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Carbon number predominance of n-alkanes and monocyclic alkanes reveals essential geological information such
as biological source, sediment maturity, and paleoenvironmental conditions. The carbon number range of the
special distribution pattern is reported to lower than C49, prominantly in the range of Cy4-C34. Generally, this
special distribution pattern fades away with the increase of maturity. However, these well-accepted beliefs are
challenged by our investigations. In this work, C;o-C;25 n-alkanes and monocyclic alkanes were identified for the
first time in the highly mature source rock of Well Luntan-1 in Tarim Basin (China). Both series exhibited sig-
nificant even carbon number predominance observed in Csy and Cj10, but there was no carbon-number pre-
dominance observed before Cs. The similar distribution patterns of n-alkanes and monocyclic alkanes indicated
that they might have the same biological precursors. The discovery of higher alkanes with ultra-long carbon
chains and their extraordinary display of carbon number predominance provided us with a new perspective,

which may open up the era of macromolecular biomarkers exploration.

1. Introduction

Using molecular fossils to reconstruct paleoclimate and paleoenvir-
onmental history has become an important part of molecular stratig-
raphy [1,2]. n-alkanes are a type of biomarker that are widely abundant
in source rock and crude oil, and their distribution patterns are char-
acterized by the predominance of even or odd carbon numbers [3,4].
The special distribution pattern depends on the source material and its
microbial or geochemical changes, so it has been applied to determine
the biological origin, the maturity of sediments, and the paleoenvir-
onmental conditions. n-alkanes in immature source rocks generally
show odd carbon-numbered predominance, especially in the range of
Cg7-C31 [5-7]. These n-alkanes are directly synthesized by higher plants
or generated by defunctionalization of fatty acids, alcohols and esters
with even carbon numbers. The n-alkanes derived from marine organic
matter have no carbon-numbered predominance in the Co4-C3s5 [5], but
high-salt carbonate and evaporite source rocks have a slight even
carbon-numbered predominance [8]. Some saline lacustrine oils have an
odd carbon-numbered predominance of C;1-C;7; and even carbon-
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numbered predominance of Cjg-Cos [2]. Monocyclic alkanes were
found to have a carbon number distribution pattern similar to n-alkanes,
indicating that monocyclic alkanes may be derived from the same pre-
cursors as n-alkanes, possibly through the cyclization of algal fatty acids
[9,10]. Monocyclic alkanes mainly show the odd carbon-numbered
predominance, whereas the even carbon-numbered predominance of
monocyclic alkanes is rarely identified. At present, the even carbon-
numbered predominance of C;7-C3; monocyclic alkanes has been
found only in some coal-bed samples [10].

In terms of maturity, odd—even predominance (OEP) [3] was pro-
posed to describe the distribution pattern of n-alkanes, and the sediment
maturity was determined according to the OEP values. OEP > 1.4 refers
to immature organic matter and 1.2 < OEP < 1.4 refers to low mature
organic matter.

Currently, hydrocarbon biomarkers are mainly analyzed by gas
chromatography-mass spectrometry (GC-MS). The carbon-numbered
predominance is limited below C49 and concentrated in Ca4-C34
[11-13] due to instrument temperature limitations. High temperature
gas chromatography (HTGC) with the programming temperature up to
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430 °C could extend the carbon number of n-alkanes in wax sample up to
120 [14]. However, HTGC still shows poor resolution, low sensitivity to
detect higher n-alkanes in source rock or crude oil samples. Predomi-
nance of carbon-number will gradually reduce as maturity increases due
to the mixing of n-alkanes created by kerogen and the decomposition of
hydrocarbon in the early diagenetic stage. Therefore, the distribution
pattern of n-alkanes cannot characterize the maturity, biological origin,
and paleoenvironment of high-maturity source rocks and crude oil
samples.

The integration of ultrahigh-resolution mass spectrometry and soft
ionization technology provides the possibility to investigate the
composition of high molecular weight hydrocarbons [15-17]. In this
work, on-line coupling of high-performance liquid chromatography
(HPLC) and ultrahigh resolution mass spectrometry (UHRMS) was uti-
lized to explore alkanes and monocyclic alkanes as much as possible. An
unexpected wide range of Cj to C25 was discovered and identified in
the extracts of highly mature source rocks from Luntan-1 well in the
Tarim Basin, China. Moreover, they showed different carbon-numbered
predominance from reported results, which was beyond the conven-
tional understanding of the distribution patterns of n-alkanes and
monocyclic alkanes in highly mature samples.

2. Materials and methods
2.1. Materials

HPLC-grade n-hexane (HEX) and dichloromethane (DCM) were
purchased from Fisher Scientific. The source rock sample was obtained
from the Luntan-1 well in Tarim Basin (China), with a depth of 8882 m,
which penetrated the lower Cambrian. The sample was of high thermal
maturity with equivalent vitrinite reflectance (Ro) values of 1.6%. The
pretreatment procedure of samples was described in supplemental
materials.

2.2. GC-MS analysis

The GC-MS analysis was carried on a mass spectrometer coupled
with an Agilent 7890 gas chromatography (GC). The GC was equipped
with a HP-5 MS (60 m x 0.25 mm x 0.25 pm) fused silica capillary
column. The oven temperature was set at 80 °C for 2 min and heated at
10 °C/min to 300 °C, and then held constant for 20 min. The 70 eV
electron impact ion source was operated at 250 °C.

2.3. HPLC-UHRMS analysis

The chromatographic separation utilized an Agilent 1200 HPLC
system (Agilent Technologies, USA). The column was a Zorbox NHj, (4.6
x 250 mm, 5 pm) column (Agilent Technologies, USA). HPLC-grade n-
hexane was used as mobile phase at a flow rate of 0.8 mL/min. 5 pL
saturates (5 mg/ml) was injected by autosampler. HPLC was directly
coupled with Orbitrap Fusion MS (Thermo Fisher Scientific, USA)
through atmospheric pressure chemical ionization (APCI) source. The
ionization conditions were shown in Table S1.

3. Results and discussion
3.1. The development of HPLC-UHRMS method

On-line coupling of high-performance liquid chromatography
(HPLC) and ultrahigh-resolution mass spectrometry (UHRMS) was
developed to detect high molecular weight n-alkanes and monocyclic
alkanes as full range as possible.

Generally, the carbon range of n-alkanes and monocyclic alkanes
detected by gas chromatography-mass spectrometry (GC-MS) is lower
than C40 due to the limitation of instrument temperature. High tem-
perature gas chromatography (HTGC) extend the boiling point of
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detectable hydrocarbons, while it still could not resolve n-alkanes from
iso-alkanes and cycloalkanes, especially when carbon numbers increase.
UHRMS is used in petroleomics to analyze large molecular weight
compounds. However, soft ionization limits the analysis of saturated
hydrocarbons. To overcome that, a solvent-assisted chemical ionization
method was developed for the soft ionization of n-alkanes and mono-
cyclic alkanes. Thus, enabled the regulation of the gas-phase chemical
behaviors of the secondary ions, and reactive ions generated from
different compounds by controlling the processes of hydrogen abstrac-
tion and charge transfer. In particular, n-alkanes and monocyclic al-
kanes produced [M—H]" ions while iso-alkanes produced [M—2H] " ions
[18,19]. Therefore, n-alkanes and iso-alkanes could be distinguished by
the type of product ions. n-alkanes and monocyclic alkanes were
distinguished by the double-bond equivalence (DBE) values, where the
DBE values of n-alkanes and monocyclic alkanes were 0 and 1,
respectively.

Saturates, aromatics, resins, and asphaltenes (SARA) separation is
usually used to enrich target compounds and simplify analysis. Due to
the complexity of source rock or crude oil and the low separation ac-
curacy of SARA method, some monoaromatic hydrocarbons were eluted
in saturates (saturated fraction). The ionization efficiency of aromatic
hydrocarbons is much higher than that of saturated hydrocarbons dur-
ing solvent-assisted chemical ionization, thus the ionization of n-alkanes
and monocyclic alkanes is restrained by mono-aromatic hydrocarbons
when the saturates is injected into APCI directly. Therefore, normal
phase HPLC was utilized to separate saturates into saturated hydrocar-
bons and monoaromatic hydrocarbons The total ion chromatography
obtained by HPLC-UHRMS is shown in Fig. S1. Saturates were separated
into saturated hydrocarbons and monoaromatic hydrocarbons. Without
the inhibition of monoaromatic hydrocarbons, the intensity of UHRMS
peak could be used to semi-quantify n-alkanes and mono-alkanes. The
Orbitrap Fusion mass spectrum for saturated hydrocarbons is shown in
Fig. la. It can be seen that the peak of the mass spectrum showed a
normal distribution, and the mass center was located at m/z = 900. All
peaks were identified as hydrocarbons, and the highest peaks in each
cluster were assigned to n-alkanes. The carbon number of n-alkanes
were ranged from Cjo-Cizs. The relative ion abundance plot of DBE
versus carbon number of CH class species was shown in Fig. 1b. n-al-
kanes with DBE = 0 and monocyclic cycloalkanes with DBE = 1 were
detected with the highest carbon number of 125. In addition, there were
few cycloalkanes with DBE between 2 and 5, whose carbon number
range was also higher than 120. These n-alkanes and monocyclic alkanes
with ultra-high molecular weight contained important geological in-
formation that was not indicated by low molecular weight
hydrocarbons.

3.2. Identification of n-alkanes and monocyclic alkanes by HPLC-
UHRMS

HPLC-UHRMS technique enables us to investigate the real charac-
teristic distribution of n-alkanes and monocyclic alkanes in highly
mature source rock. Firstly, the saturates of extract was analyzed by
GC-MS. GC-MS mass chromatograms of n-alkanes (m/z = 85) and
monocyclic alkanes (m/z = 83) are shown in Fig. 2. The carbon number
range of n-alkanes was Cj4-Cg3 without the carbon-numbered predom-
inance, which was consistent with the trend that the carbon-numbered
predominance faded away with the increase of maturity. The distribu-
tion of monocyclic alkanes was similar to that of n-alkanes, showing a
normal distribution and without carbon-numbered predominance. The
carbon number of n-alkanes and monocyclic alkanes did not exceed Cyg
due to limitations in GC separation ability and the temperature.

As shown in Fig. 1, the carbon number of n-alkanes and monocyclic
alkanes detected by HPLC-UHRMS was expanded to Cjas. The relative
concentration of n-alkanes and monocyclic alkanes with different car-
bon number was quantified by the intensity of mass spectrum peaks.
Fig. 3a shows the relative abundances of n-alkanes and monocyclic
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Fig. 1. (a). Orbitrap Fusion mass spectrum of saturated fraction (averaged mass spectrum obtained in 3.5-3.8 min). (b) The relative ion abundance plot of DBE versus

carbon number of CH class species.

(a) n-alkanes

Lo

Aot

(b) monocyclic alkanes

50 60 70 80

Time (min)

Fig. 2. Mass chromatograms of n-alkanes (m/z = 85) and monocyclic alkanes (m/z = 83) detected by GC-MS.
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Fig. 3. Qualitative and relative quantitative analysis. (a) The relative intensity of n-alkanes and monocyclic alkanes with different carbon numbers. (b) OEP curves

for n-alkanes and monocyclic alkanes.

alkanes. The relative abundances of n-alkanes and monocyclic cyclo-
alkanes showed a continuous distribution without any carbon-numbered
predominance when carbon number was less than 50, which was
consistent with the results obtained by GC-MS. While Cs,-C;1¢ n-alkanes
and monocyclic alkanes showed a strong predominance of even carbon
number over adjacent odd carbon number. OEP curves for n-alkanes and
monocyclic alkanes are shown in Fig. 3b. All OEP values are less than 1.
Even carbon-numbered predominance of ultrahigh molecular weight n-
alkanes and monocyclic alkanes is inconsistent with the traditional
cognition that the carbon-numbered predominance will disappear with
the increase of maturity. Therefore, it is controversial to conclude that
there is no carbon-numbered predominance in high maturity crude oil
and source rocks based on traditional GC-MS data. The data in this
paper show that the ultrahigh carbon numbered n-alkanes and mono-
cyclic alkanes in high maturity source rocks still retain their carbon
number distribution characteristics.

3.3. Origin of n-alkanes and monocyclic alkanes in Luntan-1 source rock

Based on current knowledge of organic geochemistry of such bio-
markers and the characteristics of the sample’s stratigraphy, there are
two possible origins of n-alkanes and monocyclic alkanes: biological and
thermal origins. The distribution pattern of monocyclic alkanes in
Luntan-1 source rock is similar to n-alkanes, particularly in the pre-
dominance of their Cs9-C;0o members. This similarity suggests that both
series of compounds may have the same biogenic precursors. Generally,
medium molecular weight n-alkanes with even carbon-numbered pre-
dominance are considered to be transformed from even-carbon domi-
nant fatty acids or alcohols by p-cleavage reaction in the presence of
CaCOg3. This assumption has been verfied by simulation experiments
[20,21]. Medium molecular weight monocyclic alkanes are considered
to be transformed from even-carbon dominant fatty acids or alcohols by
cyclization reaction. Therefore, ultrahigh molecular weight fatty acids
and alcohols with the same carbon number as n-alkanes and monocyclic
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alkanes are the potential precursors of ultrahigh molecular weight n-
alkanes and monocyclic alkanes, despite the fact that these kind of fatty
acids and alcohols have not been reported in either modern or ancient
biological materials. From the point of view of chemical stability, n-al-
kanes and monocyclic alkanes with long carbon chains have higher
melting points and are more likely to aggregate with solid sedimentary
organic matter in the formation, so the steric hindrance and energy
barrier of corresponding molecules are larger than those of small-
molecule alkanes. Therefore, they can be preserved for a long time.

From a thermal perspective, the formation of n-alkanes with ultra-
long carbon chains can be attributed to the polymerization of fatty
acids with medium-length carbon chains during the maturation process.
Akira Shimoyama [20] conducted the pyrolysis expertiment with Cig
and Cy; fatty acids in the presence of CaCOs3 at 250 °C for 300 h. This
experimental setup resulted not only in the formation of C;7 and Cy n-
alkanes via p-cleavage reaction, but also in the detection of a series of n-
alkanes with carbon number exceeding those carbon number of the
original fatty acids. However, these higher carbon-numbered n-alkanes
were observed only at significantly low concentration. Additionally, a
notable predominance of even carbon number was evident in the
products, suggesting the possible involvement of fatty acids polymeri-
zation facilitated by CaCOs. To improve the understanding of the
authentic origins of these n-alkanes and to explore their geochemical
significance, a comparative analysis of sedimentary organic samples
from different depths within the Luntan 1 well is imperative. Futher
investigations will primarily focus on determining the precise origins of
these compounds and delving into their broader geochemical
implications.

4. Conclusion

C10-C125 n-alkanes and monocyclic alkanes were detected for the first
time in the highly mature source rock of Luntan-1 well in Tarim Basin.
Both series exhibited no carbon number predominance in the carbon
range of Cy9-Cs, but even carbon-number predominance in the carbon
range of Cs0-Cy10. This distribution pattern breaks the conventional
understanding that n-alkanes have no carbon number predominance in
highly mature samples. The similar distribution pattern of n-alkanes and
monocyclic alkanes indicate that they have the same biological pre-
cursors. It is speculated that they are formed by reduction and cycliza-
tion of ultrahigh molecular weight fatty acids and alcohols or
polymerization of medium molecular weight fatty acids under the cat-
alytic action of CaCOs.
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