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Abstract

The development of the Paleogene coal seams in China’s offshore basin areas generally had the characteristics of
coal measures with large thicknesses, large numbers of coal seams, thin single coal seams, poor stability, scattered
vertical distribution, and a wide distribution range. This study selected the Enping Formation of the Zhu [
Depression in the northern section of the South China Sea as an example to determine the macro-control factors
of the development of the Paleogene coal seam groups. An analysis was carried out on the influencing effects and
patterns of the astronomical cycles related to the development of the thin coal seam groups in the region. A
floating astronomical time scale of the Enping Formation was established, and the sedimentary time limit of the
Enping Formation was determined to be approximately 6.15 Maz. In addition, the cyclostratigraphy analysis
results of the natural gamma-ray data of Well XJ in the Enping Formation of the Xijiang Sag revealed that the
development of the thin coal seams had probably been affected by short eccentricity and precession factors. The
formation process of coal seams was determined to have been affected by high seasonal contrast, precipitation,
and insolation. During the periods with high values of short eccentricity, the seasonal contrasts tended to be high.
During those periods, fluctuations in the precession controls resulted in periodic volume changes in precipitation
and insolation of the region, resulting in the development of thin coal seams. It was also found that the periods
with low precession were the most conducive to coal seam development. On that basis, combined with such
factors as sedimentary environmental conditions conducive to the development of thin coal seam groups, this
study established a theoretical model of the comprehensive influences of short eccentricity and precession on the
development and distribution of Paleogene thin coal seam groups in offshore lacustrine basins. The patterns of
the Paleogene astronomical periods and paleoclimate evolution, along with the control factors which impacted
the development of thin coal seam groups in offshore lacustrine basins, were revealed.
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1 Introduction

Coal formation processes were very common in the Cenozoic
coal-forming periods of offshore basins in China (Zhang et al.,
2007, 2010, 20144, 2016b), and were important parts of the cir-
cum-Pacific coal-accumulating belt. However, the coal forma-
tion processes were restricted by such geological conditions as
palaeoclimate, palaeostructure, and palaeogeography (Li et al.,
2012b). In recent years, some achievements have been made in
the study of Cenozoic coal formation and coal-measure source
rock in China sea area (Li et al., 2022; Zhang et al., 2020c; Wang

etal., 2011, 2021; Shao et al., 2021). It has been found that the de-
velopment characteristics of the Cenozoic coal measures in
China’s offshore basins generally include coal measures with
large thicknesses, large numbers of coal seams, thin single coal
seams, poor stability, scattered vertical distribution, and a wide
distribution range (Zhang et al., 2022; Li et al., 2012b). However,
the controlling factors and the formation mechanisms remain
unclear for the general characteristics of the development of the
Cenozoic coal seams in the offshore areas. It has been specu-
lated that the coal-seam development may have been controlled
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by macro factors beyond the scope of the basins.

Cyclostratigraphy can be used to speculate changes in astro-
nomical cycles by analyzing a series of geochemical or physical
indicators and then constructing an astronomical time scale
(ATS) with high resolution to statistically analyze orbital cycles. It
has successfully been applied to Cenozoic, Mesozoic, and Paleo-
zoic strata (Hinnov, 2013; Abels et al., 2010).

Previous research results have revealed that astronomical
periodic forces affected surface environments, biota, and climate
at a macro level (Tyszka, 2009; Husinec and Read, 2018). Many
previous research studies have shown the existence of climatic
orbital forces in various Cenozoic coal-forming environments,
and the relationships between coal seams and different astro-
nomical parameters have been determined (Noorbergen et al.,
2018; Valero et al., 2016). Therefore, based on the previous re-
search findings, it has been speculated that the development of
Cenozoic coal seams in China sea area may have been macro-
controlled by astronomical cycles. At present, relevant studies
have indicated possible relationships between the development
of thin coal seams in China sea area and the astronomical cycles
of the Cenozoic (Zhang et al., 2016a; Shen et al., 2016; Zhao et al.,
2022). However, the possible influencing effects of astronomical
cycles remain vague, and the causes of the formation of thin coal
seams are still controversial. Further research is needed to ex-
plore the genetic relationships and patterns which impacted the
development of the thin coal seams in China’s offshore basins.

In this study, the coal measures of the Paleogene Enping
Formation in the northern section of the South China Sea (SCS)
were taken as examples, and the correlations between the astro-
nomical cycles and coal seam development were examined us-
ing the theories and methods of cyclostratigraphy and coal geo-
logy. A comparative analysis of the relationships between the
coal seams of the Enping Formation and the orbital cycles was
completed, and the controlling effects and patterns of the astro-
nomical cycles related to the formation of the Paleogene thin coal
seams were discussed. The results obtained in this study further
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enrich the basic geological theory of coal geology and support a
better understanding of the influence of the Paleogene climate
on the sedimentary environments of offshore basins.

2 Geological settings

2.1 Location

The Pearl (Zhujiang) River Mouth Basin (PRMB) is a Cenozo-
ic basin developed in the northern SCS (Zhang, 2010; Zhang et
al., 2013). It is located at the intersection of the Pacific Plate, Indi-
an-Australian Plate, and the Eurasian Plate (Zhang et al., 2015a,
2015b, 2018). The PRMB has a complex geodynamic background
and evolutionary structure, as detailed in Fig. 1. The basin has a
tectonic framework characterized by NE-trending sags and up-
lifts. As shown in Fig. 1, from north to south, it consists of north-
ern uplifts; northern sags (including the Zhu [ Depression and
Zhu III Depression); central uplifts (including the Shenhu Uplift,
Panyu Low Uplift, and Dongsha Uplift); southern sags; and
southern uplifts. The Zhu [ Depression is a Cenozoic depres-
sion located near land in southern China that is distributed in the
NE direction on the plain. The depression includes the Enping
Sag, Xijiang Sag, and Huizhou Sag, as well as other sags and sec-
ondary sags (Zhang et al., 2013). Furthermore, the PRMB was
situated at a low latitude (~ 20°N) during the early Oligocene
period (Boucot et al., 2013).

2.2 Structural characteristics and evolution

The PRMB is mainly composed of three groups of faults:
NNE-NE-trending right-lateral tensile-torsional faults; NWW-
NW-trending left-lateral strike-slip faults; and near EW-NEE-
trending faults dominated by listric normal faults (Cheng et al.,
2012; Li et al., 2012a; Wang et al., 2017) (Fig. 1a). During the
Cenozoic, the PRMB experienced six major tectonic events, in
which the first and second episodes of the Zhugiong Movement
played important roles in the episodic rifting of the Paleogene
basins. In the early stage of the deposition of the Wenchang
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Formation, the basin was generally uplifted and denuded, with
volcanic magma and faulted tectonic activities occurring during
the period. Two fault depression zones were formed in the north
and south of the basin, spreading in a NE-NEE direction (Guo,
2015). The second episode occurred during a transition period
between the Wenchang Formation and the Enping Formation.
The basin was strongly uplifted and denuded at that time, and a
large-scale EW-trending fault system was formed in the Zhu [
Depression. The lacustrine basin area had increased during the
second episode compared to the first episode. However, the lake
became shallower during that period (Peng et al., 2022) (Fig. 1b).
Furthermore, in the sedimentary period of the Enping Formation
in the Zhu | Depression, the thicknesses of the roots of the fault
footwalls of each secondary depression were obviously larger
than those of the fault depression centers. The basic structural
units were “half graben” and “graben” structures, and the geo-
metric shapes of the different depressions were basically the
same.

2.3 Strata

The Wenchang Formation, Enping Formation, Zhuhai Form-
ation, and Zhujiang Formation were successively deposited in
the PRMB following several tectonic events during the Cenozoic.
The Wenchang Formation was deposited in the Middle Eocene
and was formed after the Zhuqgiong episode of the rifting period.
The lithology is mainly mudstone, thin sandstone, and siltstone.
Occasional coal seams and igneous rock can be seen in some
areas. The Enping Formation is the overlying strata of the Wen-
chang Formation. It was formed after the second episode of the
Zhugiong Movement of the rifting period and displays uncon-
formity with the overlying and underlying strata. The lithology of
the area is mainly sandstone and dark gray mudstone mixed with
carbonaceous mudstone and coal measure strata (Li, 2015). The
coal seams in the Enping Formation are generally thin, with a rel-
atively large number of layers, even dozens of layers in some loc-
ations. In the study area, the coal seams which have developed in
depressions have obvious differences in characteristics (such as
number and thickness) due to various geological factors (Yin,
2022). The Zhuhai Formation was deposited during the Oligo-
cene and formed during a period of fault-depression transforma-
tion. The lithology is mainly light gray medium-thick medium
sandstone, along with medium-thin mudstone and occasional
thin coal seams. The Zhujiang Formation was deposited during
the Miocene depression stage. Its lithology is mainly gray cal-
careous mudstone and limestone, with occasional traces of thin
siltstone (Guo, 2015).

2.4 Determination of the geological age

The age of the Enping Group is still controversial due to the
lack of a confirmed absolute age. Li and Ma (1992) determined
that planktonic foraminifers and calcareous nannofossils exist in
the Enping Formation through a comparison of the characterist-
ics of the sporopollen assemblages and classified the Enping
Formation as Oligocene. Lei (1993) used a K-Ar dating method to
determine that the absolute age of the tuff in the Enping Forma-
tion was 35.5 Ma + 2.8 Ma, and then divided the Enping Forma-
tion into Eocene strata. In another related study, based on the
analysis results of drilling biostratigraphy data, Huang and Zhong
(1998), Huang (1999) determined that the age of the Wenchang
Formation was Middle-Late Eocene, in accordance with the cal-
careous nannofossil zones, sporopollen fossil assemblages, and
planktonic foraminifera of the formation. Wu et al. (2003) ex-
amined the pollen records in the shallow sea areas of the north-
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ern SCS and determined that the boundary ages of the Enping
and Zhuhai Formations in the PRMB region were approximately
32.0 Ma. Ren and Lei (2011) identified the conversion interface
T70 between the Enping Formation and the Zhuhai Formation
and estimated the age of the interface to be between 32.0 Ma and
30.0 Ma.

According to the results of a zircon study conducted by Shao
etal. (2017), the Middle-Late Eocene sediment roughly corres-
ponded to the lacustrine-neritic facies of the Wenchang and En-
ping Formations in the PRMB. In addition, based on the analysis
results of palynological assemblages and calcareous nanno-
fossils, Zhang et al. (2020a) determined that the bottom interface
of the Enping Formation was formed at approximately 39.0 Ma
and the top interface was formed between 33.0 Ma and 34.0 Ma.
Tang et al. (2020) measured the age range of the sandstone strata
at 2 870 m in Well LF13-2 of the Enping Formation using a zircon
U-Pb dating analysis method and determined the range to be
between 32.0 Ma and 38.0 Ma. The age range of the sandstone
strata at 3 803 m in Well PY5-2 of the Wenchang Formation was
estimated to be between 38.0 Ma and 49.0 Ma. Zhou et al. (2020)
used detrital a zircon U-Pb dating analysis method to determine
that the youngest age of the second member of the Wenshan
Formation as approximately 39.1 Ma, and the youngest age of the
fifth member of the Wenshan Formation as approximately 43.0
Ma. Wei et al. (2020) set the boundary between the Wenchang
Formation and the Enping Formation as the Eocene-Oligocene
boundary and adopted a cyclostratigraphy analysis method to
obtain the age of the Enping Formation as between 33.9 Ma and
29.0 Ma. The central Italian marine system is marked by the ex-
tinction of planktonic foraminifera, and the Eocene-Oligocene
boundary age has been defined as 33.9 Ma + 0.1 Ma (Boulila et
al., 2011; Galeotti et al., 2016). In addition, Xia (2022) has determ-
ined the age of the boundary between the Wenchang Formation
and the Enping Formation to be approximately 33.8 Ma through
cyclostratigraphy analysis processes. Peng et al. (2023a) recon-
structed the climatic evolution during the sedimentary period
and defined the Enping Formation as late Eocene based on the
results of palynology and elemental analyses of the lacustrine
sediment.

In summary, previous research results have shown that the
Wenchang Formation in the PRMB belongs to the Middle-Late
Eocene, with the general ages of the top strata being approxim-
ately 39.0 Ma, 33.9 Ma, 40.0 Ma, and so on. Moreover, previous
research findings suggest that the expressions of the orbital peri-
ods in low latitudes may have been dominated by eccentricity in
the Eocene, while eccentricity, obliquity, and precession were
dominant in the Oligocene (Xu et al., 2023; Li et al., 2016b). As
detailed in Fig. 2, by combining the previous research findings
and the expressions of precession during the period, this study
defined the Enping Formation as early Oligocene strata and es-
timated the bottom age as approximately 33.9 Ma.

2.5 Sedimentary environments

The first member of the Wenchang Formation under the
lower part of the Enping Formation in the Zhu [ Depression had
only been deposited in a small area, with discontinuity in a larger
area (Wu et al., 2021). This study found that the Enping Forma-
tion was mainly composed of thick middle sandstone inter-
spersed with thin mudstone, and both the overlying and underly-
ing strata were in unconformable contact. In the Enping Forma-
tion, braided river delta (Figs 3a and b), lacustrine (Fig. 3c), and
fan delta facies had mainly developed (Yin, 2022). The coal seams
of the Enping Formation are relatively well developed. The char-
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Fig. 2. Lithologic column of Enping Formation in Zhu [ De-
pression (HZ12).

acteristics of the coal seams include large numbers, thin single
layer thicknesses, poor stability, and a wide distribution range.
The distribution and development of the coal seams in the form-
ation were affected by paleoclimate, paleogeography, paleostruc-
ture, and other factors. According to the available statistical data,
the coal seams of the Enping Formation are mainly developed in
the swamps of the lower plains of the braided river deltas and the
coastal shallow lake. In this study, Well X]J of the Xijiang Sag, loc-
ated in the central and western parts of the Zhu [ Depression,
was selected as the study target. This sag is mainly developed in
the shore-shallow lake facies, with braided river delta facies also
developed, as detailed in Fig. 4. The Enping Formation was di-
vided into upper (Part A) and lower (Part B) sections in this
study. The obtained results were combined with the results of an
orbital force study, as shown in Fig. 5. In the sag, the coal seams
of Part A and Part B of the Enping Formation were mainly de-
veloped in the shore-shallow lake, marshes, and braided river
delta facies. However, there were no coal seams observed in the
fan delta facies. The distribution characteristics of the coal seams
were consistent with the overall characteristics of the coal seam
development of the Enping Formation, as shown in Figs 2 and 3.

3 Samples and methods

Natural gamma ray (GR) data of Well X]J in the Enping Forma-
tion were used for this study’s analysis processes. Due to the ex-
istence of sedimentary discontinuities in most of the regions,
Well XJ was selected as the study target. It was determined that
Well X]J contained long-term lacustrine deposits and had a relat-
ively complete strata, which were important for the examination
of the potential influences of the orbital periods on the develop-

ment of the thin coal seams in the Enping Formation. The data
point interval of the GR logging curve was 0.125 m. The vari-
ations of coal seam ash production recorded by geophysical log-
ging, such as gamma ray, density, and resistivity, were used to re-
flect the Milankovitch Cycles during the development of ancient
peatland (Shao et al., 2022b). In addition, the intensity of the GR
rays measured by the GR logging have been determined to be re-
lated to the radioactive isotopes of potassium, uranium, and
thorium in mudstone, which reflect the content levels of organic
matter in sediment and changes in paleoclimate (Zhao et al.,
2021). Therefore, GR data can be used as alternative indicators of
orbital force fluctuations in Earth records and are widely used in
the analyses of paleoclimate and paleoenvironmental conditions
(Wu et al., 2013). The Enping Formation and the underlying first
member of the Wenchang Formation in Well XJ belong to relat-
ively stable lacustrine deposits. The strata are relatively complete,
which is conducive to the establishment of a more reliable astro-
nomical time scale. The study target (Well XJ) was located in the
main sub-sag of the Xijiang Sag. It was determined that the
provenance supply mainly originated from the near-source
provenance of the central uplift. The far-source provenance had
little impact and no event flow effects were observed (Cheng,
2018).

The complexity of the geological environment of the Enping
Formation affected the identification of the orbital signals to a
certain extent. Therefore, a variety of methods were used to ana-
lyze the Enping Formation in this study in order to comprehens-
ively determine the sediment rates and orbital signals. The data
were first preprocessed using a detrending method to eliminate
partrial environmental noise in the sediment records (Wu et al.,
2011; Gong et al., 2005). The processed data were then subjected
to multi-taper method (MTM) analysis (Thomson, 1982); evolu-
tionary fast fourier transform (FFT) spectrum analysis (Kodama
and Hinnov, 2014); and wavelet analysis processes. All three
methods were utilized to identify the Milankovitch Cycles in the
strata. correlation coefficient (COCO), and the evolutionary cor-
relation coefficient (eCOCO) (Li et al., 2018), TimeOpt (time scale
optimization) and eTimeOpt (evolutive time scale optimization)
(Meyers, 2015, 2019) were used to comprehensively determine
the sedimentation rates of each section. Then, the specific orbital
signals were extracted using a Gaussian band-pass filtering meth-
od. The Milankovitch Cycles frequencies for the Oligocene time-
frame were based on the theoretical La2004 astronomical solu-
tions (Laskar et al., 2004). All of the analysis processes were con-
ducted using Acycle v2.4.1 software (Li et al., 2019).

4 Results

As shown in Fig. 5, according to the analysis results of the
overall lithology and sedimentation rate changes of Well X]J in the
Enping Formation, the target area was divided into Part A
(roughly corresponding to SQ2 and SQ3, equivalent to the first,
second, and third members of the Enping Formation), and Part B
(roughly corresponding to SQ1, equivalent to the fourth member
of the Enping Formation).

Part A: After detrending the GR data in the depth range of
Well XJ (Fig. 6a), COCO analysis (Fig. 7) and TimeOpt analysis
(Fig. 8) were performed to determine the sedimentation rates.
Both were iterated using 2 000 Monte Carlo simulations. In the
COCO analysis, the optimal sedimentation rate in Part A was de-
termined to 15.2 cm/ka according to the significance level of the
H,. In the TimeOpt analysis, the optimal sedimentation rate in
Part A was 14.2 cm/ka (2, = 0.242 67, P-value = 0.019 5).
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(Part A) (see Fig.1).

Subsequently, wavelet analysis (Fig. 6b), MTM analysis
(Fig. 6¢), and evolutionary FFT analysis (Fig. 6d) were performed.
It was found that within the depth range of Well X]J, significant
spectral peaks could be identified at 61 m, 50 m, 19.3 m, 18.1 m,
12.7m, 4.5m, 3.2 m, 2.8 m, 2.6 m, and 2.4 m, respectively, with
confidence levels higher than 90% obtained for 61 m to 50 m,
19.3mto 12.7 m, 4.5 m, and 3.2 m to 2.4 m. The ratios of the main
cycle zone were close to those of the long eccentricity (405 ka);
short eccentricity (125 ka and 95 ka); obliquity (40 ka); and pre-
cession (23.4 ka, 22.1 ka, 18.9 ka). Therefore, it was assumed that
the cycle lengths were related to the Milankovitch Cycles of long
orbital eccentricity, short orbital eccentricity, obliquity, and pre-
cession, respectively (Weedon, 2003).

In this research investigation, according to the optimal sedi-
mentation rates obtained by the COCO and TimeOpt analyses,
combined with the results of the MTM power spectrum analysis
and the evolutionary FFT analysis, an approximate 61 m period
corresponding to the long eccentricity period (405 ka) was identi-
fied.

Part B: After detrending the GR data in the depth range of
Well XJ (Fig. 9a), COCO analysis (Fig. 8) and TimeOpt analysis

(Fig. 10) were performed to determine the sedimentation rates.
The results of the COCO analysis showed that the optimal sedi-
mentation rate was 7.9 cm/ka, and the confidence level was high-
er than 99%. The TimeOpt analysis results showed that the op-
timal sedimentation rate was 7.7 cm/ka, and the confidence level
was higher than 99.9%. Therefore, the results of the two analysis
methods were similar.

Wavelet analysis (Fig. 9b), MTM analysis (Fig. 9¢), and evolu-
tionary FFT analysis (Fig. 9d) were subsequently performed.
Within the depth range of Well X]J, significant spectral peaks were
identified at 38 m, 31 m, 27 m, 10 m, 9.5 m, 7 m, 4.5 m, 3.4 m,
2.8m, 2.6 m, and 2.4 m, and confidence levels were high at 38 m
to27m,10mto7m, 4.5mto 3.4 m, and 1.7 m to 0.8 m, respect-
ively. The ratios of the main cycle zone were close to the long ec-
centricity (405 ka); short eccentricity (125 ka and 95 ka); ob-
liquity (40 ka); and precession (23.4 ka, 22.1 ka, 18.9 ka). There-
fore, it was considered that the lengths of those cycles were re-
lated to the Milankovitch Cycles of long orbital eccentricity, short
orbital eccentricity, obliquity, and precession, respectively.

In the next investigative step, in accordance with the optimal
sedimentation rates obtained by the COCO analysis and Time-
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Opt analysis, combined with the results of the MTM power spec-
trum and evolutionary FFT analyses, an approximate 31 m peri-
od was identified that corresponded to the long eccentricity peri-
od (405 ka).

The representative long eccentricity (405 ka) and short ec-
centricity (125 ka) of the two parts were then filtered, and the GR
data were converted from the depth domain to the time domain,
as detailed in Fig. 11. It was determined that Part A spanned ap-
proximately 2.65 Ma, and Part B spanned approximately 3.5 Ma.

5 Discussion

5.1 Control of the paleoenvironment of the coal seams

The coal seams of the Enping Formation in the Zhu [ De-
pression have the characteristics of thinness and large numbers.
The thicknesses of coal seams range mainly between 0 m and
2 m. At present, no thick coal seams have been found in the ex-
ploration results. When combined with the findings of previous
studies, it was speculated that paleoclimate, paleostructure, and
paleogeography factors had jointly controlled the accumulation
and enrichment of peat in the Enping Formation.

The paleoplant types during the sedimentary period of the
Enping Formation in the Zhu | Depression included evergreen
broad-leaved forest and vegetation, and broad-leaved species ac-
counted for the majority (Guo, 2015). The content levels of Poly-
podiaceaesporites were generally higher during the sedimentary
period of the Enping Formation, and the content levels of the hy-
grophyte species were higher than those of the xerophyte species.
The ratio of hygrophyte species to xerophyte species was gener-

ally greater than 1, indicating that the paleoclimate of the Enping
Formation had been a humid to semi-humid tropical-subtropic-
al climate (Li, 2015). Previous studies have found that the expres-
sions of the orbital periods from the Eocene to the Oligocene un-
derwent a major switch, from eccentricity dominated to eccentri-
city-obliquity-precession dominated (Ao et al., 2020; Li et al.,
2016b; Xu et al., 2023). Tardif et al. (2021) simulated the sensitiv-
ities of climate and vegetation to orbital forces during the late Eo-
cene. The results suggested that the changes in the biome vari-
ations at low latitudes were tightly linked to the amounts of sum-
mer precipitation driven by the seasonal migration of the inter-
tropical convergence zone (ITCZ) from 8 °N-30 °N in eastern
Asia, which is mainly controlled by precession.

The sedimentary period of Enping Formation belongs to a
late syn-rift phase that occurred during a fault-depression trans-
formation stage (Zhang et al., 2014b). During that period, the
basin had both the structural characteristics of a rift contraction
period and the structural development pattern of the initial stage
of the depressions (Li et al., 2016a; Zhang et al., 2014a). During
the deposition of the Enping Formation, the tectonic activity
gradually weakened, while the thermal subsidence increased
during the initial stage of the depression. Subsequently, the Pearl
(Zhujiang) River Mouth Basin entered a dominate depression stage (Peng
et al., 2023b). In previous studies, it was considered that the
middle and late stages of rift basin evolution were the main peri-
ods of the development of the coal seams in this type of basin
(Zhu et al., 2022). Since the development of coal seams during
the sedimentary periods of the Enping Formation were relatively
common, the existence of stable tectonic environmental condi-
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tions during those periods was indicated. The several separate
sags or semi-grabens developed in the Zhu | Depression with
high rift rates (maximum value of 200 m/Ma) formed a variety of
graben-type and semi-graben-type coal accumulations (Li and
Rao, 1994; Morley, 2016). From the perspectives of the seismic
and drilling data, the secondary uplifts (depression uplifts) un-
der the background of the depressions, and the secondary de-
pressions (uplift depressions) under the background of the up-
lifts, are considered to be conducive to coal formation (Yin,
2022).

The Enping Formation in the Zhu [ Depression was formed
under the effects of multiple sources, such as the Northern Uplift
Zone, Dongsha Uplift, and the low uplifts in the sag. The sedi-
mentary environments were dominated by braided river deltas

and lacustrine facies (Cao, 2021; Guo et al., 2013), which
provided a wide range of favorable coal-forming zones. As de-
termined in previous related studies, according to the differ-
ences in lithology, the Enping Formation can be divided into two
parts: the top (Part A) and the bottom (Part B). Part A is mainly
composed of a sand-mudstone interbed, while Part B includes
thick mudstone with a scattering of thin coal seams (Fu et al.,
2021). In addition, the Enping Formation can be divided into
three third-order sequences, as shown in Fig. 2. The lake in the
SQ1 period was relatively shallow, mainly developing from
braided river deltas, fan deltas, and shore-shallow lake environ-
ments. During the SQ2 period, the water body expanded, and the
braided river deltas and shallow lake environments had expan-
ded significantly when compared with the SQ1 period. However,
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during the SQ3 period, the lake began to shrink, and braided river = SQ3 periods in the Enping Formation were characterized by
delta deposits were widely developed in the basin (Yin, 2022). In  braided river delta lower plains, braided river delta fronts, and
general, the coal-forming environmental conditions of the SQ1 to  shore-shallow lake environments.
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5.2 Influence of orbital forces on coal accumulation

The research results obtained in many regions have shown
that the development of coal seams is significantly affected by or-
bital forces. Due to the lack of an absolute age limit, a floating as-
tronomical time scale was constructed to an orbit of 405 ka. The
obvious peak signals of long eccentricity, short eccentricity, ob-
liquity, and precession were identified in the spectrum analysis
results, and the corresponding frequency groups and cycle
lengths were obtained. After filtering the corresponding signal
frequency, the filtering results were compared with the lithology
in the depth domain, and the positions of the corresponding coal
seams were marked on the filter curves, as detailed in Figs 12 and
13. The results showed that the coal seams of the Paleogene En-
ping Formation in the PRMB region had been significantly af-
fected by orbital forces. It was determined that the majority of the
coal seams developed during a period with a high value of short
eccentricity, which corresponded well with the low value of the
precession. The occurrences of continuous multi-layered thin
coal seams were highly correlated with the precession period and
the high-value short eccentricity period, and the coal seam inter-
val was similar to the precession period. Those results were very
similar to the Pliocene Lupoaia lower section of the Oltenia Basin
(near the City of Motru), as well as south-west Romania. The
Lupoaia Pliocene lower cycle lignite corresponded to the high-
value period of eccentricity corresponding to a warm period (in-
terglacial period). However, due to the unclear understanding of
the precession phenomena in the area, the influencing effects of

the precession on the formation of the coal seams has not yet
been explored (van Vugt et al., 2001). In previous studies of the
Pinghu Formation in the Xihu Sag, which belongs to the Paleo-
gene, the o btained results of the obliquity and precession con-
trols of the formation of thin coal seams were successfully ob-
tained. The results were similar to previous findings that sugges-
ted that low precession corresponds to the development of thin
coal seams (Zhao et al., 2022). Therefore, when combined with
the relatively cold climate conditions of the early Oligocene, it is
reasonable to assume the characteristics of coal formation dur-
ing periods of minimum precession will differ from the coal
formation during periods of high eccentricity (warm and humid
periods with strong summer insolation) (van Vugt et al., 2000,
2001).

Previous research results have also indicated that lacustrine
deposition records orbital periods by regulating the monsoon
systems affecting lake level fluctuations (Kashiwaya et al., 2001;
Valero et al., 2014). For example, periods of high eccentricity tend
to have strong seasonal contrast, during which the atmospheric
precipitation generally increases and climate conditions are hu-
mid. However, during periods of low eccentricity, the seasonal
contrast tends to be low and the climatic conditions stable
(Noorbergen et al., 2018; Zhang et al., 2020b). During the depos-
ition period of the Enping Formation, the warm and humid cli-
mate that existed during the periods of high eccentricity were fa-
vorable for the development of peatland. However, during the
periods of low eccentricity, the climate conditions were cold and
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dry and large amounts of detrital material were deposited, which
was not conducive to peat accumulation (van Vugt et al., 2000,
2001; Liu et al., 2020). Those factors resulted in the Enping Form-
ation coal seam formation being concentrated in the periods with
high eccentricity values.

Eccentricity controls the seasonal variations of insolation by
tuning precession (Berger et al., 1992; Laskar et al., 2004; Bos-
mans et al., 2018). During the periods with high eccentricity, the
seasonality of the Northern Hemisphere is strong and the preces-
sion is low, such as during the summer solstice. The Northern
Hemisphere can be affected by strong insolation, high temperat-
ures, and increased monsoon rainfall (Kashiwaya et al., 2001;
Olsen and Kent, 1996; Valero et al., 2014). Previously, in such
warm and humid climate environments with strong insolation,
peat swamps continued to develop and coal was formed.
However, when the precession gradually shifted from low to
high, the climate conditions became drier. At such times, the
perihelion was in the winter solstice, and the seasonal variations
were weakened (Vazquez et al., 2000; Bosmans et al., 2018). The
environmental climate was not suitable for the development of
peat swamps and peatlands gradually disappeared, resulting in
thinner and fewer coal seams during the periods of low preces-
sion. During periods of low eccentricity, the climate conditions
are relatively stable. The rainfall and insolation tend to be re-
duced, and the fluctuations of the precession have little effect on
the climate conditions. In addition, the seasonal changes be-
come weakened (Rollins et al., 1993), which is not conducive to

coal formation. In this study, the occurrences of two consecutive
layers of coal between 4 060 m and 4 080 m in the study area were
determined to have not been strictly controlled by the two pre-
cession periods (Fig. 12b). Alternatively, it was considered that
the two layers of coal corresponded to the low values of the same
precession period, and it was speculated that other reasons may
have caused the middle thin layer of the mudstone bed.

5.3 Theoretical model for climatically controlled coal deposition

in the Enping Formation

During the sedimentary period of the Enping Formation, the
mode of the orbital forcing climate controlling the formation of
the coal seams was different from that of the low eccentricity
periods (Zhang et al., 2020b). It was speculated that the orbital
parameters controlling the development of the coal seams had
varied during the different periods and under different environ-
mental conditions (van Vugt et al., 2001). The periods of high ec-
centricity were conducive to coal formation, and the short ec-
centricity cycles contained 4 to 5 precession cycles. Therefore,
based on the results obtained in this study, a theoretical model
that could be divided into five stages (Stage 1 to Stage 5) was es-
tablished in order to determine the influencing effects of short
eccentricity and precession forces under the climate conditions
during the Paleogene that potentially affected the development
of coal seams and the formation of peat swamps (Fig. 14). The
five stages of the model were as follows:

Stage 1: When the eccentricity increased, the seasonal con-
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trast increased. During the periods of low precession, the perihe-
lion of the Northern Hemisphere was in a summer solstice stage.
At that time, the insolation became stronger, along with the at-
mospheric precipitation. The climate became humid, vegetation
became denser, and peat accumulation was enhanced (Fig. 14c).

Stage 2: When the eccentricity increased and the precession
was high, the Northern Hemisphere perihelion appeared at the
winter solstice. The climate was dry and cold, and the sediment
supplies increased. At that time, the accumulation of peat ceased,
and the peat was deposited (Fig. 14d).

Stage 3: During the periods with high eccentricity, the North-
ern Hemisphere received maximum insolation when the preces-
sion was low. The atmospheric precipitation was rich, and the ve-
getation was abundant. The large areas of peat swamp that de-
veloped were conducive to the formation of thin coal seams
(Fig. 14e).

Stage 4: When the eccentricity decreased and the precession
was high, the Northern Hemisphere had the characteristics of
weak insolation and low atmospheric precipitation. Peat swamps

rarely developed during such periods. As the sediment increased,
the coal seams formed in Stage 3 were buried (Fig. 14f).

Stage 5: During the periods characterized with decreasing ec-
centricity, it has been determined that when the precession was
low, the Northern Hemisphere received stronger insolation and
atmospheric precipitation, similar to Stage 1 (Fig. 14g).

In Fig. 14, the stages denoted as a, b, i, and h are in periods of
low eccentricity were not favorable for coal formation. Few coal
seams were developed during those stages. For the formation of
the thicker coal seams, it was determined that the precession
during the periods of high eccentricity had affected the periodic
changes of the coal macerals (Shao et al., 2022a).

6 Conclusions

The relationships between the thin coal seams and the astro-
nomical orbital periods of the Enping Formation in the northern
section of the SCS were analyzed in this study. The results
provide new insights into the influencing effects of the orbital
periods of the Paleogene on the development of thin coal seams
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in the region. The conclusions reached in this study were sum-
marize as follows:

(1) The long eccentricity (405 ka) of the relatively complete la-
custrine strata of Well XJ in the Enping Formation was filtered,
and an astronomical time scale was established. The results
showed that the Enping Formation spanned approximately
6.15 Mat, from 33.9 Maz to 27.75 Mat, respectively.

(2) A comparison was made between the filter curves of the
short eccentricity of Well XJ in the Enping Formation and the coal
seams in the depth domain. It was considered that the short ec-
centricity had a strong influence on the development of the coal
seams, with the coal seams being mainly developed during the
high value periods of short eccentricity. In addition, by compar-
ing the filter curves of the precession with the distribution of the
coal seams, it was determined that the thin coal seams corres-
ponded well to the low values of the precession. The occurrence
of continuous multi-layered coal during the periods of high val-
ues of short eccentricity corresponded to the intervals of the low
values of the precession. Therefore, based on the determined in-

fluencing effects of the orbital periods on the climate and envir-
onmental conditions, it was speculated that the precession peri-
ods were the main astronomical orbital factors that caused the
multi-staged development of the Paleogene thin coal seams.

(3) A theoretical model of peat formation affected by short ec-
centricity and precession force climatic conditions during the Pa-
leogene was established in this study through comprehensive
analysis processes. The proposed model revealed the influencing
effects of the patterns of the Paleogene astronomical cycles and
the paleoclimate evolution on the development of the thin coal-
seam groups in China’s offshore lacustrine basins.
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