Acta Geochim (2020) 39(3):434–444
https://doi.org/10.1007/s11631-019-00372-8

ORIGINAL ARTICLE

Even-carbon predominance of Monomethyl branched alkanes
in Humic coal from Junggar Basin, NW China
Qingsong Cheng1,2

•

Min Zhang1,2

•

Guanghui Huang1,2

Received: 18 February 2019 / Revised: 17 July 2019 / Accepted: 16 August 2019 / Published online: 5 September 2019
 Science Press and Institute of Geochemistry, CAS and Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract A series of Monomethyl branched alkanes
compounds were detected between nC14–nC36, in immature and low maturity Jurassic humic coal, Junggar basin.
2-methyl alkanes and 3-methyl alkanes accounted for the
vast majority of the compounds. It is worth noting that the
2-methyl alkanes in the humic coal samples show an
obvious distribution of even carbon predominances rarely
reported in the literature. The results show that with the
increase of Pr/Ph (pristane/phytane), the even carbon
dominance of 2-methyl alkanes is more obvious, while the
odd carbon number distribution of 3-methyl alkanes is
weakened. As Pr/Ph increases in the humic coal, the relative content of the hopanes increased, while the relative
content of 2-methyl alkanes and 3-methyl alkanes increases
first and then decreases.
Keywords Junggar basin  Humic coal  Even carbon
predominance  2-methyl alkanes  3-methyl alkanes
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1 Introduction
Monomethyl branched alkanes (MMAs) were first detected
by Han and Calvin (1970) in blue-green algae. Then,
Klomp (1986) and Fowler and Douglas (1987) detected the
MMAs (source of the cyanobacteria) in the Precambrian
crude oil of East Siberia and South Oman, and the distribution range of carbon number was C16–C21. In addition,
Shiea et al. (1990) concluded that 2/3 cyanobacteria can
generate MMAs compounds. Since then, a large number of
studies have found that cyanobacteria are the source of
monomethyl branched alkanes. Alongside algae (Ji et al.
2009; Qian et al. 2017) and higher plants (Heemann et al.
1983; Kolattukudy 1969; He et al. 2009; Huang et al.
2011), these autotrophic organisms are the parent materials
of the monomethyl branched alkanes, but heterotrophic
bacterial (Tissot and Welte 1984; Connan et al. 1986;
Tegelaar et al. 1989; Huang et al. 1993, 2003; Wang et al.
1995a, b; Gelin et al. 1999; Killops et al. 2000; Sun et al.
2015; Cheng et al. 2019a) is also the biological parent of
some monomethyl branched alkanes in some sediments
and crude oil (especially high wax crude oil). In addition to
direct biological contributions, monomethyl branched
alkanes also have non-biological sources, such as the
conversion product of the functionalized lipid precursors
(such as carboxylic acids) in the diagenetic stage (Lu et al.
2003; Kenig et al. 1994; Kenig 2000; Thiel et al. 1999;
Summons 1987; Summons et al. 1988), the long-term
equilibrium product of isomers (Klomp 1986), the acidcatalysed (such as clay) product of the pyrolysis of olefins
(Kissin 1987), and the transformation product of vulcanizing bacteria (Love et al. 2008; Logan et al. 1999, 2001;
Arouri et al. 2000).
The distribution of 2-methyl alkanes and 3-methyl
alkanes is the most prominent in the monomethyl branched
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alkanes. Some researchers have studied 2-methyl alkanes
and 3-methyl alkanes in different humic coal samples. The
accepted consensus is that the distribution of 2-methyl
alkanes and 3-methyl alkanes is related to the terrestrial
organic matter in coal or coal strata, and the abnormally
high abundance of 2-methyl alkanes and 3-methyl alkanes
are almost unexceptionally distributed in the coal series
(Johns et al. 1966; Philp 1987; Huang et al. 1993; Wang
et al. 1995a, b; Cheng et al. 2019b). The hydrocarbon
generation properties of higher plant parent materials in
coal strata terrestrial organic matter has been extensively
studied, and the dominant position of higher plant parent
material in coal-bearing strata is affirmed. At the same
time, it is also considered that sedimentary organic matter
in coal measures and that lower aquatic organisms in coal,
especially bacteria and algae, contribute to hydrocarbon
generation (Audino et al. 2001; Wang et al. 1997). Due to
the influence of the sedimentary environment, the contribution of lower aquatic organisms in humic coal is very
small. However in the Jurassic humic coal in the southern
margin of the Junggar Basin, we detected a series of
2-methyl alkanes with an obvious distribution of even
carbon predominances, as well as the 3-methyl alkanes
with weak odd carbon dominance, and the distribution
range of carbon number was C14–C36. It is worth noting
that the 2-methyl alkanes in the humic coal samples show
an obvious distribution of even carbon predominances
rarely reported in the literature. The purpose of this paper is
to study and analyze the geochemical characteristics of
MMAs in humic coal organic matter and to explore the role
of bacteria in the enrichment of organic matter in humic
coal.

2 Sample and analytical methods
2.1 Sample
8 Jurassic humic coal samples (Fresh outcrop samples)
were collected from a shallow mountain zone of the Sangong River valley. The area belongs to the Fukang fault
zone in the North Tianshan foreland thrust belt, southern
margin of the Junggar Basin. Fukang fault zone western
end is adjacent to the Southern Fukang sag, and the eastern
extent is adjacent to the Southern Jimsar sag (Fig. 1). It is a
favorable oil and gas accumulation structure (Yang et al.
2004). The Jurassic source rocks in the study area are
mainly developed in the middle and lower Jurassic
(Badaowan formation-J1b, Sangonghe formation-J2s and
Xishanyao formation-J2x). It is a set of swamp facies and
shallow lacustrine facies coal deposits, with high organic
matter abundance, and the organic matter type is mainly
type III, and it has good hydrocarbon generating potential.
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2.2 Methods
2.2.1 Organic petrology
Organic petrology was carried out on selected polished
whole-rock samples that were prepared according to the
ISO 7404-2 (2009) standard. Reflectance measurements
followed the ASTM standard D7708 (2014) and the ISO
7404-5 (2009) standard. A reflected light microscope system equipped with fluorescent light sources were used for
petrological observation under standard condition. Maceral
analysis was performed using the point-counting method
(300 points of organic matter were counted in each sample—the mineral matter was excluded) under both white
and UV light. The classification of the liptinite group
macerals was followed, as described in Pickel et al. (2017).
2.2.2 Organic geochemistry
Samples were crushed to 100 meshes and then put through
Soxhlet extraction with copper sheets for 72 h (removal of
sulfur). The asphaltene precipitated in the extract was first
removed, and then washed with n-hexane, n-hexane/
dichloromethane and trichloromethane/anhydrous hexanol
in the alumina chromatographic column to obtain saturated
hydrocarbons, aromatics, and non-hydrocarbons. Finally,
the saturated hydrocarbons were analyzed by Agilent
6890 N/5995MSD gas chromatography-mass spectrometry. The GC was fitted with an HP-5 capillary column
(100 m 9 0.32 mm 9 0.25 lm, Agilent, USA). With
helium as carrier gas and pulse non-shunt injection, the
flow rate was 1 mL/min. The following oven temperature
program was performed: an initial temperature of 50 C for
1 min, an increase in temperature to 100 C at a rate of
20 C/min, an increase in temperature to 310 C at a rate of
3 C/min and holding at this temperature for 15 min. The
temperature of the Injector was 300 C, the ionization
energy was 70 eV, and the detection mode was SCAN/
SIM.
2.3 Analysis
Method for calculating the relative content and absolute
concentration of each compound:
After GC–MS analysis, the peak area of each compound
and the peak area of the standard sample can be calculated
respectively on the software of GC–MS Data Analysis.
Then the relative content and absolute concentration of
each compound are obtained by using the following
formula.
Formula for calculating the relative content of
compounds
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Fig. 1 Brief map of geological structure in the study area

cCx ¼

Sx
 100
S1 þ S2 þ    þ Sn

cCx: Relative content of compounds to be determined (%),
Sx: Peak area of compounds to be determined, S1,S2….Sn:
Peak area of each identified compound
Formula for calculating absolute concentration of
compounds
sCx ¼

Sx  Cs  Vs  Fx
 100
Ss  M

determined, Cs:Concentration of standard sample (lg/lL),
Vs:Volume of standard sample (lL), Ss: Peak area of
standard sample, M:Weight of experimental sample (mg).
The standard samples of saturated hydrocarbons and
aromatic hydrocarbons in this study are 5a-androstane and
D10-anthracene.

3 Results

Fx = fx/fs. Relative correction factor Fx is the ratio of an
absolute correction factor of x component to standard
sample in this paper, assuming the Fx = 1, that the absolute
concentration is semi-quantitative (Zhang et al. 2008; Zhu
2012).
sCx:Absolute concentration of compounds to be determined (lg/mg), Sx: Peak area of compounds to be

The basic geochemical information of the sample is shown
in Table 1. Macerals in the coal consist of vitrinite
57.46–90.00 wt.%), followed by Inertinites (0.00–37.37
wt.%) and liptinite (0.51–20.79 wt.%).

Table 1 The basic geochemical information of the samples
Sample

Stratum

Lithology

Tmax (C)

S1 ? S2 (mg/g)

TOC (%)

HI (mg/g)

V (%)

I (%)

L (%)

Ro (%)

Jun1

J1b

Coal

431

140.46

72.90

185.28

77.23

1.98

20.79

0.51

Jun2

J1b

Coal

429

110.53

54.90

171.44

82.72

3.70

13.58

/

Jun3

J1b

Coal

432

178.11

74.90

197.30

90.00

2.86

7.14

0.61

Jun4

J2S

Coal

433

18.31

35.40

48.56

57.46

37.02

5.52

0.61

Jun5

J2x

Coal

428

55.91

57.90

95.73

62.12

37.37

0.51

/

Jun6

J2x

Coal

432

80.50

50.10

153.47

61.02

29.66

9.32

/

Jun7

J2x

Coal

434

37.09

48.00

75.90

85.00

12.86

2.14

/

Jun8

J2x

Coal

385

49.55

32.20

149.16

86.29

0.00

13.71

V: Vitrinite; I: Inertinite; L: Liptinites
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3.1 Identification of monomethyl branched alkanes
(MMAs)
The main means to identify the MMAs (Monomethyl
branched alkanes) compounds are based on the retention
time on TIC, the contrast of characteristic ions, and the
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characteristics of mass spectra compared with the literature
data. We also compared the sample mass spectrum with the
mass spectrogram in the standard spectral library and
assessed the similarity of the fragments. A series of compounds with a similar structure were detected between
nC14–nC38 in the humic coal samples of the study area.

Fig. 2 C22 monomethyl alkanes series mass spectrogram
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Under the condition of EI, the branched alkanes broke first
at the branch point, leading to the formation of odd-mass
number (even electron) and even-mass number (odd electron) ion fragments, and the abundance of the even-mass
fraction was greatly improved. Even-mass ions are caused
by hydrogen transfer (Mc Carthy et al. 1968; Fowler and
Douglas 1987; Summons 1987).
The results of mass spectrometry identification, as
shown in Fig. 2, show that the peak of the mass spectrum
of characteristic ions is higher than that of adjacent ions on
mass spectra. The carbon substitution of methyl methanes
from second carbon atoms to intermediate carbon atoms
showed a decreasing trend. At the same time, the closer the
position of the substituent was to the middle of the main
chain, the more difficult it was to separate, and the closer
the methyl substituent was to the intermediate carbon atom,
the closer the peak time of the adjacent methyl alkanes
was. This was because, with the increase of the number of

Acta Geochim (2020) 39(3):434–444

carbon in the main chain and the elevation of the methyl
substituent position, the physical properties of the monomethyl alkanes of the adjacent methyl substituents became
increasingly similar, making them more difficult to differentiate (Krkošová et al. 2007).
3.2 Distribution characteristics of monomethyl
branched alkanes
Abundant methyl branched alkanes were detected in Jurassic
humic coal in the southern margin of the Junggar Basin.
Their typical mass chromatogram features are shown in
Fig. 3 below (The samples in the map are arranged according
to the order of Pr/Ph from small to large). In monomethyl
branched alkanes, 2-methyl alkanes, and 3-methyl alkanes
have an absolute predominance. The abundances of
4-methyl and 5-methyl and X-compounds are lower, the
2-methyl alkanes show obvious even carbon predominances,

Fig. 3 Typical mass chromatography of Jurassic humic coal MMAs in the study area

123

Acta Geochim (2020) 39(3):434–444

439

Fig. 4 Distribution characteristics of terpene and sterane in source rocks of the study area

and the 3-methyl alkanes exhibit odd carbon predominances.
When Pr/Ph is 1.77 and 2.19 (Fig. 3A/3B), the abundance of
2-methyl alkanes and 3-methyl alkanes is the same. The
carbon number distribution range is C19–C30, and the main
peak carbon is C26. The peak signal of monomethyl branched
alkane compounds is weak in the mass chromatography,
indicating that their compound abundance is low. When Pr/
Ph is 2.71 (Fig. 3C), the peaks of the monomethyl alkanes are
clear in the mass chromatogram, the distribution range of
carbon number increases to C13–C33, the peak of 2-methyl
alkanes is obviously higher than that of the 3-methyl alkanes.
The 2-methyl alkanes form a normal distribution and the
main peak carbon is C22; the 3-methyl alkanes appear to be
the front peak type distribution and the main peak carbon is
C16. When Pr/Ph is 3.15 (Fig. 3D), the distribution range of
carbon number is still C13–C33, 2-methyl alkanes show a
post-peak distribution, and the main peak carbon is C28, and
the abundances of the 3-methyl alkanes are further below the
2-methyl alkanes. When Pr/Ph is 3.15 (Fig. 3E), the carbon
number of the monomethyl alkanes is further increased to
C13–C36, and the 2-methyl alkanes show a post-peak distribution and the main peak carbon is C28. When Pr/Ph is 5.19
(Fig. 3F), the carbon number distribution range of monomethyl branched alkanes are reduced to C17–C30, and the
2-methyl alkanes are still the post-peak type distribution, and
the main peak carbon is C26. As a whole, the carbon number
distribution range of monomethyl branched alkanes increases first and then decreases with the increase of Pr/Ph.

2-methyl alkanes show an even carbon dominant distribution, and 3-methyl alkanes exhibit odd carbon predominances. With the increase of Pr/Ph, the even carbon
predominance of 2-methyl alkanes is more obvious, while
the odd carbon predominance of 3-methyl alkanes is
weakened.
The distribution range of the carbon number of the
monomethyl branched alkanes from the cyanobacteria is
C16–C21, and the abundance of 4-methyl and 8-methyl
compounds is relatively high (Han and Calvin 1970;
Klomp 1986; Fowler and Douglas 1987; Shiea et al. 1990).
The carbon number distribution of single methyl branched
alkanes derived from lower algae and higher plants are
C15–C35, which is close to the test results in this paper.
However, as reported in the literature, the 2-methyl alkanes
of monomethyl alkanes from algae and higher plant sources are generally distributed in odd carbon or without
carbon dominance (Kolattukudy 1969; Heemann et al.
1983; Ji et al. 2009; He et al. 2009; Huang et al. 2011; Qian
et al. 2017). From Fig. 3, the monomethyl alkanes in this
paper have the absolute predominance of 2-methyl and
3-methyl compounds, the abundances of the 4-methyl and
8-methyl compounds are low, the carbon number is wide
(the maximum C13–C36, the smallest also has C19–C30),
and the 2-methyl alkanes show obvious even carbon predominances regardless of the high and low Pr/Ph.
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J2x
Jun8

1:Pr/Ph, 2: Tricyclic diterpene (lg/mg), 3: Hopane (lg/mg), 4: Steranes (lg/mg), 5: Sesquiterpene (lg/mg), 6: 2-methyl alkanes (lg/mg), 7: 3-methyl alkanes (lg/mg), 8: Tricyclic diterpene
(%), 9:Hopane (%), 10:Sterane (%), 11:Sesquiterpene (%), 12: 2-methyl alkanes (%), 13: 3-methyl alkanes (%); 14: Benzohopane (lg/mg); 15: C29 sterane bb/(bb ? aa); 16: C29 Steranes 20S/
(20S ? 20R), 17: Benzohopane (%)
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0.4

0.44
4.01

6.48
11.47

8.36
78.99

67
2.50

3.72
4.42

8.23
26.74

14.27
14.50

15.57
27.57

30.20
284.67

156.29
6.00

13.44

J2x
Jun7

2.71

J2x
Jun6

3.36

0.16

0.14
0.23

0.17
0.21

0.26
0.26

0.41
0.64

3.3
0.14

0.16
0.42

8.50
11.17

4.20
90.29

59.75
2.79

2.02
3.35

2.74
11.46

12.78
2.20

6.65
8.74

21.96
472.65

46.45
2.18

10.56
J2x
Jun5

3.15

35.71
15.07
216.42
11.95
J2S
Jun4

4.8

49.52
5.92
41.22
9.24
J1b
Jun3

1.87

31.51

25.95
46.24

15.69
89.65

529.46
22.41

9.96
2.19
J1b
Jun2

1.77
J1b
Jun1

5.19

0.47

0.15
0.33
0.22
0.43
1.28
0.15
12.23
5.16
74.39
4.09
3.95
9.01

0.46
0.34
0.27
0.33
0.47
46.43
5.55
38.65
8.67
0.35
0.40

0.38

0.43
0.37

0.28
2.06

0.47
0.49

0.21
4.60

1.67
21.22

4.14
7.37

10.57
60.38

84.44
3.57

6.71
0.72

1.41
1.91

0.93

16
15
14
13
12
11
10
9
8
7
6
5
4
3
2
1
Stratum
Number

Table 2 Some biomarker parameters of the samples in the study area

Terpenes and steranes in coal measure strata can be systematically detected in a mass chromatogram. The composition and distribution characteristics of related
compounds in humic coal in the study area are shown in
Fig. 4.
The tricyclic diterpene in humic coal in the study area
were the main peaks of C19TT, C20TT, and C24TeT. And
these compounds are derived from higher plants (Philp,
1983). The relative content of tricyclic diterpene was
2.02–8.67%, and the absolute concentration was 2.18 –
22.41 lg/mg. The relative content of the sterane series was
only 4.20–12.82%, and the absolute concentration was
5.92–46.24 lg/mg. C29aaaR sterane was the main peak,
and C27aaaR –C28aaaR –C29aaaR regular sterane was
distributed in the anti ‘‘L’’ type. The C27 rearrangement
sterane and C29 rearrangement steranes were detected in
the samples. The content of pregnane decreased with an
increase of Pr/Ph. Among these compounds, C29 sterane
bb/(bb ? aa) and C29 sterane 20S/(20S ? 20R) are the
maturity parameters suitable for Ro: 0.5–1.0%. The ratio of
C29 sterane 20S/(20S ? 20R) of the humic coal was
between 0.17 and 0.46, and the ratio of C29 sterane bb/
(bb ? aa) was 0.21–0.37 (Table 2). Referring to the
classification standard of Huang et al. (1991), we evaluated
the maturity of humic coal in the study area by using C29
sterane bb/(bb ? aa) and C29 sterane 20S/(20S ? 20R)
parameters. The evaluation results of C29 sterane bb/
(bb ? aa) and C29 sterane 20S/(20S ? 20R) were consistent with those of Ro. The source rocks were in the
immature to low maturation stage.
The content of the hopane in humic coal samples
accounted for a majority of the sample, the relative content
was 38.65–90.29%, and the absolute concentration was
41.22–529.46 lg/mg. A normal distribution of hopane and
C27–C35 series distribution integrity were found with C30
hopane or C29 hopane for peak and gradually decreasing
C31–C35 hopane content, respectively. The contents of
diahopane and gammacerane were very low. The high
abundance of C31 hopane indicates a sedimentary environment of strong oxidation resistance (Peters and Moldowan 1991; Hou et al. 1994). In addition, there was
benzohopane from bacteria (Luo et al. 1986; Sun et al.
2015), benzohopane accounted for 0.26–2.06 lg/mg in the
aromatics and the relative content was 0.14–4.60%.
Overall, sesquiterpene was more developed in source
rocks, with a relative content of 46.43%, and, usually,
sesquiterpene is thought to come from bacteria (Alexander
et al. 1984; Ly et al. 2017). The relative abundances of
diterpenes, which reflect the contribution of higher plants
(Hou et al. 1992), were low, as shown in Fig. 4.
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3.3 Combination characteristics of biomarkers

1.67
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4 Discussion
The abnormally high abundance of MMAs is almost
exclusively distributed in coal measures strata (Johns et al.
1966; Philp 1987; Huang et al. 1993; Wang et al. 1995a;
Audino et al. 2001). In the Jurassic coal measures of the
Turpan-Hami basin, Wang et al. (1997) detected a series of
long-chain high substitution dimethyl branched alkanes
with even carbon dominance, which was believed to be
derived from bacteria and algae and preserved in a partial
reduction environment of the coal marshes. The distribution of 2-methyl alkanes and 3-methyl alkanes in the source
rocks of the Shahejie Formation in the Banqiao sag of
Dagang Oilfield (East China) has been found to be unique,
that is, there is a strong even carbon predominance in
2-methyl alkanes, and there is a weak odd carbon predominance in the 3-methyl alkanes (Wang et al. 1995b). At
the same time, under microscopy, the activity of bacteria in
the source rocks with higher plants as the main source is
stronger, and we observed that the sporophyte is obviously
degraded by bacteria. Sun et al. (2015) detected a series of
2-methyl alkanes with weak even carbon predominances in
the carbonaceous mudstones of the Oligocene Shahejie
Formation in the eastern sag of Liaohe basin (NE China).
In addition, the C32–C34 benzohopane presence in TIC high
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carbon number area is believed that have come from bacteria. It is presumed that the even carbon number 2-methyl
alkanes should be derived from the transformation of
higher plant bacterial metabolites. Table 2 shows that the
biomarkers of bacterial origin (sesquiterpenes, hopane)
account for 68.31–90.71% of the samples. In addition,
previous studies have shown that bacterial wax is the
biological parent material of monomethyl branched alkanes
in some sediments and crude oil (especially in high waxy
crude oil). Therefore, bacteria are an important source of
hydrocarbon generation in humic coal.
Hopane is generally considered to be from the bacterial
membrane. The relative content of hopanes increases With
the increasing of Pr/Ph (Fig. 5). That is, with the
enhancement of environmental oxidation, the activity of
bacteria is enhanced. With the increase of Pr/Ph, the relative content of 2-methyl alkanes and 3-methyl alkanes, first
increase and then decrease (Fig. 6). This suggests the
source of MMAs may be bacterial metabolites. At first,
with the increase of oxidability, the input of bacterial
metabolites increased. When Pr/Ph is greater than 3.5, with
the further enhancement of oxidability, the metabolites of
bacteria are oxidized and decomposed, and their relative
content decreases.

Fig. 5 Correlation between Hopanes, Tricyclic diterpenes and Pr/Ph in humic coal of the study area
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Fig. 6 Correlation between 2-methyl alkanes, 3-methyl alkanes and Pr/Ph in humic coal of the study area

5 Conclusion
A series of 2-methyl alkanes with even carbon dominance
were detected in the humic coal of the study area. The
relative content of hopanes, sesquiterpenes are high. The
relative content of diterpenes, long-chain tricyclic terpenes,
and sterane are low.
2-methyl alkanes, hopanes, and sesquiterpenes are
derived from the bacterial metabolites. Bacterial activities
in low-rank coals and their transformation from humic
material to bacterial by-products, which increases the
hydrocarbon generation capacity of coal as a source of gas.
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Krkošová Ž, Kubinec R, Addová G et al (2007) Gas chromatographicmass spectrometric characterization of monomethyl alkanes
from fuel diesel. Pet Coal 49(3):51–62
Logan GA, Calver CR, Gorjan P et al (1999) Terminal Proterozoic
mid-shelf benthic microbial mats in the Centralian Superbasin
and their environmental significance. Geochim Cosmochim Acta
63(9):1345–1358.
https://doi.org/10.1016/S00167037(99)00033-2
Logan GA, Hinman MC, Walter MR et al (2001) Biogeochemistry of
the 1640 Ma McArthur River (HYC) lead-zinc ore and host
sediments, Northern Territory, Australia. Geochim Cosmochim
Acta
65(14):2317–2336.
https://doi.org/10.1016/S00167037(01)00599-3
Love GD, Stalvies C, Grosjean E et al (2008) Analysis of molecular
biomarkers covalently bound within Neoproterozoic sedimentary
kerogen. In: Kelley PH, Bambach RK (eds) From evolution to
geobiology: research questions driving paleontology at the start
of a new century, Paleontological Society Short Course, October
4, pp 67–93
Lu H, Peng P-A, Sun Y-G (2003) Molecular and stable carbon
isotopic composition of monomethylalkanes from one oil sand
sample: source implications. Org Geochem 34(6):745–754.
https://doi.org/10.1016/S0146-6380(03)00039-1
Luo B-J, Wang G-Y, Li X-Y et al (1986) Identification of a novel
species of hexacylic a romatic hopanoids and discussion of their
geochemical significance. Acta Sedimentol Sin 4(02):128–132.
https://doi.org/10.14027/j.cnki.cjxb.1986.02.015
Ly TTB, Schifrin A, Nguyen BD, Bernhardt R (2017) Improvement
of a p450-based recombinant escherichia coli whole-cell system
for the production of oxygenated sesquiterpene derivatives.
J Agric Food Chem. https://doi.org/10.1021/acs.jafc.7b00792
Mc Carthy ED, Han J, Calvin M (1968) Hydrogen atom transfer in
mass spectrometric fragmentaion patterns of saturated aliphatic
hydrocarbons. Analyt Chem 40:1475–1480. https://doi.org/10.
1021/ac60266a021
Peters KE, Moldowan JM (1991) Effects of source, thermal maturity,
and biodegradation on the distribution and isomerization of
homohopanes in petroleum. Org Geochem 17(1):47–61. https://
doi.org/10.1016/0146-6380(91)90039-M
Philp RP (1983) Correlation of crude oils from the san jorges basin,
argentina. Geochim Cosmochim Acta 47(2):267–275. https://doi.
org/10.1016/0016-7037(83)90139-4
Philp RP (1987) Fossil Fuel biomarkers: applications and spectra, Fu
Jiamo, Sheng Guoying, trans. Science Press, Beijing, pp 44–48
Pickel W, Kus J, Flores D, Kalaitzidis S, Christanis K, Cardott BJ,
Misz-Kennan M, Rodrigues S, Hentschel A, Hamor-Vido M,
Crosdale P, Wagner N, ICCP (2017) Classification of liptinite–
ICCP System 1994. Int J Coal Geol 169:40–61. https://doi.org/
10.1016/j.coal.2016.11.004
Qian Y, Wang Z-D, Tuo J-C et al (2017) Origin and significance of
monomethyl alkanes from Yanchang Formation source rocks in
Ordos Basin. Petrol Geol Exp 39(1):86–93. https://doi.org/10.
11781/sysydz201701086
Shiea J, Brassell SC, Ward DM (1990) Mid-chain branched mono-and
dimethylakanes in hot spring cyanbacterial mats: a direct
biogenic source for branched alkanes in ancient sediments?
Org Geochem 15(3):223–231. https://doi.org/10.1016/01466380(90)90001-G
Summons RE (1987) Branched alkanes from ancient and modern
sediments: isomer discrimination by GC/MS with multiple
reaction monitoring. Org Geochem 11(4):281–289. https://doi.
org/10.1016/0146-6380(87)90039-8
Summons RE, Powell TG, Boreham CJ (1988) Petroleum geology
and geochemistry of the Middle Proterozoic Mcarthur Basin,
Northern Australia: III Composition of extractable hydrocarbons.

123

444
Geochimica Cosmochimica Acta 52(7):1747–1763. https://doi.
org/10.1016/0016-7037(88)90001-4
Sun L-N, Zhang Z-N, Wu Y-D et al (2015) Evolution patterns and
their significances of biomarker maturity parameters—a case
study on liquid hydrocarbons from type III source rock under
HTHP hydrous pyrolysis. Oil Gas Geol 36(4):573–580. https://
doi.org/10.11743/ogg20150406
Tegelaar EW, Matthezing RM, Jansen JBH et al (1989) Possible
origin of n-alkanes in high-wax crude oils. Nature
342(6249):529–531. https://doi.org/10.1038/342529a0
Thiel V, Jenisch A, Wörheide G et al (1999) Mid-chain branched
alkanoicacids from ‘‘living fossil’’ demosponges: a link to
ancient sedimentary lipids? Org Geochem 30(1):1–14. https://
doi.org/10.1016/S0146-6380(98)00200-9
Tissot BP, Welte DH (1984) Petroleum formation and occurrence.
Springer, Berlin
Wang C-J, Xia Y-Q, Zhang Z-N et al (1997) Chemical structures of
Branched alkanes identified in Jurassic Coals and Coal-related

123

Acta Geochim (2020) 39(3):434–444
mudstones from the Turpan-Hami basin and their geochemical
significance. Geochimica 26(1):72–84. https://doi.org/10.1016/
S0140-6701(97)84394-9
Wang T-G, Sheng G-Y, Chen J-H, Fu J-M (1995a) Biomarker
assemblage of algal coal in Shuicheng, Western Guizhou, China.
Sci China 25(11):1219–1225
Wang T-G, Zhong N-N, Hou D-J, Huang G-H et al (1995b) On
bacterial role in hydrocarbon generation mechanism, banqiao
sag. Sci China 9:1123–1134. https://doi.org/10.1007/bf01151314
Yang H-B, Chen L, Kong Y-H (2004) A novel classification of
structural units in Junggar Basin. XinJiang Petrol Geol
25(6):686–688. https://doi.org/10.3969/j.issn.1001-3873.2004.
06.034
Zhang Z-R, Xiaoying S, Qu Z (2008) GC-MS quantitative analysis of
biomarkers. Petrol Geol Exp 30(4):405–407. https://doi.org/10.
11781/sysydz200804405
Zhu C-S (2012) Instrumental analysis teaching guidance materials,
Yangtze University, Wuhan, pp 49–51 (in Chinese)

