°0 01€8
€70 ST°0 o €10 91’0 110 v1°0 oro (A1) 01ro 1o 20 LT0 S01€8 gonyning
650 vT0 8¢0 170 0€0 81°0 810 y1°0 €10 ST0 81°0 LT0 9¢°0 901¢8
900 €00 S0°0 €00 00 200 200 100 100 200 100 SO0 €00 LOT€8
oro 600 110 600 01°0 800 600 LO0 SO0 900 900 600 €10 801¢8 yon3oN
100 100 100 100 100 100 00 100 100 00 00 00 100 601¢8
00 00 €00 200 00 00 00 €00 00 €00 L00 870 1€°0 0r1¢8 lejemeyeN
iy y 9y Sy-y iy 5.y iy 1ty 0y y 615y 815y tiyy 9y y S15-u

300y ;-3 [owU/SUOTENUIIU0) ‘oN 9jdureg UOTJBULIO]

42

sjuawi Ipss olulys susBoaN ayl ul aurlAyd pue ‘suelsiid ‘(8D—ST)) sauey|[e-uU Jo SUo e NUadUOD ‘9 3|gel



43

Mono- and bicyclic alkanes in the Neogene Shinjo sediments

"pe198I8p J0U P

8¢S ¥01 99°0 080 8L°0 ¥80 09'1 ¥80 780 8S'1 ov'l 10T £8'1 S0106
[4°)! I'1e 0g'e 9s'¢ L80 8T LTe 191 €91 69T 00'¢ 8L'C ve'e ¥0106 (ramor)
9ve L€ 87°C SL'1 990 18°C 17¢ €0'¢ ve'T £6'¢ S8t 1454 90Y €0106
06'L ¥'6 pu pu pu 880 160 690 ¥v'0 68°0 780 ¥8°0 S0l 20106
0'L1 191 6C'1 8yl 90 060 £6'0 180 980 L8] 06'1 61°C 9¢e'C 10106 (a1pprwr)
[4:x4 089 pu pu pu 020 (440 (444 810 wo SE0 540 €70 100¢8
€0'L 801 pu pu 910 §s0 950 £V'0 9¢€'0 0L'0 §90 690 090 200¢8
01’6 181 1€°0 €20 LT0 £6°0 (4N L1 980 w1 81’1 L8] Wl £00€8
§TT L6'9 pu pu Py €10 81°0 870 §T0 LSO 170 990 €50 101¢8 (12ddn)
Ly w9 pu pu pu pu pu wo §s0 ¥6'1 £el S9¢ ¥6'1 201¢€8 1SeuEsny
LEO 81l pu pu pu 00 €00 €10 600 LEO 81°0 050 €20 £01¢€8
€9°0 €51 pu pu pu S0°0 ¥0'0 810 01°0 6£°0 810 950 170 01¢8
LEO SLO pu pu pu L00 00 LT0 600 150 S1o Lo 910 S0T€8 gonynIn g
LEO 140! pu pu pu pu pu 620 ST°0 ¥8°0 LTO 0l 00 901¢€8
110 LEO pu Py pu 8000 %000 €00 200 800 €00 01°0 €00 LOT€8
540 ¥¥'0 pu pu pu 200 €00 900 €00 200 €00 S1'0 900 801¢8 1yon3oN
SO0 600 pu pu pu ¥00°0 100 00 LO00 200 100 00 100 601¢8
010 810 pu pu pu 100 <00 €00 00 S00 200 LO0 w00 0r1¢8 LejeMeyeN
sueilyd  oumssud  ¥p-u fy-u y-u S8y-u "y-u y-u ®y-u y-u 0ty-u 2y-u 85-u
¥00Y ;-3 [owu/suonenuadu0) ‘ON o[dwes  uoneurog




44

n-alkylCHs
(Ci1- Ca0)

/nmol * g rock™

—@— n-alkylCPs
(Cr2- C20)
—a—2-alkyl-1,1,3-
triMeCHs (C]] and C13)

Relative concentration

H. Yabutaet al.

—@—total
Me-decalins

—A—total
diMe-decalins

Relative concentration

—@—total n-alkanes
—A—Pr +Ph

/nmol * g rock™

EOC/TOC

Ratio

300 0 0.3

100 O
T

LI I | LI N | T

Sample
o. b)
83110

83109

83108
83107
83106

83105
83104

83103

83102
83101

100 0
T

<)

d) e)

Nakawatari F.

Om +
Noguchi F.
200 |

400 | FurukuchiF.

Sediment -
thickness
scale

Kusanagi F.
Upper

Middle

Lower

Fig. 5. Depth profiles of a) concentrations of total n-alkylCHs (cyclohexanes, C,,—C,¢), b) relative concentra-
tions of total n-alkylCPs (cyclopentanes, C;,—C,¢) and total 2-alkyl-1,1,3-triMe (trimethyl) CHs (C;; and Cy3),
c) total Me (methyl)-decalins and total diMe (dimethyl)-decalins, d) concentrations of total n-alkanes (C,5—Csg),
and Pr (pristane) plus Ph (phytane), and e) ratios of EOC (extractable organic compounds) to TOC (total organic
carbon) in the Neogene Shinjo basin. Relative concentration in the Shinjo sediment 90103 was set to 100.

of their lower molecular weights than those in the
first group. Although carbon skeletons of 2-alkyl-
1,1,3-trimethylcyclohexanes are specific to
carotenoids (Anders and Robinson, 1971; Hall and
Douglas, 1983; Jiang and Fowler, 1986), their
depth profiles differed depending on their molecu-
lar weights. 1,1,3-Trimethyl- and 1,1,2,3-
tetramethylcyclohexanes belonged to the second
group (Figs. 6aand b), while 2-ethyl- and 2-butyl-
1,1,3-trimethylcyclohexanes showed profiles of
the first group (Fig. 5b). Likewise, n-
alkylcyclohexanes (Cq and C,,) and decalin be-
longed to the second group (Figs. 6a and d),
whereas n-alkylcyclohexanes longer than C,, and
methyl- and dimethyldecalins belonged to thefirst
(Figs. 5a and c). In addition, water solubility of
n-alkanes becomes significantly higher around C,
as their molecular weights become lower

(McAuliffe, 1980). This suggests that cyclic
alkanes (Cq4 and C,) in this group are also more
water soluble than those (C;;—C,g) in the first
group, and therefore, they might have migrated to
upper horizons as sediment interstitial water mi-
grated. A similar interpretation has been reported
for the depth profiles of naphthalenesin the Shinjo
sediments (Shimoyama et al., 2000). Tetralin
analyzed in this study also showed a depth profile
of the second group, which seems to be reason-
able from similarities in molecular weight and
structure among decalin, tetralin, and naphthal ene.
In addition, water solubility of aromatic hydro-
carbons is higher than those of n-alkanes
(McAuliffe, 1980), and therefore, the same expla-
nation by water migration is possible for why
tetralin belongs to the second group.

The occurrence of the third group, comprising
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Fig. 6. Depth profiles of concentrations or relative ones of a) total triMeCHs (trimethylcyclohexanes), total
EtMeCHs (ethylmethylcyclohexanes), n-alkylCHs (alkylcyclohexanes) (Cq and C,,), and total isoPrCHs
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plus trans-) decalins, and e) tetralin in the Neogene Shinjo sediments. Maximum concentration was set to 100 in

b) and ).

trans-hydrindane only, seems to be unrelated to
those of the first and second groups. A relatively
large input of land derived organic matter into the
sediments from the Noguchi to the Furukuchi For-
mation has been proposed, because of relatively
high concentrations of perylene (Taguchi et al.,
1970; Suzuki and Taguchi, 1982), high ratios of
C,o/(C,; + C,g) Of steranes (Suzuki and Shimada,
1983), and low L/H ratios (3>Cy3 1¢/> Coogg) fOr
n-alkanes (Ishiwatari and Shioya, 1986). In this
study, relatively high concentrations of perylene
and low L/H ratios (<1) of 3 Cy5 1¢/> Cy7.5; fOr n-
alkanes were also observed in the two formations
compared to thosein the lower part of the sequence
(Fig. 7). Thermal cracking of longer chain n-
alkanes to shorter ones makes the L/H ratios
higher. However, the cracking takes place mainly
in the oil generation zone which is located below

the two formations, and therefore, the cracking
effect was insignificant from the lower ratios in
the two formations. Accordingly, it is suggested
that trans-hydrindane detected had been derived
from land derived organic matter.

Molecular distributions of n-alkylcycloalkanes
The molecular distributions of n-
alkylcyclohexanes (C15—Cy). n-
alkylcyclopentanes (C;s—C,g), and n-alkanes (C,5—
C,g) inthe sediments are shownin Fig. 8. The dis-
tributions of n-alkylcyclohexanes showed a maxi-
mum in composition at Cg in the sediment 83110
and at C,4in 83109 (Nakawatari Formation), and
exhibited relatively large amounts of Cy5, Cig, Cy7,
and C,;4 from 83107 to 83102 (Noguchi to the top
of the Kusanagi Formation) in the upper part of
the sequence. The distribution of n-
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Fig. 7. Depth profiles of concentrations of a) trans-hydrindane and b) perylene, and c) n-alkane L/H ratios
(L/H = 3Cy5.14/ > Cy7_51) in the Neogene Shinjo sediments.

alkylcyclohexanes longer than C;q began to in-
crease downward from the sediment 83105 (top
of the Furukuchi Formation). An exception in the
region is the sediment 83108 (top of the Noguchi
Formation), which showed a smooth molecular
distribution from C,5 to C,; with a maximum in
composition at C;5. Most of the sediments from
83101 to 90105 (upper to lower part of the
Kusanagi Formation) in the lower part of the se-
quence showed relatively smooth molecular dis-
tributions from C,5 to C,5 compared to those in
the upper part of the sequence. The molecular dis-
tributions of n-alkylcyclopentanes over the se-
quence showed roughly similar patterns as those
of n-alkylcyclohexanes (Fig. 8).

Themolecular distributions of n-alkanesin the
sediments from 83110 to 83108 seem to be acom-
posite of two end members, one with a maximum
around C,5 to C,4 and the other with a maximum
around C,, to C;,. However, the compositions
around C,5 to C,g decreased in the sediments from
83107 to 83102, and began to increase in 83101.
Theincrease in composition continued downward.

On the other hand, the compositions around C,,
to C, increased to the sediment 83105 and de-
creased to 83102. The decreased compoasition con-
tinued downward. The molecular distributions
showed a remarkable predominance of odd car-
bon number molecules in the sediments from
83110 to 83102 in the upper part of the sequence,
and then, the predominance disappeared down-
ward from 83101. Finally, the molecular distribu-
tions became smooth from C,5 to C,5 and showed
a decreased relative amount from C,; to Cgg in
the sediments from 83101 to 90105 in the lower
part of the sequence. The change in these molecu-
lar distributions of n-alkanes along the sequence
issimilar to that reported by Ishiwatari and Shioya
(1986).

n-Alkylcyclohexanes have been detected in
various crude oils and source rocks (Johns et al.,
1966; Anders and Robinson, 1971; Fowler and
Douglas, 1984; Fowler et al., 1986; Summons et
al., 1988). It has been suggested that they were
produced by cyclization of n-carboxylic acids
during diagenesis (Rubinstein and Strausz, 1979;
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Hoffmann et al., 1987; Kissin, 1990), or decar-
boxylation of w-cyclohexyl carboxylic acids in
thermoacidophilic bacterial products (De Rosa et
al., 1972; Oshimaand Ariga, 1975; Suzuki et al.,
1981). n-Alkylcyclohexanes in the upper part of
the sequence could have been derived mainly from
n-carboxylic acids by cyclization because of the
predominance of n-alkylcyclohexanesfrom C,5 to
C,g and that of n-carboxylic acids with C,; and

C,g in these sediments (Ishiwatari and Shioya,
1986). Similarly, n-alkylcycloalkanes|longer than
C,g might have been produced from longer chain
carboxylic acids than C,g. Contribution from
thermoacidophilic bacteria, if any, isinsignificant
because of the Neogene Shinjo sedimentary envi-
ronment. The occurrence of n-alkylcyclopentanes
in sediments has been less reported than those of
n-alkylcyclohexanes (Ingram et al., 1983;
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Yamamoto et al., 1990). It has been suggested that
these compounds might have been formed by the
intramolecular cyclization of unsaturated carboxy-
lic acids during diagenesis (Philp, 1980).

The molecular distributions of n-
alkylcyclohexanes, n-alkylcyclopentanes, and n-
alkanes were roughly similar to each other in the
sediments from 83101 to 90105 in the lower part
of the sequence. This suggests that these distribu-
tions reflect the further progress of diagenetic
maturation in the sequence as observed in the case
of n-alkanes. An experimental study was reported
for the isomerization of n-alkylcyclohexanes and
n-alkylcyclopentanes during an intense oil gen-
eration stage (Kissin, 1990), although the appli-
cability of this study to the two series of the
alkylcycloalkanes in the Shinjo sediments is de-
batable.

CONCLUSION

Eighteen sediments over a stratigraphic se-
quence of the Neogene Shinjo basin were analyzed
for mono- and bicyclic alkanes. As a result, 45
mono- and 12 bicyclic alkanes were detected at a
concentration level of 0.01-1 nmol g™. These
cyclic alkanes could be divided into three groups.
Thefirst group showed a maximum concentration
in the lower part of the sequence (middle part of
the Kusanagi Formation), and adepth profile simi-
lar to those of n-alkanes, pristane plus phytane,
and the reported EOC/TOC ratio. This fact indi-
cates a close relation between the cyclic and acy-
clic alkanes in petroleum formation in the se-
quence. The second group showed a maximum in
the middle part (upper part of the Kusanagi For-
mation). However, the cyclic alkanesin thisgroup
might have been formed at the same diagenetic
stage as those of the first group. Later, they prob-
ably volatilized or diffused to the upper horizon
because of their lower molecular weights, and/or
migrated together with water because of their rela-
tively high water solubility. The third group, al-
though it is necessary to find more compounds for
this group, showed a maximum in the upper part
(the Noguchi Formation) and apparently was not

related to the first and second groupsin the proc-
ess of petroleum formation. Further studies are
necessary to elucidate precursors and their
diagenetic paths to these mono- and bicyclic
alkanes in order to obtain a better understanding
of the diagenesis of these compounds.
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