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Maoming oil shales are typical low-altitude lacustrine sediments that were deposited
during the late Paleogene. The hydrocarbon composition and compound-specific stable
carbon isotopic composition (δ13C) of organic matter in the profile samples of the
oil shales have been analyzed. The results show that algae and aquatic plants are
major parent sources of the organic matter in the oil shales associated with a small
portion of terrestrial higher plant input. The δ13C composition of the bulk organic matter
and the n-alkanes varies greatly on the profile from −26.9 to −15.8h and −31.7 to
−16.2h, respectively. While a good positive correlation among the δ13C composition of
individual n-alkanes implies that these n-alkanes were originated from the similar source
input. The δ13C composition of n-alkanes on the profile displays a positive excursion
trend from the bottom to the top, and this excursion was likely related to the general
decreasing trend of the partial pressure of atmospheric CO2 (pCO2) during the late
Paleogene. The δ13C composition of the C30-4-methyl steranes ranges from −11.9 to
−6.3h, which is suggestive of Dinoflagellates-related source input. Coincidently, the
high abundance C33-botryococcanes were detected in the samples on the top section
of the profile and display an extremely positive carbon isotopic composition of −4.5 to
−8.4h, suggesting that the lower partial pressure of atmospheric CO2 had triggered a
bicarbonate consumption mechanism for Botryococcus braunii B. Therefore, the δ13C
composition of n-alkanes and C33-botryococcanes and their profile variation suggest
that a general declining process associated with fluctuation in the partial pressure of
atmospheric CO2 is likely the major reason for the rapid climatic changes toward the
end of the late Paleogene.

Keywords: n-alkanes, botryococcane, δ13C of individual compounds, Maoming oil shales, the late Paleogene

HIGHLIGHTS

- The algae and macrophyte are major source inputs of organic matter in Maoming oil shales.
- The biomarker ratios indicate oxidized condition for early stage of oil shale deposition.
- The δ13C of source specific biomarkers suggest carbon source shift for specific algae.
- An upward positive excursion of the δ13C of n-alkanes implies a decreasing atmospheric

pCO2.
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INTRODUCTION

The paleoclimate had experienced rapidly significant variation
during the late Paleogene, as the global climate was switched
from the warm “greenhouse” into the “glaciation and interglacial
periods” from the Eocene to the Oligocene (Liu et al., 2009;
Pearson et al., 2009; Colwyn and Hren, 2019). The evidence of
these significant climate changes including the fast formation
of the Antarctic ice sheet, the carbonate compensation depth
(CCD) rapid deepened and the increase of the oxygen isotope
ratio (δ18O) of deep-sea benthic foraminifera (Tripati et al.,
2005; Liu et al., 2009; Galeotti et al., 2016; McKay et al., 2016;
Passchier et al., 2017). However, the process and the reason
for climate change are not well understood yet. The most of
previous studies based on marine sediments suggested that
the climate change would be connected with the decline of
atmospheric carbon dioxide (CO2) concentration, the switch of
ocean current system and the variation of the solar radiation
(Coxall et al., 2005; Goldner et al., 2014; Liu et al., 2018;
Gallagher et al., 2020). On the other hand, some studies
of lacustrine records are not well consistent with marine
records and suggested that there was a significant climate
cooling with obviously seasonal climate change, and the regional
aridification in the middle and high latitude continental areas,
while some other studies suggested minor or insignificant
climate changes (Stephen et al., 2005; Dupont-Nivet et al.,
2007; Pei et al., 2007; Eldrett et al., 2009; Hren et al.,
2013; Fang et al., 2019; Ao et al., 2020). Obviously, the
systematic research on more terrigenous records, especially
the records of the low latitude lacustrine sediments, is much
needed to the full understanding of the climate change in
the late Paleogene.

The Maoming oil shales are typical low-latitude lacustrine
organic-rich sediments. According to the age dating based on the
turtle fossils and sporopollen (Chow, 1956; Chow and Yeh, 1962),
the Maoming oil shales were widely considered as deposited
during the late Eocene to early Oligocene, while a few researchers
suggested that the oil shales were deposited in the early and
middle Oligocene or the late Eocene (Yu and Wu, 1983; Jin, 2008;
Li Y.X. et al., 2016). Therefore, the detailed geochemical research
on the Maoming oil shales could provide significant information
on the regional paleoclimate change of the late Paleogene in
the low-latitude continental region. Previous studies have mainly
focused on the source inputs and hydrocarbon composition and
distribution of organic matter in Maoming oil shales (Brassell
et al., 1986; Meng et al., 2020). For example, Yu et al. (2000)
suggested the multi-source inputs of organic matter in Maoming
oil shales based on δ13C of n-alkanes in one outcrop sample, while
others had analyzed the hydrocarbon compounds and identified
a number of the biomarkers such as botryococcanes, 4-methyl
steranes and hopanes in some oil shale samples (Fu et al., 1985;
Brassell et al., 1986; Liao et al., 2018). Although these researches
have provided some useful information on characterizing organic
matter in the Maoming oil shales, all these studies are carried out
on the casual outcrop samples and there is a lack of the systematic
research on the characteristics of organic matter in the oil shales
of the whole profile.

Therefore, by studying the composition and distribution of
hydrocarbon compounds including biomarkers and their δ13C
composition and profile variations in the oil shale samples
symmetrically collected from a full drill core from Maoming
Basin, this study aims to correlate organic geochemical profile
of the oil shales with the paleoenvironment variation during the
geological period of the Maoming oil shale sedimentation, and
therefore to provide better understanding of the climate changes
of low-latitude continent region during the late Palaeogene.

GEOLOGICAL SETTING AND SAMPLES

The Maoming oil shales are named after the Maoming Basin,
which is located in Southwest Guangdong province, China.
The geographical and sampling corehole locations associated
with geological settings are presented in Figure 1. The
sediments of Maoming Basin were stratigraphically divided
into Tongguling Formation, Shangdong Formation, Youganwo
Formation, Huangniuling Formation, Shangcun Formation,
Laohuling Formation and Gaopengling Formation from the
bottom to the top (Herman et al., 2017). The Youganwo
Formation is mainly comprised of organic-rich oil shales with
a thickness varying from 2 to 45.5 m and was widely regarded
as deposited from the late Eocene to the early Oligocene.
The detailed lithology of Youganwo Formation includes brown
tight laminar oil shales interlayered with thin clay beds,
fine sandstones, carbonaceous shales, lignite, biological debris
argillaceous limestone and volcanic tuff (Brassell et al., 1986;
Bureau of Geology and Mineral Resources of Guangdong
Province, 1996).

The core samples of Maoming oil shales were collected from
the “MY-1” borehole, which is located at Shan-ge Town of the
Southwestern Maoming Basin (N21◦44′20′′, E110◦57′29′′). The
drilling depth of the “MY-1” borehole is 860 m and the Youganwo
Formation covers the depth from 811 to 857 m, while the depth
of the oil shales is from 815 to 854.3 m. The top section of
the Youganwo Formation on this borehole is comprised of fine
sandstone and carbonaceous shales burying at the depth of 811
to 815 m. And the bottom section of Youganwo Formation is
consisted of some lignite layers and some carbonaceous shale
layers at the depth of the 854.3 to 857 m. A total of 37 oil
shale samples were selected from the core profile at a consistent
interval (Table 1).

EXPERIMENTAL PROCEDURES

The total organic carbon content (TOC) and pyrolysis data of the
core samples was determined using the Rock-Eval 6 pyrolyzer
manufactured by French Vinci Technologies (Table 1 and
Figure 2), with measurement error of 0.05% for the total organic
carbon content (TOC). The sample preparation was to take about
20 mg of oil shale samples and put into a ceramic crucible and
then covered up with quartz sand, the sample crucibles were
baked at 850◦C for 2 h before the pyrolysis measurement.

For soluble organic matter extraction, the oil shale samples
were ground to less than 100 meshes and then solvent extracted
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FIGURE 1 | Geographical and sampling corehole locations and geological setting of Maoming Basin.

using Soxhlet-extractor for 72 h. The extracts of soluble organic
matter were separated into asphaltene fraction, aliphatic fraction,
aromatic fractions and polar compounds, while the aliphatic
fraction was further separated into n-alkane and branched and
cyclic alkane fractions. The detailed experimental procedures
and methods can be found in the reference of Li Y. et al.
(2016). The aliphatic fractions were subjected to the analysis of
the gas chromatograph (GC) and the gas chromatograph-mass
spectrometry (GC-MS). The n-alkane and branched and cyclic
alkane fractions were further analyzed by the GC-MS and the gas
chromatograph-isotope ratio mass spectrometry (GC-IRMS).

The gas chromatographic analysis was carried out on an
Agilent 7890A GC coupled with a flame ionization detector and
the GC-MS was performed using Thermo GC Ultra Trace-DSQ
II MS with an electron impact ion source at 70 eV. The capillary
column used in GC and GC-MS were a J&W DB-5 fused silica
column (30 m × 0.25 mm i.d. × 0.25 µm film thickness), with
the injector and detector temperatures were 290 and 300◦C,
respectively. The samples were injected in splitless mode, and N2
and helium are the carrier gases for GC and GC-MS, respectively.
The oven temperature was initially set at 80◦C and held for
2 min, was programmed to 130◦C at a rate of 20◦C/min, then
was programmed to 290◦C at 3◦C/min and held for 20 min.

The carbon isotopic composition analyses of n-alkanes and
branched and cyclic (b & c) alkanes were carried out on an
Isoprime GC-Isotope Ratio Mass Spectrometer (GC-IRMS). The
alkane samples were injected in splitless mode, and the injector

temperature was set at 290◦C with helium as the carrier gas.
A J&W DB-5 silica capillary column (30 m × 0. 25 mm
i.d. × 0.25 µm film thickness) was used for the separation
elution of n-alkane and branched and cyclic alkane compounds.
The oven temperature was initially set at 80◦C and held for
2 min, and programmed to 130◦C at a rate of 20◦C/min, and
then increased to 290◦C at 3◦C/min heating rate and held
for 20 min. The b & c alkanes were identified based on the
retention time of GC-MS chromatograms. The δ13C composition
of all samples was measured at least twice and the average δ13C
values of the individual compounds are reported here. The GC-
IRMS was calibrated using the Vienna Peedee Belemnite (VPDB)
standard and the isotopic measurement error of parallel analyses
was <0.5h. A standard sample of mixed n-alkanes (n-C12 ∼

n-C32) with known isotopic composition was also measured daily
to ensure the reliability of the instrument.

RESULTS AND DISCUSSION

General Characteristics of Organic
Matter in Maoming Oil Shales
The total organic carbon content (TOC) of Maoming oil shales
ranges from 5.1 to 28.9% (Table 1), and the TOC contents in
most samples are close to or greater than 10%, except these
carbonaceous shale samples from the bottom of the Youganwo
Formation. The TOC content also shows significant variation
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TABLE 1 | Sampling information and the pyrolytical data of Maoming oil shales.

Sample name Borehole depth (m) TOC (%) Tmax (◦C) S1 (mg/g) S2 (mg/g) S3 (mg/g) HI (mg/gTOC) OI (mg/gTOC)

MYY-3 815.0 11.1 435 0.88 84.72 0.84 763 8

MYY-4 816.0 9.9 431 0.67 71.06 5.5 716 55

MYY-6 817.3 19.1 432 1.89 164.1 6.2 857 32

MYY-7 817.8 13.1 433 1.32 104.44 2.79 795 21

MYY-8 818.4 13.3 434 0.64 95.97 0.9 719 7

MYY-10 819.6 11.4 434 0.58 91.24 5.18 800 45

MYY-12 821.0 16.4 435 1.28 128.91 1.19 785 7

MYY-13 821.8 11.6 433 0.76 93.47 3.93 808 34

MYY-14 822.3 9.7 430 0.6 74.28 0.83 767 9

MYY-17 824.6 10.7 434 0.44 81.58 0.68 760 6

MYY-20 826.2 9.9 429 0.69 75.57 5.58 764 56

MYY-22 827.5 14.0 434 0.74 115.31 1.16 825 8

MYY-23 828.8 16.4 437 0.65 128.4 2.79 784 17

MYY-24 829.6 13.7 431 0.83 109.82 1.05 804 8

MYY-25 830.4 10.5 433 0.64 82.49 1.13 783 11

MYY-26 830.8 12.8 435 0.53 100.75 0.8 789 6

MYY-27 831.4 18.0 431 1.61 154.6 2.17 860 12

MYY-28 832.0 9.2 434 0.38 71.69 0.38 777 4

MYY-29 832.5 13.8 434 0.79 121.7 1.62 882 12

MYY-31 833.7 13.1 434 0.7 101.29 0.71 771 5

MYY-32 834.5 16.3 435 1.45 146.62 5.2 900 32

MYY-33 835.0 12.1 432 0.62 88.63 0.59 730 5

MYY-34 835.8 17.5 435 1.67 210.82 1.84 901 8

MYY-35 836.5 15.3 432 0.38 110.83 1.07 725 7

MYY-36 837.5 14.3 433 1.01 122.68 1.57 857 11

MYY-37 838.8 12.0 431 0.69 93.79 0.66 782 6

MYY-40 840.2 16.3 434 1.04 124.28 0.95 764 6

MYY-43 841.5 13.5 431 0.95 97.19 4.65 719 34

MYY-45 842.7 28.9 436 1.8 234.79 1.72 813 6

MYY-47 844.2 10.3 425 0.68 58.78 6.01 573 59

MYY-50 845.8 26.7 437 1.3 214.94 1.48 806 6

MYY-53 847.8 13.6 425 1.46 97.56 5.23 717 38

MYY-55 849.0 22.2 429 1.75 167.19 1.48 754 7

MYY-57 850.0 15.3 427 1.44 96.14 7.74 628 51

MYY-59 850.9 20.0 430 1.85 153.93 1.42 768 7

MYY-62 852.7 9.0 427 0.33 53.97 0.66 598 7

MYY-64 853.9 5.1 427 0.36 19.99 3.25 391 64

Hydrogen Indices (HI) are calculated from the ratio of mg HC in S2/g TOC, and Oxygen Indices (OI) are determined by the ratio of mgCO2 in S3/g TOC.

in different section of the profile, as the TOC content of the
lower section oil shales on the profile from 840 to 852 m is in
the range of 10.3 to 28.9% (with an average of 18.5%), while
the TOC content of the upper section oil shales on the profile
from 815 to 840 m vary from 9.2 to 19.1% (with an average of
13.3%). Obviously, the organic matter abundance in the lower
section oil shales is higher than that of the upper section oil
shales on the profile.

The thermal pyrolysis data suggested that these Maoming
oil shales are thermally immature or low mature (Peters and
Cassa, 1994), as their Tmax values range from 425 to 437◦C
and most of them were under 435◦C (Table 1 and Figure 2).
The free hydrocarbon content (S1) ranges from 0.33 to 1.89
mg/g (with average of 0.96 mg/g), indicating a high variability of
liquid hydrocarbon contents in these shales, and the hydrocarbon

content released from the thermal crack of kerogen (S2) vary
from 19.99 to 234.79 mg/g (with an average of 111.99 mg/g).
The hydrogen index (HI) and oxygen index (OI) values of
Maoming oil shales are in the range of 391–901 mg/gTOC and
4–64 mg/gTOC, respectively (Table 1). The S1 + S2 values varied
from 20.35 to 236.59 mg/g (with an average of 112.94 mg/g),
and most of them were around 100 mg/g, which illustrate high
hydrocarbon generation potential of Maoming oil shales.

The Composition and Distribution of
Aliphatic Hydrocarbon Compounds
The composition and distribution of aliphatic hydrocarbon
compounds in Maoming oil shales include a series of compounds
such as n-alkanes, branched and acyclic isoprenoids, hopanes
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FIGURE 2 | The profile variation of TOC and pyrolytical and aliphatic parameters of Maoming oil shales (S1: free hydrocarbon content; S2: hydrocarbon content
released from kerogen, CPI = 1/2[(C25 + C27 + C29 + C31 + C33)/(C24 + C26 + C28 + C30 + C32) + (C25 + C27 + C29 + C31 + C33)/(C26 + C28 + C30 + C32 + C34)];
Pr = pristine; Ph = phytane). The stratigraphic log is a simplification of the complex sediments and should not be used to infer lithology of the samples.

and steranes, with n-alkanes are the dominant components.
The chromatograms of aliphatic fraction in representative oil
shale samples are displayed in Figure 3. The carbon number
of the n-alkanes is principally distributed in the range of n-C13
to n-C33, while these normal alkanes display a clear bimodal
distribution with clear rear peak group dominance as the n-C27
being the predominance n-alkane peak on the chromatograms of
all samples on the profile. The front peak group of low carbon
number alkanes is dominated by n-C17 or n-C15, while the rear
peak group of high carbon number n-alkanes is solely dominated
by n-C27. The high carbon number n-alkanes display obviously a
carbon number predominance of odd-over-even, as the carbon-
preference index (CPI) of n-C24 to n-C34 is in the range of
2.33 to 4.54 on the whole profile (Figure 2), indicating low
maturity or immaturity. Although the overall dominance of rear
peak group over the front peak group of n-alkanes, the relative
abundance of front peak group vs. the rear peak group show
some variation along with burying depth on the profile, and these
variation are likely due to the slightly change in the source inputs
of organic matter. The relative abundance of low and medium
carbon number alkanes of n-C13 to n-C21 and n-C22 to n-C26
varies along with bearing depth and the whole profile could be
divided into three sections according to the distribution of the
n-alkanes. The section I ranging from 815 to 828 m and the
section III ranging from 840 to 854 m are characterized by relative
lower abundance of low and medium carbon number n-alkanes,
while the section II ranging from 828 to 840 m are characterized
by relative higher abundance of low and medium carbon number
n-alkanes.

Generally, the low carbon number n-alkanes (carbon
number ≤ n-C19) are considered as originated from algae and
photosynthetic bacteria inputs (Gelpi et al., 1970; Meyers, 2003;
Kristen et al., 2010), the medium-chain n-alkanes (n-C20 ∼

n-C26) often indicate aquatic plant sources (Ficken et al., 2000;

Mügler et al., 2008; Aichner et al., 2010; Damsté et al., 2011),
while the high carbon number n-alkanes (carbon number ≥ n-
C27) with an odd-over-even predominance are widely considered
as related with terrestrial higher plant inputs (Eglinton and
Hamilton, 1967). Therefore, some samples in section II (for
example, MYY-24 at 829.6 m depth) contain high abundance
of the medium carbon number n-alkanes, which suggested an
incremental input of algae and macrophyte (Gelpi et al., 1970).

The main acyclic isoprenoids include the pristane (Pr) and the
phytane (Ph) which occur in high abundance in all samples of
whole profile. The Pr/Ph ratio (Figure 2) vary in the range of 0.80
to 2.42 on the profile and displays profile variation as it is in the
range of 0.80 to 1.67 for section I and section II, and 1.15 to 2.42
for section III, respectively. Since the Pr/Ph ratio between 0.80
and 3.5 could not be solely used as depositional redox indicator,
the Pr/Ph ratios of these oil shales should be combined with other
proxies to reconstruct the paleoenvironment variation.

The Composition and Distribution of
Biomarkers
A great number of biomarkers including steroid and hopane
compounds are detected in all the oil shale samples (Figures 4, 5).

The steranes identified in Maoming oil shales are mainly
included the regular steranes, rearranged steranes (diasteranes),
4-methyl steranes and 4-methyl rearranged sterenes (4-methyl
diasterenes). The sedimentary steranes are often transformed
from steroids and sterenes that originated from organisms. The
composition and distribution of regular steranes (including C27,
C28, C29 steranes) are consistent in most samples of the whole
profile, with the high abundance of C27-cholestanes and C29-
cholestanes and the low abundance of C28-cholestanes. The
4-methyl steranes are consisted of a high abundance of the
C30-4-methyl steranes, low abundance of C29-4-methyl steranes
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FIGURE 3 | Chromatograms of aliphatic alkane compounds in representative oil shale samples (Pr = pristine; Ph = phytane).
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FIGURE 4 | The identification and distribution of steranes in a representative oil shale sample (Note: ◦: regular steranes; M: 4-methyl steranes; ?: diasterenes; ♦:
4-methyl diasterenes; TIC: total ion chromatogram).

and C28-4-methyl steranes. The rearranged sterenes are mainly
consisted of trace amounts of C28-rearranged sterenes, high
abundance of the C27-rearranged sterenes and C29-rearranged
sterenes. The 4-methyl rearranged sterenes are dominated by a
high abundance of the C30-4-methyl rearranged sterenes and a
relative high amount of C28-4-methyl rearranged sterenes, while

the C29-4-methyl rearranged sterenes are only detected in trace
amount of few samples (Figure 4).

The hopanes are widely present in high abundance in all
samples of the whole profile. The main compounds of hopanes
are trisnorhopanes, norhopanes, hopanes, homohopanes,
117(21)-hopenes, and113(18)-neohopenes, but the gammacerane
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FIGURE 5 | The identification and distribution of hopanes in representative oil shale samples.

is not detected (Figure 5). The hopenes are dominant
compounds of pentacyclic-terpane as there are abundant
of the 117(21)-hopenes are detected, which are considered
as medium products which the ββ-hopanes transformed to
βα-hopanes and αβ-hopanes (Zhou et al., 1998). The occurrence
of high abundance of ββ-hopanes, 117(21)-hopenes and 113(18)-
neohopenes in the samples also indicate that these oil shales of
Youganwo Formation are of low maturity.

The composition and distribution of the hopanes and
the hopenes in these oil shales are generally similar on the
whole profile. However, the abundance of the 117(21)-hopene
compounds are very low as the 30-117(21)-norhopenes and
117(21)-trisnorhopenes are absent in section III. On the other
hand, the abundance of the 113(18)-neohopene and 113(18)-
norneohopene compounds appear to be significantly increased
on the section III. Some previous studies suggested that the
113(18)-neohopene is generated from the parent material through
molecular bond broke during the late diagenesis; and the
others considered that the 113(18)-neohopene was transformed
from thermodynamically unstable 117(21)-hopene as suggested
by the δ13C compositon of the hopenes in the peat samples
(Zhou et al., 1998).

Since the maturity of oil shale samples show little change
on the profile (Figure 2), the lower abundance 117(21)-hopene
and the higher abundance for both 113(18)-norneohopene and
113(18)-neohopene in section III than section II might not be
related with the diagenesis process, but may be related to the
variation in the sedimentary condition. As we have discussed
above, the Pr/Ph ratio (Figure 2) shows an increasing trend along
with the buried depth in section III, this may suggest that the
deposition condition of section III could be more oxidized than
that of upper sections. Therefore, the 113(18)-neohopene would
be better preserved or formed than 117(21)-hopene under an
oxidizing sedimentary condition.

It is worthwhile to point out that C33-botryococcanes and
C31-botryococcanes are source-specific biomarkers and has been
intermittently detected in high abundance in most samples of
the top section at a depth from 815 to 821 m (Figures 3, 6),
as the peak height of one C33-botryococcane compound is even
higher than that of the dominant n-alkane compound of n-C27.
The botryococcanes are a kind of irregular acyclic isoprenoids
and are considered as transformed from botryococcenes, which
originated from Botryococcus braunii which is a kind of
algae living in fresh to brackish water or even estuarine area
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FIGURE 6 | The identification chromatograms of botryococcanes in the oil shale samples.

(Moldowan and Seifert, 1980; McKirdy et al., 1986; Smittenberg
et al., 2005; Volkman, 2014). Since the Botryococcus braunii is
sensitive to the variation of the water condition, the occurrence
of botryococcanes in the sediments suggests obvious change in
the environmental condition and a decline in the abundance
of botryococcanes are often considered as indication of earlier
anoxic condition (Smittenberg et al., 2005). The intermittently
high abundance presence of the botryococcanes on the top
section of the profile indicates that the lake environment
was frequently favorable for the thriving of Botryococcus
braunii B. and therefore there is a significant fluctuation in
lake environment during the later stage of sedimentation in
the Maoming basin.

The δ13C Composition of n-Alkanes and
Individual Biomarkers
The δ13C composition of n-alkanes in representative samples
of oil shales varies from −31.7 to −16.2h on the profile. The
δ13C composition of n-C17 and n-C19, which are considered as
derived from bacteria and algae, range from −26.9 to −19.6h
and −29.6 to −20.0h, respectively. The δ13C of n-C23 and
n-C25, which are often considered as originated mainly from
aquatic macrophytes (Ficken et al., 2000), range from −30.2 to
−18.4h and −29.5 to −18.5h, respectively. While the δ13C of

these n-C27, n-C29, n-C31, and n-C33, that are considered as a
predominantly contribution from terrigenous plants, range from
−28.8 to −16.2h, −28.9 to −20.5h, −30.9 to −21.1h, and
−31.7 to −20.1h, respectively. The δ13C composition of the
same n-alkane compounds varies among these samples on the
profile (Figure 7).

The profile variation trends of the δ13C composition of
the medium odd carbon number n-alkanes of n-C23 and
n-C25 are similar to that of the high odd carbon number
n-alkanes of n-C27, n-C29, and n-C31. These shows that the δ13C
composition variation of individual hydrocarbon compounds
are covariant on the profile and therefore suggests that these
changes were caused by similar factors, such as changes in
organic matter inputs (the direct carbon source) or of partial
pressure (pCO2) of atmospheric CO2 (the indirect and the
elementary carbon source).

The δ13C variation trends of individual hydrocarbon
compounds are also similar to that of bulk organic matter
(δ13Corg) in the profile (Figure 7). The coefficiency of the
δ13C composition among individual n-alkane compounds are
analyzed by Pearson correlation methods (level of significance
alpha = 0.050). The results show that the δ13C of n-C17 has
low correlation coefficients with that of n-C29 (0.388), n-C31
(0.440), and n-C33 (0.514), while the δ13C of n-C19 also shows
low correlation coefficients with that of n-C29 (0.496), n-C31
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FIGURE 7 | The profile variation of δ13C composition of the bulk organic matter and individual n-alkane compounds.

TABLE 2 | Pearson coefficient of correlation between the δ13C composition of the bulk organic matter and individual n-alkane compounds.

δ13Corg δ13Cn−C17 δ13Cn−C19 δ13Cn−C23 δ13Cn−C25 δ13Cn−C27 δ13Cn−C29 δ13Cn−C31 δ13Cn−C33

δ13Corg 1 0.481 0.728 0.714 0.701 0.591 0.532 0.488 0.565

δ13Cn−C17 0.481 1 0.859 0.736 0.694 0.615 0.388 0.440 0.514

δ13Cn−C19 0.728 0.859 1 0.881 0.838 0.731 0.496 0.551 0.531

δ13Cn−C23 0.714 0.736 0.881 1 0.929 0.892 0.758 0.746 0.712

δ13Cn−C25 0.701 0.694 0.838 0.929 1 0.940 0.765 0.731 0.733

δ13Cn−C27 0.591 0.615 0.731 0.892 0.940 1 0.820 0.692 0.707

δ13Cn−C29 0.532 0.388 0.496 0.758 0.765 0.820 1 0.800 0.874

δ13Cn−C31 0.488 0.440 0.551 0.746 0.731 0.692 0.800 1 0.886

δ13Cn−C33 0.565 0.514 0.531 0.712 0.733 0.707 0.874 0.886 1

(0.551), and n-C33 (0.531), respectively. On the other hand,
the δ13C of n-C19 are closely correlated with the δ13C of bulk
organic matter, while the δ13C of n-C23, n-C25, and n-C27
are closely correlated with that of the δ13C of bulk organic
matter and the δ13C of all other n-alkane homologs (Table 2).
So, the primary sources of organic matter in the sediments of
Youganwo Formation were mainly composed of aquatic algae
and macrophytes, including some of the aquatic (or terrestrial)
higher plants input. Since the δ13Corg are highly correlated
with the δ13C of n-alkanes (Table 2), the δ13C variation of
medium and high carbon number n-alkanes on the profile is
likely not caused by the changes in the source inputs of organic
matter, but possibly correlated with the variation of atmospheric
pCO2 during the late Paleocene. In addition, the δ13C of all
individual n-alkane compounds on the profile display a positive
excursion trend from the bottom to the top, and the δ13C of
the n-alkanes display dramatic changes in the section II of the
profile (Figure 7). The general upward positive excursion and
the dramatic changes of the δ13C of n-alkanes on the profile may
correlate with the general decline trend and with the frequent
fluctuations in the atmospheric pCO2 during the late Paleocene
(McKay et al., 2016).

Among the steranes, only C30-4-methyl steranes are present
in high abundance in all samples of the whole profile. The C30-
4-methyl steranes are considered as derived from Dinoflagellates

or methylotrophic bacteria. The methylotrophic bacteria prefer
to consume isotopically lighter methane generated from the
methanogens and would consequently result in isotopically
lighter lipids (biomarkers) (Games et al., 1978), while the δ13C
composition of C30-4-methyl steranes are in the range of −11.93
to −6.28h (Table 3) which are very heavier. Therefore, the high
abundance of C30-4-methyl steranes was most likely derived from
Dinoflagellates due to its much heavier δ13C composition.

TABLE 3 | The δ13C of source-specific compounds of C30-4-methyl sterane,
C31-Botryococcane, and C33-Botryococcane in some representative samples.

Sample
name

Borehole
depth (m)

δ13CC30−4−mest

(h)
δ13CB−C31 (h) δ13CB−C33 (h)

MYY-3 815 −10.4 −4.5 −4.6

MYY-7 817.8 −9.8 − −7.2

MYY-8 818.4 −11.8 n.d. n.d.

MYY-12 821 n.d. −7.5 −8.4

MYY-17 824.6 −11.4 n.d. n.d.

MYY-22 827.5 −11.9 n.d. n.d.

MYY-35 836.5 −6.3 n.d. n.d.

δ13CC30−4−mest for C30-4-methyl sterane; δ13CB−C31) for C31-Botryococcane;
δ13CB−C33 for C33-Botryococcane; “n.d.” represents not determined.
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Meanwhile, the δ13C composition of the botryococcanes is
very heavier and ranges from −4.5 to −8.4h (Table 3). The
exceptional heavier δ13C of C33-botryococcenes could not be
explained by sedimentary conditions alone. Under an aquatic
condition of CO2 (aq) exhaustion, B. braunii had to take
alternative carbon source by triggering its bicarbonate (HCO3

−)
consumption mechanism (Cepak and Lukavsky, 1994). Since
the partial pressure of atmospheric carbon dioxide (pCO2)
during the late Paleocene was significantly lower (Galeotti et al.,
2016; Steinthorsdottir et al., 2016) and this could result in low
concentration of dissolved CO2 (aq) in the lake water, and
therefore triggered bicarbonate consumption mechanism of the
B. braunii (Huang et al., 1999). HCO−3 assimilation by B. braunii
would cause a significant heavier δ13C composition of organic
matter generated by the B. braunii and other algae. Hence, the
extreme heavy δ13C composition of the C33-botryococcanes and
the C31-botryococcanes in the samples on the top section of
the Youganwo Formation suggests that the atmospheric pCO2
during the late Paleocene decreased significantly in the low
altitude continental region and frequently resulted in lower
CO2(aq) concentration in lake water and therefore would have
triggered bicarbonate consumption mechanism of the B. braunii.

According to the previous studies, the atmospheric pCO2
in the late Paleogene displayed a general decreased trend but
associated with sharp fluctuations (Pagani et al., 2005; Pearson
et al., 2009; Galeotti et al., 2016). So, a general positive excursion
associated with significant fluctuation in the δ13C composition
of the n-alkanes on the profile of Maoming oil shales, especially
the frequently and sharply variation in the section II, could
be considered as correlated to the atmospheric pCO2 variation
during the late Paleogene, while the heavier δ13C composition of
some source specific biomarkers would be indication of the lower
concentration aquatic CO2 in the lake water due to the lower
atmospheric pCO2 which caused the bicarbonate consumption
mechanism of algae such as B. braunii. Therefore, the variation
in the δ13C composition of the n-alkanes on the profile and a
general positive excursion from the bottom to the top could be
considered as responses to the atmosphere pCO2 decline and
variation toward the late Paleogene.

CONCLUSION

The characteristics of organic matter in the Maoming oil shales
of Youganwo Formation suggest that the organic matter were

mainly derived from the aquatic algae input associated with
a small portion of aquatic/terrestrial high plant inputs. The
δ13C composition of the n-alkanes, which varied from −31.7 to
−16.2h, display a general upward positive excursion but with
frequent and significant fluctuation in the section II of the profile
may reflect the regional responses of low altitude continent
to the climate change during the late Paleogene. The extreme
heavy δ13C composition of the C33-botryococcanes and C31-
botryococcane and C30-4-methyl steranes in some samples in the
section I of the upper profile are ranged from −4.5 to −11.9h,
which is the results of carbon source shift when the aquatic
CO2 exhaustion caused by the decline in atmospheric pCO2
triggered the bicarbonate consumption mechanism of algae such
as Botryococcus braunii. The upward positive excursion trend and
variation in the profile of the δ13C composition of the individual
hydrocarbon compounds in the oil shales of the Youganwo
Formation would be obvious evidence for the pCO2 variation and
descent toward the late Paleogene.
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