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ABSTRACT

Fine-grained lacustrine sedimentation controlled by astronomical cycles remains a research weakness in
sedimentology studies, as most studies have concentrated on how astronomical cycles affect the normal
lacustrine fine-grained sedimentation, but how they affect the lacustrine fine-grained event sedimen-
tation has been rarely studied. Therefore, this work researched the characteristics of event sedimentation
by systematically observing the cores from 30 cored wells in the Shahejie Formation of the Dongying Sag
at a depth of over 1800 m, with more than 4000 thin sections being authenticated and over 1000 whole
rocks being analyzed by X-ray diffraction (XRD). The research object was the Chunshang Sub-member of
Upper Es4 in the Fanye 1 well, as it had the most comprehensive analysis data and underwent the most
continuous coring. We divided astronomical cycles into different orders and made corresponding curves
using the gamma-ray (GR) curve, spectral analysis, power spectrum estimation, and module extreme
values, there were 6 long eccentricity periods, 22 short eccentricity periods, 65.5 obliquity cycles, and
110.5 precession cycles in this sub-member. On this basis, this study analyzed the control of astronomical
cycles on the lacustrine fine-grained event sedimentation, and the research shows deposits were
developed by slide-slump, turbidities, hyperpycnites, and tempestites in the Chunshang Sub-member of
the Upper Esg4, with higher long eccentricity, the monsoon climate contributes to the formation of storm
currents, while with lower long eccentricity, the surface deposits are severely eroded by rivers and
rainfalls, thus developing the slide-slump, turbidities, and hyperpycnites. The relationship between the
lacustrine fine-grained event sedimentation and astronomical cycles was studied in this case study,
which can promote research on fine-grained sedimentary rocks in genetic dynamics and boost the
theoretical and disciplinary development in fine-grained sedimentology.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

1. Introduction

sedimentation (Potter et al., 2005). However, a flume experiment
verified that fine-grained sediments could be moved and deposited

With progress made in unconventional oil and gas exploration,
the theory of fine-grained sedimentology has developed rapidly,
making the genesis of fine-grained sedimentary rocks a research
hotspot. Generally, fine-grained sediments are weak hydrodynamic
products mostly developed in deep waters via slow and normal
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at a specific flow velocity (Schieber et al., 2007), overthrowing the
traditional argument that mudstone could only be deposited in still
waters. Later, scholars worldwide continuously found various event
deposits in fine-grained sedimentary rocks, including wave-
enhanced gravity flows deposition (Macquaker et al., 2010),
hyperpycnites (Plint, 2014; Wilson and Schieber, 2014; Yang et al.,
2015), storm deposits (Plint, 2014; Zhang et al., 2016), slide-
slump (Cao et al., 2021), turbidities (Zhang et al., 2016), and
debris flows deposition (Yuan et al., 2015). The event sedimentation
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of fine-grained rocks not only sheds light on the paleoenvironment
but also functions as important reservoirs and sweet spot areas for
unconventional oil and gas resource exploration. Therefore, theo-
retically, discussing the forming mechanism of fine-grained event
sedimentation helps clarify its major controlling factors and
working patterns. Meanwhile, it contributes to understanding the
environmental influence of frequent climate changes, which guides
predicting future climate conditions. In production, such discussion
contributes to studying the cause of high-quality reservoir mech-
anisms and offers an essential basis for predicting unconventional
oil and gas source-reservoir-cap assemblage and favorable reser-
voir development zone. Research shows that the distribution of
event sedimentation is mostly controlled by water depths and
climate changes, which are related to astronomical cycles (He et al.,
2019; Fu et al., 2020; Xing et al., 2020; Chen et al., 2021a,b). Current
geological research on astronomical cycles mainly focuses on fields
such as stratigraphy (Mei, 2015; Gao et al., 2020; Liu and Liu, 2020),
paleoclimatology (Li et al., 2019; Zhao et al.,, 2019), and paleon-
tology (Li et al., 2016), while limited studies were conducted on the
relationship between astronomical cycles and event sedimentation
despite discussion and speculation made by Wang et al., 2015b and
Yang and Tian (2020). Thus, to a certain extent, the public has
limited knowledge of this issue, which restricts further exploration
of event deposits controlling factors and distribution rules, thus
impeding the fine-grained sedimentological theory and effective
unconventional oil and gas resources exploration.

The Dongying Sag, located in Bohai Bay Basin is rich in oil and
gas, and its fine-grained rocks of the Upper Es4 (the fourth member
of the Shahejie Formation) have huge potential for oil and gas
exploration. The area is less affected by geological tectonics, and the
fine-grained sedimentary rocks are sensitive to climate change,
making it suitable for identifying astronomical cycle signals. Pre-
vious studies have made certain progress in this regard. For
example, Sun et al. (2017) used spectral analysis and wavelet
transform methods to identify the Milankovitch cycle in the Don-
gying Sag. They used core, X-ray diffraction, and geochemical data
to delineate eight petrographic types and established a deposi-
tional model for fine-grained sedimentary rock facies. Jin (2017)
used the GR logging curve of the Fanye 1 well in the Dongying
Sag as a proxy for the stratigraphic analysis of the astronomical
rotation, revealing that the lithology and variations in lithologic
assemblages of the Chunshang Sub-member of the Upper Es4 cor-
responded well to the 38 kyr astronomical cycle. Taking into ac-
count the exploration practice and by comparing the stratigraphic
delineation schemes in the Jiyang Depression, Shi et al. (2019a)
used the long eccentricity, short eccentricity and slope period
curves as reference curves for the four-, five- and six-stage se-
quences delineation, thus achieving quantitative high-frequency
sequences delineation of lacustrine fine-grained sedimentary
rocks. Shi et al. (2019b, 2020) and Luan et al. (2022) restored the
paleoclimatic and paleoenvironmental variation characteristics of
lake sedimentation in the Dongying Sag from the perspective of
astronomical cycle-controlled sedimentation. They also explored
the genesis mechanism of lacustrine fine-grained sedimentary
rocks, which has both scientific and guiding significance for
exploring unconventional oil and gas. Jin et al. (2022) determined
the optimal sedimentation rate by fitting the observed sedimen-
tation cycle to the astronomical cycle. They reconstructed the
relative lake level variation curve during the deposition period from
the Chunshang Sub-member of the Upper Es4 to the lower Es3 with
a sedimentation noise model based on a 100 kyr orbital tuning. This
work observed core and microscope thin-section, and found that
this zone is characterized by event sedimentation, including slide-
slump, turbidities, hyperpycnites, tempestites, etc. Although many
scholars have studied the relations of local strata, lithofacies,
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paleoenvironment, etc. with astronomical cycles, few studies have
investigated how these cycles affect the causes of fine-grained
event sedimentation so that the deposition law of fine-grained
rocks of the Upper Ess remains unclear, which further restricts
the exploration of unconventional oil and gas resources.

This study took the Chunshang Sub-member of the Upper Es4 in
the Dongying Sag as an example and researched the fine-grained
event sedimentation and its various types by core observation,
thin section authentication, XRD of whole rocks, and element
geochemistry analysis. On this basis, the Chunshang Sub-member
of the Upper Es4 in the Fanye 1 well was chosen as the research
object as it had the most comprehensive analysis data and under-
went the most continuous coring. Afterwards, based on the GR
curve and the theory of Milankovitch cycles, we carried out the
spectral analysis, power spectrum estimation, and module extreme
values to categorize astronomical cycles into different orders and to
establish astronomical circulars. Then, this study discussed how
these cycles controlled the fine-grained event sedimentation by
regulating the paleoclimate and paleo-water depth, providing ref-
erences for their relationship and further developing the theory of
fine-grained sedimentology and assisting strata optimization and
further oil and gas exploration of fine-grained sediments in the
study area.

2. Geological settings

Dongying Sag, a typical Meso-Cenozoic continental rift basin
located in the Jiyang Depression of Bohai Bay Basin, is surrounded
by the Qingtuozi Heave in the east, the Luxi Uplift and Guangrao
Heave in the south, the Qingcheng Heave in the west, and the
Chenjiazhuang and Binxian Heaves in the north (Fig. 1). Covering an
area of about 5700 km?, the depression is 90 km long from east to
west and 65 km wide from south to north, including three positive
tectonic belts (northern steep slope zone, central anticlinal zone,
and southern gentle slope zone) and four negative tectonic belts
(Lijin, Niuzhuang, Boxing and Minfeng Subsags). As the Paleogene
Chunshang Sub-member of the Upper Es4 was formed in half-deep
and deep lakes, the fine-grained sedimentary rocks were well
developed, with the major lithology including argillaceous lime-
stone, lime clay rock, lime-containing clay rock, clay rock, and
dolomitic clay rock.

3. Experiment and data processing methods
3.1. Core observation and thin-section identification

This study systematically observed about 1800 m cores from 30
cored wells, including Fanye 1, Niuye 1, Guan 17-Xie 10, and Wang
129 wells from the fourth member of Shahejie Formation in Don-
gying Sag, and identified over 4000 thin sections from the wells.

3.2. X-ray diffraction (XRD) analysis

X-ray diffraction (XRD) analysis was carried out to analyze the
content of pyrites and carbonate minerals. Samples were ground
into particles less than 300 mesh size, and 1 g powder was put into
a sample sink and pressed with ground glass to fill the sink. Af-
terwards, the sample was placed at the center of a goniometer. All
pretreatment, such as grinding and tableting, and analysis, was
made by the strata office of Sinopec Shengli Exploration and Pro-
duction Research Institute via DX-2700B X-ray analyzer under SY/
T5163-2010 industry standard for the experiment. Cu and Ka
were set as X-rays. The instrument was operated at 40 kV tube
voltage and 30 mA tube flow under a 21 °C ambient temperature
with a humidity of 40%. The scanning pattern was 6-6. The contents
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Fig. 1. (a) Geologic structure diagram of the Dongying Sag; (b) Stratigraphic column for the lithology in the Chunshang Sub-member of the Upper Es4 (right) (Wu et al., 2017)

of clay minerals, felsic rocks, carbonate minerals, and pyrite in a
300 g sample were measured, and this study focused on the sta-
tistics of carbonate minerals and pyrite.

3.3. Element analysis

The Itrax XRF core scanner was adopted to analyze the elements
in samples through a Mo tube test to understand their Na and Al
contents, which was conducted by the Sinopec Shengli Exploration
and Production Research Institute. A 4 um thin layer of Ultralene
was covered on the sample profile to avoid contaminating the
equipment and reduce the surface roughness. During the scanning,
five points were selected for the test of each sample, and the
average value was calculated. Each sample test was conducted for
20 s under 30 kV tube voltage and 30 mA tube flow. 128 m cores
were scanned and analyzed, and primary and minor elements data
were achieved, including Na, Al, Ca, Ba, Fe, Pb, Ni, Sr, and Ti, among
which Na and Al were further studied.

3.4. Organic carbon analysis

LECOCS-230 carbon-sulfur analyzer was employed in the test
and analysis according to the GB/T19145—2003 Chinese national
standard by the State Key Laboratory of Oil and Gas Reservoir Ge-
ology and Exploitation of Southwest Petroleum University. The
samples were ground into powders with less than 0.2 mm diameter
before diluting hydrochloric acid (1 hydrochloric acid: 7 water for
preparation) was used to remove the inorganic carbon component.
Afterwards, processed samples were burnt with high-temperature
oxygen (99.9% oxygen purity), transforming organic carbon to CO».
Thus, an infrared spectrum detector could achieve the total organic
carbon content. In total, 200 samples were involved in this organic
carbon analysis.

3.5. Well-logging data processing methods

Common methods of astronomical cycle research via well-
logging data include spectral analysis, wavelet transformation,
and power spectrum estimation to extract ground response infor-
mation about earth orbital parameters, which could help determine
the stratigraphic age of the Ma scale (Ikeda and Tada, 2014; Ruhl
et al,, 2016; Huang, 2019; Ma et al., 2019; DerMeulen et al., 2020;
Yu et al,, 2021). As Chunshang Sub-member of Upper Es4 in the
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Fanye 1 well had the most comprehensive analysis data and un-
derwent the most continuous coring, we processed its gamma-ray
logging data.

One-dimension continuous wavelet toolbox provided by Matlab
was used to reduce signal disturbance and avoid non-continuous
stratigraphic records, guaranteeing the credibility of research re-
sults. We then used Past3.0 statistical analysis software containing
various mainstream spectral analysis methods and its REDFIT
software pack to analyze the pretreated gamma-ray logging data.
Compared with other counterparts, REDFIT was characterized by its
convenient application without interpolation. With the assistance
of the one-dimension continuous wavelet toolbox, the Morlet
wavelet was selected for a one-dimension continuous wavelet
transform of gamma-ray well-logging data signals, which gener-
ated more reliable results as it provided a statistically significant
test. Based on wavelet analysis, a coefficient matrix could be ach-
ieved to calculate extreme modulus values. While searching for
wavelet modulus extreme values in the average value curve,
manual errors or inaccuracy should be avoided. Thus, we employed
the user-defined Eq. (1) which contained sum, absolute value, and
mean value functions. Herein, n referred to the value at the n col-
umn. The modulus extreme value could be obtained via the for-
mula, and according to nearby values, we could determine whether
it was a maximum or minimum value.

y = (SUM(ABS(1 : n)))/n (1)

4. Results
4.1. Types and features of event sedimentation

According to fine-grained core observation and thin-section
identification, diverse fine-grained event sedimentation was iden-
tified from the cored wells in the Dongying Sag, mainly including
the slide-slump, turbidities, hyperpycnite, and tempestites.
Different fine-grained event sedimentation showed obvious
distinctions.

4.1.1. Slide-slump deposits
The slide-slump deposits were the sediments accumulated in a
lower flat area under a series of trigger mechanisms, in which the
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gravitational force on the sediment downward along the slope fails
to overcome the internal cohesion of the deposit. Then, under the
influence of self-gravity, the deposits already stored in the high
slope were transported again and moved along in the manner of
continuous or intermittent blocks (rigid solids) toward the bottom
of the slope. Slide-slump deposits were common in the study area
as deformation structures caused by them could be observed in
cored wells such as Fanye 1, Niuye 1, Guan 17-Xie 10, and Niuxie 55
well. Convolute bedding and severe lamina deformation were
major deformation structures. For example, (1) Convolute bedding:
cores and thin sections observations showed that convolute
bedding was continuously distributed in one layer, often forming
closely arranged inclined folds or recumbent folds (Fig. 2a, b, ¢, d)
with a thickness of 0.25—9 cm. Some laminas had severe defor-
mation, whose mechanical property was plastic deformation (Yang
etal,, 2015; Yuan et al., 2016). (2) Severe laminae deformation: Core
observation showed that overlying and underlying strata had
abrupt contact (Fig. 2e, f, g), layer thickness between 5—10 cm, and
the sliding surface could be seen at the bottom. The internal
laminae had poor continuity compared with convolute bedding.
Severe crumpled deformation was observed between laminae, part
of which fractured into pieces of different sizes in deformed
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sediments (Fig. 2h), which marked the distinction from convolute
bedding with continuous laminae.

Notably, the slide-slump deposits were not necessarily caused
by earthquakes (Feng et al., 2017). It was proved that many were
formed due to non-tectonic activities (Zhong et al., 2019).

Slide-slump deposits formed by tectonic activities have bad
continuity of internal laminae and were often accompanied by soft
sediments deformation like ground fractures, microfolding, syn-
sedimen, flame structures, pillow structures, spheroidal structures,
and liquefied breccia (Du and Yu, 2017). In contrast, those triggered
by non-tectonic activities were small in size with good continuity
and often folded into multi-layers vertically. The reason is that a
large amount of deposited clay liquefied under weak waves or
flows, and the sliding-sliding occurs due to the loss of the original
fixed supporting force, forming deformation laminae with rela-
tively good continuity, among which some laminae were highly
symmetrical. According to previous research, deformation laminae
with great symmetry were observed when sediments liquefied and
were prone to plastic flows (Zhong et al., 2019). According to careful
core observation and microscopic thin-section identification,
abrupt contact was found in the deformation structures and be-
tween overlying and underlying strata formed by the slide-slump

Fig. 2. Features of slide-slump deposit and turbidities. (a) Niuye 1 well with convolute bedding, 3374.81 m; (b) Fanye 1 well with convolute bedding, 3419.64 m; (c) Guan 17-Xie10
well with convolute bedding, 3219.03 m; (d) Niuye 1 well with convolute bedding, 3417.5 m, 1x(—); (e) Fanye 1 well with convolute bedding, 3339.70 m; (f) Guan 17-Xie10 well with
laminae deformation, 3201.30 m; (g) Niuxie 55 well with slide-slump, 3786.67 m; (h) Niuye 1 well with laminae deformation, 3437.31 m, 1x(-); (i) Liye 1 well with normal graded
bedding, 3604.41 m; (j) Niuye 1 well with multi-phase normal graded bedding, 3438.58 m; (k) Tong 41 well with scouring structure, 1240.60 m; (1) Fanye 1 well with load cast,
3277.65 m; (m) Scour surface was observed on the core of Fanye 1 well (at the yellow point), 3390.04 m; (n) Fanye 1 well. Abrupt change of clay rock to siltstone at the scour surface

of the yellow dot in the picture (m), 3390.04 m, 5x (+).
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in the study area. Besides, no other soft sediment deformation
caused by earthquakes were discovered in the surrounding. The
majority of deformation structures had good continuity with
harmonious deformation internally and closed folds in some
laminae. Recumbent folds occurred against strong slides; These
folds were small in size at the height of 3—10 cm. Based on the
characteristics above, it can be concluded that the slide-slump
deposits resulted from the general movement due to the lack of
support in the liquefied and destabilized sediments that had been
accumulated on the slopes in the study area instead of under the
influence of earthquakes.

4.1.2. Turbidities

Turbidity flow, a type of gravity flow, was formed at the bottom
of a water body in high-speed turbulence, consisting of water and a
large amount of self-suspended material (H. Jiang, 2010; Xu, 2014).
According to recent studies, turbidity flows were the most impor-
tant way to transport terrestrial clastic materials and other particles
(Xu, 2013), carrying tremendous mud and sand into the deep ocean
or lakes to form turbidites.

Our study area found turbidities in cored wells, including Fanye
1, Liye 1, Niuye 1, Tong 41, etc. The sedimentary characteristics were
normal graded bedding, scouring structure, and load cast. (1)
Graded bedding: The sediments at the bottom were coarse-grained
and mostly siltstone in terms of normal graded bedding. Mean-
while, the grain size of sediments was finer upward, transiting to
strips of silt clay (Fig. 2i). In addition, we observed sediments piled
by multiple normal graded bedding due to multi-phase turbidity
flows (Fig. 2j). (2) Scouring surface: The scouring structure was
often accompanied by normal graded bedding. With an undulating
morphology, its upper part often has coarse-grained siltstone and
fine-grained clay rock can be noticed in the lower part, while
abrupt contact came into being at the scour surface (Fig. 2k). (3)
Load cast: Load cast appeared at the bottom of overlying sediments
due to the rapid deposition, which generated considerable pressure
on the underlying unconsolidated sediments (Fig. 21).

4.1.3. Hyperpycnites

The hyperpycnal flow is a novel sedimentary transportation
mechanism proposed in recent years (Tan et al., 2015), referring to a
high-density fluid that flows along the bottom of the basin. As the
hyperpycnal flow carried sediment particles, their fluid density was
higher than that of stable ambient water and less influenced by
buoyancy (Mulder and Syvitski, 1995). Overall, controlled by the
flood dynamics, the hyperpycnal flows had similar dynamics
characteristics and corresponding sedimentation features. Like
flood hydrodynamics, hyperpycnal flows were first enhanced and
then weakened (Mulder et al., 2003; Petter and Steel, 2006; Yang
et al.,, 2015). The combination of inverse-normal graded bedding
in hyperpycnites reflected that flood energy first weakened and
then strengthened before finally declining. Besides, the hyper-
pycnite could develop climbing-ripple cross-lamination, parallel
lamination, inner micro-erosion surface (Fig. 2b), plant fragments
(“phytodebris”) (Fig. 3c), and other sedimentary structures (Yang
et al,, 2015; Jin et al., 2019).

The hyperpycnites were found in the Chunshang Sub-member
of Upper Es4 in the cored wells of the study area, including Fanye
1 well, Tong 29 well, Wang 7 well, Wang 31 well, Wang 129 well,
etc. The main sedimentary features included (1) Inverse-normal
graded bedding structure: The inverse-normal graded bedding
was composed of calcite particles or quartz particles in pairs with a
thickness of 0.5—2.5 mm. Besides, the sediment particle size
reached the maximum at the conversion surface, where no obvious
erosion or deposition interruption was found (Fig. 3d), indicating
the continuous change of flood hydrodynamics was the leading
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factor (Yang et al., 2015). (2) Climbing-ripple cross-lamination: the
ripples climbed upward along the waterfront in the downstream
direction, forming a lamination characterized by climbing or
ascending trends (Fig. 3e), which reflected the sedimentation
conditions of rapid periodical accumulation and the relatively slow
flow velocity. (3) Corrugated beddings: According to the core and
microscopic observation, such beddings are featured with either
continuous or intermittent wave morphology and uneven thick-
ness in different positions of the same laminae. Inside, mainly
composed of calcite particles, quartz particles or clay with a
thickness of 0.5—3 cm (Fig. 3b), corrugated beddings were formed
mostly when the deposit rate was larger than the transport rate. (4)
Carbonaceous debris: Hyperpycnite deposits were terrestrial sedi-
ments accumulated at the basin bottom by the flood. Therefore,
plenty of terrestrial carbonaceous debris was among these de-
posits, which is a typical feature compared with other sedimenta-
tion. In the lime siltstone of Wang 31 well and Gongxie 27 well, it
was found that carbonaceous debris was in layered or randomly
uniform distribution, which marked the cause of hyperpycnite
deposits. Layered distribution proved the sequence of deposits,
carbonaceous debris after sandy debris, while the randomly uni-
form distribution showed that the deposition of two debris took
place at the same time. (5) Low-angle cross bedding: Low-angle
cross beddings were generated under weak hydrodynamics, often
formed at the beginning stage of the flood enhancing period and
the end of the weakening period. Such sediments were observed in
the core wells of Wang 7 well and Fanye 1 well. The cores had lime
or clay laminae, forming a skew of 2°—10° with the formation
boundary (Fig. 3d).

4.1.4. Tempestites

Tempestites, a special type of sediments, usually develop be-
tween the normal-wave base and storm-wave base. The storm
current changes primary water temperature and hydrodynamics
while impacting allogenic and sedentary sediments. Meanwhile,
the coarse-grained debris can be transported from shallow to deep
water, forming high-energy sentiment under low-energy condi-
tions (Zhong et al., 2020).

Storm currents could form various sedimentary structures,
including erosional structures such as gutter casts and truncated
structures, hummocky cross-bedding, wave-generated cross-
bedding, graded bedding, massive bedding, wave ripples, and
benthic escape. Tempestites were well developed in the study area,
where tempestite characteristics and sequence, including trunca-
tion, wave-generated cross bedding, benthic escape, and coarse-
grained stagnant bedding, were identified in Niuye 1, Wang 29,
Fanye 1, and other wells.

(1) Truncated structure The truncated structure is a typical
storm current indicator often in deep lakes with an irregular
cutting surface, caused by the erosion and shearing of
powerful storm current-back on sediments of the early
period (Zhang et al., 2019). The truncated structure dip of
Niuye 1 well was about 15°, which was relatively flat, and the
overlying clay rock covered the microwave-shaped cutting
surface.

(2) Wave-generated cross bedding The upper wave-generated
cross beddings of Wang 129 well are composed of the
herringbone structure of counterturn laminae or arranged in
the convergence-confinement shape. In contrast, the lower
beddings were featured with irregular waves (Fig. 4b). Wave-
generated cross bedding proved that tempestites were
developed on the normal-wave base (Zheng et al., 2010).

(3) Benthic escape Benthic escape in the wave-generated cross
bedding was identified in Wang 129 well. The 5 mm-
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Fig. 3. Features of hyperpycnite deposits. (a) Inverse-normal graded bedding (Jin et al., 2019); (b) Wang 129 well, corrugated bedding, 2554.02 m; (c) Wang 31 well, carbonaceous
debris, 2530.8 m; (d) Wang 7 well, low-angle cross bedding, 2733.5 m; (e) Climbing-ripple cross-lamination of Fanye 1 well, 3444.24—3444.44 m.

diameter wormhole was vertical to the bedding upward
(Fig. 4c), indicating that the creatures had to escape upward
when tempestites occurred to prevent burial. During the
process, benthic escape was an important indicator of rapid
deposit.

(4) Coarse-grained stagnant bedding Storm currents scoured
and eroded the bottom sediments, which rapidly deposited
under gravity due to their large density and coarse grains.
Thus, the coarse-grained stagnant bedding became a repre-
sentative characteristic of tempestites (Zheng et al., 2016).
Coarse-grain stagnant bedding with a thickness of about 1 m
can be seen in the core and thin section of Well Fanye 1, the
lithology of coarse-grained stagnant deposits was calcarenite
and bioclastic limestone. We observed a large amount of
0.4—1.2 mm arenite and bioclastic with poor roundness and
sorting. Micritic limestone masses were observed partially
after erosion, mainly supported by the micritic matrix
(Fig. 4d).

(5) Tempestites sequence A relatively complete tempestite
sequence was developed at 2555.2—2555.6 m in Wang 129
well, with the normally graded beddings, wave-generated
cross-bedding, lens bodies, corrugated beddings and hori-
zontal beddings from bottom to top, respectively (Fig. 4e).
The hydrodynamic tended to decline after the storm peak
period, and due to gravitational differentiation, the sediment
became finer in size from the bottom up, forming normal
graded beddings via regular sedimentation. Due to the flow
and shape of the lake bottom affected by the storm, as the
storm weakened, weak oscillatory flows and multi-
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directional flows often resulted in wave-generated cross
bedding, a typical characteristic of tempestites and a sedi-
mentary structure that vividly reflected the power of storms.
Next, the water body energy continued to decrease, thus
forming corrugated beddings. As deposition speed was faster
than during storm breaks, the environment was unfavorable
for biological activities, leading to rare trace fossils and bio-
logical disturbance inside. When the storm subsided, the
water body calmed with low energy and fine-grained sus-
pended materials gradually sedimented, forming the hori-
zontal bedding.

4.2. Division of different-level astronomical cycles

In recent years, many scholars have worked to use various data
and methods to extract the Milankovitch cycle in the Paleoproter-
ozoic strata of the Dongying Sag: Tan et al. (2015) delineated 276
high-frequency cycles based on the superimposed features of log-
ging curves, lithology and colour rhythms, and confirmed the ex-
istence of Milankovitch cycle signals by spectral analysis. Shi et al.
(2019a, 2019b, 2020) first used magnetization rate as an alterna-
tive index to construct a high-resolution cyclostratigraphic frame-
work for the lower third to the upper fourth section of the Shahejie
Formation in the Bohai Bay Basin. Then they introduced EHA and
ASM analyses techniques based on ordinary MTM spectral analysis,
which determined the sedimentation rate to be 7.5—11.0 cm/kyr in
the lower Es3 and the lower Ess,4 of the Dongying Sag, proving the
existence of Milankovitch cycles in the Dongying Sag and identi-
fying the long eccentricity, short eccentricity, obliquity cycles, and
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Fig. 4. Characteristics of tempestite. (a) Niuye 1 well with truncated structure, 3421.25 m; (b) Wang 129 well with wave-generated cross bedding, 2555.5 m; (c) Wang 129 well with
benthic escape, 2555.4 m; (d) Fanye 1 well with coarse-grained stagnant deposit, 3436.94 m, 1x(—); (e) Wang 129 well with tempestite sequence. There was normal graded bedding,
wave-generated cross bedding, lensing or corrugated bedding, and horizontal bedding from right to left, 2555.2—2555.6 m; (f) Bin 660 well with scouring surface structure and
upper stagnant deposit, 2850.2 m (Wang et al., 2015a); (g) Li 672 well with scouring surface structure (white arrow) and claystone debris (black arrow), 4132.5 m (Wang et al,,

2015a); (h) Bin 420 well with melange structure, 2665 m (Wang et al., 2015b).

precession cycles. Yu et al. (2021), Peng et al. (2022), Luan et al.
(2022) and Zhou et al. (2022) also successively used correlation
coefficient analysis, spectrum analysis, wavelet transform, power
spectrum estimation and filtering analysis to conduct detailed
studies on the paleozoic stratigraphy of the Dongying Depression.
The results show that Chunshang Sub-member of Lower Ess-Upper
Es4 has well-preserved Milankovitch cycles.

This work conducted the denoising and detrending pretreat-
ment of the natural gamma log data in the study area, and the
processed log data were subjected to spectral analysis. According to
the results, the main cycle thicknesses were 31.672 m, 9.315 m,
4.061 m, 3.167 m, 1.65 m, and 1.466 m (Fig. 5), with the ratio of 21.6 :
6.353:2.769 : 2.16.1.125 : 1 respectively, close to the ratio of orbital
cycle 405 kyr : 124.22 kyr : 51.68 kyr : 39.76 kyr : 22 kyr : 18.82 kyr.
Therefore, it could be concluded that the study area was controlled
by eccentricity, slope, and precession cycle. In other words, the
cyclic stratigraphy with the thickness of 31.672 m and 9.315 m
corresponded to a 405 kyr long eccentricity cycle and a short 124.22
kyr eccentricity cycle, and the cyclonic strata with a thickness of

1401

4.061 m and 3.167 m corresponded to 51.68 kyr and 39.76 kyr slope
cycle, while the cyclic stratigraphy with the thickness of 1.65 m and
1.466 m corresponded to 22 kyr and 18.82 kyr precession cycle,
respectively. This further confirms that the average sedimentation
rate is 7.8 cm/kyr in the study section, which is consistent with the
value of 7.5—11.0 cm/kyr obtained by Shi et al. (2019), thus proving
the reliability of the Milankovitch cycles identified in this study. The
power spectra were then analyzed to obtain the scale of the three
local extreme points (Fig. 5), among which the ratio of scale values
163 and 51 equaled 3.20, similar to the ratio of long and short ec-
centricity cycle, 3.26. Therefore, the wavelet curves corresponding
to the two-scale values could be viewed as the cyclic curves of the
long and short eccentricity cycle. Based on the power spectrum
estimation, we extracted the wavelet coefficient curves where the
scale values were 163 and 51, respectively, to represent the cyclic
curves of the studied interval. Finally, the study section identified 6
long and 22 short eccentricity cycles, 65.5 obliquity cycles, and
110.5 precession cycles via spectral analysis and power spectrum
estimation methods (Fig. 6).
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5. Discussion

5.1. Correspondence between astronomical cycles and event
sedimentation

Based on event sedimentation characteristics and the division of
different-level astronomical cycles in Chunshang Sub-member of
Upper Esg4, the corresponding relationship between astronomical
cycles and event sedimentation was further studied. As a result, when
the maximum of the long eccentricity period transited to its mini-
mum, the turbidities and slide-slump deposits were well developed,
and when the minimum gradually changed to the maximum, the
tempestites were well developed. The relationship between slope and
precession cycle remains unclear in terms of the short eccentricity
cycle (Fig. 6). Therefore, this study primarily discussed the control of
the long eccentricity cycle on event sedimentation.

5.2. Control of long eccentricity period on event sedimentation
5.2.1. Climate

The long eccentricity cycle is critical to climate because it in-
fluences the amount and uniformity of solar radiation. When the
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eccentricity reached the minimum, the earth moving track around
the sun was almost circular. The distance of perihelion was far from
the sun, so the earth received little solar radiation, leading to a dry
and cold climate. No obvious changes could be found among sea-
sons, and the globe was in the ice age. When the long eccentricity
reached the maximum, the orbit became elliptical, and the earth
received plenty of solar radiation overall. Thus, the climate was
warm and humid with obvious seasonal changes. The globe was in
the interglacial stage (Wu et al., 2011).

Climate plays a crucial part in the formation mechanism of slide-
slump and turbidity flows in lacustrine basins (Pietras et al., 2003;
Renaut and Gierlowski-Kordesch, 2010; Zhang et al., 2016). Under
dry climatic conditions, the sparse terrestrial vegetation and the
strong erosion of surface sediments by rivers and rainfall (Allen
et al,, 1999) would lead to a high content of debris in rivers,
tremendous of which will enter the lake and deposit on the slopes
at the edge of the lacustrine basin, thus creating conditions for
slide-slump and turbidity flows (Mulder et al., 1997). According to
previous research (Leynaud et al., 2009; Pierau et al., 2010; Henrich
et al., 2010; Urlaub et al., 2013), the arid climate could enhance
slide-slump and turbidities in areas such as northwestern Africa
and the European continental margin. In contrast, under warm and
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humid climatic conditions, lush terrestrial vegetation consolidated
soil and other sediments. Therefore, less debris in the rivers would
give rise to fewer deposits in lakes, unfavorable to the generation of
slide-slump and turbidities.

In addition to slide-slump and turbidities, climate largely affects
storm currents. Generally, during the critical climate shifting
period, global warming increases water temperature, a significant
factor in forming storm currents (Huang and Liu, 2016). Addition-
ally, global warming, sea-level rise, and monsoon offer favorable
conditions for storm currents (Duke,1985; Emanuel, 1987,
Musgrave et al., 2008; Quan et al,, 2012, 2014; Wang et al.,2013,
Wang et al., 2015b). The prevailing monsoon during the geological
history was essential to tempestites, and the tempestites of the
Triassic and Jurassic in the western and northern Sichuan Basin
were considered to have resulted from the strong monsoon at that
time (Zhao et al,, 2019; Zhong et al., 2021). The upper Es4 of the
Jiyang Depression was in a monsoon zone, often influenced by
strong monsoon from the polar (Zhang et al., 2016; Jiang, 2018).
Besides, during the upper Es4 period, tempestites were observed in
the Huimin Depression of Jiyang Depression (Zhang and Zhang,
2009) and the Dongying Sag (Wei et al., 2014; Wang et al., 2015a)
(Fig. 4f, g, h).

Good correspondence was found between climatic conditions
and carbonate mineral content as the solubility of calcium car-
bonate was negatively correlated to temperature. Under hot and
dry conditions, evaporation was intense, and the evaporated water
outnumbers the input. Thus, as calcium carbonate in water became
supersaturated, calcite would be precipitated and deposited. When
the climate was warm and humid, the evaporated water was less
than the input, and calcium carbonate was unsaturated, impeding
calcite precipitation. Therefore, the content of carbonate minerals
in the deposit could reflect the paleoclimatic conditions during
deposition. Moreover, paleoclimate could largely influence the
dispersion and aggregation of elements. For example, considering
that Na elements tended to migrate while Al elements were less
likely to be affected during weathering (Jiang, 2010), the Na/Al ratio
was often used to reflect the paleoclimate (Jin, 2017).

In this study, the Na/Al ratio and carbonate mineral content in
long eccentricity cycles 1 and 2 as well as data from GR curves were
adopted to analyze the relationship between event sedimentation
and climate in the Chunshang Sub-member of Upper Es4, combined
with macroscopic core observations, thin section identification, and
long eccentricity data (Fig. 7).

The minimum depth of long eccentricity cycle 1 was 3419 m. In
terms of the geochemical index, the Na/Al reached the maximum at
3419 m, higher than the average 0.15 of this cycle, which reflects the
arid and hot climate. Regarding mineral contents, the maximum
carbonate mineral content was 70.1%, which was higher than the
average 58.9% of this cycle, suggesting an arid and hot climate and
intensified evaporation, where calcium carbonate in water was
oversaturated, leading to carbonate precipitation and deposition.
As for lithologies, argillaceous limestone and lime clay rock were
developed at this depth. Based on core observation, the dark clay
laminae and light-grey lime laminae were interbedded, while the
latter ratio was higher than the former, which verified the climatic
condition. Convolute bedding resulting from slide-slump was
noticed at this depth, whose internal laminae were bent but with
good continuity as it had abrupt contact with upper and lower
dark-grey clay rock. The lack of proof for earthquake impacts sug-
gested that destabilized sediments had slides and slumps due to
liquefication. Both continuous and intermittent corrugated bed-
dings caused by hyperpycnite deposits with a thickness of
0.2—2 cm were seen in cores at 3419.01 m and 3423.63 m, and their
main contents were limes and clays. In addition, the climbing-
ripple cross-lamination with a thickness of 0.5—1.5 cm was
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recognized at 3444.24—3444.44 m. The latter climbed over the
former beddings, which reflected that at the beginning or end of
storms, the sedimentary rate was larger than the transport rate.

The minimum depth of long eccentricity cycle 2 was 3390.8 m.
In terms of geochemical index, the Na/Al reached the maximum
0.16 at 3389.5 m, higher than the average 0.12 of this cycle. The
maximum carbonate mineral content was 51.5% in mineral con-
tents, higher than the average 49% of this cycle. Regarding lithol-
ogies, thick mud-containing limestone was observed, which
contained thin sections of lime-containing clay rock, indicating the
arid and hot climate during deposition. Besides, near this depth, we
found two sections of the combined convolute bedding and
massive structure in abrupt contact caused by slide-slump. The
convolute bedding was 4 cm in height and composed of thick light-
grey lime laminae and thin dark-grey clay laminae with continuous
deformation in internal laminae, proving that destabilized sedi-
ments had slides and slumps due to liquefication. One scouring
surface affected by turbidities was also observed at a similar depth
(Fig. 2m, n). Notably, the internal laminae of the convolute bedding
at 3389.53—3389.73 m was inclined at an angle of 15°, presumably
due to the slide-slump effect of unconsolidated sediments on the
slope. The lithology of the blocky structure was dark-grey clay rock
with homogeneous blocky mass, undeveloped laminae, and high
organic matter content, which could be caused by deposition
following the slide-slump effect. The scour surface structure
formed by turbidity flows could be seen at 3390.04 m in Fanye 1
well (Fig. 2m). The microscopic observation showed that the scour
surface was irregular with laminae clay rock in the lower part and
massive siltstone in the upper part, equivalent to section A of the
Baoma sequence. Abrupt contact was observed between siltstone
and clay rock, and debris of the latter was inside the blocky siltstone
(Fig. 2n). Thus, it could be inferred that the turbidity flow with
strong energy eroded the lower sediments and involved sediment
debris.

In addition, multi-period tempestites were observed near the
maximum of the long eccentricity cycle (Fig. 8). The depth at the
maximum of long eccentricity cycle 1 was 3432 m, with argilla-
ceous limestone and lime clay rock as major lithology. The corre-
sponding Na/Al value was 0.13, which was lower than the average
0.15 of this cycle, and the carbonate mineral content was 45.59%,
which was much lower than the average value of 58.9% in this cycle.
The maximum depth of eccentricity long period 2 was 3405.28 m,
and the lithology was mainly lime clay rock with a minimum car-
bonate minerals value of 17.03%, which was much lower than the
average 49% in this cycle, indicating higher humidity at the
maximum than other periods in the cycle.

Four sections of tempestites
3429.84—3430.84 m (Fig. 8a):

were developed at

(1) 3430.56—3430.84 m: 14 cm massive limestone was devel-
oped in the lower part, and 8 cm coarse-grained stagnant
bedding at the bottom. A large quantity of debris was ar-
ranged disorderly inside, and the number of debris and size
of sediments reduced with the decrease of depth, forming
normal graded bedding. The upper part was transformed
into 14 cm corrugated laminae limestone with continuous
and intermittent beddings.

(2) 3430.5—-3430.56 m: 6 cm massive structure was developed.
At the bottom formed an uneven erosion surface due to the
storm, where limestone was above, and the broken clay
debris was in a random distribution inside. As the storm
intensity weakened upward, the clay content increased and
argillaceous limestone came into being.

(3) 3430.39—3430.5 m: The lithology was argillaceous lime-
stone. The bioturbation structure formed by the rapid
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Relationship between event sedimentation and climate in long eccentricity cycles 1 and 2 in the Chunshang Sub-member of Upper Es4 in the Fanye 1 well.

sedimentary event was at the bottom 4 cm, and the bio-
turbation resulted in the uneven distribution of clayey ma-
terials, which were mostly clumps and blocks in the
concentrated distribution of the argillaceous limestone,
representing the products formed at the beginning of storms.
In the middle 5 cm, continuous corrugated beddings were
noticed with a thickness of about 0.8 cm. Upward, the hy-
drodynamic force gradually weakened, and the sedimentary
structure of the top 2 cm turned into massive beddings from
corrugated ones.

(4) 3429.84—3430.39 m: The laminae were destroyed and

broken by the bioturbation structure and biological drilling
at the bottom 5 cm. In the middle, the massive structure was
formed through the effect of the storm, and the lenticular
body was developed internally after the calcite laminae were
broken by the storm. In the upper 20 cm, massive dark grey

By
tively

Fig. 8. Deposit sequence of storm currents in Chunshang Sub-member of Upper Es, in the Fanye 1 well (a) Tempestites in Fanye 1 well at 3429.84—3430.84 m; (b) Tempestites in
Fanye 1 well at 3436.14—3437.61 m.

claystones were found, representing the products forming
during the storm retreating period.

observing the core and thin sections, we identified a rela-
complete tempestite sequence in Fanye 1 well at

3436.14—3437.61 m (Fig. 8b):

(1)

1404

The 20 cm silty limestone was found at the bottom of the
tempestite sequence, while the eroded bottom and tearing
structures existed on the core, suggesting severe disturbance
deformation. The erosion caused the uneven and undulating
eroded bottom of the storm bedding, scouring, and etching of
sand, ostracum, or bioclastic carried by strong storm whirl-
pool and flows on the surface of the preceding sediment
during the storm strong stage (Liu et al., 1986). To a certain
extent, the magnitude of the unevenness reflected the
strength of the storm current.
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(2) In the middle of the tempestites, coarse-grained stagnant
bedding with a thickness of about 1 m was seen on the core
and in the thin section, and its lithology was calcarenite and
bioclastic limestone. Herein, many poorly sorted and
rounded bioclastic and arenite were found with a size of
0.4—1.2 mm (Fig. 4d), revealing relatively rapid deposit
speed. Besides, the matrix was micritic calcite. The coarse-
grained stagnant bedding was next to the eroded bottom
surface, a typical feature of tempestites (Lin et al., 2008). At
the strong stage of the storm current, the storm whirlpool
undercut, lifted, stirred, and deposited along the bottom after
transporting a short distance. The sphinctozoa caused by
storm transportation and deposition could be seen in cal-
carenite, reflecting the warm climatic conditions at that time
(Deng, 2016).

(3) A limestone laminae about 6 cm thick was deposited on top
of the coarse-grained stagnant bedding, where a hummocky
cross bedding of 2—3 cm thickness was developed. Previous
studies suggested that the tempestites with coarse clastic
layers indicated a shallow depositional environment of water
bodies and stronger storm currents. In addition, the tem-
pestite sequence was generally incomplete, but the eroded
structures and hummocky cross bedding were developed,
whose lithology was mainly bioclastic limestone (Zhang
et al,, 2019).

(4) A 20-cm-thick clay rock with horizontal laminae was
developed at the top of the tempestites, which were products
unloaded from the clayey suspended components in the
water body during the storm current interval (Ma et al,,
2017).

The truncated structure (Fig. 7) was identified in the core at
3405.2 m near the maximum depth of long eccentricity period 2,
with an irregular and corrugated truncated surface. The grey and
straight-laminae clay-containing limestone was beneath the trun-
cated surface, and the dark grey massive claystone was above. Thus,
it indicated that the straight laminae of the underlying clay-
containing limestone were sheared and eroded by the backflow
of the storm. When the storm ended, the claystone covered the
truncated surface in normal weather conditions.

In addition, the massive structures formed by storms were
identified at 3343.25 m and 3373 m near the maximum depth of
long eccentricity periods 3 and 4 (Fig. 9). Plenty of calcite and
biological debris was found in the massive structure at 3343.25 m
with mixed sizes ranging from 1 to 165 um and poor sorting and
roundness, which reflected that the storm current lifted, tore, and
broke the off-site unconsolidated sediments, some of which were
carried away. When the storm subsided, these fragments accu-
mulated rapidly at the bottom. The massive structure at 3373 m
differed in that a large number of calcite lenticular bodies were
developed internally, and a small amount of silt was distributed
uniformly. Meanwhile, the long axis of lenticular bodies lined up
horizontally, with their size significantly decreasing twice from
bottom to top, which indicated that the storm broke the calcite
bedding that had been deposited first and then formed lenticular
bodies, which were further deposited and compacted due to
gravity.

Analysis showed that small long eccentricity could impede the
growth of terrestrial vegetation, and the rivers and rainfall tend to
erode terrestrial surface sediments, which might deposit at the
edge of the lacustrine basin or further away along with the flow.
Under certain triggering mechanisms, slide-slump deposits or
turbidities came into the study area. Meanwhile, water and soil loss,
accompanied by periodical flood, was likely to happen in prove-
nance areas under arid climatic conditions, thus greatly enhancing
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the suspended materials in rivers and improving the likelihood of
hyperpycnal flows. In addition, the long eccentricity period also
hugely affects the tempestite. When the long eccentricity was large,
the movement trajectory of the earth around the sun became flat,
and the earth was closer to the sun at perihelion. During the hot
summer, the thermal contrast was high between the surface, lakes,
and land, and the monsoon tended to be powerful (Kutzbach et al.,
2008; Wang and Ding, 2008; ). Modern climate studies have shown
that monsoon is closely related to storm currents. During the
monsoon onset and offset, the frequency of storm currents showed
a significant increase due to the smaller vertical shear of wind
speed (Islam and Peterson, 2009; Van Loon, 1990; Lv, 2017; Yan
et al, 2020). According to stalagmite 3'®0 isotope data, the
monsoon intensity increased with solar radiation during the
geological-historical period (Cheng et al., 2009), and the prevailing
monsoon was the premise for tempestites formation (Zeng et al.,
2011). Overall, in the Chunshang Sub-member of the Upper Esg,
the eccentricity value was large, and the earth received sufficient
solar radiation, leading to a warm and humid climate that created
conditions for the monsoon onset, which thus contributed to the
occurrence of storm currents and typhoon. Finally, the tempestite
was formed in the Chunshang Sub-member of Upper Es4 in the
Fanye 1 well.

5.2.2. Water depth

The astronomical cycle plays a significant role in controlling
water depth (Allan and Matthews, 1982; Elrick and Scott, 2009;
Wang et al.,, 2018; Shao et al., 2021; Li et al., 2021). Studies pointed
out that the moderating effect of eccentricity is the main driving
mechanism of sea (lake) level changes (Boulila et al., 2010; Huang,
2014; Mei, 2015). For instance, good correspondence between
paleolake area changes and eccentricity changes could be observed
during the Cenozoic Era of Ebro Basin in Portugal, the Pliocene of
Cadiz Bay in Spain, the Miocene of Guide Basin in Qinghai and
Tarim Basin in Xinjiang, the Jurassic of Junggar Basin in Xinjiang,
and the Eocene of Bohai Bay Basin (Sierro et al., 2000; Valero et al.,
2014).

Event sedimentation is bound up with the changes in water
depth. Bouma (2004) suggested that sediments were more easily
transported to the interior of basins in the form of gravity flow at
low sea levels (Li et al., 2021). Researchers confirmed the signifi-
cance of water depth in controlling the development of gravity flow
after the detailed study of deep-water gravity flow in Yinggehai
Basin, Songliao Basin, Bohai Bay Basin, Pearl River Mouth Basin,
Lower Congo-Congo Fan Basin, and other regions (Pang, 2012;
Huang et al., 2018; Feng et al., 2018; Zhao et al., 2019; Xing et al.,
2020; Chen et al., 2021a,b).

The water depth changes could be reflected by the organic
carbon content in the sediments. The increased organic carbon
content in the sediments indicates a warm-humid, high-water-
level climatic environment, while the decreased one reveals a dry-
cold, low-water-level climatic environment with the sediments
getting close to the water surface (Tyson, 2001; Ding et al., 2015).
Particular authigenic minerals like pyrite could also reflect the
paleowater depth to some extent. The pyrite content was propor-
tional to the water depth. In other words, deeper water led to
higher pyrite content (Yang et al., 2019; Wu et al., 2018).

The study utilized the contents of organic carbon and pyrite in
long eccentricity periods 3 and 4 for analyzing the relationship
between event sedimentation and water depth of Fanye 1 well in
the Chuanshang sub-member of the upper Es4 (Fig. 9) with the
support of materials collected by macroscopic core observation and
microscopic thin section identification, as well as the data of long
eccentricity.

The average contents of organic carbon and pyrite were 2.4% and
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2.45%, respectively, in a long eccentricity period of 3. At the
maximum of long eccentricity, the contents of organic carbon and
pyrite were 4.8% and 4%, and the lithology was mainly developed as
clay rock and lime-containing clay rock; while near the minimum,
the organic carbon content and the pyrite content were as low as
0.51% and 1.59%, and the lithology was turned into lime clay rock
and clay-containing limestone. The relative contents of carbonate
minerals and clay minerals can manifest the depth of water: the
shallower the water, the more carbonate minerals, and the fewer
clay minerals (Du et al.,, 2016; Peng et al., 2020). Through the core
and thin section observation, the logging curve of the silt-
containing clay rock at 3359.4 m near the minimum of the long
eccentricity period 3 was finger-shaped, which was inferred to be
caused by hyperpycnal flows (Zhou et al,, 2020). The inverse-
normal graded bedding structure was formed internally due to
the hyperpycnal flow. The lower part has relatively low siltstone
content, and the siltstone content gradually increased upward,
forming an inverse-graded bedding. When the siltstone content
reached the maximum, the clay increased, and the siltstone
declined, forming normal graded bedding. The two beddings had
gradational contacts. There was severe laminae deformation and
convolute bedding due to slide-slump at 3325 m and 3360 m,
whose characteristics were: abrupt contact between overlying and
underlying beddings and a slope in the core. Besides, a small
amount of charcoal debris was observed inside, reflecting its sliding
along the shear surface. As the slide-slump proceeds, the water-
saturated sediment was gradually liquefied, and the sediment
rotated due to shearing, gradually intensifying the deformation of
some laminae and ultimately resulting in fractures with the me-
chanical property of plastic deformation (Wang, 1991; Yang et al.,
2015; Yuan et al., 2016). In addition, we observed that lime and
clay laminae transformed into convolute bedding due to fold
deformation in the thin layers, which reflected the process of
contemporaneous deformation caused by gravity destabilization in
the internal laminae (Fu et al., 2021). There was no soft-sediment
deformation formed by earthquakes in the surrounding, revealing
that liquefication and the loss of stability were the cause of slide-
slump at this depth. Strips of silt clay were developed in the
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horizontal layer at 3364.82 m of core thin section bottom, corre-
sponding to section D of the Baoma sequence. The clay content
increased upward, gradually transiting into section E, where
ostracoda pieces were arranged in a positive horizontal rhythm,
revealing the decline of turbidity flow energy and speed and
reflecting the features of graded sediments. In the argillaceous
limestone at 3365.06 m of Fanye 1 well, severe deformation and
fracture occurred in the laminae, leaving plenty of silt in the upper
fractured laminae. Silt particles were mostly well-rounded and
sorted, being round or sub-rounded. Turbidity flow events might be
a major cause of such deposits, which was often related to
decreasing water depth and increased hydrodynamics (; Wang
et al.,, 2020).

The average contents of organic carbon and pyrite were 2.09%
and 2.98% in the long eccentricity period 4. During the transition of
long eccentricity from the maximum to the minimum, the contents
of organic carbon and pyrite fell to 1.7% from 2.2%, and to 1.5 from
4.9%, respectively. The lithology was turned into lime clay rock and
thin-layer limestone from clay rock and lime-containing clay rock,
which demonstrated that the water got shallower when the long
eccentricity moved from the maximum towards the minimum. The
core and thin section observation found that near the minimum of
long eccentricity, more severe deformation and fractures of laminae
were induced by slide-slump at 3325 m in long eccentricity period
4 (Fig. 9). At a depth of 3328.79 m, a 5-cm-thick tightly closed
recumbent fold was observed in the laminae. With a horizontal
shortening coefficient of about 2, its length changed from 20 cm to
10 cm or so. The internal laminae, however, remained continuous
and complete, proving its great plasticity during deformation and
external conditions for continuous deformation.

Moreover, without earthquake action proof nearby, this tightly
closed recumbent fold was speculated to be caused by the insta-
bility due to a large number of liquified sediments. Argillaceous
limestone showed multi-phase normal graded bedding in the thin
core section at 3326 m, reflecting frequent turbidity flows during
this period. Siltstone thin layers caused by turbidity flows were
identified in the thin sections at 3328.99 m, and abrupt contact was
observed in the lower lime clay rock. Microstrip-shaped scour
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surface was developed between them. Clay rock debris was sur-
rounded by siltstone at the bottom, which suggested relatively
strong turbidities eroded the clay rock basis and involved eroded
pieces. Similar depositional features were discovered in the mud
shales of the Nenjiang Formation of the Songliao Basin and the
Waufeng Formation-Longmaxi Formation of the Sichuan Basin, all of
which were considered typical turbidities. A 26 cm thick inter-
mittent corrugated bedding was observed at 3319.51 m with a
small amount of terrigenous carbonaceous debris scattering inside,
which proved that hyperpycnal flows were the cause of corrugated
bedding. The corrugated bedding and low-angle cross bedding
caused by hyperpycnal flows were observed at about 3326.5 m,
which featured interbedded corrugated lime laminae and clay
laminae and abrupt contact. The relatively thick lime laminae
ranging from 1 to 3 cm had a continuous and corrugated
morphology, with a thin low-angle cross bedding of about 0.5 cm
thickness and a 2°—5° angle in the upper part.

Analysis showed that when the long eccentricity was small for
long eccentricity periods 3 and 4, the climate was dry and cold with
low precipitation. Meanwhile, the lake evaporated more thanits weak
terrestrial input, gradually decreasing the lake level. With the decline,
the denudation intensified, and the input of terrestrial detrital ma-
terial transported by rivers increased. A large number of sediments
were carried by the river towards lacustrine basins and accumulated
on the slope zone of deltaic front in the steep northern slope of the
Dongying Sag, and part of those sediments continued moving until
they were deposited in a half-deep lake, providing the material basis
for the emergence of gravity flow; meanwhile, during the rapid
decline of lake level, the early sediments were more likely to induce
gravity flow events under external forces owing to the swift lessening
of pressure from overlying water body and the lower shear bond
strength (Wang et al., 2015b). In addition, with the continuous sedi-
mentation in the slope zone of the deltaic front, the thickness and
critical angle of the sedimentary layer became larger, and sediments
were more prone to be liquified under the effect of lake waves or
currents, which increased the likelihood that the sediments collapsed
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under the influence of gravity to form the event sedimentation such
as slide-slump and turbidities. Furthermore, with the lake level
dropped, the height difference between rivers and catchment basins
increased, then the accommodating space of basins contracted, and
the sediments flowed along the existing canyon channels or the
hyperpycnite channels arising from erosion. At the same time, the
jacking force of the lake to the river was reduced and the deposit
carried by the river was unloaded into the basin, facilitating the
development of hyperpycnites in the deep lake.

6. The development model of event sedimentation controlled
by long eccentricity periods

The study showed that the long eccentricity periods controlled
event sedimentation, including tempestites, slide-slump, turbid-
ities, and hyperpycnites.

When the long eccentricity was large, the earth at perihelion
was closer to the sun, and more solar radiation arrived at the sur-
face of the earth, creating a larger thermal difference and a warm-
humid climate, which were closely related to the monsoon onset.
Frequent monsoon activities provide good conditions for storm
currents. Therefore, tempestites often happened when the long
eccentricity was large (Fig. 10a).

When the long eccentricity was small, the earth at perihelion
was far from the sun, and less solar radiation arrived at the surface,
leading to a dry-cold climate featuring little rainfall followed by
declined lake level, stunted and sparse terrestrial vegetation. Be-
sides, the serious loss of water and soil in provenances led to a high
concentration of suspended substances in rivers, favorable to
forming hyperpycnites. In the meantime, a portion of sediments
was deposited on the slope zone at the edge of lacustrine basins,
offering the material basis for the generation of slide-slump and
turbidities. With the further accumulation of sediments and
continuous diminution of water depth, the thickness and critical
angle of deposits increased while the internal shear bond strength
decreased. Meanwhile, the sediments would liquify under
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extremely weak lake waves or currents and lose the supporting
force for fixation, bringing about the collapse of sediments under
gravity and the event sedimentation, such as slide-slump and tur-
bidities (Fig. 10b).

7. Conclusions

This study selected the Chunshang Sub-member of the Upper
Es4 in Dongying Sag Bohai Bay Basin as the research object and
adopted core observation, thin section authentication, and XRD of
whole rocks to identify the event sedimentation of fine-grained
deposits in the lacustrine basin. Spectral analysis, power spec-
trum estimation, and extreme modulus values were used to analyze
the astronomical cycle of the studied beddings, the lacustrine fine-
grained event sedimentation, and response characteristics of the
astronomical cycle orbit. The conclusions are as follows.

(1) With macroscopic core observation and microscopic thin
section identification, we found turbidities, hyperpycnites,
slide-slump deposits, and tempestites in the study area.

(2) According to the spectral analysis, power spectrum estima-
tion, and extreme modulus values, we observed 6 long ec-
centricity periods, 22 short eccentricity periods, 65.5
obliquity cycles, and 110.5 precession cycles.

(3) When the long eccentricity was large, frequent monsoons
created favorable conditions for the occurrence of storms, so
the tempestite was developed during this period. When the
long eccentricity was small, vegetation was stunted and
sparse terrestrial, and surface sediments were severely
eroded by rivers and rainfall, conducive to developing slide-
slump deposits, turbidities, and hyperpycnites. Relationships
between the event sedimentation and short eccentricity
periods, obliquity cycles, and precession cycles remain un-
clear and need further research.
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