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Abstract. The organic-rich marine sediments commonly referred to as black
shales were deposited in the Qiangtang basin, northern Tibet. Although
achievements in the respective researches have been remarkable, the deposi-
tional environment, source of organic matter, thermal maturity and bio-
degradation, which played a significant role in the deposition of these sedi-
ments during the Early Toarcian, are still topics of discussion.

In this paper, the geochemical characteristics of aromatic hydrocarbons
contained in bitumen B of oil shale samples from the Biluo Co section of the
Shuanghu area, northern Tibet, are considered in detail. In the oil shale
samples, 154 aromatic hydrocarbon compositions mainly falling into 12
aromatic hydrocarbon series were detected. Among them the phenanthrene
series predominates, followed by the naphthalene series, each of the rest
having a low abundance, and the aromatics distribution is represented by
typical prepeaks. Various geochemical parameters of these aromatic hydro-
carbons are calculated and used to deduce the depositional environment, as
well as the origin and thermal maturity of the oil shale organic matter.

The composition of organic matter and the relative abundance of aromatic
hydrocarbons in the Biluo Co oil shale shows that these were mainly derived
from lower marine organisms. At the same time, the relatively low abundance
of 1,2,5-TMNr, 1,2,5,6-TeMNr, pimanthrene, biphenyl and other compounds,
which are known to be diagnostic biomarkers of terraneous higher plants, is
indicative of some higher plants input too. The high relative abundance of the
DBT and 9-MP series suggests that the Biluo Co oil shale deposited in a
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marine reducing sedimentary environment. The ratios of Cis (20S) TAS/Css
(20S) TAS vs Y. TAS/Y AHs and Y DBT/Y DBF vs Y TAS/YAHs also confirm
this conclusion. Maturity parameters, such as MPI;,, Rc, BF/BeP,
4-MDBT/Yy MDBT, DBT/(DBT + MDBT), etc., are indicative of the degree of
maturity of organic matter.

Keywords: aromatic hydrocarbons, oil shale, Qiangtang basin, biomarker.

1. Introduction

The origin and maturity of crude oil and source rocks are the most important
parameters for hydrocarbons exploration [1]. In general, saturated hydro-
carbons are considered to discuss the origin and maturation of source rocks,
while aromatic hydrocarbons are little taken into account to deal with
thermal maturity [2—5], source of organic matter [6, 7], biodegradation [8, 9]
and depositional environment [10].

There are mainly two types of oil shales found in the Tibetan Plateau.
The overwhelming part of oil shales was deposited in the continental
environment, leaving far behind those that accumulated in the marine
environment and outcrop only in the Shuanghu and Shenglihe areas. Over
the past decades, several researches have been carried out addressing the
structural geology, paleogeography, paleobiology, trace elements, stable
oxygen and carbon isotopes, organic geochemistry, etc., of marine oil shales.
For example, saturated hydrocarbons in the Biluo Co oil shale of the
Shuanghu area have been investigated by Lin et al. [11, 12]. At the same
time, studies on aromatic hydrocarbons are very few. Therefore, in this
article, geochemical characteristics of aromatic hydrocarbons contained in
the chloroform bitumen B of oil shale samples from the Biluo Co section of
the Shuanghu area were systematically investigated using gas chromato-
graphic-mass spectrometric (GC-MS) analysis, to elucidate the origin and
maturity of oil shale. The study on aromatic hydrocarbons in the Biluo oil
shale provides further information about the shale.

2. Geological background

The Qiangtang basin is located in the northern Tibetan Plateau, between the
Hoh Xil Basin-Bayan Har and Himalayan-Gandese Plates covering about
18 x 10* km’. This rhombus-shaped basin of east-west direction is the
biggest marine oil shales reservoir in the Tibetan Plateau. The Qiangtang
basin is a Mesozoic petroliferous deposit whose folded basement formed
during the Devonian. It can be divided into five large first-order tectonic
units, namely, the northern Qiangtang depression belt, the western uplift
belt, the central uplift belt, the eastern uplift belt and the southern Qiangtang
depression belt (Fig. 1).



Aromatic Hydrocarbons in the Biluo Co Oil Shale of the Shuanghu Area, Northern Tibetan Plateau... 353

Tarim basin

i

Continental basin =4

]

Marine basin
Hoh Xil basin

N

(9]
=
-
c
=
(0]
N
]
>
(0]

Tuotuo
basin

Eastern
uplift belt

Western uplift belt Central uplift belt
a
Southern Qiangtang depression belt
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The authors carried out detailed field investigations in the southeastern
Biluo Co section of the Shuanghu area, which is about 45 km away from
Shuanghu special district. The studied section with a length of 4 km along
the east-west direction and a width of 3 km along the north-south direction
has a wide thickness range. The whole succession is divided into three
intervals characterized by different lithological types. From bottom to top
these are gypsum, oil shale interbedded with limestone and mudstone, and
marl interbedded with mudstone. Our thorough field investigations showed
that oil shale is brown to dark in color and occurs as 0.2-2.0 m thick
bituminous microlaminated beds [13].

The Biluo Co oil shale is characterized by a relatively high TOC content,
with a maximum of 26.12%, and type Il kerogen. In addition, the organic
matter sources mainly from lower aquatic organisms in admixture with
plants. Furthermore, biomarkers maturity proxies show the samples to be of
moderate maturity. Organic geochemical data of Biluo Co oil shale in the
southern Qiangtang depression belt of the Qiangtang basin are presented in
Table 1. The samples are rich in aromatic hydrocarbons, with a relative
abundance of the aromatic fraction exceeding 30% of total hydrocarbons,
and in nearly half of the samples surpassing 50%. Being major constituents
of the soluble organic matter, polycyclic aromatic compounds carry
important information about the origin and maturation of the oil shale.
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Table 1. Geochemical data of Biluo Co oil shale

Chloroform bitumen “A” group component, »

% g

Ss 52
koY o\i Saturated, | Aromatic, | Resin, | Asphaltene, | § 2 § " -
el Y % % % % EsEl | £ |3
3 = iz 0| £ | 2
Sy | 2.79 33.46 19.38 38.36 8.57 36.68 [0.99 | 1.52 | 1.06
Sy 6.26 28.34 23.21 43.49 5.13 45.02 | 1.01 | 1.54 | 0.99
So; | 9.61 23.65 28.28 33.89 14.14 5446 |0.98 ]| 1.59|0.88
Sio | 26.12 3.21 28.54 18.06 28.23 72.68 |0.95| 090 | 1.26
Si; | 13.74 9.52 31.42 34.99 23.80 76.75 | 1.00 | 0.86 | 1.06
Si1 | 5.63 8.67 28.69 40.49 21.80 76.79 | 0.96 | 0.77 | 0.93
Sg | 3.47 39.80 17.47 37.62 4.85 30.50 [0.93 | 1.53 | 1.00
Sy 1.87 34.72 16.59 43.27 4.92 32.33 (090 1.22 | 0.98

= (Cy1 + 6Cs3 + Cas)/(4Cys +4Csy)

3. Analytical methods

A total of eight oil shale samples from the Biluo Co section of the Shuanghu
area in the southern Qiangtang depression belt of the Qiangtang basin were
included in the study. The samples were first subjected to total organic
carbon content and kerogen analysis.

Then the samples were extracted using dichlorodichloromethane in a
Soxhlet apparatus (72 h). After asphaltene precipitation and fractionation by
using column chromatography, saturated hydrocarbons were obtained by
hexane flushing, then aromatic hydrocarbons by flushing with a mixture of
dichloromethane and hexane (2:1, V/V). To avoid dissipation of light hydro-
carbons of oil shale samples during processing, displacement fractionation
was adopted to obtain saturated and aromatic hydrocarbons.

Gas chromatographic-mass spectrometric analyses of saturated and
aromatic hydrocarbons were carried out on an Agilent 5973N Mass Selective
Detector, HP-5 fused silica column (60 m x 0.32 mm % 0.25 pm film thick-
ness), the carrier gas was helium at a flow rate of 1 mL/min. For analyzing
the saturated hydrocarbons fraction, the GC oven was initially set at 100 °C
for 5 min, programmed to 220 °C at 4 °C/min and then to 320 °C at
2 °C/min, with a final holding time of 25 min. For analyzing the aromatic
hydrocarbons fraction, the GC oven was initially set at 100 °C for 5 min and
then programmed to 320 °C at 3 °C/min, with a final holding time of 25 min.
The temperature of feed ports was fixed at 300 °C. The MS was operated
with an ion source temperature of 320 °C and ionization energy of 70 eV.

Through the above experimental process, there were eight oil shale
samples for the analysis of saturated hydrocarbons (Table 1), four samples
were used for aromatic hydrocarbons analysis (Table 2).
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Table 2. Relative AHs abundance, and source, sedimentary environment and
maturity parameters of Biluo Co oil shale

Sample B1 B2 B3 B4
YNI/YP 0.47 0.15 0.26 0.32
. SP/S AHs 20.90 56.10 50.16 50.42
Relative STF/SP 0.56 0.19 0.27 0.12
abundance
SPAH/YP 0.25 0.38 0.36 0.28
STAS/Y AHs 0.67 0.73 1.87 1.89
Source 1,2,5-TMNt/SNr, % 5.03 3.90 4.96 3.62
1,2,5,6-TeMNt/STeMN, %|  8.41 6.33 7.14 8.17
parameters
YBPH/Y AHs, % 1.58 1.65 1.18 2.02
Sediment Relative DBT 78.94 72.53 76.50 74.38
egvgfl‘:ngyt abundance DBF 8.73 21.04 18.66 19.35
parameters of TF F 12.33 6.43 4.84 6.27
TAS C,g/Cog (20S) 0.37 0.40 0.27 0.39
MPI, 0.41 0.44 0.42 0.44
Maturit Re 0.67 0.68 0.67 0.68
Y BF/BeP 021 \x 0.13 0.11
parameters
4-MDBT/YMDBT 0.53 0.66 0.61 0.52
DBT/(DBT + MDBT) 0.58 0.35 0.41 0.45

\* not detected.

4. Results and discussion
4.1. Distribution

There are three peak groups of aromatic hydrocarbons (AHs) in the TICs
of Biluo Co oil shale samples: a peak group of naphthalenes and alkyl
naphthalenes, a peak group of phenanthrenes and alkyl phenanthrenes, and a
peak group of aromatic sterenes and other polynuclear aromatic hydro-
carbons (PAHs). Furthermore, on the basis of the distribution of aromatic
hydrocarbons three peak groups can be distinguished. The first group of
peaks appeared in the prepeak and is characterized by a very high abundance
of naphthalenes and phenanthrenes. The second peak group was observed in
the postpeak, having a very high concentration of aromatic sterenes and
other PAHs. The third group of peaks appeared in double peaks and is
characterized by a very high abundance of naphthalenes and other PAHs and
aromatic sterenes, but a low concentration of phenanthrenes. In the TICs
of Biluo Co oil shale samples, there is a very high concentration of
naphthalenes in the first peak group and a high concentration of phe-
nanthrenes in the second group of peaks. At the same time, the concentration
of other PAHs and aromatic sterenes in the third peak group is very low. So,
the three peak groups of aromatics distribution represented typical prepeaks,
which is similar to the distribution of aromatic hydrocarbons in mature
marine oils (Fig. 2). However, a previous research by the authors showed
that biodegradation and fractionation during the migration process always
resulted in a bulge, which means that the curve baseline of aromatic
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hydrocarbons in the TICs deviated from the abscissa. The more intensive the
biodegradation became, the larger the “bulge” is, the lower the concentration
of aromatic hydrocarbons is and the higher the abundance of triaromatic
steranes is. Therefore, we can conclude that the biodegradation and frac-
tionation during the migration process had a weak effect on the distribution
of aromatic hydrocarbons in Biluo Co oil shale samples.

Abundance, %
100 —t
a
50
c
al, L
20. 00 30.00 40.00 50.00 60.00 70.00 80.00 time

a — peak of naphtalene and alkyl naphtalene
b — peak of phenantrene and alkyl phenantrene
¢ — peak of aromatic sterene and other polynuclear aromatic hydrocarbons

Fig. 2. Mass chromatograms of the aromatic fraction of sample B1 of Biluo Co oil
shale, showing the distribution of aromatic hydrocarbons.

4.2. Naphthalene series

In Biluo Co oil shale samples, 38 aromatic hydrocarbon compositions were
detected, dominated by the following seven series: naphthalene (N), methyl-
naphthalene (MN), dimethynaphthalene (DMN), trimethynaphthalene
(TMN), tetramethynaphthalene (TeMN), pentamethylnaphthalene (PMN)
and ethylnaphthalene (EN). The proportion of the alkyl naphthalene series is
relatively high, the relative abundances being: TMN>DMN>TeMN>MN>
PMN (Fig. 3a). The shares of TMNr, TeMNr and PMNr are based on the
increase of stable isomers in relation to lower-stability isomers and are
thought to be determined by the 1,2-methyl shift and methyl transfer in the
naphthalene carbon skeleton [14]. A more convenient way of representing
the relationships between TMNr, TeMNr and PMNr is using a ternary plot.
If the three abundances are linearly related perfectly enough, all the samples
should be plotted in a single point (maturity centre) in the ternary diagram
[15]. However, the samples used in this research were located outside the
maturity centre, which shows that the methylated naphthalenes were affected
by a factor other than thermal stress. In addition, the maturity parameters of
alkyl naphthalenes can be used for determination of the maturity of source
rock and crude oil. For example, the ratios of 2,3,6-TMN/(2,3,6-TMN+1,2,5-
trimethylnaphthalene) vs 1,3,6,7-TeMN/(1,3,6,7-TeMN+1,2,5,6-TeMN)
fluctuate from low to high without being influenced by the fractional effect
in migration. The samples investigated in this work are in the maturity stage
(Fig. 3b).
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Fig. 3. (a) Mass chromatograms of the aromatic fraction of sample B2 of Biluo Co
oil shale, showing the distribution of MNr, DMNr, TMNr and TeMNr (M/Z 142,
156, 170, 184); (b) plot of maturity parameters of TMNr and TeMNr, indicating the
maturity of Biluo Co oil shale [19].

Several aromatic hydrocarbons, such as cadalene derived from
sesquiterpenoids, and 1,2,5-TMNr and 1,2,5,6-TeMNr whose precursors
were derived from higher plants, are indicative of general or more specific
higher plant source [16, 17]. However, cadalene was not detected in all
samples, while the relative abundance of 1,2,5-TMNr in Nr varied from
3.62% to 5.03% and that of 1,2,5,6-TeMNr in TeMNr from 6.32% to 8.41%.
Both of these abundances are lower than the respective values of the marine
oil in the Tarim basin, in whose case the relative abundance of 1,2,5-TMNr
in Nr is about 5% and that of 1,2,5,6-TeMNr in TeMNr below 10%. At the
same time, the relative abundance of 1,3,5,7-TeMN, 1,3,6,7-TeMN and
1,4,6,7-TeMN is lower than that of continental oil [18]. Based on the
respective parameters, the Biluo Co oil shale has been derived from lower
aquatic organisms with a small amount of higher plants.

4.3. Phenanthrene series

The phenanthrene series is mainly associated with the maturity of crude oil
and source rocks [20]. However, the abundant phenanthrenes are the pre-
cursors of the phenanthrene series, and retenes or pimanthrenes were derived
from higher plants, which contributed to the depositional environment and
origin. While naphthalenes were derived from higher plants, phenanthrenes
may be of low hydrobiological origin. In the oil shale samples investigated,
the relative abundance of the phenanthrene series in aromatic hydrocarbons
varies between 20.90% and 56.10%, being on average 44.40%, and the
series comprises phenanthrene (P), methylphenanthrene (MP), dimethyl-
phenanthrene (DMP), trimethylphenanthrene (TMP) (Fig. 4a) and ethyl-
phenanthrene (EP).
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Fig. 4. (a) Mass chromatograms of the aromatic fraction of sample B3 of Biluo Co
oil shale, showing the distribution of P, MP, DMP and TMP (M/Z 178, 192, 206,
220); (b) mass chromatograms of the aromatic fraction of sample B4 of Biluo Co oil
shale, showing the distribution of F, DBF, DBT and MDBT (M/Z 166, 168, 184,
198).

The Biluo Co oil shale is characterized by the most abundant P, and the
relative abundance of MP as 9-MP>1-MP>2-MP>3-MP, which resembles an
inverted V. The MP series is dominated by 9-MP, the total abundance of
3-MP and 2-MP being much lower than that of 9-MP and 1-MP. The higher
abundance of 9-MP has been reported to be due to marine source and is not
associated with maturity [21, 22]. Furthermore, by scanning electron micro-
scopy, abundant coccolithophores have been found in the Biluo Co oil shale,
which indicates the contribution of the abundant phenanthrene series.
Although retenes were not detected, we discovered a certain amount of
pimanthrenes. The above-mentioned biomarkers indicate that the organic
matter of Biluo Co oil shale is mainly derived from algae with a minor input
of higher plants.

The compounds substituted in o position are less stable than related
isomers with B-substitution patterns. Consequently, the values of the P/a
concentration ratios for specific groups of compounds often vary with
increasing degree of thermal maturation. Based on the methyl phenanthrene
index [23], the maturity parameter utilizes the relative abundance of
phenanthrene and methyl phenanthrene yields calculated vitrinite reflectance
(VRc%) ranging from 0.67 to 0.68. This value is lower than the vitrinite
reflectance (Ro%), but similar to that of mature crude oil of the Nanpu Sag
in the Bohai Bay basin [24, 25]. This means that the Biluo Co oil shale is in
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the maturity stage. The reason other than maturity, which influenced the
methyl phenanthrene index, will require further study.

4.4. Aromatic sterene series and other PAHs

4.4.1. Triaromatic steranes series

The Cy6 o5 isomers of the triaromatic steranes (TAS) series are very resistant
to biodegradation and were only degraded under extreme conditions [26]. In
this work, the preferential depletion of C, 5, triaromatic sterane isomers has
been established. The relatively high abundance of triaromatic steranes
indicates the sedimentary environment of saline lake or immature to low
maturity oil. Meng et al. put forward that the more salty the water in the
saline lake is, the higher the abundance of the triaromatic steranes series in
the aromatic hydrocarbons of crude oil is [27]. Wang reported that all crude
oils in the Jiyang depression were characterized by the relative abundance of
Cys (20S) TAS vs that of Cyg (20S) TAS, which indicated the sedimentary
environment and origin of source rocks [28]. However, the C,s TAS
appeared in a freshwater environment and the C,s TAS was usually formed
in brackish or saline water. Our investigation showed that the relative
abundance of TAS and Cy (20S) TAS/Cys (20S) TAS are very low. Using
some data from [29] to construct charts depicted in Figure 5, the Biluo Co oil
shale is shown to have deposited in a marine sedimentary environment. At
the same time, the chart in Figure 5b may be used for classification of source
rocks and crude oils originating from different sedimentary environments.

o

0.6

ZDBT
SDBF.
1.5 S

o
&0 o, oo

8 10 20 30 0 0 10 20 30 40
STAS/s AHs x 100% STAS/S AHs x 100%

Osaline lacustrine oils Afreshwater lacustrine oils x coal-formed oil ¢ marine crude oil OBiluo Co oil shale

Fig. 5. (a) Plots of the relative abundance of Cy (20S) TAS vs that of Cyg (20S)
TAS x 100 for different genetic types of oil; (b) plots of the ratio of Y DBT/Y DBF
vs that of > TAS/Y AHs x 100 for different genetic types of oil. Both (a) and (b)
indicate that the Biluo Co oil shale was deposited in a marine environment (some
data come from [29]).
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4.4.2. Terfluorene series

The terfluorene series indicates the depositional environment and maturity of
crude oil and source rock. Particularly, the abundant dibenzothiophene
series, including dibenzothiophene (DBT), methyldibenzothiophene
(MDBT), dimethyldibenzothiophene (DMDBT) and trimethyldibenzo-
thiophene (TMDBF), in marine oil and carbonates originates from the sulfo-
compounds of the high branched chain isoprenoid present in the strongly
reducing environment (Fig. 4b). With increased maturity, MSF induces
methyl rearrangement and demethylation. During methyl rearrangement,
1-MDBT, 2-MDBT and 3-MDBT transform to 4-MDBT, and in demethyla-
tion, MDBT transforms to DBT. In the samples investigated in the current
work, there is a certain amount of terfluorenes (TFs), their distribution being
DBT<4-MDBT. 4-MDBT is present in the highest concentration, while the
abundance of Y DMDBT is higher than that of Y MDBT. The relative
abundance of MDBT is 4-MDBT>(2 + 3)-MDBT>1-MDBT, being like a
“V”. These characteristics are typical of all crude oils of Ordovician source
rocks in the Tarim basin, but the maturity parameters 4-MDBT/Y} MDBT
(0.52-0.66) and DBT/(DBT + MDBT) (0.35-0.58) are lower than those of
high maturity to overmature Ordovician crude oils in the Tarim basin, and
similar to those of mature Ordovician source rocks in Dagang Oilfield and
Cretacic source rocks in the Cogen basin, Tibet [30, 31]. So, the Biluo Co oil
shale is in the maturity stage.

The relative abundance of dibenzothiophene (SF) in TFs, which include
fluorene (F), dibenzothiophene (DBT) and dibenzofuran (DBF), is very high,
even up to 78.94% (Fig. 4b). The previous research by Lin showed that these
components have the same predecessor, but DBT and DBF resulted from the
a-position carbon atom of a five-membered ring of F and were replaced by a
sulfur atom in the reducing environment, or by an oxygen atom in the weak
oxidation-oxidation environment. Lin investigated the relation between TFs
distribution and sedimentary environment in crude oil and source rock
samples collected from different basins. He found that the relative
abundance of DBT in TFs in marine crude oil or marine source rock was
more than 50% [32]. The Biluo Co oil shale was deposited in the marine
reducing environment, which is evidenced by the fact that the relative
abundance of SF in it is higher than 50% (Table 2).

4.4.3. Other PAHs (four- or five-membered ring compounds) series

Other PAHs are diverse compounds consisting of two or more fused
aromatic rings. They are present in the extracts of crude oil and source
rock as markers of maturity, hydrocarbon generation materials and sedi-
mentary environment [33]. Primary PAHs are almost impossible to conserve
in the geological history, but some PAHs originating from higher plants,
for example, fluoranthene (FL), benzofluoranthene, benzo(e)pyrene (BeP),
pyrene (PY), perylene (Pe), biphenyl (BPH), etc., can be saved. In the
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studied samples, other PAHs were detected in low abundance, but PY
was not detected at all. The BF/BeP ratio ranges from 0.11 to 0.21, which
is lower than that of mature crude oil and source rock from the Shenglihe
and Qaidam basins in China (the respective ratio of both of them is about
0.3). No BF was detected either. The relative abundance of BPH in PAHs
varies from 1.18% to 2.02%, which indicates that these compounds were
derived from the lignin of higher plants. Both of the BF/BeP and
>'BPH/Y AHs ratios are low, suggesting that there is a certain amount of
higher plant resource input and that the Biluo Co oil shale is in the maturity
stage.

5. Conclusions

154 aromatic hydrocarbon compositions were detected in four Biluo Co oil
shale samples. The compounds mainly fall into the following 12 aromatic
hydrocarbon series: naphthalene (m/z 128, m/z 142, m/z 156, m/z 170,
m/z 184, m/z 198), phenanthrene (m/z 178, m/z 192, m/z 206, m/z 220),
benzopyrene (m/z 252), fluoranthene (m/z 202, m/z 216), dibenzothiophene
(m/z 184, m/z 198, m/z 212, m/z 226), benzonaphthothiophene (m/z 234),
dibenzofuran (m/z 168, m/z 182, m/z 196), fluorene (m/z 166, m/z 180,
m/z 194), chrysene (m/z 228, m/z 242, m/z 256), biphenyl (m/z 154, m/z
168, m/z 182), triaromatic sterane (m/z 231) and benzohopane (m/z 191).
The biomarkers distribution and some parameters indicate that the Biluo
Co oil shale has been derived from predominantly lower aquatic organisms
mixed with a small amount of terrestrial higher plants deposited in a
marine reducing environment, and that its organic matter has evolved
maturity.
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