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Studies of occluded oxygen-bearing compounds inside kerogen are scarce, although such studies are
important in understanding early-stage transformation of organic matter. A relatively low-maturity kero-
gen from the late Permian mudstone of the Lucaogou Formation of the Santanghu Basin, northwestern
China, was successively extracted with n-hexane, acetone and dichloromethane to release the adsorbed
components, and the extracted kerogen was treated with a mild oxidation reagent H,0, to release the
occluded components. Gas chromatography-mass spectrometry analysis of the adsorbed and occluded
components revealed a suite of oxygen-bearing compounds, including n-alkan-2-ones, n-aldehydes
and fatty acid methyl esters. The n-alkan-2-ones were mainly detected in the adsorbed fraction and n-
aldehydes in the occluded component. Comparison of the long-chain oxygen-bearing compound distribu-
tions and their individual stable carbon isotope characteristics both suggest that the oxygen-bearing
compounds released by H,0, treatment were occluded in the kerogen. The shorter-chain (C;5 to Cqg)
occluded n-aldehydes reflected similar isotopic distribution trends to the adsorbed n-alkan-2-ones, and
the §'3C values of the mid-length (Cy; to Cy5) occluded n-aldehydes were much closer to the adsorbed
n-alkanes. Bacterially mediated methylation and decarbonylation of the n-aldehydes during kerogen for-
mation may be important source(s) of n-alkan-2-ones and n-alkanes, respectively. The mid-chain ketones
mainly originated from hydrothermal alteration of n-alkanes after kerogen formation. Uplift of the

Lucaogou Formation in the Yuejingou section allowed surface-enhanced aerobic reactions.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

During formation and evolution of “proto-kerogen”, some smal-
ler molecules including biomarkers are adsorbed to, occluded in or
bonded to the macromolecular structure (Snowdon et al., 2016;
Wu and Geng, 2016; Cheng et al., 2017). Components that are
easily extracted from the periphery of the “proto-kerogen” by con-
ventional organic solvents are referred to as the adsorbed fraction,
while free components in the macromolecular core structure that
are difficult to extract by conventional organic solvents are consid-
ered as the occluded fraction (Cheng et al., 2016, 2017). The mole-
cules occluded inside (Behar et al., 1984; Ekweozor, 1984, 1986;
Liao and Geng, 2002; Liao et al., 2006a; Khaddor et al., 2008;
Zhao et al., 2012) or bound in (Cassani and Eglinton, 1986; Love
et al.,, 1998; Russell et al., 2004) the geomacromolecular structure
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are believed to retain organic geochemical information of earlier
maturity stages (e.g., before or during kerogen formation) pre-
served by the protection of the macromolecular structure. Most
studies of occluded or bound components have investigated the
saturated hydrocarbons (e.g., Behar et al., 1984; Ekweozor, 1984,
1986; Cassani and Eglinton, 1986; Love et al., 1998; Liao and
Geng, 2002; Russell et al.,, 2004; Liao et al.,, 2006a,b; Khaddor
et al., 2008; Lockhart et al., 2008; Zhao et al., 2010, 2012; Cheng
et al., 2014a,b, 2015, 2016, 2017; Snowdon et al., 2016; Wu and
Geng, 2016), although studies of oxygen-bearing compounds from
kerogen pyrolysis have also appeared in the literature (e.g.,
Gillaizeau et al., 1996; Riboulleau et al., 2000; Grice et al., 2003;
Zhang et al., 2016). Few studies of occluded oxygen-bearing com-
pounds in geomacromolecules have been reported.

In the early maturity stages, many oxygen-bearing compounds
such as fatty acids, fatty alcohols, aliphatic ketones, fatty acid
esters and others, are present in sedimentary organic matter
(Tissot and Welte, 1984). These are mainly derived from their
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natural precursors and are closely related to biological markers
(Peters et al., 2005). After kerogen formation, these compounds
are dispersed or adsorbed around the kerogen macromolecule
(e.g., Song et al., 2004; Wang et al., 2012, 2016), bound to the kero-
gen (e.g., Gillaizeau et al.,, 1996; Riboulleau et al., 2000; Zhang
et al., 2016), and may also be occluded inside the kerogen struc-
ture. Studies of the occluded oxygen-bearing compounds in the
kerogen are helpful in our understanding of early-stage deposition
and evolution features of organic matter.

Wang et al. (2012, 2016) found several series of linear oxygen-
bearing compounds in the soluble fractions of the Lucaogou For-
mation source rocks from the Tiaohu Sag (Yuejinggou profile, well
Tiao-5) and Malang Sag (wells Ma-6 and Ma-7) in the Santanghu
Basin, northwestern China. These included fatty acids, fatty acid
methyl esters and n-alkan-2-ones, all of which are likely derived
from early-stage microbial degradation (Wang et al., 2012), but
their specific origin and evolution remained unclear.

In the present study, the kerogen of the Lucaogou Formation
mudstone was selected for study by releasing the adsorbed and
occluded components. The origin and evolution of the long-chain
oxygen-bearing compounds from the soluble fraction of the mud-
stone are discussed in terms of their geochemical characteristics in
contrast to the ones trapped in the kerogen. The role of the oxygen-
bearing compounds on hydrocarbon generation in the Lucaogou
Formation source rocks was also studied.

2. Geological setting
2.1. Structural pattern of Santanghu Basin

The Santanghu Basin is located at the northeastern margin of
Xinjiang Uygur Autonomous Region, China, bordering the Republic
of Mongolia to the north and adjacent to the Tuha Basin in the
south, and covering a narrow zone from northwest to southeast.
Since the late Paleozoic, the region has experienced four tectonic
evolution stages: basement formation to oceanic crust extinction
(Carboniferous); evolution of an intracontinental foreland basin

(early Permian to late Permian); basin uplift and depression (Upper
Triassic to Lower Cretaceous); and finally, basin transformation
since the Upper Cretaceous (Zhao et al., 2003; Liu et al., 2010;
Wau et al,, 2011). Strong tectonic movement during the late Yan-
shan-Himalayan period has not only led to the first-order struc-
tural alternations in the Santanghu Basin but has also resulted in
the structural alterations of rise-sag in the central depression
region (Li et al., 2004).

The first-order structural units comprise the Northeast Fold and
Thrust Belt, the Central Depression Belt and the South Fold and
Thrust Belt from northeast to southwest. The second-order struc-
tural units from northwest to southeast (Fig. 1) comprise five rises
and four sags - the Hanshuiquan Sag, Shitoumei Rise, Tiaohu Sag,
Chahaquan Rise, Malang Sag, Fangfangliang Rise, Naomaohu Sag,
Weibei Rise and Suluke Sag.

2.2. Depositional environment of the Lucaogou Formation

The Santanghu Basin evolution began as an intracontinental
foreland basin after the Carboniferous (Zhao et al., 2003; Liu
et al., 2010; Wu et al., 2011) and experienced a depositional facies
transition from residual marine trough to terrestrial lacustrine
with continuing fall in sea level (Xu et al., 2013). In the middle Per-
mian it evolved into a sediment-starved intracontinental rift basin,
accompanied by mantle-originated movement of hydrothermal
fluids (Liu et al., 2012; Li et al., 2013; Hackley et al., 2016). Weak
volcanism during the deposition of the Lucaogou Formation
resulted in the development of mudstones, lime mudstones, dolo-
mitic mudstones and other fine-grained sediments forming the
source rocks of the Lucaogou Formation (Gao et al., 2010; Ma
et al., 2012, 2016).

The variety of marine and non-marine fossils found in the
Lucaogou Formation supports the finding of a transition of sedi-
mentary facies from residual marine trough to terrestrial lacustrine
(Li and Liang, 2001; Yin et al., 2002). The significant decrease in
sulfur content and increase in total organic content (TOC) upwards
from the base of the Lucaogou Formation are further evidence of
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Fig. 1. Santanghu Basin and the sample locality used in this study (from Ma et al. (2016), with minor modification).
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falling sea level and increasing freshwater inflow into the basin
(Tao et al., 2017). Studies of n-alkanes and biomarkers such as ter-
panes and steranes have shown that the parent biomass of the
Lucaogou Formation source rocks was derived from both aquatic
organisms and terrestrial higher plants deposited in a brackish to
highly saline lacustrine environment (Liu et al, 2015, 2017;
Cheng et al., 2016; Hackley et al., 2016). Basing on the redox-
and salinity-sensitive proxies (e.g., V/Cr, V/(V + Ni), Sr/Ba, Rb/K,
B/Ga ratios), together with the wide distribution of pyrite and car-
bonate minerals in these dark, thinly laminated organic-rich rocks,
Tao et al. (2017) and Zhang et al. (2018) suggested that dysoxic-
anoxic, brackish-saline, arid-sub-humid, and alkaline conditions
prevail during deposition of the Lucaogou Formation.

3. Experimental
3.1. Sample

Late Permian Lucaogou Formation (P;l) calcareous mudstone
was selected from the Yuejinggou section of the Santanghu Basin,
northwestern China (Fig. 1). The grey-black sample was buried
by loess from 0.5 m to 1 m deep and was slightly weathered. After
cleaning in water and drying, the sample was ground to particles of
0.18 mm diameter. The powdered mudstone was treated with HCI
and HF to isolate the kerogen (precise details of this treatment pro-
cess can be found in Vandenbroucke and Largeau, 2007).

3.2. Organic solvent extraction and mild oxidation treatment

The isolated kerogen was Soxhlet extracted with n-hexane, ace-
tone and dichloromethane consecutively for 120 h (Fig. 2) to obtain
the adsorbed components. Benzene (40 mL) was used as solvent
(dispersant) for oxidation treatment while H,O,/CH3COOH (about
10 mL/10 mL) served as the oxidation system for the extracted
residual kerogen (=5 g). The blends were then allowed to react
for 48 h under magnetic stirring at room temperature, and the pro-
duct was filtered through a Biichner funnel by adding dichloro-
methane. The obtained liquid phase was then transferred to a
250 mL polytetrafluoroethylene (PTFE) separating funnel, and
ultrapure water was added to separate the organic and inorganic
phases. The detailed procedure and method is shown in Fig. 2
and described in Cheng et al. (2015, 2016).
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Fig. 2. Schematic flowchart of the sample treatment and instrumental analyses.

The solvent extracts (adsorbed components) and the organic
phase of the oxidation products (containing occluded components)
were further separated by column chromatography using a 9 cm
column containing silica gel:aluminum oxide (3:1) and eluted with
15 mL of n-hexane and 12 mL of toluene to yield a saturated frac-
tion and aromatic fraction, respectively. These fractions were sep-
arately analysed using gas chromatography-mass spectrometry
(GC-MS). The n-alkanes and n-alk-2-ones from the n-hexane
extract and the n-alk-1-enes and n-aldehydes from the oxidative
degradation products were analysed using gas chromatography-
isotope ratio mass spectrometry (GC-IRMS).

3.3. Instrumental analysis

3.3.1. Geochemical data analysis

Analyses performed on the calcareous mudstone included rock
pyrolysis utilizing a Rock-Eval 6.0 standard pyrolysis analyzer,
mineral analysis using an Olympus Innov-X BTX X-ray diffractome-
ter (XRD) and trace element analysis using a Perkin-Elmer Elan
6000 inductively coupled plasma-mass spectrometer (ICP-MS).
The element analysis for the kerogen was carried out using a Vario
EL IIl element analyzer. A 3Y-Leica DMR XP microphotometer was
used to measure the optical vitrinite reflectance of the sample,
with 125 x oil microscope objective and immersion oil refractive
index N = 1.515.

3.3.2. GC-MS analysis

The n-hexane and toluene fractions were analysed using a DSQ
Il and Thermo Fisher Trace GC Ultra combined system. The GC con-
ditions were: HP-1 ms chromatographic column (60 m x 0.32 mm
x 0.25 pm film thickness); helium as the carrier gas with a con-
stant 1.2 mL/min flow mode. MS conditions used were: electron
ionization mode; ion source electron energy 70 eV; ion source tem-
perature 260 °C; and a mass scan range of 50-650 Da. The oven
temperature ramp-up procedures were as follows: For the n-
hexane fraction: 80 °C initial temperature held for 4 min, then
raised to 295 °C at a rate of 4 °C/min and held isothermally for
20 min; For the toluene fraction: 80 °C initial temperature held
for 4 min, then raised to 295 °C at a rate of 3 °C/min and held
isothermally for 30 min.

3.3.3. GC-IRMS analysis

Stable carbon isotope analysis of low molecular weight com-
pounds was done on an Isoprime (VG) mass spectrometer com-
bined with an Agilent 6890 GC. Except for using a DB-5 column
(30 m x 0.32 mm x 0.25 um film thickness), the GC conditions
and temperature ramp-up procedure were as for the GC-MS anal-
ysis described in Section 3.3.2. Carbon isotope values are reported
in per mil (%) relative to the defined Vienna PDB standard. Repli-
cate analyses showed the reproducibility was generally within
+0.5%o. Results are reported as the average of two or three runs.

4. Results
4.1. Geochemical data

The calcareous mudstone sample used in this work consisted
mainly of albite, quartz, chlorite, dolomite and apatite, and small
amounts of calcite and pyrite (Table 1), with albite as the main
mineral comprising up to 51.0%. For the trace element distribution
in the mudstone, Ti was dominant with up to 2866 ppm, which
exceeded the total of all other trace elements. Trace elements
(100-505 ppm) included Mn, Sr, Ba and Cr; other trace elements
were <100 ppm. The ratios of Sr/Ba, Th/U, 8U (2U/(U + Th/3)), V/
(V +Ni) were 1.24, 1.08, 1.47 and 0.57, respectively (Table 2). The
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Table 1
Mineral content of the mudstone (wt%).

Rock Pyrite Dolomite Calcite Albite Quartz Apatite Chlorite

Value 3.1 8.9 5.3 51.0 13.0 8.6 10.1
Table 2
Trace element distribution of the mudstone.

Rock Trace element content (ppm) Sr/Ba Th/U 2U/(U +Th/3) V/(V + Ni)

Ti Mn Sr Ba Cr \% Ni Th >-others

Value 2866 505 260 210 132 59.8 45.6 5.1 4.7 426 1.24 1.08 1.47 0.57

vitrinite reflectance (%Ro) of the kerogen was 0.52 (Table 3); Trax Table 5

was 436 °C; and Production Index (PI) was 0.01 (Table 4), indicat-
ing a low thermal maturity. The free hydrocarbon content (S1) of
the rock was 0.57 mg/g, while that of the cracked hydrocarbons
(S2) was 53.1 mg/g. The high S2 value, together with the TOC value
of 10.67% determined by pyrolysis, indicates that the mudstone
contains a high organic matter content.

The isolated kerogen contained 72.75% C, 8.22% H, 12.87% O,
2.41% N and 2.01% S (Table 3), accounting for 98.26% of the total
kerogen. The ratios of H/C, O/C and S/C (0.11, 0.18, 0.03) are consis-
tent with a low-maturity kerogen.

After consecutively extracting with n-hexane, acetone and
dichloromethane, the isolated kerogen extract yields were 0.96%,
1.31% and 0.04%, respectively (Table 5). The extracted kerogen
was treated with H,0,/CH3COOH and we obtained a dichloro-
methane extract of the oxidative degradation product up to 5.0%
based on the isolated kerogen, obviously higher than the total
organic solvent extractable yield of 2.41%.

4.2. Components from total ion chromatogram (TIC) in n-hexane
fraction

The chromatograms of organic solvent extracts (adsorbed frac-
tion) contained an unresolved complex mixture (UCM). Elemental
sulfur species included S, S; and predominantly Sg molecules
(Cheng et al., 2016) (Fig. 3a). The C;4—C,g n-alkanes showed a pre-
dominance of n-Cyp3, with 25-norhopane and C,9-C3¢ hopanes also
detected. A slight odd carbon preference was observed in the
longer-chain n-alkane distribution (>C,, n-alkanes). Similar chro-
matograms were obtained for the acetone and dichloromethane
extracts (Fig. 3b and c).

A series of even-carbon-numbered n-alk-(1)-enes and n-alkanes
were detected from the occluded fraction of the kerogen, with n-
alk-(1)-enes as the main suite of compounds (Fig. 3d). The even-
carbon-numbered n-alk-1-enes were mostly from C;g to Cs,, with
a predominance of C,; and Cy4. The n-alkanes ranged from Cq¢ to

Relative contents and group composition from the solvent extracts and the oxidative
degradation products of kerogen.

Type Extracts (%) S (%) A (%) R (%) AlS
En-hexane 0.96 8.24 5.78 85.98 0.70
Eacetone 1.31 0.10 0.19 99.71 2.00
Edichloromethane 0.04 1.16 5.81 93.02 5.00
Eoxidation 5.00 0.57 1.27 98.16 2.25

Note: Extracts = solvent extracted components based on the initial isolated kero-
gen; S = saturated fraction; A = aromatic fraction; R = fraction other than saturated
and aromatic fraction. E,, _nexane = N-hexane extract from kerogen; E,cetone = acetone
extract from Kerogen; Egichioromethane = dichloromethane extract from kerogen;
Eoxidation = dichloromethane extract of the oxidative degradation products.

Cso, indicating a similar distribution to that of the adsorbed frac-
tion, but with a slight even-numbered carbon preference. The ratio
of n-alk-1-ene/n-alkane (-ene/-ane for short) with the same carbon
number was >1. Large amounts of sulfur, including Sg, S; and Sg
molecules, were also detected in the occluded fraction (Fig. 3d).

4.3. Distribution of long-chain oxygen-bearing compounds

The aromatic fractions from the extracts and oxidative degrada-
tion product obtained from the toluene eluent were rich in oxygen-
bearing compounds but poor in aromatic hydrocarbons, which
may be related to the low thermal maturity of the kerogen. The
oxygen-bearing compounds mainly contained 2,4-di-tert-
butylphenol, ketones, fatty acid methyl esters, n-aldehydes and
others. Table 5 shows that the oxygen-bearing compounds were
rich both in the n-hexane extract and the oxidative degradation
products. Because the oxygen-bearing compounds were deter-
mined generally as different groups, in the following paragraphs
a descriptive terminology is used for the different types of com-
pounds, which is not precise from the principle of IUPAC nomen-
clature but more easily followed by the reader.

Table 3
Element distribution of the kerogen and its vitrinite reflectance.
Kerogen Element content (%) H/C o/C S/C %Ro
C H 0 N S
Value 72.75 8.22 12.87 2.41 2.01 0.11 0.18 0.03 0.52
Table 4
Rock-Eval data of the mudstone.
Rock-Eval S1 (mg/g) S2 (mg/g) S3 (mg/g) PI HI (mg/g) OI (mg/g) Tmax (°C) TOC (%)
Value 0.57 53.1 4.84 0.01 497 45 436 10.67




72 B. Cheng et al./Organic Geochemistry 121 (2018) 68-79

O n-Alk-(1)-enes (TIC)
e pn-Alkanes
v Sulfur
S,
1 C,H
(a) 29
K-H-s nC23 C.DH CmH
1 L] L] >
mTTJLlMIMHU¢pM%&WMM
o
g (b)
% K-A-s L
= N ,Ip,. m,J“J 1‘1‘1 Al
(0]
o
=
= | ()
~ | K-D-s J
ll |h.ll“| Hnlx
nCLE
O O o
(d) vO O
K-O-s ]
m]
J_LJ AR
b e Jle e P oLV LS e

Retention time

Fig. 3. Chromatograms of n-hexane eluents from the solvent extracts and oxidative
degradation products of kerogen: (a) n-hexane extract; (b) acetone extract; (c)
dichloromethane extract; and (d) oxidative degradation product. The compound
assignments are listed in Table 6.
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4.3.1. Ketones

Several series of straight-chain ketones were detected in the
three solvent extracts, including n-alkan-2-ones, n-alkan-3-ones,
n-alkan-4-ones, n-alkan-5-ones and n-alkan-9-ones, as well as iso-
meric 6,10,14-trimethylpentadecan-2-one (iC;gK) (Fig. 4). The
alkan-2-ones, showing the typical base peak at m/z 58 (George
and Jardine, 1994; Gobé et al., 2000; Guignard et al., 2005; Wang
et al., 2012; Zhang et al., 2016), were the main components in
the n-hexane fraction total ion chromatogram (TIC), but much less
in the other two fractions and could only be observed from their m/
z 58 mass chromatograms (Fig. 4a-c). These ketones, with the
exception of n-alkan-3-ones, were also detected on the m/z 58
mass chromatogram of the oxidative degradation products
(Fig. 4d).

As the isolated kerogen was successively extracted by n-hexane,
acetone and dichloromethane, most ketones were included into
the n-hexane fraction. Therefore, the ketones distribution charac-
teristics in the n-hexane fraction can roughly represent the
adsorbed components. The n-alkan-2-ones, from both the
adsorbed and occluded fractions, displayed a unimodal distribu-
tion from C;, to Cyg9 with a predominance of Cyo (nCyoK) (Fig. 4a
and d; Table 7). The n-alkan-(3-9)-ones in the adsorbed fraction
showed a similar distribution to the n-alkan-2-ones (Fig. 4a), but
with lesser abundance.

In Fig. 5, ratios of n-alkan-(4-9)-ones/n-alkan-2-ones showed
almost the same distribution patterns via increasing carbon num-
bers for the adsorbed and occluded fractions, with higher values for
the adsorbed fraction (also Table 8). As n-alkan-3-ones were not
determined in the occluded fraction, they were not included in
the above ratios. The ratios of n-alkan-(4-9)-ones/n-alkan-2-ones
in the Yuejinggou section, as showed in Fig. 5, were very low in
comparison to well Tiao-5 in the Tiaohu Sag or wells Ma-6 and
Ma-7 in the Malang Sag of the Santanghu Basin (Wang et al., 2012).

alkan-w-ones 2-

o (TIC)
5- 4-3

(m/z 58)

(m/z758)

(m/z 58)

Retention time

Fig. 4. Distributions of the alkan-2-ones in toluene eluents from the solvent extracts and oxidative degradation products of kerogen: (a) n-hexane extract; (b) acetone extract;
(c) dichloromethane extract; and (d) oxidative degradation product. The compound assignments are listed in Table 6.
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Table 6
Compound assignments for the peaks in Figs. 3, 4, 6 and 7.
Peak Compound
nCys C,3 n-alkane
Sg Element sulfur
Cy9DH Cy9 170,21B(H)-25-norhopane
CyoH Cy9 170,21B(H)-30-norhopane
CsoH C3p 170,21B(H)-hopane
nCy4E Cy4 n-alk-1-ene
DP 2,4-di-tert-butylphenol
iCygK 6,10,14-trimethylpentadecan-2-one
nCyoK Cyo n-alkan-2-one

CysME, C1ME, C;4ME
nCi1A, nCyeA, nCyoA

Cys, C21 and Cy4 fatty acid methyl esters
Ciq1, Ci6 and Cyq n-aldehydes

4.3.2. Fatty acid methyl esters

The concentration of fatty acid methyl esters was low both in
the solvent extracts and oxidative degradation products and was
only observed using a m/z 74 mass fragmentogram (Fig. 6). The
spectra showed the typical base peak at m/z 74 for fatty acid
methyl esters (Gobé et al.,, 2000; Guignard et al., 2005; Wang
et al., 2012). The fatty acid methyl esters displayed a unimodal dis-
tribution ranging from C;g to C34 with a predominance of Cy;
(C21ME) (Fig. 6), which was more evident in the dichloromethane
extract than in the other fractions.

4.3.3. n-Aldehydes

The n-aldehydes were the main components in the TIC chro-
matogram of the oxidative degradation products, but in the solvent
extracts they were only observable from the m/z 82 mass fragmen-
togram (Fig. 7). To confirm the identification of n-aldehydes, 97%
pure Cq; n-aldehyde (from Sigma-Aldrich) was selected as the
standard compound. The toluene fraction from the oxidative
degradation products and the C;; n-aldehyde standard were anal-
ysed by GC-MS using identical instrument conditions. The results
showed the same peak times and ion fragment distribution for
the C;; n-aldehyde standard and the C;; n-aldehyde from the
oxidative degradation product. Moreover, addition of a specified
amount of the Cy; n-aldehyde standard to the toluene eluent of
oxidative degradation product enhanced the indicated C;;n-
aldehyde peak confirming the identification.

4.4. Stable carbon isotope of individual compounds

The n-alkanes and n-alkan-2-ones from the n-hexane fraction
and the n-alk-1-enes and n-aldehydes from the oxidative degrada-
tion product were selected for compound specific isotope analysis
and these results are shown in Fig. 8.

The §'3C values of the even-numbered C;3-Csg n-alk-1-enes
were —29.6%0 to —28.9%o, becoming slightly enriched in '>C with
increasing carbon numbers. The &§3C values of Cy3-Cys n-
aldehydes were —37.6%. to —30.4%., with C;5 and C;g molecules
distinctly enriched whereas Cy, to Cg were depleted in §'3C
(Fig. 8). The 8'3C values of the C;4-C,g n-alkanes were —36.9%. to
—33.1%0. With carbon number increase, the stable carbon isotopes
of the n-alkanes displayed three distribution features as follows:
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Fig. 5. Variations of n-alkan-(4-9)-one/n-alkan-2-one ratios with the increasing
carbon number. Note: K-H-a and K-O-a represented those from toluene eluents of
the adsorbed fraction and occluded fraction, respectively.

(1) for <Cyq n-alkanes, slightly enriched in 3C; (2) Cyo to Cas n-
alkanes, sharply depleted in '3C via increasing carbon numbers;
(3) >Cy5 n-alkanes, slightly enriched in 'C again with increasing
carbon number. This isotope distribution pattern is similar to the
results of the Lucaogou mudstone samples in the Santanghu Basin
reported by Liu et al. (2017).

The §'3C values of Cy3-Cy4 n-alkan-2-ones were —36.7%. to
—32.9%0, among which Cq4-, Cig- and Cp;-alkan-2-ones were dis-
tinctly depleted in '3C compared to their neighboring compounds
(Fig. 8). The 8'3C value of the isomeric 6,10,14-trimethylpentade
can-2-one (not indicated in Fig. 8, but see Fig. 4a) was —32.7%o, dis-
tinctly enriched in '3C compared to all other n-alkan-2-ones.

For the n-alk-1-enes, n-aldehydes, n-alkanes and n-alkan-2-
ones with the same carbon number, the order of §'3C values was
basically n-alk-1-enes > n-aldehydes > n-alkanes > n-alkan-2-ones,
among which the n-alk-1-enes had remarkably enriched stable
carbon isotope values (Fig. 8). In particular, the Cy5 and C;g n-
aldehydes were enriched in '3C compared to their neighbors,
which was accompanied by the corresponding C;s and C;g n-
alkan-2-ones also enriched in '3C compared to their counterparts.
However, >C,o n-aldehydes showed a closer isotope distribution
relationship with the n-alkanes but diverged from the n-alkan-2-
ones (Fig. 8).

The n-alk-1-enes had obviously enriched stable carbon isotopes
than the other three series of compounds, perhaps implying a for-
mation process different from the others. Cheng et al. (2014a) sug-
gested that the n-alk-1-enes had been formed through a concerted
or semi-concerted reaction of esters under a low thermal stress
occurred in sedimentary organics. Possible formation pathways
of the other three series of compounds detected in this work will
be discussed in the following sections.

5. Discussion
5.1. Redox environments, organic evolution of the Lucaogou Formation

The series of n-alkanes detected in the n-hexane fraction,
together with the UCM compounds in the TIC (Fig. 3a), implies a

Table 7

Carbon range and dominant compounds in the long-chain compound series.
Type n-alkanes n-alkan-2-ones n-aldehydes FAME
En—hexane c14_C28/C23 C‘12_C29/C20 c13_c28/C20 /
Eacetone C14_(:27/(:23 C17_C28/CZO CIB_C28/C20 CIB_C34/C21

C14-Ca7/Ca3
C] G_C34/C22_C24

Edichloromethane

Eoxidation

C17-Cas/Ca0
C]Z_CZQ/CZO

Ci6-C34/Ca1

CH)_CBO/CZO C16_C34/C21

Note: E;_nexane = N-hexane extract; E,cetone = acetone extract; Egichioromethane = dichloromethane extract; Eoxiqation = OXidative degradation products; FAME = fatty acid methyl
esters. Taking E,,_nexane @S an example, C;4—C,g/C,3 represented that the carbon range of n-alkanes was Cy4-Cyg with the Cp3 n-alkane as the predominant compound in the n-

alkane series.
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Table 8
Ketone ratios of n-alkan-(4-9)-ones/n-alkan-2-one from the adsorbed (K-H-a) and occluded (K-O-a) fractions.
Compound Cig Cy7 Cig Cig Cao Cy Cy2 Cy3 Co4 Cas Ca6 Cyy
K-H-a 0.28 0.37 0.38 0.40 0.42 0.50 0.50 0.49 0.54 0.43 0.59 0.62
K-0-a 0.09 0.13 0.17 0.16 0.15 0.31 0.25 0.25 0.30 0.21 0.38 0.40
mudstone might have come from the original hopanoids, because
(m/z74) this suite of source rocks has been exposed to microbial degrada-

m Fatty acid methyl ester

(a)K-A-a

Relative response

Retention time

Fig. 6. Distributions of fatty acid methyl esters in the toluene eluents from the
solvent extracts and the oxidative degradation products of kerogen: (a) acetone
extract; (b) dichloromethane extract; and (c) oxidative degradation product. The
compound assignments are listed in Table 6.

® p-aldehyde

(m/z 82)
(a)K-H-a
(m/z 82)
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Fig. 7. Distributions of n-aldehydes in toluene eluents from the solvent extracts and
the oxidative degradation products of the kerogen: (a) n-hexane extract; (b)
acetone extract; (c) dichloromethane extract; and (d) oxidative degradation
product. The compound assignments are listed in Table 6.

possible biodegradation process having occurred in the sedimen-
tary organics. For example, the detection of 25-norhopanes has
been considered as an indication for oil biodegradation (Jiang
et al., 1990; Blanc and Connan, 1992), and they have been deter-
mined in the Permian source rocks of the Santanghu Basin (Bao,
1997; Du et al., 2004; Cheng et al., 2016), which have also been
determined in this work (Fig. 3a and Table 6). Du et al. (2004) sug-
gested that the 25-norhopanes detected in the Lucaogou Formation

tion either during deposition or in their early diagenetic stages.

Some redox-sensitive trace elements such as Th, U, Cr, Co, V and
Ni are important indicators for the redox condition of ancient sed-
imentary water bodies. The trace element studies of the Lucaogou
Formation rocks from wells YY1 (Zhang et al., 2017) and Zk-1 (Tao
et al,, 2017) in the Shitoumei Rise, and well Lu-1 (Zhang et al,,
2018) in the Malang Sag suggested a dysoxic-anoxic depositional
environment for the Lucaogou Formation source rocks. Tao et al.
(2017) inferred a change from reducing conditions to oxidizing
conditions upwards from the base of the Lucaogou Formation,
based on redox-sensitive trace element studies.

Usually, ratios of Th/U < 2 (Wignall and Twitchett, 1996), 3U(2
U/(U +Th/3))> 1 (Steiner et al., 2001) and V/(V + Ni) > 0.6 (Jones
and Manning, 1994) indicate an anoxic sedimentary environment,
while the opposite cases suggest an oxic environment. The Th/U,
2U/(U +Th/3) and V/(V + Ni) ratios from the Lucaogou Formation
mudstone in this work were 1.08, 1.47 and 0.57, respectively
(Table 2), indicating an anoxic condition for the sedimentary mud-
stone. Elemental sulfur, as the product of incomplete oxidation in
the inorganic sulfur cycle, can be either oxidized to form SOZ~ or
reduced to H,S (Lin et al., 2015). Detection of abundant elemental
sulfur in the Lucaogou Formation samples (including the mudstone
and the isolated kerogen) in this work indicates that the sedimen-
tary environment was not completely anoxic. The presence of ser-
ies of n-aldehydes within the kerogen also suggests an
incompletely anoxic environment, since n-aldehydes are usually
presumed to be the intermediate products in the evolution of n-
alcohols to fatty acids (Goodwin and Mercer, 1983; Schulte and
Shock, 1993). In fact, the suggestion of a partial anoxic environ-
ment of the Lucaogou Formation is consistent with the viewpoints
expressed in prior studies (Zhang et al., 2017, 2018; Tao et al.,
2017).

5.2. Formation and evolution of long-chain oxygen-bearing
compounds

5.2.1. Oxygen-bearing compounds occluded in the kerogen

Some ketone and aldehyde moieties, via ether-bonding com-
bined with the kerogen network, would contribute to the forma-
tion of alkanones (van de Meent et al., 1980; Sinninghe Damsté
et al,, 1993; Riboulleau et al., 2000; Zhang et al., 2016; Zhang
and Volkman, 2017) and n-aldehydes (Grasset, 1997; Gobé,
1998) when the ether bonds are thermally cracked. However, mul-
tiple series of the n-alkan-2-ones, fatty acid methyl esters and n-
aldehydes, detected in this work from the H,0, oxidation treat-
ment of the isolated kerogen should belong to the occluded com-
ponents of kerogen, but not the products via the ether-bonds
cracking nor the oxidation outcomes of the substituted moieties
chemically bonded to the kerogen. This can be verified by the fol-
lowing points:

(1) In our previous work, a series of thermal pyrolysis experi-
ments were performed on this kerogen under different tem-
peratures of 280 °C, 380 °C, 420 °C, 480 °C and 560 °C for 72
h, respectively, the extracted pyrolysis residues were then
subjected to the H,0, treatment, but no such oxygen-
bearing compounds reported above were determined
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Fig. 8. 8'>C composition of individual compounds from the n-hexane extracts of kerogen and the oxidative degradation products. Note: The n-alkanes and n-alkan-2-ones are
from the n-hexane fraction. The n-alk-1-enes and n-aldehydes are from the oxidative degradation products.

(Cheng et al., 2016). Therefore, these oxygen-bearing com-
pounds detected in the present study were not from the oxi-
dation products of the substituted moieties chemically
bonded to kerogen, and it seems that these compounds have
been destroyed under pyrolysis conditions and thus not
determined from the H,0, oxidation treatment of the pyrol-
ysis residues.

(2) For the n-alkan-ones, the ratios of n-alkan-(4-9)-ones/n-
alkan-2-ones showed almost the same distributional fea-
tures with increasing carbon numbers in the n-hexane frac-
tion and the oxidation degradation products (Fig. 5), which
further suggested that the n-ketones detected in the oxida-
tion products belong to the occluded components in kerogen
rather than the reaction products from the substituted moi-
eties chemically bonded to kerogen.

(3) The inter-correlated §'3C distribution features of the short-
chain n-aldehydes (occluded) and the n-alk-2-ones
(adsorbed), as well as of the long-chain n-aldehydes
(occluded) and the n-alkanes (adsorbed) (Fig. 8) also sug-
gested that the aldehydes were indigenous to the sample
but not an artifact of the H,0, oxidation treatment.

(4) These oxygen-bearing compounds were all determined in
the solvent extracted fractions (adsorbed compounds) of
the isolated kerogen with similar distribution features to
those in the oxidation products (Figs. 4, 6, and 7; Table 7),
which indicates that the adsorbed and occluded fractions
both belonged to the free components present as non-
covalently bonded molecules in the kerogen structure.

5.2.2. Origin of the occluded n-aldehydes

In Fig. 8, the inter-correlated §'3C distribution features of the
short-chain n-aldehydes and the n-alk-2-ones, as well as of the
long-chain n-aldehydes and the n-alkanes, indicated that the n-
aldehydes had a close evolutionary relationship to the n-alkan-2-
ones or n-alkanes. However, the occluded n-aldehydes could not
have originated from the adsorbed n-alkan-2-ones or n-alkanes,
as their formation should be no later than those of the adsorbed
n-alkan-2-ones or n-alkanes with respect to the kerogen adsorp-
tion/occlusion behavior.

The n-aldehydes has been identified in several plant waxes
(Tulloch, 1976; Prasad and Giilz, 1990; Giilz et al., 1989, 1992),
sediments (Prahl and Pinto, 1987; Wiinsche et al., 1988;
Hostettler et al.,, 1989; Stephanou, 1989; Rieley et al., 1991;

Piittmann and Bracke, 1995; Gogou and Stephanou, 2004; Tu
et al., 2017), oil shales (Cardoso and Chicarelli, 1983) and in envi-
ronmental particulate matter (Wils et al., 1982). The similar distri-
bution pattern between the n-aldehydes and the n-alcohols or n-
alkanes has been considered as evidence that the n-aldehydes orig-
inated from the oxidation of n-alcohols (Piittmann and Bracke,
1995; Gelin et al., 1994; Hartgers et al.,, 1995) or n-alkanes
(Cardoso and Chicarelli, 1983; Albaigés et al., 1984; Stephanou,
1989), although a different view was noted by Wiinsche et al.
(1988). The n-aldehydes may also originate from the cleavage of
an ether group in geomacromolecules (Grasset, 1997; Gobé,
1998), or from the hydrolysis and oxidation of alkanes at high tem-
perature, as has been demonstrated by some laboratory experi-
ments (Schulte and Shock, 1993; Leif et al., 1992).

Even carbon-numbered n-aldehydes have often been found in
sediments (Prahl and Pinto, 1987; Wiinsche et al, 1988;
Hostettler et al., 1989; Piittmann and Bracke, 1995; Gogou and
Stephanou, 2004; Feng et al., 2013; Tu et al, 2017) and in the
pyrolysis products of soil macromolecular lipids (Gobé et al.,
2000). However, in the present study the n-aldehydes in the
occluded components did not show odd or even carbon number
predominance. It seems that they may have formed during the dia-
genetic stage of the sedimentary organic matter, via the oxidation
of n-alcohols, accompanied by kerogen formation and then
occluded inside the kerogen.

5.2.3. Origin of the n-alkan-2-ones

The n-alkan-2-ones were detected in the adsorbed fraction as
the main oxygen-bearing components, whereas in the occluded
fraction n-aldehydes were determined to be the most abundant
oxygen-bearing compounds. The n-alkan-2-ones are found in sed-
iments or peat (Lehtonen and Ketola, 1990, 1993; Xie et al., 2004;
Nichols and Huang, 2007; Zheng et al., 2007; Ortiz et al., 2010), and
they are also detected in low maturity oil shale (Song et al., 2004).
Prior studies have shown that n-alkan-2-ones may originate from
the following pathways: (i) directly from the biota (Arpino et al.,
1970; Volkman et al.,, 1981; Qu et al., 1999a; Baas et al., 2000;
Hernandez et al.,, 2001; Nichols and Huang, 2007; Jansen and
Nierop, 2009; Ortiz et al., 2011); (ii) thermal degradation of geo-
macromolecules at a low maturity stage (Gillaizeau et al., 1996;
Guignard et al., 2005; Zhang et al., 2016; Zhang and Volkman,
2017); (iii) microbial oxidation of the corresponding n-alkanes
(Cranwell et al., 1987; Amblés et al., 1993; Jaffé et al., 1993,
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1996; van Bergen et al., 1998); (iv) hydrolysis and oxidation of n-
alkanes under radiolytic (Jaraula et al.,, 2015) or hydrothermal
alterations (Leif and Simoneit, 1995, 2000); and (v) microbially
assisted B-oxidation and decarboxylation of fatty acids (Volkman
et al.,, 1983; Chaffee et al., 1986; de Leeuw, 1986; Quénéa et al.,
2004).

The n-alkan-2-ones originating from pathways (i) or (ii) usually
display an odd carbon-numbered predominance (Arpino et al.,
1970; Volkman et al., 1981; Gillaizeau et al.,, 1996; Guignard
et al.,, 2005; Ortiz et al., 2011; Zhang et al.,, 2016; Zhang and
Volkman, 2017), which is not consistent with the present results
from the n-hexane fraction (Fig. 4a). Although the Lucaogou kero-
gen was affected by biodegradation, the above pathway (iii) involv-
ing microbial alteration of n-alkanes is not the main source of the
n-alkan-2-ones, because no n-alk-3-ones were detected from the
occluded fraction which should be detected in the biodegradation
products (Tuo and Li, 2005). Regarding pathway (iv), the radiolytic
alteration mechanism reported by Jaraula et al. (2015) may not be
the source of n-alkan-2-ones detected in this present work,
because a very low uranium content has been reported for the
Lucaogou Formation mudstones (Tao et al., 2017; Zhang et al,,
2017).

Hydrothermal alteration of n-alkanes by pathway (iv) may have
contributed to the formation of n-alkan-2-ones, because active
hydrothermal fluid movements occurred during the formation
and evolution of the Lucaogou Formation source rocks (Liu et al.,
2012; Li et al., 2013; Hackley et al., 2016). Pathway (v), microbially
assisted p-oxidation and decarboxylation of fatty acids, cannot be
excluded as the source of n-alkan-2-ones detected here as the asso-
ciated fatty acids and fatty acid methyl esters were simultaneously
determined. Since the n-aldehydes are presumed to be intermedi-
ate products during the evolution from n-alcohols to fatty acids
(Goodwin and Mercer, 1983; Schulte and Shock, 1993), thus it
seems that the origins of the series of oxygen-bearing compounds
detected in this work are inter-correlated between the n-alkan-2-

CH,—C —CH,
o AN
|

CnHZn-H_C

Cn—xHZ

ones, n-aldehydes, fatty acid methyl esters, n-alcohols and n-
alkanes.

The inter-correlated variation of the 5!3C values between n-
aldehydes and n-alkan-2-ones in Fig. 8 implies that they were clo-
sely related. One possible explanation is that bacterially mediated
methylation of the n-aldehydes can generate the one carbon more
n-alkan-2-ones with the latter more depleted in '3C, which is likely
to occur as the severe biodegradation has been observed in the
Lucaogou Formation (Wang et al., 2012, 2016).

In Fig. 4, besides the abundant n-alkan-2-ones, some n-alkan-
(3-9)-ones were also detected both in the adsorbed and occluded
(except n-alkan-3-ones) fractions. These n-ketones may have orig-
inated from similar pathways as the dominant n-alkan-2-ones dis-
cussed above but with a much lesser production. They may have
mainly originated from the hydrolysis and oxidation of n-alkanes
through hydrothermal activity, possibly in combination with
microbially assisted oxidation and decarboxylation of fatty acids.

5.2.4. Origin of the isoprenoid alkan-2-ones and fatty acid methyl
esters

Besides the series of n-ketones, 6,10,14-trimethylpentadecan-2-
one has been determined in both the adsorbed and occluded frac-
tions (Fig. 4). The detection of 6,10,14-trimethylpentadecan-2-one
is common in sediments (Rontani and Volkman, 2003; Nassiry
et al,, 2009), and may be produced via the following pathways:
(i) from free phytol by aerobic or anaerobic biodegradation; (ii)
by photosensitized oxidation of some specific isoprenoid hydrocar-
bons or tocopherols; and (iii) by the hydrolysis of chlorophyll-a
photoproducts or the alkaline hydrolysis of tocopherols. The last
pathway may be the origin of this compound detected in this pre-
sent work, as the hydrothermal fluids extensively occurred in the
Lucaogou Formation rocks. The §'>C value of the isomeric
6,10,14-trimethylpentadecan-2-one is more enriched than those
of the n-alkan-2-ones, indicating different formation and/or evolu-
tion pathways.

Kerogen
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Fig. 9. Schematic evolution pathways of the oxygen-bearing compounds detected in this work. Note: The letters “n” and “Xx” represent carbon numbers.
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Fatty acid methyl esters have been found in some organisms
(Laseter and Weete, 1971; Matsuo et al., 1971; Hess et al., 1972;
Robinson et al., 1987; Li et al.,, 2010) and sediments (Kennicutt
and Jeffrey, 1981a,b; Qu et al.,, 1999b; Tuo et al., 2006; Li et al.,
2008). A series of fatty acid methyl esters have been detected both
in the adsorbed and occluded fractions (Fig. 6), so they may have
originated from a secondary reaction by the methylation of fatty
acids.

5.3. Mutually correlated evolution of the oxygen-bearing compounds

From the above discussion it seems that the sources and evolu-
tion of the n-aldehydes, n-alkan-2-ones (including some mid-chain
ketones), fatty acid methyl esters and n-alkanes reported in this
work were mutually correlated. The possible formation and evolu-
tion pathways of these compounds are illustrated in Fig. 9, which
can be roughly classed into three stages. The first one was in a dys-
oxic to anoxic sedimentation stage, mainly comprising pathways
(1) and (2), as well as the secondary reaction pathways (3), (4)
and (5) in Fig. 9. The second stage was controlled by hydrothermal
fluid movement, and mainly contained pathways (6) and (7). The
third stage consisted of aerobic oxidation/biodegradation accom-
panied by crustal uplift, and mainly contained pathways (3) and
(4), possibly as well as pathways (8) and (9) illustrated in Fig. 9.

During the kerogen formation stage, the n-aldehydes were not
completely oxidized into fatty acids under a dysoxic sediment
environment, so some n-aldehydes could be trapped inside the
kerogen structures and then survived over subsequent geological
evolution. While those n-aldehydes, weakly adsorbed to the kero-
gen or dispersed in the rocks, might be methylated into the one-
more-carbon n-alkan-2-ones by bacterially assisted pathway (1).
Some exposed n-aldehydes could be decarbonylated to form n-
alkanes via pathway (2), or they could be oxidized into fatty acids
via pathway (3) and then subsequently either esterified to generate
fatty acid methyl esters via pathway (4) or decarboxylated to form
n-alkanes via pathway (5) as illustrated in Fig. 9.

During the kerogen’s diagenesis stage in the Lucaogou Forma-
tion, the hydrothermal fluid movements increased the environ-
mental temperature, and under thermal stress some kerogen
could be cracked to generate n-alkanes via pathway (6). Some n-
alkanes could be transformed to the n-alkan-2-ones (including
some mid-chain ketones) by hydrothermal alteration via pathway
(7) (Leif and Simoneit, 1995, 2000). Crustal movement afterwards
uplifted the Yuejinggou section of the Lucaogou Formation to the
surface, and then the aerobic oxidation was enhanced, thus some
remained n-aldehydes were oxidized into fatty acids via pathway
(3), and subsequently further oxidized, under microbial assistance,
into carbonyl fatty acids via pathway (8). As well, the oxidation
products of the fatty acids could be decarboxylated to generate
n-alkan-2-ones (including some mid-chain ketones) via pathway
(9) as illustrated in Fig. 9.

6. Conclusions

Besides series of n-alkanes and n-alkenes, multiple series of
oxygen-bearing compounds including n-ketones, n-aldehydes and
fatty acid methyl esters have been detected in the adsorbed and
occluded fractions of kerogen from the Lucaogou Formation of San-
tanghu Basin, NW China. The adsorbed fraction was dominated by
n-alkan-2-ones whereas the occluded fraction was predominated
by n-aldehydes. The n-aldehydes and the n-alkan-2-ones showed
a similar carbon number distribution. The adsorbed fraction gener-
ally had a higher ratio of n-alkan-(4-9)-one/n-alkan-2-one com-
pared to the occluded fraction. For the n-alk-1-enes, n-aldehydes,
n-alkanes and n-alkan-2-ones with the same carbon number, the

order of 8'3C values was basically n-alk-1-enes > n-aldehydes > n-
alkanes > n-alkan-2-ones. In particular the Cy5 and Cig n-
aldehydes were enriched in '>C compared to their neighbors,
which was accompanied by the corresponding C;s and C;g n-
alkan-2-ones also enriched in '>C compared to their neighboring
carbon numbers.

Accompanying the kerogen’s formation stage, some n-
aldehydes could be occluded inside the kerogen structure and then
survived. Some n-aldehydes dispersed outside the kerogen in the
rocks may have experienced three main kinds of geochemical evo-
lution: (1) gained a methyl group at the carbonyl carbon by methy-
lation to generate one-more-carbon n-alkan-2-ones via bacterially
assisted pathway; (2) the n-aldehydes and their corresponding
fatty acids were decarbonylated to generate n-alkanes; (3) less
likely, fatty acids derived from the n-aldehydes were further ester-
ified to generate fatty acid methyl esters.

Crustal movement afterwards uplifted the Yuejinggou section
of the Lucaogou Formation to the surface, so that aerobic oxidation
was enhanced and any remaining n-aldehydes were oxidized to
fatty acids, which could be subsequently further microbially oxi-
dized into carbonyl fatty acids. The oxidation products of the fatty
acids could be decarboxylated to generate n-alkan-2-ones, as well
as some mid-chain ketones.
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