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Abstract: In recent years, the exploration of oil and gas in China’s Precambrian strata has garnered
significant attention, leading to notable advancements in exploration play assessment. However,
there is a dearth of published literature on Proterozoic source rocks’ organic sources, sedimentary
environments, marine hydrochemistry, and other attributes. This study focuses on investigating
potential source rocks within the Hongshuizhuang and Xiamaling Formations in the Jibei Depression
of North China. A comprehensive analysis was conducted to evaluate hydrocarbon generation
characteristics, using hydrocarbon biomarkers and polar compounds as geochemical indicators
for precursor biota and maturity levels. The results indicate high organic matter abundance with
predominantly type I-II; organic matter composition in the studied source rocks. These samples are
at an immature-low mature stage, with the potential for primarily generating aromatic crude oil.
The parent material is mainly attributed to lower aquatic organisms, such as bacteria and algae. The
sedimentary environment exhibits marine facies, characterized by high evaporation rates, salinity
levels, and strong euxinic conditions, that led to sulfur incorporation into the organic matter matrix.
It should be noted that correlations between biomarker parameters and maturity may not be fully
applicable to ancient source rocks; however, the methyldibenzothiophene ratio (MDR) demonstrates
a strong correlation with Tmax. The compounds and their total monoisotope ions abundance (TMIA)
were primarily identified and analyzed using FI-ICR MS. It was observed that these compounds
were influenced by the depositional environment and organic matter maturity. Importantly, it was
clearly demonstrated that the DBE and carbon number range of CH compounds gradually increased
with maturity, due to the removal of N, S, and O functional groups. Specifically, N; compounds
predominantly consisted of carbazoles with short alkyl side chains which readily converted into N1Ox
compounds. On the other hand, O; compounds mainly comprised benzofurans with low abundance,
indicating a reducing sedimentary environment, as suggested by their low TMIA values. Furthermore,
S1 compounds were primarily thiophenes whose DBE range and carbon number increased with
maturity, possibly suggesting an abiotic input of inorganic sulfur. Notably, the maturity indices
(MAT) proved suitable for Mesoproterozoic source rocks while exhibiting strong linear relationships.

Keywords: Mesoproterozoic source rocks; biomarker compounds; polar molecular compounds;
organic matter characterization; North China

1. Introduction

Due to the scarcity of reliable fossils and suitable reservoirs in the Mesoproterozoic
era, its environmental conditions and biological evolution have generally been perceived
as stagnant, thus rendering it an unsuitable layer for high-quality oil and gas exploration.
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However, recent advancements in unconventional oil and gas theory, along with expanded
exploration efforts, have sparked significant interest in the potential hydrocarbon resources
within Precambrian strata. Notably, successful discoveries of oil and gas fields have been
made in cratonic basins located in East Siberia, Oman, and Australia, among other regions.
Consequently, substantial progress has been achieved regarding the exploration of oil and
gas resources during the Mesoproterozoic period [1,2]. Several studies indicate that favor-
able climatic conditions and marine stratification during this time facilitated organic matter
burial and source rock deposition [3,4]. Moreover, the diverse participation of various
microorganisms alongside the discovery of eukaryotes has enriched the composition of
hydrocarbon-generating parent materials within source rocks [5,6], thereby providing a
preliminary foundation for subsequent investigations into hydrocarbon generation from
these sources. Nevertheless, it is crucial to acknowledge that Precambrian source rocks
differ significantly from their Phanerozoic counterparts, not only concerning parent ma-
terial sources, but also atmospheric environment dynamics and marine water chemistry
conditions, as well as sedimentary models influencing source rock formation processes
and organic matter evolution throughout this particular geological epoch. Regrettably,
though unsurprisingly given these complexities inherent to Precambrian geology, research
remains relatively limited, which consequently hampers both exploration discoveries and
resource assessment orientations. The Mesoproterozoic of Jibei Depression in North China
exhibits numerous sets of source rocks, characterized by continuous deposition and stable
distribution, offering significant potential for oil and gas resources. Therefore, based on a
comprehensive literature review, this study focuses on the Hongshuizhuang and Xiamaling
formations as experimental subjects to evaluate the organic matter content using various
experimental methods. Gas chromatography—mass spectrometry (GC-MS) is employed
to characterize biomarkers, enabling further analysis of the origin of organic matter, the
sedimentary environment, and the thermal evolution characteristics of source rocks. Addi-
tionally, suitable biomarker parameters for ancient Mesoproterozoic strata are determined.
Furthermore, Fourier-transform ion cyclotron resonance mass spectrometry (FT-ICR MS)
is utilized to analyze the types and characteristics of polar molecular compounds in marine
low-maturity compounds, while revealing their changing patterns and influencing factors.
The maturity indices (MAT) are used to estimate the fitting degree of high-precision ex-
perimental parameters, which provides valuable insights for evaluating, exploring, and
developing oil and gas resources in Mesoproterozoic source rocks.

2. Geological Setting

North China Craton (NCC) is a well-preserved ancient landmass in China, with an-
cient historical sites dating back over 3.8 billion years. Its tectonic evolution is complex and
the rock types are diverse and highly characteristic. The Yanshan area in the northern part
of the craton has the most complete Mesoproterozoic strata, covering an area of approx-
imately 10.6 x 10* km? and presenting a development pattern of “five depressions and
two uplifts”. The central position of this area consists of “two uplifts” [7], while the Jibei
depression is located in the central north of the Yanshan sedimentary belt, extending from
the Mihuai uplift to the Inner Mongolia axis, in an east-west direction, with an additional
north-east-east transformation towards its eastern end, covering an area of 8733 km? [8].
Among them, the Mesoproterozoic strata are widely distributed with complete stratigraphic
sequences; more than 100 surface oil seedlings and asphalt nodules have been found [9],
which hold great potential for oil and gas exploration and development. In North China’s
northern region, strata are well-developed, mainly on the Inner Mongolia axis, with a
weak metamorphic degree (below greenschist facies) but good continuous sedimentary
preservation. This study focuses primarily on the Mesoproterozoic Hongshuizhuang For-
mation and the Xiamaling Formation in northern North China (Figure 1). Using a zircon
U-Pb dating method, we obtained numerous high-precision age data, combined with an
assumed average deposition rate that limits the lower/upper ages for the Xiamaling Forma-
tion at about 1400 Ma /1320 Ma, respectively [10], while the Hongshuizhuang Formation’s
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sedimentary age ranges between approximately 1470 and 1450 Ma [11]. The Xiamaling
Formation comprises a complete sedimentary cycle, characterized by a relative rise and
subsequent fall in sea level, which can be subdivided into four distinct sections from bottom
to top. The first member of the Xiamaling Formation is composed of silty shale, and its
color changes upward, from greenish yellow to light gray to dark gray. Iron-rich sandstone
and siltstone can be identified at the bottom. The second member is gray—-green glauconite-
bearing sandstone and siltstone, a greenish shale rich in pyrite. The third member is usually
composed of thick black shale, with a small amount of thin siliceous shale at the bottom.
The fourth member includes black shale, dark gray shale, and gray—green shale, with silty
mudstone. The Hongshuizhuang Formation was deposited in the late stage of the Yanshan
rift zone [12], and strong dolomitization occurred. After sedimentation, the strata were
accompanied by transgression, forming a sedimentary sequence with deeper sedimentary
waters and a lower cycle speed, and the thickness distribution was stable. The overlying
strata consist of the Tieling and Xiamaling Formations, predominantly comprising dense
argillaceous siltstone and shale deposits. These formations exhibit favorable caprock con-
ditions, making them highly prospective for oil and gas exploration. Stratigraphically,
they can be subdivided into dolomite and shale units. The dolomite section comprises
gray dolomicrite and dark gray argillaceous dolomite, while the shale section is primarily
characterized by dark gray and black lithologies.

Sl(mg/g) S2(mg/g) I'max(“°C) rOC(%) HI
00 03 G4 00 15 19w o o 1 P " 2 ’
1000Ma ° ® ‘ b
= 10 a | @ | re | | |
E g
2 S
- = 20 [T ‘ ‘ | .. ‘ ‘
='| NO Stratigraphic Record 5 - s ) o
B I = [ ]
E] T 30 o
E S| 3 | | | | | |
2 3 < [ ] ®
3 =
S Ll 2 o = '. ‘ | ® e |
. B | g C 0 pe¥ e By
Zz = = ® ) L o
5] 50~ ; —— . ; ! {
%
E Xiamaling Formation 138441 4Ma
§ == 1392+1.0Ma
(] Bl
1400Ma- = TEEFET I .. L @ | .. 4..
I Tieling Formation i L J
o el
= Hongshuizhuang Formation|ill 1439+ 14Ma = ® r's 5 ‘ %
=|  Wumishan Formation 1483+13Ma @i ‘A ' ‘ e
g 1487+16Ma = 7 ||Te ® & ® @
w| Yangzhuang Formation S -
= - o
] 1559:12Ma = = [J ] [ < ®
= | Gaoyuzhuang Formation W 1560+5Ma o ‘= L J L [ J @ o
= - T T T
=) L= ®
1600Ma = L ® i » -
= A g | | 1 |
2 2| Dahongyu Fermation «1626+9Ma <
m 2 =]
s ® i =
g g 80-==
= &
3z anshanzi Forma «1641+4Ma =
S = Tuanshanzi Formation 1641+4Ma 7 ) ® PY [ ° ® ™ ° ®
s g - 16349M L | | bt [ ] \ g
3 | Chuanlinggou Formation 163 a
S g 100— " |
€ = | Changzhougou Formation . .
-1650M £13Ma
Rase 10+ TR R i3 EE I § FR P ) ; T T TR 1)
..... ——
E = = «
..... e :
Dolomite  Clayey Dolomite  Grey Shale Dark Shale Green Shale Sand Shale Siltstone l?"‘[ﬂ*;‘;‘“;'i'}““ Sandstone Grilstone Diabase  lruptive Rock Body Zircon U-Pb Dating
nierbedded Shale
Figure 1. Cont.



Energies 2024, 17, 596

40f23

115° foor

116°] 00 17°] 0o 118" foor 119°[oor 120° foor 121° foor 122° oo

0 20 40 60 km N
.

Inner Mongolia axis

Chengde

<
I
\

N 6 e,
) {._ '?lluoluHuallal

" Zhangjiakou
! oé.l

/

I.

Xuanlong depreim N

o

o
.“Tumami soft uplift

[®)

o Jidong sag
Weixidn
1381 b Tangshan © Capital 38
30] y N 6 O City N
[ Study areca
\ A Well
115° oo’ 116°| 0o 17°] o0’ llx‘\[ou' 19°f oor 120° Joor 121° oo 122°]00°

Figure 1. Structural region division, comprehensive stratigraphic column, and sampling well param-
eter profile in North China (a) Stratigraphic sequence in northern North China and lithology map of
Chengshallow Wells 1 and 2 (b) the basic pyrolysis parameter diagram (The red circle represents the
S1 content, the blue circle represents the S2 content, the purple circle represents the highest pyrolysis
temperature of the rock, the green circle represents the Toc content, and the orange circle represents
the H1 index) (c¢) Schematic map of structural region division in northern North China (base map
modified after [13]).

3. Samples and Methods
3.1. Samples

According to the geological background, systematic and continuous sampling was
conducted for well Chenggian 1 (CQ1) and well Chenggian 2 (CQ2), resulting in the
acquisition of 27 source rock samples at different depths. These samples served as valuable
materials for subsequent experiments (Figure 1). The mass distribution of the samples
ranged from 40 g to 51 g. After being ground into powders, the samples were subjected
to pretreatment for subsequent experiments. Firstly, soxhlet extraction was performed,
followed by quantification of the extracts based on group components. The extracts were
then separated into saturates, aromatics, resin, and asphaltene, for further GC-MS analysis.
Subsequently, representative extracts were selected for Fourier-transform ion cyclotron
resonance-mass spectrometry analysis.

3.2. Methods

In the study, the samples were first subjected to basic organic matter analysis. The
content of Total organic carbon(TOC) was determined. The instrument involved in TOC is
Leco SC 632. The equivalent vitrinite reflectance was detected by a microphotometer. Open-
system pyrolysis (Py-GC) refined the S, peak of rock pyrolysis to obtain the composition of
unstable organic matter of free hydrocarbons in source rocks. The 30 mg sample was placed
in a glass tube and heated at 50 °C/min from 300 to 600 °C with helium as the carrier gas.
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The pyrolysis products were collected and condensed in a cryogenic trap. The products
were analyzed by gas chromatography, and the range of carbon-containing compounds
(Cq, Cp-5, C-14, and Cy5,) and individual compounds (n-olefins, n-alkanes, alkyl aromatics,
and alkyl thiophenes) were quantified using a standardization of n-butane.

The gas chromatography—mass spectrometry (GC-MS) analysis was conducted by
heating the sample in the chromatographic column at a constant temperature of 50 °C
for 1 min using helium flow (flow rate: 1.0 mL/min). Subsequently, the temperature was
increased to 300 °C at a rate of 30 °C/min and held at this temperature for 15 min. The
standard method allowed the determination of the peak area ratio and the absolute content
for each series of biomarker compounds.

Fourier-transform ion cyclotron resonance mass spectrometry (FT-ICR MS) combined
with positive ion mode(APPI) positive ion mode was employed to analyze polar molecular
compounds in source rocks. The extract was dissolved in a mixture of methanol and n-
hexane (9:1), injected into the APPI source at a flow rate of 20 uL/h, and subjected to ultra-
high resolution mass spectrometry analysis using the Bruker FI-ICR MS system, equipped
with a 12 T cryo-superconducting magnet. Preliminary calibration utilized a polyethylene
glycol mixture as a calibrator, followed by recalibration in secondary calibration mode prior
to data analysis. To ensure experimental accuracy, only signals with a signal-to-noise ratio
> 12 were retained.

4. Results and Discussions
4.1. Organic Matter Occurrence

Abundance is the main component of source rock evaluation, which plays an impor-
tant role in the evaluation of hydrocarbon generation, expulsion, adsorption, and storage.
The total organic carbon (TOC) is expressed as the mass fraction of organic carbon con-
tained in the rock under the unit mass, combined with the hydrocarbon generation potential
(51 + Sp), reflecting the total amount of hydrocarbon generated by the source rock under
the unit mass, which is widely used in the rapid analysis of organic matter abundance in
source rocks [14,15]. As shown in Figure 2, the TOC content of the Xiamaling Formation
samples is distributed between 0.17 and 7.71%, with an average of 3.5%, and the hydrocar-
bon generation potential is distributed between 0.05 and 4.15 mg/g, with an average of
1.98 mg/g. The TOC content of the Hongshuizhuang Formation samples is distributed in
the range of 0.27-6.26%, with an average value of 4.47%, and the hydrocarbon generation
potential is distributed between 0.05 and 4.15 mg/g, with an average value of 1.98 mg/g.
The frequency distribution of TOC in the two formations is similar, but the hydrocarbon
generation potential (S; + Sy) is quite different. The samples from Xiamaling Formation are
mainly concentrated at less than 6.0 mg/g, while samples from Hongshuizhuang Formation
are mainly concentrated at greater than 20.0 mg/g.

The type of organic matter determines the properties of hydrocarbon generated by
source rocks, and also affects the parameters such as hydrocarbon generation threshold
and generation potential in the evolution process. According to the trichotomy scheme, the
organic matter types of source rocks are determined by microscopic whole rock macerals,
and the direction of oil and gas exploration is determined. As shown in Figure 3, through
the quantitative determination of macerals, it was found that no vitrinite, exinite, or
inertinite were present in the samples. Therefore, the conventional triangular diagram of
vitrinite, exinite, and inertinite cannot be used for discrimination. It is revealed that the
source rock samples are not derived from the parent material of higher animals and plants;
that is, the organic matter type is not type II, or type III. The characteristics of the samples
were analyzed. For the Xiamaling Formation, it was found that carbon asphalt (An) was
short-banded in black shale, and microparticles (Mi) and pyrite (Py) were dispersed in
the clay mineral (Cl) substrate. For the Hongshuizhuang Formation, it was found that
there were relatively developed cracks in black shale, and asphaltene (B) was distributed
in micro-layered parallel layers in clay mineral (Cl) basement or filled in pores between
particles; additionally, pyrite (Py) was distributed in clusters, strawberries, or particles,
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which were evenly distributed in the clay mineral (Cl) substrate. Vitrinite, exinite, and
inertinite reflect organic matter, derived predominantly from higher animals and plants as
parent sources, whereas solid bitumen and microsomes primarily indicate contributions
from phytoplankton and bacteria as parent materials. The differences between the two sets
of black shales in different layers can be summarized as follows: the common occurrence
of asphalt in the Xiamaling Formation was confined to a narrow band, whereas in the
Hongshuizhuang Formation, it was distributed more extensively and enriched; pyrite
particles were scattered in samples from the Xiamaling Formation, while most samples from
the Hongshuizhuang Formation exhibited agglomerated and strawberry-like distribution
patterns. Microsomes were exclusively observed in samples from the Xiamaling Formation.
These observations further support classifying the source rock samples as type I-1I;. The
presence of pyrite (FeS,) suggests sulfidation within a sedimentary environment, while its
susceptibility to oxidation indicates stagnant water conditions with reducing tendencies.
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Figure 2. (a—c) Organic matter richness and hydrocarbon generation potential parameters of Meso-
proterozoic source rocks.

Organic matter maturity is an important index to reflect the hydrocarbon generation
and expulsion of source rocks. The maturity could be characterized by the temperature
(Tmax) at the highest pyrolysis hydrocarbon production rate in the process of rock pyrolysis
analysis. A Rock-Eval 6 instrument was used for pyrolysis. The Tnax value range of the
source rock sample was generally between 356 and 451 °C, with an average of 434 °C,
and the overall performance was at the immature-low mature stage. The maximum Tmax
value of the Xiamaling Formation sample was 448 °C, the minimum value was 417 °C
(except the obviously abnormal CQ-8, 356 °C), and the average value was 429 °C, which
mainly showed the immature-low mature stage. While the maximum Tmax value of the
Hongshuizhuang Formation sample was 451 °C, the minimum value was 441 °C, and the
average value was 445 °C, which showed that all samples were in the low mature stage.
Thus, the organic matter maturity of the Hongshuizhuang Formation was higher than that
of the Xiamaling Formation.

Pyrolysis gas chromatography minimizes secondary reactions and enables the iden-
tification of various original components bonded to organic macromolecules, thereby
providing detailed molecular composition information on the kerogen and hydrocarbon
types generated. By establishing a carbon number ternary diagram of pyrolysis products
with different alkyl chain lengths, the organic phase of source rocks can be predicted.
As shown in Figure 4, Hongshuizhuang Formation source rocks mainly produced low-
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wax-content paraffin-naphthene-aromatic crude oil with some gas and condensate oil,
indicating the stronger aromaticity of kerogen functional groups. Xiamaling Formation
source rocks predominantly produced crude oil with some paraffin-based crude oil; their
higher wax content reflected a higher average molecular weight of pyrolysis products and
the richer-than-normal long chain structure of organic functional groups on kerogen.

Figure 3. The macerals under the whole rock microscope. (a) CQ1-5, Hongshuizhuang Formation,
uniform distribution of pyrite particles; (b) CQ1-9, Hongshuizhuang Formation, fracture and pore
development, asphaltene filling; (c) CQ1-11, Hongshuizhuang Formation, asphaltenes filled in pores,
and pyrite distributed in agglomerates; (d) CQ2-1, Xiamaling Formation, short-banded carbon
asphalt; (e) CQ2-3, Xiamaling Formation, scattered distribution of pyrite; and (f) CQ2-6, Xiamaling
Formation, a large number of microsomes evenly distributed.

80%C,-C,,

High wax paraffi hth omatic crude oil

Low wax parafli phth omatic crude oil

High wax content paraffin-based crude oil

Low wax content paraffin-based crude oil

IEENN

Natural gas and condensate oil

)

@ Xiamaling B - h

O Hongshuizhuang

100%C,-C, 80%C,,.

Figure 4. Pyrolysis gas chromatography analysis of source rock organic facies (base map modified
after, [16]).
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4.2. Characteristics of Biomarker Compounds

Biomarkers are also known as geochemical fossils or “fingerprint compounds”. The
skeleton structure of organic molecules from organisms in geological bodies has a cer-
tain stability and heredity in the process of life evolution and organic matter evolution.
Although it is affected by many geological processes, it still retains the carbon skeleton
structure and functional groups of basic original biological components [17]. The accurate
identification of biomarker compounds, if further quantified, can regard the composition
and relative abundance of a series of biomarker compounds as molecular “fingerprints”,
which is of great significance in evaluating the properties of organic matter, judging kero-
gen types and the sedimentary environment, and identifying the secondary effects of
hydrocarbons [18-20]. In this study, the saturated and aromatic hydrocarbons of the sam-
ples were analyzed using GC-MS experiments, after separating the group components.
The characterization of biomarkers in Mesoproterozoic organic matter aimed to provide
insights into ancient sedimentary environments, redox conditions of water bodies, sources
and supplies of organic matter, as well as thermal evolution of source rocks. Saturated
hydrocarbons (compounds composed of carbon and hydrogen atoms, with only single
bonds, that are no longer able to form chemical bonds with other atoms) are widely used,
which mainly include n-alkanes, isoprenoids, terpanes, and steranes [21]. In this study,
alkanes and isoprenoids constituted the primary components of saturated hydrocarbon
chromatography. However, steranes, terpanes, and hopanes exhibited significant base-
line drift, rendering the accurate identification of peak types and compounds challenging
(Figure 5). Aromatic hydrocarbons are crucial constituents of sedimentary organic matter,
due to their stable carbon skeleton structure and robust resistance against degradation [22].
Naphthalene series, phenanthrene series, and trifluorene series, with high abundance, wide
distribution, and relatively complete species, were selected as related indicators. Single
aromatic steroids and triaryl steranes showed strong baseline drift, and most samples could
not accurately identify peak types and compounds.
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Figure 5. Typical GC-MS results of Mesoproterozoic samples ((a) CQ2-5, Hongshuizhuang Formation,
m/z = 191; (b) CQ2-5, m/z = 217; (¢) CQ1-3, Xiamaling Formation, m/z = 191; and (d) CQ1-3,
m/z =217).

4.2.1. Sedimentary Environment and Parent Material Source

The organic matter evolved from biological deposition is the main source of saturated
hydrocarbons in source rocks. The saturated hydrocarbons carried by different biological
sources have different distribution types. The chromatogram of n-alkanes in saturated
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hydrocarbons can provide information on the source of organic matter. The samples of the
Hongshuizhuang Formation are all standard front peak type; the carbon number is mainly
distributed between nC;3 and nCy, and the main peak carbon is mostly in nCy4 (Figure 6a).
Most of the samples from the Xiamaling Formation are pre-peak type; a small number
of samples have bimodal characteristics, and the carbon number is mainly distributed
between nCy3 and nCyy. The main peak carbon of the pre-peak type Xiamaling samples is
mainly nCy4, and the main peak carbon of the samples with bimodal characteristics is after
nCy (Figure 6b). The samples of the Hongshuizhuang Formation and most of the samples
from the Xiamaling Formation exhibit a diverse range of parent material sources, primarily
consisting of lipid-rich compounds derived from low aquatic organisms such as bacteria
and algae. However, it is worth noting that the bimodal sample observed in the Xiamaling
Formation may be attributed to potential contamination.

(a) Double peak type (b) Front peak type

10,00 20,00 30.00 40,00 50.00 €0.00 70.00 80.00 0.00 100.00 "10]00 2000 30.00 40.00 50,00 6000 70.00 8000 90.00 100.00

Figure 6. Typical GC-MS results of Mesoproterozoic samples ((a) CQ2-13, Xiamaling Formation,
m/z = 85); ((b) CQ1-11, Hongshuizhuang Formation, m/z = 85).

In addjition, isoprenoids are frequently employed as indicators for identifying oxidation-
reduction sedimentary environments, with pristane (Pr) and phytane (Ph) being the most
prevalent biomarkers. The correlation diagram of Pr/nC;7 and Ph/nCsg can provide in-
sights into the source of organic matter and the sedimentary environment. As depicted in
Figure 7, samples from Hongshuizhuang and Xiamaling occupy the lower left corner of the
diagram, indicating a relatively dense distribution. This suggests that the parent materials
of both formations primarily consist of lower aquatic plants or bacteria found in saline
lakes or marine facies, implying a closed and strongly reducing sedimentary environment.
These findings are consistent with those inferred from n-alkanes.

The trifluorene series compounds (oxyfluorene, thiofluorene, and fluorene) in aromatic
hydrocarbons exhibit similar basic skeletons to saturated hydrocarbons and may originate
from the same precursors. The evolution of these precursors is influenced by the sedimen-
tary environment of organic matter deposition, making them valuable indicators of redox
conditions [23]. Under oxidizing or weakly reducing environments, oxyfluorene series
compounds are more likely to form, whereas under normal reducing conditions, fluorene
series compounds are favored. In the strong reduction environment of saltwater lake
facies or sea facies, it is easier to be reduced to sulfur-containing aromatic hydrocarbons,
dominated by thiofluorene. In the source rocks of freshwater and brackish lake facies, the
content of fluorene is relatively high, while in the source rocks of swamp facies and coal
measures, the content of oxyfluorene is more abundant [23,24].

From Figure 8a, it can be seen that the trifluorene series compounds of the Mesoprotero-
zoic Hongshuizhuang source rocks in North China showed the distribution characteristics
of sulfur fluorene > fluorene > oxygen fluorene, which characterizes the sedimentary envi-
ronment with strong reducibility, while the trifluorene series compounds of the Xiamaling
source rocks showed the distribution characteristics of sulfur fluorene ~ fluorene > oxygen
fluorene, which characterizes the normal reduction-strong sedimentary environment. In
the samples of the Hongshuizhuang Formation, the sulfur fluorene series compounds were
dominant, and the content was distributed between 56.0 and 67.8%, with an average of
61.8%; fluorene series compounds followed, distributed between 27.4% and 38.4%, with an
average of 32.2%; the proportion of oxygen fluorene series was very low, with an overall
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average of 5.8%. In contrast, the content percentage of trifluorene series compounds in
the Xiamaling Formation varied greatly, among which sulfur fluorene and fluorene series
compounds were the main components, and the content of sulfur fluorene compounds was
distributed between 27.7% and 69.0%, with an average of 41.9%; the content of fluorene
series compounds was 29.9-67.3%, with an average of 52.9%; the content of oxygen fluorene
series compounds was lower than that of the Hongshuizhuang Formation, with an average
of 5.19%. Since the distribution characteristics of trifluorene series compounds were not
suitable indices for samples in the transition stage between oxidation and reduction, the
sedimentary environment could be better identified through the intersection diagram of
Y. SE/Y . (F+SF)and ) OF/}_ (F + OF) (Figure 8b). The distribution of Hongshuizhuang
samples was relatively concentrated. The range of the ) SF/Y (F + SF) value was 0.59-0.71,
with an average of 0.65, and the range of the } | OF/}_ (F + OF) value was 0.09-0.23, with an
average of 0.15, showing a strong reducing environment with high salinity, which indicated
that it was very likely to have been a closed seawater environment during deposition. The
distribution of Xiamaling samples was discrete. The range of the }_ SF/}_ (F + SF) value
was 0.30-0.69, with an average of 0.44, and the range of the ) OF/}_ (F + OF) value was
0.03-0.32, with an average of 0.08. Although the Xiamaling Formation was also a reducing
environment, its reducibility was weaker than that of Hongshuizhuang Formation.

100 | S —

© Xiamaling e
© Hongshuizhuang -7 A

Pr/nC

Figure 7. Pr/nCy; vs. Ph/nCig of Mesoproterozoic samples (base map modified after [19]).

4.2.2. Thermal Evolution Characteristics of Organic Matter

The characteristic parameters of naphthalene, phenanthrene, and trifluorene series in
aromatic hydrocarbons serve as effective indicators for assessing the thermal maturity of
source rocks. Among these parameters, the most commonly used feature is the phenan-
threne series, specifically the methyl phenanthrene index (MPI1 and MPI2) [25], along with
the modified distribution parameters of methyl phenanthrenes (MPDF-F1/F2) [26]. This is
attributed to the rearrangement of methyl functional groups, resulting from variations in
thermal stability among the four isomers of methylphenanthrene. As maturity increases,
o-type 1-methylphenanthrene (1-MP) and 9-methylphenanthrene (9-MP) isomers undergo
transformation into (3-type 2-methylphenanthrene (2-MP) and 3-methylphenanthrene (3-
MP), which exhibit higher thermal stability.
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Figure 8. The distribution characteristics of trifluorene series compounds and sedimentary environ-
ment identification (a) Content distribution characteristics (b) Sedimentary environment identification
map (base map modified after [24]).

The composition and distribution characteristics of methylphenanthrene in source
rocks are illustrated in Figure 9. In the Hongshuizhuang Formation (well CQ1), the
relative content of 9-methylphenanthrene among the methylphenanthrene isomers was
the highest, with a minimum value above 30%. Following this, 1-methyl phenanthrene
exhibited a relative content exceeding 20% at its lowest value. The relative contents
of 2-methylphenanthrene and 3-methylphenanthrene showed minimal differences, both
remaining above 10%. In contrast, the relative abundance percentages of methylphenan-
threne isomers in the Xiamaling Formation (well CQ2) varied with depth. With increas-
ing depth, there was an increase in the relative content of both 2-methylphenanthrene
and 3-methylphenanthrene, while there was a decrease in the relative content of both
1-methylphenanthrene and 9-methylphenanthrene. Therefore, the methylphenanthrene
index was used to quantify the thermal evolution maturity and to convert it to the vitrinite
reflectance. The methyl phenanthrene index (MPI1 and MPI2) of the Hongshuizhuang
Formation is obviously distributed from low to high as the depth increases; the MPI1 was
distributed between 0.75 and 1.48, with an average of 0.91, and the MPI2 is distributed
between 0.63 and 1.22, with an average of 0.78. In contrast, the MPI1 and MPI2 of the
Xiamaling Formation showed the characteristics of “high-low-high”; according to the
depth, the MPI1 was distributed between 1.81 and 5.15, with an average of 2.54, and the
MPI2 was distributed between 1.14 and 2.80, with an average of 1.71. The specific data are
shown in Table 1.

Furthermore, alkyl naphthalene series compounds can serve as indicators of the ther-
mal evolution experienced by source rocks during deposition. The thermal stability of (3-
methyl-substituted isomers in the naphthalene series is higher, and their relative abundance
increases with increasing maturity [25]. The methyl naphthalene index (2-MN/1-MN) and
dimethyl naphthalene index ((2.6 + 2.7-DMN) /1.5-DMN) are commonly used parameters
to assess alkyl naphthalene maturity. Upon calculation, the methyl naphthalene index
for the Hongshuizhuang Formation ranged from 0.50 to 3.82, with an average value of
1.03, whereas for the Xiamaling Formation it fell between 1.73 and 4.01, with an average
value of 2.59. Based on these data, both phenanthrene and naphthalene indices indicated
a higher level of maturity in the Xiamaling Formation compared to that in the Hong-
shuizhuang Formation; however, this observation did not align with actual geological
evolution. Trifluorene series compounds can serve as potential indicators for evolution,
and the methyldibenzothiophene ratio (MDR) (4-MDBT/1:MDBT) is commonly employed
to assess maturity levels. Upon calculation, the MDR values of the Xiamaling samples
ranged from 2.26 to 18.47, with an average of 8.57, whereas the MDR values of the Hong-
shuizhuang samples ranged from 2.58 to 18.89, with an average of 9.64. Consequently, it
can be inferred that the maturity level of the Hongshuizhuang Formation surpassed that
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of the Xiamaling Formation, in terms of MDR distribution patterns. Regarding thermal
maturity parameters for naphthalene, phenanthrene, and trifluorene series compounds in
Mesoproterozoic source rocks, only MDR values were applicable.
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Figure 9. Distribution characteristics of methyl phenanthrene composition of Mesoproterozoic

source rocks.

Table 1. Biomarker compounds characterize maturity parameters of source rocks.

Serial Number MPI1 MPI2
CQ1-1 0.748163 0.632478
CQ1-2 0.797612 0.691497
CQ1-3 0.783514 0.649321
CQ1-4 0.893137 0.778350
CQ1-5 0.613693 0.555502
CQ1-6 1.014078 0.865328
CQ1-7 0.836340 0.720402
CQ1-9 0.809438 0.695973

CQ1-10 0.967665 0.832582
CQ1-11 0.933136 0.780581
CQ1-13 1.117963 0.937900
CQ1-14 1.487677 1.222272
CQ2-1 1.290296 1.142869
CQ2-2 1.970660 1.658324
CQ2-5 2.790526 1.944433
CQ2-6 2.549744 1.786505
CQ2-7 1.911097 1.336712
CQ2-8 1.953222 1.355869
CQ2-10 1.805006 1.480376
CQ2-11 3.523293 1.960176
CQ2-13 5.153960 2.804948

4.3. Composition of Polar Molecular Compounds

Thousands of mass spectrum peaks appear in the FT-ICR MS; according to the ion-
ization characteristics, the APPI positive ion mode is more suitable for the detection of
hydrocarbon and non-hydrocarbon heteroatom compounds, with a total of more than
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9900 species detected [27,28]. Figure 10 shows the total ion mass spectrum of typical Meso-
proterozoic organic matter that could be revealed in APPI positive ion mode combined with
FT-ICR MS. The initial peak of m/z (the mass charge ratio) almost started from m/z = 150,
and the compound signal tended to be weak after approaching m/z = 800. The m/z of
the identified hydrocarbon and non-hydrocarbon heteroatom compounds were mainly
distributed between 200 and 600. The type showed a single peak characteristic generally,
and the intensity of the overall compound peak was higher.

(a) (b)

150 200 250 300 350 400 450 500 550 600 650 700 750 $00 850 900 S50 200 250 300 350 400 450 500 S50 600 650 700 750 800 850 900
m/z m/z

() (d)

Figure 10. APPI FT-ICR MS of typical Mesoproterozoic samples ((a) CQ1-1, Hongshuizhuang
Formation; (b) CQ1-9, Hongshuizhuang Formation; (c¢) CQ2-1, Xiamaling Formation; and (d) CQ2-7,
Xiamaling Formation).

In the data analysis process, the number of atoms of O, N, and S in each organic
component is represented by x, y, and z, in the form of OxNyS,, to determine the com-
position of molecular elements and to classify the compounds. The relative abundance
is represented by the percentage of TMIA, so as to visually present the relative content
relationships between different components. According to the results of polar molecular
compound analysis, the polar compounds detected in this study were divided into seven
major compounds, namely CH, Oy, Ny, Sz, NyS;, O4S;, and OxNy. As shown in Figure 11,
all polar molecular compounds were dominated by CH compounds, and the proportion of
CH compounds in the Xiamaling Formation was higher than that in the Hongshuizhuang
Formation. The CH compounds in the Xiamaling Formation ranged from 69.8% to 79.82%,
with an average of 73.60%. The CH compounds in the Hongshuizhuang Formation ranged
from 61.77% to 69.63%, with an average of 65.97%. Through analysis, it was found that the
research value was opposite to the TOC value, which showed that the correlation between
the change in CH compound content in organic matter and the change in organic carbon
content was poor.

In order to comprehensively depict the molecular alterations of organic matter com-
pounds in marine Mesoproterozoic source rocks, the samples were arranged in ascending
order of maturity, as illustrated in Figure 12. For Ox molecular compounds belonging
to type I and type II; kerogens, oxygen (O) primarily existed in the form of ester groups
(-COO-) and carboxyl groups (-COOH) within the side chains of functional groups, thus
constituting a crucial component of organic molecular compounds. The relative content
of Oy polar molecular compounds ranged from 0.68% to 11.61%, while that of O, polar
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molecular compounds fell between 0.76% and 5.81%. The total mean integral area (TMIA)
for O; compounds surpassed that for O; compounds. Overall, the relative content of O
compounds exhibited an initial increase, followed by a subsequent decrease with increasing
maturity, whereas the relative content of O, compounds demonstrated an upward trend
with increasing maturity (Figure 12a).
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Figure 11. Composition of polar molecular compounds in Mesoproterozoic organic matter.

The relative content of Ny molecular compounds was relatively small. The Ny molec-
ular compounds in Xiamaling and Hongshuizhuang samples were between 2.71% and
3.96%, and the TMIA percentage between the two formations was not much different. The
low content of alkaline nitrides was usually related to the reducing environment, where
they may be reduced to forms such as nitrogen oxides (NOy). Specifically, the N; polar
molecular compounds content was between 0.07% and 0.89%, with an average of 0.49%,
while the Nj polar molecular compounds content was between 2.19% and 3.75%, and the
TMIA of N, compounds was higher than that of N; compounds. Although the content of
the N1 compound was low, it still showed an obvious trend of increasing with the increase
in maturity, but the content of the N, compounds was the opposite, showing a trend of
decreasing with the increase in maturity (Figure 12b).

The relative abundance of S, molecular compounds was higher, second only to CH
compounds, which was closely associated with sulphuration and reduction reactions in
sedimentary environments. The distribution range of S, molecular compounds in the
Xiamaling samples varied from 10.63% to 15.09%, with an average content of 12.50%. The
S, molecular compounds of the Hongshuizhuang samples was distributed between 7.75%
and 11.89%, with an average of 9.52%. Therefore, it can be concluded that the TMIA of Sz
molecular compounds in the Xiamaling Formation was more abundant than that in the
Hongshuizhuang Formation. In terms of specific compound categories, S; compounds
accounted for a very small proportion. The TMIA range of S; compounds in the two
formations was between 0.03% and 0.20%, while the proportion of S, compounds was
relatively high, and the TMIA range of S, compounds in the two formations was between
7.55% and 15.05%. There was no trend between the sulfur-containing compounds and
maturity (Figure 12c).
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Figure 12. Distribution of polar molecular compounds in Mesoproterozoic organic matter.

The O«Sz, NyS;, and NyOx polar compounds content were very low in the organic
matter, and the TMIA of each compound type did not exceed 8.00% (Figure 12d-f). Among
them, O,5S; compounds were the main part of O4S,, followed by O;S; compounds, and
015, compounds were the lowest. The TMIA of O,S; polar molecular compounds was
distributed between 1.34% and 6.45%, with an average of 2.83%. The TMIA distribution
range of O,5; compounds in the Hongshuizhuang samples was 1.34-2.46%, with an average
of 1.85%. The TMIA distribution range of O,S; compounds in the Xiamaling samples was
2.98-6.45%, with an average of 4.60%. Therefore, the O,S; molecular compounds of the
Xiamaling Formation were more abundant than those of the Hongshuizhuang Formation,
and the abundance of O,5; compounds decreased firstly and then increased with the
increasing maturity. The abundance of O;S; compounds increased with the increase in
maturity, and the abundance of O;S; and O,5; compounds was too low, so the trend with
maturity was not obvious.

The polar molecular compounds in NyOx compounds, namely N;1O;, may consist of
N; compounds grafted with hydroxyl groups, while the N;O, polar molecular compounds
may involve Nj compounds grafted with carboxyl groups [29]. The abundance of N0,
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polar molecular compounds was relatively high, up to 7.85%, while the abundance of N;O,
polar molecular compounds did not exceed 0.02%, so N1O; polar molecular compounds
were relatively developed. The TMIA distribution range of NjO; compounds in the
Hongshuizhuang samples was between 2.26% and 7.85%, with an average of 3.88%. The
TMIA distribution range of N;O; compounds in the Xiamaling samples was between 1.25%
and 2.95%, with an average of 1.91%. Therefore, the TMIA of N;O; compounds in the
Xiamaling Formation was less than that in the Hongshuizhuang Formation. In general,
the N1O; compounds showed an increasing trend with the maturity. This phenomenon
may be attributed to the accumulation of nitrogen-containing compounds with long carbon
chains and the low unsaturation in organic matter as it matures, without progressing to
an unstable stage, resulting in the enrichment of these unsaturated nitrogen oxides in the
source rocks.

4.4. Structural Evolution of Polar Molecular Compounds

Based on the determination of the relative content of different types of polar molecular
compounds, CH, N1, Oy, and S; compounds were selected for further analysis to investigate
the dynamic evolution of organic molecular structures. The APPI positive ion mode was
employed for detecting these aforementioned compounds [30]. The double bond equivalent
(DBE) distribution of CH compounds is shown, according to the carbon number and DBE
intersection diagram (Figure 13). By combining the types and contents of different mature
samples, it was found that the TMIA of CH compounds gradually decreased with the
increase in maturity, and the range of DBE and carbon number gradually increased. As
shown in Figure 13e-h, it can be clearly seen that, at the immature-low mature stage, the
DBE and carbon number range of CH compounds increased with maturity in the Xiamaling
organic matter, which indicates that the CH compounds had more rings, and a higher
aromaticity and molecular weight. However, the expansion of the DBE and carbon number
range was different from the molecular polycondensation reaction of the compounds at
high-over mature stage. The increase in aromaticity and molecular weight was more
derived from the release of CH compounds from the Xiamaling organic matter itself, or
from the removal of functional groups containing N, S, and O. The DBE of CH compounds
in the Hongshuizhuang samples had a small fluctuation with the carbon number range
(Figure 13a—d), which was related to the control effect of maturity with a small range
of variations.
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Figure 13. Carbon number and DBE distribution of CH compounds in Mesoproterozoic source
rocks. (a) Tmax = 443 °C, (b) Tmax = 445 °C, (¢) Tmax = 447 °C, (d) Tmax = 448 °C, (€) Tmax = 356 °C,
() Trmax = 417 °C, () Trmax = 429 °C, and (h) Tmay = 432 °C.
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The content of N; compounds in organic matter was significantly low (Figure 14). In
CQ1-13, the carbon number distribution of Ny compounds mainly ranged from 19 to 30,
while the DBE primarily fell between 12 and 18. Conversely, in the Xiamaling Formation
samples, the carbon number distribution of N; compounds in CQ2-8 mainly spanned from
14 to 35, with the DBE predominantly ranging from 9 tol6. It can be observed that the
molecular composition of N; compounds underwent changes as the maturity increased.
Except for the CQ2-8 sample, these changes were primarily associated with variations in
carbon numbers, rather than DBE values, for similar molecular structures. Therefore, it
can be concluded that alkylation (different methylene groups) played a more significant
role than aromatization (i.e., DBE changes) in separating these Ny compounds into distinct
molecular components. For instance, among the compounds exhibiting relatively high
content within the sample (i.e., represented by larger dot areas on the carbon number-DBE
diagram), those with a DBE value of 9 were often identified as carbazole (chemical formula
C12HoN), those with a DBE value of 12 were frequently recognized as benzocarbazole
(chemical formula C14H;1N), and those with a DBE value of 15 were commonly classified
as dibenzocarbazole (chemical formula CygH73N) [30-32]. These smaller core structures
tended to be enriched in low-maturity oil; thus, these crucial N; compounds possessed
identical aromatic core structures across different groups but exhibited varying lengths
and quantities of alkyl side chains. However, based on analysis using carbon numbers
depicted on the diagram, it is evident that short-chain alkyl side chains constituted the
primary types present (Figure 14). It was found that, with the increase in maturity, the
nitrogen-containing compounds became easier to dealkylate, and the chain length in the
alkyl side chain was shortened. Compounds with a DBE value less than nine were rare,
which may have been converted to N;Ox compounds by oxygenation at low temperatures
and reducing conditions. These results will obviously reveal the transformation of Ny
compounds in Mesoproterozoic organic matter.
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Figure 14. Carbon number-DBE distribution characteristics of N; compounds in Mesoprotero-
zoic source rocks. (a) Tmax = 443 °C, (b) Tmax = 445 °C, (¢) Tmax = 447 °C, (d) Tmax = 448 °C,
(€) Tmax =356 °C, (f) Tmax = 417 °C, (8) Tmax =429 °C, and (h) Trmax =432 °C.

O; compounds are often oxidizable in organic matter [33], and the TMIA of O; com-
pounds is rare, which confirms that the Mesoproterozoic sedimentary environment contains
trace free oxygen and is rich in reducing substances, such as organic matter and hydrocar-
bons. In the specific analysis using FT-ICR MS (Figure 15), it was found that O; compounds
with DBE belonging to 1~4 may be acyclic or non-aromatic cyclic compounds, which con-
tain at least one carboxyl or carbonyl (C = O) structure [34]. Combined with the type of
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10

kerogen (type I or type II;), O; compounds with a DBE value greater than four are likely to
be aromatic substances, such as benzofuran, rather than non-aromatic polycyclic structures,
such as hopanoic acid or steroidal acid [35,36]. Furthermore, the dot area with abnormal
abundance may be the ringed benzofuran, and the reason why its abundance and structure
remain unchanged may be that benzofuran is difficult to open. Based on the types and
contents of O; compounds in different samples, there was no linear change between O,
compounds and maturity differences, which may indicate that O; compounds were less
affected by maturity or not only controlled by maturity. O; and O, compounds can not only
be used as parameters to detect the potential biodegradation level of organic matter [37],
but also can indicate the redox conditions of the strata where the source rocks are lo-
cated. The TMIA abundance of O; and O, compounds was low; this is consistent with the
reducing sedimentary environment result indicated by the trifluorene series compounds.

Since organic sulfur compounds may retain the original site information of carbon
skeleton and related functions, they are considered to be excellent potential molecular indi-
cators for paleoecology and paleoenvironmental assessment [38]. However, S; compounds
have relatively low TMIA in Mesoproterozoic organic matter, which may be related to the
weak dipole moment of the sulfur-carbon bond of S; compounds [39]. The DBE dot areas
in the diagram (Figure 16) of most samples were 9, 10, 12, and 15, indicating that the S;
compounds in the Mesoproterozoic source rocks are mainly thiophenes [40,41]. In this
study, it was believed that the S; compound with a DBE value of 9 was dibenzothiophene
and had an alkyl side chain of C;~Cjy. The S; compound with a DBE value of 10 was
dibenzothiophene with a cycloalkane ring, the S; compound with a DBE value of 12 was
naphthalene benzothiophene, and the S; compound with a DBE value of 15 was mainly
benzene ring benzothiophene, which was consistent with the detection results of the aro-
matic hydrocarbon biomarkers. It was found that the carbon number and DBE range of 5;
compounds gradually increased with the maturity (Figure 16). In the S; compounds with
high DBE, their abundance almost increased with the increasing of maturity, whereas, in the
51 compounds with low DBE, their abundance did not show an obvious synergistic change
in the relationship with the maturity, which may be related to the presence of inorganic
sulfur input in the S; compounds of marine source rocks [42].
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Figure 15. Carbon number-DBE distribution characteristics of O; compounds in Mesoprotero-
zoic source rocks. (a) Tmax = 443 °C, (b) Tmax = 445 °C, (¢) Tmax = 447 °C, (d) Tmax = 448 °C,
(€) Tmax = 356 °C, (f) Tmax = 417 °C, (g) Tmax =429 °C, and (h) Trax = 432 °C.
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Figure 16. Carbon number-DBE distribution characteristics of S1 compounds in Mesoprotero-
zoic source rocks. (a) Tmax = 443 °C, (b) Tmax = 445 °C, (¢) Tmax = 447 °C, (d) Tmax = 448 °C,
(€) Trmax =356 °C, (f) Tmax = 417 °C, (8) Tmax =429 °C, (h) Tmax = 432 °C.

5. Implications

Aromatic hydrocarbons and saturated hydrocarbons, as crucial components of petroleum,
find extensive applications in the field of oil and gas geochemistry, due to their abundant
geological information [43-45]. Owing to their relatively intact preservation in the thermal
maturity stage and distinct response patterns across different maturity stages, they serve as
indicators for source rock and crude oil maturity [46-48]. However, classical biomarkers
often encounter challenges in assessing maturity when vitrinite reflectance (Ro) > 1.3%. On
the other hand, non-biological markers offer a broader range of maturity parameters but
necessitate new calibrations specific to different petroleum systems. With a maturity in-
crease in source rocks, the composition of organic compounds often changes; the functional
groups and side chains around the aromatic ring in the molecular structure are broken and
the methyl is rearranged, the structure of the compound is isomerized or aromatized, the
number of aromatic structures increases, and the number of aliphatic structures decreases,
which has a good response to the thermal evolution of organic matter and can be used
as an effective index to evaluate maturity [49,50]. Therefore, according to the thermal
evolution reactions such as side chain cleavage, aromatization, and condensation, the DBE
and carbon number are divided into six regions, namely region 1 (DBE: 10~20; carbon
number: 20~30), region 2 (DBE: 20~30; carbon number: 30~40), region 3 (DBE: 30~40; car-
bon number: 40~50), region 4 (DBE: 10~20; carbon number: 30~40), region 5 (DBE: 20~30;
carbon number: 40~50), region 6 (DBE: 30~40; carbon number: 50~60). Theoretically, the
degree of polymerization and aromatization of compounds in regions 1~3 are higher than
those in regions 4~6. Thus, the maturity evaluation parameter (MAT) could be calculated
by the molecular compounds data from FI-ICR MS [51,52].

In order to expand the response range of MAT parameters, lacustrine Shahezi and
marine Arthur Creek samples with different maturities were added for comparison with
the Xiamaling and Hongshuizhuang Formations in this research. It can be seen that,
from the immature to high—over mature stages, the Tmax and MAT of CH, Oy, Ny, and S;
compounds were positively correlated, but the correlation coefficient and dispersion degree
of the four formations were different, which may be related to the different precursors of
organic matter (Figure 17). Compared with CH, N1, and O; compounds, the MAT of the 54
compounds showed a relatively weak linear relationship for Mesoproterozoic source rocks.
According to the analysis of the composition and abundance of the S; compounds, there
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was a difference in the distribution of organic sulfur between different maturities, which
may have been influenced by the input of inorganic sulfur. Considering the stable reductive
sulfidation environment in the Mesoproterozoic, inorganic sulfur may have entered into
sulfur-containing compounds via bacteria and algae in the anti-carboxylic acid cycle or
via sulfate and pyrite in solid media. This indicates that the DBE and carbon numbers
of organic compounds could reveal and quantify the thermal evolution characteristics of
organic matter from different provenances and sedimentary environments.

sl Xiamaling sl Xiamaling
Hongshuizhuang Hongshuizhuang
Shahezi Shahezi
51 Arthur Creek 51 Arthur Creek
A 4F
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= =
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Figure 17. Tiax vs. MAT of CH, Oy, Ny, and S; compounds.

6. Conclusions

Based on organic petrology and pyrolysis analysis, the Hongshuizhuang and Xia-
maling source rocks exhibit high organic matter abundance with type I-II; kerogen. The
Hongshuizhuang Formation is characterized by low maturity, while the Xiamaling Forma-
tion is in an immature-low mature stage. Hydrocarbons produced in the Hongshuizhuang
Formation display stronger aromaticity and shorter alkyl side chains of organic functional
groups, whereas hydrocarbons from the Xiamaling Formation have a higher average
molecular weight and predominantly consist of long-chain structures.

Most n-alkane peaks observed in Mesoproterozoic samples are front peak types, indi-
cating that bacteria and algae are the primary sources of organic matter. The phenanthrene
series mainly comprises methylphenanthrenes. In terms of trifluorene series distribution,
sulfur fluorene > fluorene > oxygen fluorene is observed in the Hongshuizhuang Formation,
while sulfur fluorene = fluorene > oxygen fluorene characterizes the Xiamaling Formation,
suggesting a strong sulphuration reaction and a reducing sedimentary environment for the
former formation. Maturity verification using molecular biomarker parameters reveals that
only MDR aligns with Tmax; traditional biomarker parameters are not fully applicable to
Mesoproterozoic source rocks.

High-precision FT-ICR MS analysis indicates that CH compounds dominate among
CH, Ox, Ny, Sz, NyS;, OxS;, and OxNy compounds present in these source rocks, followed
by S, compounds and Ox compounds; Ny compounds show limited development, but
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long-chain nitrogen oxides (NOx) are enriched. Different compound types exhibit varying
abundances influenced by maturity: the TMIA changes for CH, Oy, Ny, 0151, and N1 O
compounds as the maturity increases. The change in TMIA for CH compounds shows poor
correlation with the organic carbon content. With increasing maturity, the DBE and carbon
number range of CH compounds gradually increase.
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