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Abstract

Lamina structure, a typical feature of shale, has significant implications for
hydrocarbon generation, shale oil and gas reservoir evaluation, and
palaeoenvironmental studies. In this study, we conducted a high-resolution
astronomical analysis of shale strata from the Kongdian Formation in the Cangdong
Sag, Bohai Bay Basin, China, and performed macroscopic and microscopic textural
characterization of core samples. The time series analysis of the G108-8 Well indicates
that stratigraphic cycles of 113.2-25.3 m, 12.7-7.8 m, 4.7-2.7 m, and 2.3—1.3 m are
controlled by long eccentricity, short eccentricity, obliquity, and precession,
respectively. The sedimentary accumulation rate (SAR) is estimated to be
approximately 20.3 cm/kyr. The core description reveals that Ek, primarily consists of
laminated shale with individual laminae less than 1 cm in thickness. Using a polarizing
microscope, the average thickness of a single lamina is approximately 250 um, with
most laminae being less than 400 um. We constructed a time-depth model for lacustrine
laminated sediments and compared it with other ancient lacustrine strata and modern
lakes. The sediment accumulation rate of ancient lacustrine strata ranges from 1.3 to
20.3 cm/kyr. The sedimentation rate of shale and the thickness distribution of individual
laminae provide evidence for the annual nature of the lamina couplets. Finally, we
propose a simplified model to illustrate the sedimentation process, emphasizing the
record of laminated sediments in semi-deep to deep facies. Our results contribute to the
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understanding of lacustrine sedimentary processes, laminated sedimentary records,
organic matter enrichment processes, palacoenvironments, and their potential
relationships.

Keywords: Cangdong Sag; Lacustrine laminated sediments; Astrochronological
record; Sedimentation rate; Varves

Handling Editor: Yirang Jang

1. Introduction

Laminated sediments are widely present in nature, including tree rings, speleothems,
corals, and varves. The study of laminated structures in fine-grained sediments dates
back to 1862, with numerous results on laminated rocks published in the 1950s (Mckee
and Gorden, 1953; Ingram, 1954). The study of laminae and its application in palacoclimate
research has also accelerated the development of related theories and techniques
(Ingemar, 1976; Simola, 1977). In the last 30 years, with the increasing attention paid
to climate change, environmental research, and the advent of the shale oil and gas
revolution, the study of laminated sediments has experienced an unprecedented boom
(Davis, 2018; Zou et al., 2020; Hou et al., 2021, 2022). At present, there is no unified
understanding of the genetic mechanisms behind the laminated structures in fine-
grained sedimentary rocks. The traditional sedimentological concept holds that fine-
grained sediments and laminae are usually deposited and preserved in low-energy
environments through suspension and flocculation (Tylmann et al., 2012; Wu et al.,
2022; Xu et al., 2023). Physical simulations of shale sedimentation have shown that
shale can be deposited under certain hydrodynamic conditions through bottom-flow
transport (Schieber et al., 2007; Li and Schieber, 2015; Yawar and Schieber, 2017; Lu
etal., 2021). Previous studies on sampling in modern lake sediment systems have found
that horizontal laminae are mainly developed in deep-water areas with weak energy,
while nearshore shallow-water zones are homogenous, with few laminated structures
(Tylmann et al., 2012; Zolitschka et al., 2015). Through high-precision dating of
modern sediments, the one-year genesis mechanism of horizontal laminae in deep-
water areas has been preliminarily confirmed, and the "varve" hypothesis has become
one of the important mechanisms of laminated sediment genesis (Zhou et al., 2007,
Zolitschka et al., 2015; Fagel et al., 2021; Ballo et al., 2023; Walsh et al., 2023).
However, due to the limited accuracy of dating ancient sediments, it is difficult to obtain
direct evidence of the one-year genesis mechanism (Allard et al., 2021; Li et al., 2022).

In recent years, the rapidly developing field of astronomical orbital cycles
(Milankovitch cycles) has been widely used for the analysis of lacustrine
cyclostratigraphy, such as the Cretaceous stratigraphy in the Songliao Basin (Wu et al.,
2014), the Paleoproterozoic stratigraphy in the Bohai Bay Basin (Zhao et al., 2019; Ma
et al., 2023), the Triassic stratigraphy in the Ordos Basin (Li et al., 2023; Wei et al.,
2023), and the Permian stratigraphy in the Junggar Basin (Huang et al., 2021).
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Lithological, petrographic, geophysical, and chemical parameters (e.g., color, chemical
element data, magnetostratigraphic data, and natural gamma-ray logging data) that
reflect palacoclimate fluctuations have been adopted in cyclostratigraphy analysis (Shi
etal., 2019; Yao et al., 2022). Through spectral analysis, wavelet transforms, filtering,
and tuning methods, Milankovitch cycles within stratigraphy can be identified,
providing an essential basis for establishing high-precision astronomical timescales,
delineating high-frequency sequences, and studying palaeoclimate changes (Torrence
and Compo, 1998; Kodama and Hinnov, 2015; Ruhl et al., 2016). Additionally, time
series analysis enables the establishment of time-depth (or thickness) models in the
absence of an absolute time anchor, allowing for the objective estimation of
sedimentation rates (Meyers, 2015, 2019; Li et al., 2018, 2019a). Previous studies in
the Dongying Sag have established a depth-age model for lacustrine fine-grained
sedimentary rocks using cyclostratigraphy and described the multi-scale laminated
characteristics (Shi et al., 2018, 2021). These new research methods have greatly
enriched the study of climate change in the pre-Quaternary period and have provided
valuable insights into the genesis mechanism of laminated sediments.

Shale oil and gas, as unconventional oil and gas resources that integrate source rock
and reservoir, are also influenced by the laminae of shale reservoirs, including oil and
gas content, reservoir properties, mobility, and engineering feasibility (Ma et al., 2017;
Xiong et al., 2019; Jin et al., 2021; Wu et al., 2022; Xin et al., 2022; Xi et al., 2023).
The exploration and development of continental shale oil in China over the past decade
have confirmed that a large number of laminae are developed in the Qingshankou
Formation in the Songliao Basin, the Shahejie and Kongdian Formations in the Bohai
Bay Basin, the Funing Formation in the Subei Basin, the Yanchang Formation in the
Ordos Basin, and the Lucaogou and Fengcheng Formations in the Junggar Basin.
Among these, continuous drilling of the G108-8 Well in the Cangdong Sag reveals that
the thickness of a single lamina in the second member of the Kongdian Formation (Ek;)
is mostly less than 2 mm (Pu et al., 2016; Zhao et al., 2019a, 2020; Jin et al., 2023).
Felsic laminae, carbonate laminae, mixed laminae, and organic-rich laminae are
frequently stacked, with a lamina density of up to 11,000 layers /m (Li and Schieber,
2015; Zhao et al., 2019b; Xi et al., 2020; Ma et al., 2022; Xu et al., 2023). The
geological characteristics of Ek,, including a high density of laminae, high organic
matter content, high brittle mineral content, and low clay mineral content, provide
favorable geological conditions for the exploration and development of laminated shale
oil in the Huanghua Depression and also offer valuable material for the study of
laminated sediments (Pu et al., 2019; Zhao et al., 2019b, 2023; Zhou et al., 2020; Liu
et al., 2022; Xin et al., 2022).

In this study, we conducted core descriptions and thin section observations on four
intervals from Ek, in the Cangdong Sag, Bohai Bay Basin (BBB). Furthermore, spectral
and wavelet analyses were performed on natural gamma-ray logging data from Well
G108-8, revealing the presence of the Milankovitch cycles and serving as the basis for
establishing the time-thickness model. Statistical methods, such as the correlation
coefficient (COCO), evolutionary correlation coefficient (eCOCO), and TimeOpt
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analysis, were used to determine the optimal sedimentary accumulation rate (SAR).
Finally, we compared the sedimentation rates of different lacustrine shale strata and
modern lake basins, and proposed a simplified model to illustrate the sedimentation
process, emphasizing the record of laminated sediments in semi-deep to deep lakes.

2. Geological setting

2.1 Tectonics and sedimentary system

The BBB is a Mesozoic—Cenozoic rift basin in the basement of the North China
Craton, spanning between 30° and 45°N latitude. It has a rhombus-shaped configuration
and covers an area of approximately 200,000 km? (Fig. 1A). Its tectonic evolution has
undergone both the Paleoproterozoic syn-rift and post-rift periods (Fig. 2) (Qi and Yang,
2010). Within the BBB, the Cangdong Sag is situated at the center and forms part of
the Huanghua Depression. It is bordered by the Cangxian Uplift to the west and the
Xuhei Uplift to the east (Fig. 1B). The second member of the Kongdian Formation was
deposited during the early rifting period in the Cangdong Sag, representing an inland
closed lake environment. Clastic materials in the region originate from four major
provenances, and deltaic sedimentation is well-developed around the lake. The
sedimentary facies exhibit regular variation from the center to the margin and can be
categorized into three zones: the inner, middle, and outer rings (Pu et al., 2016; Zhao et
al., 2019a, 2020, 2022) (Fig. 1C).

The age of the Kongdian Formation is still somewhat controversial due to the absence
of absolute age constraints. However, chronostratigraphic studies in the Bohai Bay
Basin have made significant progress. Yao et al. (1994) employed K-Ar radioisotope
dating of volcanic rocks in the Liaohe Basin, which indicated an age of approximately
65 Ma for the base of the Kongdian Formation. Although the initial age of the Shahejie
deposits, as constrained by different methods, varies, the comprehensively calibrated
age is 50.4 Ma (Yao et al., 1994; Liu et al., 2018b; Shi et al., 2018, 2019). This suggests
that the age of the Kongdian Formation can be roughly constrained to 50.4—65 Ma (Fig.
2).

2.2 The G108-8, GD12, GD14 and G19-25 borehole

The four boreholes, G108-8, GD14, GD12, and GD19-25, are all situated in semi-
deep to deep lake facies, as illustrated in Fig. 1C. G108-8 was drilled through the entire
Ek,, with an actual core length of 495.7 m and a recovery rate of 99.1%. The GD14,
GD12, and GD19-25 wells contain partial continuous cores with drill core lengths of
68.5 m, 71.6 m, and 45.1 m, respectively. A detailed core description, including
centimeter-scale lithology, X-ray diffraction (XRD), and related depositional features,
was conducted on the four wells (Yan et al., 2015, 2017). The Ek; is divided into four
sub-members (Pu et al., 2015). The lower part of Sub-member 4 (Ek,*) mainly consists
of sandstone and light grey mudstone, while the upper part of Ek,* to Sub-member 1
(Ek,") primarily consists of dark felsic shale, mixed shale, and light gray dolomite.
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Notably, in the G108-8 well, a deep-water gravity flow siltstone is prominently
developed at the top of Sub-member 2 (Ek,?). This siltstone exhibits distinct logging
curve characteristics, such as high gamma and low resistivity, which make it suitable
as a correlation marker bed across the four wells (see Fig. 3).

3. Methodology

3.1 Core description and thin section observation

The macroscopic and microscopic characteristics of the laminae were thoroughly
examined through core descriptions and thin-section observations. These analyses
specifically focused on the shale sections of four intervals, as depicted in Figs. 1 and 4.
Initially, the core samples were cut and polished to facilitate a detailed core description.
This process involved continuous scanning and polishing of the core surface under both
natural and fluorescent light, effectively enhancing the visibility of laminae boundaries.
For thin-section observations, the prepared thin sections were examined at the China
University of Petroleum (East China), following the SY/T5368-2000 standard protocol.
These thin sections were carefully observed using a Zeiss Axioskop 40 polarizing
microscope, and microphotographs were captured to document the findings.

3.2 Natural gamma-ray (GR) logging data and time series analysis

Gamma-ray (GR) logging is routinely used for lithological characterization. The
concentrations of naturally occurring radioactive materials measured by GR can reflect
changes in lithology, which are influenced by the depositional environment and
terrestrial inputs (Li et al., 2019b). Variations in astronomical cycles lead to cyclic
changes in the amount of solar insolation on the Earth's surface, regulating
environmental conditions such as climate. Previous work has shown that GR is one of
the most sensitive paleoclimate indicators for preserving astronomically forced climate
signals and has been widely used in paleoclimate and paleoenvironmental
investigations (Meyers, 2015; Ruhl et al., 2016). The G108-8 well in the Cangdong Sag
was selected for this study because it provides the most representative and complete
section of the Ek,, with lithological data detailing the macroscopic and microscopic
characteristics of the Ek, shale (Pu et al., 2019; Zhao et al., 2019a, 2019b). The GR
series has a high sampling resolution (0.125 m) and completely covers the shale interval
(2920-3350 m), encompassing the entire 430 m (Fig. 4).

Wavelet analysis of the GR data was performed to determine the distribution of
strong cyclic signals throughout the GR series (Torrence and Compo, 1998). A 150.5
m (35% of the total length) 'loess' long-term trend was then removed, and power
spectrum analysis was conducted using the 2w multi-taper method (MTM) (Thomson,
1982). The correlation coefficient (COCO), evolutionary correlation coefficient
(eCOCO), and TimeOpt analysis were used to estimate the optimal sedimentation rate
(Meyers, 2015; Li et al., 2018). COCO, eCOCO, and TimeOpt analyses evaluated
sedimentation rates ranging from 1.6 to 50 cm/kyr with a step increment of 0.3 cm/kyr
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through 10,000 Monte Carlo simulations. Uncertainties in astronomical solutions
beyond 50 Ma are high due to the chaos of the solar system, but the basic age model is
based on the consistent recognition of the number of stable 405-kyr cycles in the
geological data (Hilgen, 2010; Waltham, 2015). We primarily used estimates from
Laskar et al. (2004) to derive solutions for periodicities at approximately 56 Ma. The
above numerical analyses were performed using the Acycle 2.6 software (Li et al.,
2019a).

4. Results

4.1 Characteristics of laminated sediments

Laminae are the most basic units of sedimentary bedding and are a typical
characteristic of shales. The thickness of laminae is usually less than 1 cm (Ingram,
1954; Wu et al., 2022; Jiang et al., 2023), although some scholars define them as being
less than 1 mm (Liu et al., 2018a; Zhang and Li, 2018). However, no consensus has
been reached on this definition. The characteristics of laminae at different scales can be
described by observing cores and identifying thin sections. Core observations under
sunlight and fluorescence can identify laminae at the centimeter to millimeter scale,
while thin sections can identify laminae at the millimeter to micrometer scale. In our
study, we classified the lamina structure into three types based on the thickness of
individual laminae: laminated rocks (millimeter-scale; single layer thickness less than
1 cm), layered rocks (centimeter-scale; single layer thickness between 1-10 cm), and
massive rocks (decimeter-scale; single layer thickness greater than 10 cm).

Based on the scale of single lamina thickness, the structure observed in cores can be
divided into massive (Fig. SE and F), layered (Fig. 5G and H), and laminated rocks
(Fig. 5C, D, I, and J). Lamina boundaries are sometimes unclear under sunlight, but
using fluorescence can make the lamina interfaces clearer. Different fluorescence
intensities can also reflect variations in oil content among different laminae. The total
length of the four intervals is 615.2 m, of which the cumulative thickness of laminated
rocks is 334.6 m, accounting for 54.4%, layered rocks total 141.5 m, accounting for
23.0%, and massive rocks total 139.1 m, accounting for 22.6% (Fig. SA and B). The
thin-section identification results show that the differences between adjacent laminae
are more pronounced, with adjacent bright and dark layers forming a complete rhythmic
combination, which some refer to as a "binary structure" (Fig. 6). However, because
the minerals in fine-grained sedimentary rocks are mainly clay-sized particles with a
cryptocrystalline structure, it is difficult for optical microscopes to accurately identify
mineral types. Occasional microscopic flame configurations can be observed under the
optical microscope (Fig. 6B), along with scattered coarse and silt-sized particles (Fig.
6E, F, G, and H). Previous studies using high-resolution techniques such as scanning
electron microscopy have observed and analyzed the microscopic mineral composition
of lacustrine shale in China, indicating that the bright laminae are mainly composed of
felsic or carbonate minerals, while the dark laminae are primarily composed of clay
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minerals and organic matter (Fig. 6I). Statistical analysis based on observations of 357
laminated and layered samples shows that the thickness of individual laminae is less
than 400 pm, with an average thickness of 250 um (Fig. 7).

4.2 Cyclostratigraphic analysis and sediment accumulation rate (SAR)

There is generally a strong correlation between GR values and lithology, with higher
GR values typically observed in shale formations and lower values in sandstone
formations. Sudden changes in GR values often occur at lithological boundaries and
unconformity surfaces (Fig. 4). Through wavelet transformation of the unfiltered GR
data, cyclic patterns with wavelengths of 87.2 m, 38.4 m, 12.7 m, 2.3 m, and 1.7 m were
identified (Fig. 8A). Spectrum analysis of the detrended GR series reveals a hierarchy
of cycles with a confidence level of 95% (Fig. 8C). The ratio of wavelengths of 113.6—
253 m, 12.7-7.8 m, 4.7-2.7 m, and 2.3—1.3 m is approximately 21:6.9:2.6:1.3, which
aligns with the ratio of astronomical periods at 56 Ma (21:6.5:2.7:1.2). This may
indicate that these cycles represent long eccentricity, short eccentricity, obliquity, and
precession periods, respectively.

The results of COCO and eCOCO analyses of the GR series suggest that
sedimentation rates of 22.4 cm/kyr, 26.9 cm/kyr, and 31.6 cm/kyr yield a null
hypothesis (Hy, no astronomical drive) significance level of less than 0.01 (Fig. 9). The
TimeOpt results indicate that the optimal sedimentation rate is 20.3 cm/kyr (Fig. 10).
The consistency between COCO, eCOCO, and TimeOpt results supports that the SAR
of the target interval is approximately 20.3 cm/kyr. Therefore, the wavelength of
approximately 87.2 m is most likely to represent the 405 kyr long eccentricity signal
(Fig. 8B). These results provide convincing evidence for the presence of the
Milankovitch cycle in the sedimentary records of the Ek,.

5. Discussion

5.1 Comparison of SAR in lacustrine sediments

Many factors affect the sedimentation rate of basins, and previous researchers have
restored sedimentation rates from multiple perspectives. The sedimentation rate of
marine shale in China is generally lower than 3 cm/kyr (Zhang et al., 2023a), while
lacustrine shale varies from 1.3 cm/kyr to 19.2 cm/kyr (Fig. 11A).

The cyclostratigraphy of the Kongdian Formation in the SK-1 well of the Dongying
Depression, as reported by Liu et al. (2018b), revealed an average sedimentation rate
of 19.2 cm/kyr, which is similar to the 20.3 cm/kyr observed in the G108-8 well,
confirming the robustness of the spectral analysis of the studied succession. In addition,
for the same borehole, the results for the Shahejie-Dongying Formation show a slight
decrease in sedimentation rate. The sedimentation rate of the Shahejie Formation is 7.0—
22.2 ecm/kyr (Liu et al., 2018b; Wang et al., 2020), while the average sedimentation rate
of the Shahejie Formation in the FY1 well is 9.75 cm/kyr (Shi et al., 2018; Ma et al.,
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2023). The relatively younger strata of the Shuluhe Formation in the Jiuquan Basin
exhibit a low sedimentation rate, with an average of 7.6 cm/kyr. In contrast, the older
Xiagou Formation exhibits a higher rate of 8.5-19.8 cm/kyr, with an average of 11.4
cm/kyr (Chen et al., 2020; Yao et al., 2022). The sedimentation rates of the Permian
Lucaogou Formation and Fengcheng Formation in the Junggar Basin are 8.0-10.0
cm/kyr and 9.0-19.0 cm/kyr, respectively (Huang et al., 2021, 2023; Tang et al., 2022).
The sedimentation rate of the MY1 well is 9.9 cm/kyr, which somewhat differs from
the SAR of approximately 16 cm/kyr calculated by Huang et al. (2021) for the FN7
well. Several research cases have been conducted in the Chang 7 Member of the Ordos
Basin in central China, yet the results of the restored sedimentation rates vary
considerably. The cyclostratigraphy of the Chang 7 Member, as reported by Chen et al.
(2019), Zhang et al. (2019, 2023b), and Li et al. (2023), revealed apparent average
sediment accumulation rates of 1.4-2.1 cm/kyr. In contrast, the cyclostratigraphy and
zircon dating from the Tongchuan area of the southern Ordos Basin yield an apparent
average sediment accumulation rate of 4-9.7 cm/kyr (Zhu et al., 2019; Jin et al., 2021;
Chu et al., 2020, 2023; Cui et al., 2023).

In a recent study, Zhang et al. (2023a) examined and compared the sedimentation
rates of 14 sets of lacustrine organic-rich shale in China. Their findings indicated that
sedimentation rates generally exhibited an increasing trend with geological age, from
older to newer formations. Additionally, shale from saline lacustrine environments has
higher sedimentation rates than that from freshwater environments. The average
sedimentation rates of the Kongdian Formation (including the Dongying Depression)
are the highest among these compared lacustrine strata, which may be a terrestrial
response to the "PETM" events (Tan et al., 2016). The different sedimentation rates
may be subject to methodological errors and can also be attributed to the spatial
heterogeneity commonly observed in continental sediments, as well as the influence of
various factors related to the sedimentary environment (i.e., provenance supply,
transport, and sedimentary processes). Therefore, the reasons for these differences are
multifaceted and require more extensive statistical analysis and in-depth discussion.

Here, we also analyzed high-precision dating data of young sediments from four
modern lake basins (Fig. 11B). Based on 175 m of continuous drilling and dating from
Van Lake in Turkey, the age-depth model shows that the SAR is approximately 28
cm/kyr (Stockhecke et al., 2014). In the other three research cases from China, the
maximum burial depths of sediments in Jiangcuo, Maar, and Sugan Lakes in the past
200 years are less than 30 cm. The average sedimentation rates calculated using
OAr/°Ar, 137Cs, and ?'°Pb are 70 cm/kyr, 115 cm/kyr, and 169 cm/kyr, respectively
(Chu et al., 2009; Ji et al., 2021; Zhou et al., 2007), significantly higher than those of
Van Lake. It is important to consider the mechanical compaction effect during the
process of sediment burial depth when making comparisons, particularly in ancient
strata that have already been consolidated into rock (Perrier and Quiblier, 1974).
Research has shown that the volume (mainly thickness) of sediments tends to decrease
with burial depth and that the compaction of shale is less than that of sandstone and
limestone. The compaction rate (ratio of ancient sedimentary thickness to current

-8-



314
315
316

317

318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356

thickness) after consolidation into rock can reach 2-3 (Wei et al., 2024). Therefore, the
original sedimentation rate of EK, may exceed that of Van Lake in Turkey but is smaller
than that of Jiangcuo, Maar, and Sugan Lake.

5.2 The genetic mechanism and sedimentary process of varves

This study provides evidence for the annual nature of laminae couplets by estimating
the sedimentation rate of the shale beds and comparing it with the thickness distribution
of individual laminae in the laminated sedimentary record. Varves with an average
thickness of 250 um in the Ek, of the Cangdong Sag show good consistency with those
identified by Shi et al. (2021). In contrast, in the Cangdong Sag, in addition to
carbonate-mineral-dominated laminae, there are also a significant number of mud-silt
grade felsic laminae, indicating the sedimentation of terrestrial debris. Simultaneously,
a large amount of precipitation usually accompanies a decrease in water salinity,
leading to a reduction in self-generated carbonate minerals (Liu et al., 2023). Therefore,
there should be a complementary effect between felsic and carbonate content.
Consequently, the average thickness of laminae in the Cangdong Depression is slightly
higher but still within the range of 70-300 um (average 189 um) observed in the
Dongying Sag. The sedimentary record of the mid-to deep-facies shows continuous
light and dark laminae corresponding to a one-year cycle of sedimentation (Zolitschka
et al., 2015; Shi et al., 2021; Tian et al., 2024). The light laminae, predominantly
composed of felsic or calcite, form during summer, while the dark laminae, comprising
a mixture of clay and organic matter, are primarily deposited during winter and early
spring (Figs. 6 and 12). The conditions and rates of sedimentation of organic matter,
clay, felsic, and carbonate minerals in lake basins are typically variable. During spring
and summer, fine-grained material from the land is transported by rivers and winds and
tends to settle in the far shore areas of the lake basin, resulting in the formation of layers
predominantly composed of terrestrial debris. During drought and salinization, the
proportion of terrestrial material is typically relatively low. Carbonates in the water
crystallize and precipitate under changes in salinity and the action of organisms,
forming layers mainly composed of carbonate minerals and supplemented by terrestrial
debris particles. In autumn and winter, the energy of the lake basin water decreases, and
biological activity also diminishes. At this time, clay minerals and organic matter in the
lake basin settle under flocculation, forming organic-rich clay laminae. Additionally,
the shale strata of the Yanchang Formation in the Ordos Basin and the Lucaogou
Formation in the Junggar Basin in China contain numerous pyroclastic laminae, which
are typically associated with frequent volcanic eruptions (Xi et al., 2020; Wu et al.,
2022). Once the annual rhythm of the laminae is established in these natural archives,
their chronological sequence and the burial process of organic matter can be determined
by consecutive lamina counting. This idealized simplified model cannot fully explain
the genesis of massive rocks in the semi-deep facies and horizontally laminated rocks
in shallow lacustrine environments. It requires further consideration of the complexity
and variety of geological processes, such as the influence of water energy, bioturbation,
and geological events on the formation and preservation of laminated sediments.
Additionally, the potential for biased perceptions caused by single-hole views must be
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6. Conclusion

The drilling cores from four wells and the GR series of G108-8 in the Cangdong Sag
of BBB provide a record of rhythmically laminated sediments in Ek,, opening a window
for exploring lacustrine laminae. The main conclusions are as follows:

(1) We determined the thickness characteristics of the laminae through core
description and thin-section identification. On a core scale, the laminations
predominantly consist of shale with a thickness typically less than 1 cm. On a thin-
section scale, the thickness of individual laminae is less than 400 pm, with an average
of 250 um.

(2) Time series analysis has revealed sedimentary cycles that correlate with
Milankovitch cycles. The Ek, sediments display significant peaks at wavelengths of
113.2-25.3 m, 12.7-7.8 m, 4.7-2.7 m, and 2.3-1.3 m. Power spectrum analysis
identifies peaks at 87.2 m, 38.4 m, 12.7 m, 2.3 m, and 1.7 m, aligning with signals
observed in the wavelet transform. This ratio of significant peaks concurs with the
periodicity ratio of astronomical cycles at 56 Ma.

(3) The genetic mechanism behind the rhythmic laminated sediment in Ek, can be
attributed to a one-year cycle. Analysis of the sediment accumulation rate (SAR) in the
405-kyr-long GR series demonstrates that the thickness of the bright and dark couplets
corresponds to one year’s sediment deposition at the optimal sedimentation rate.
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Figure captions

Fig. 1. (A) The Paleogene (56 Ma) paleogeography reconstruction in Mollweide project
(http://www.odsn.de). (B) An overview map of China and Bohai Bay Basin showing
the location of Cangdong Sag. (C) Sedimentary system and location of four studied
wells of the second member of Kongdian formation in Cangdong sag (modified after
Zhao et al., 2020).

Fig. 2. The comprehensive stratigraphic column of the BBB. The ages on the left are
based on the GTS2023, where those on the right are from Yao et al. (1994) and Shi et
al. (2019). The Ostracoda, Characeae, and palynological biozones are from Liu et al.
(2018b) and references therein. The lithology, depositional settings, and tectonic
evolution of the Huanghua Depression are modified after Jiang et al. (2015).

Fig. 3. Lithological features of G108-8, GD14, GD12, and G19-25 and well correlation
in Cangdong Sag (see Fig. 1C for the location of the four wells.)

Fig. 4. Stratigraphy, lithology, origin GR series, and detrended GR series of Well G108-
8.

Fig. 5. Macroscope sedimentary characteristics of the four studied intervals. (A) Grain-
size and sedimentary structure column of the four intervals. (B) Percentage stacking bar
chart of three structure types of four intervals. (C)—(J) Macro-photographs of the typical
rock.
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Fig. 6. Micro-characteristics of laminated shales in Ek; of Cangdong Sag. (A) G108-8,
2987.93 m, the interface of the laminae is clear, consisting of 11 bright and dark cycles.
(B) G108-8, 2992.79 m, the interface of the laminae is curved, with microscopic flame
structure, and coarse particle deposition is developed. (C) G108-8, 3078.34 m, the
laminae are continuous and the interfaces are relatively flat, consisting of 14 bright and
dark cycles. (D) G108-8, 3223.89 m, the laminae are continuous and flat, consisting of
12 bright and dark cycles along the yellow line. (E) GD12, 3881.4 m, the laminae are
fine and straight, with a large number of silt-sized felsic particles. (F) GD12, 3860.88
m, the laminae are flat and straight, scattered with coarse and silt-sized particles. (G)
G19-25, 3370.54 m, the laminae are fine and straight, and the boundaries are clear, and
scattered with coarse and silt-sized particles. (H) GD14, 4143.13 m, the laminae above
the field of view are straight, while the laminae below the field of view are
discontinuous, scattered with coarse and silt-sized particles. (I) G108-8, 3224.66 m,
AMICS photo of laminated sample cited from Zhao et al. (2019), binary structures
composed of carbonate and organic-rich clay.

Fig. 7. Bar chart and nephogram of laminae thickness distribution under a microscope.
Total 3128 laminae from 357 laminated samples.

Fig. 8. (A) Lithology of the interval 1 from well G108-8. (B) Morlet wavelet transform
(bottom) and plot spectrum (top) of GR series. (C) The turned GR series is shown with
Gaussian filter output and the sedimentation rate calculated from the 405-kyr turned
GR series, the 405-kyr cycle between E1 and E2 is relatively uncertain. (D) 2 MTM
power spectrum (top) and evolutionary power spectra (bottom) of turned GR series.

Fig. 9. Results of the COCO and eCOCO analyses of the interval 1 from Well G108-8.
(A) Correlation coefficient (top) and evolutionary correlation coefficient (bottom). (B)
Null hypothesis (Hy, no astronomical forcing; top) and evolutionary H, significance
level (bottom). (C) The number of contributing astronomical parameters (top) and an
evolutionary number of contributing astronomical parameters (bottom).

Fig. 10. TimeOpt analysis: Pearson correlation coefficient for the precession amplitude
envelope fit (r’envelope), spectral power fit (r’power), and combined envelope and
spectral power fit (r?opt). Hy: no astronomical forcing. The sedimentation rate tested
from 1.6 to 50 cm/kyr. The Monte Carlo simulations number of TimeOpt was 10000.

Fig. 11. Differences in sedimentary accumulation rate in the lake. (A) Sedimentary
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records of ancient strata. SK-1 and HE-166 data from Liu et al. (2018b), Q2-36 data
from Chen et al. (2020), N36 data from Li et al. (2023), FN7 data from Huang et al.
(2021), WHLX Section data from Yao et al. (2022), FY1 data from Shi et al. (2018)
and Ma et al. (2023), SK-1n data from Wu et al. (2014), Y1011 data from Zhang et al.
(2023b), YY1 data from Jin et al. (2021) and Chu et al. (2023). (B) Laminated
sediments records of modern lakes. Van data from Stockhecke et al. (2014), Jiangco
(JC) data from Ji et al. (2021), Maar (MA) data from Chu et al. (2009), and Sugan (SG)
data from Zhou et al. (2007).

Fig. 12. Simplified conceptual and depositional models for lacustrine sedimentation
processes and laminated sedimentary record. The depiction of geological events (i.e.,
volcanic and hydrothermal are not present in this study) is inspired by the Middle
Triassic in the Ordos Basin (Zou et al., 2022), the Early Permian in the Junggar Basin
(Huang et al., 2021) and the Early Cretaceous in the western Liaoning (Tian et al., 2024).

Highlights:

® [acustrine shale from Ek, in Cangdong Sag show clear annual sedimentary records.
® Sedimentation rate of the Ek, is 20.3 cm/kyr based on time series analysis.

® Time-thickness model helps explaining the genesis of annually laminated
sediments (Varve).
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