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Abstract: Laminated shales are widely developed in the Dongying Sag and have attracted much
attention as an oil reservoir. Macroscopically, these shales generally have multi-scale cyclicity, which
is closely related to the development of laminae. Therefore, analyzing the origin of their cyclicity
is helpful to understanding the formation mechanism of laminated shales and the vertical hetero-
geneity of shale reservoirs, which are of great significance for continental shale oil exploration and
development. In this study, a gamma ray (GR) logging series, high-resolution elemental geochemical
data, high-resolution core scanning photos and grayscale data, and mineralogical data were used to
characterize the cyclicity of shale at different scales, and their relationship with different astronomical
cycles was discussed. The results show that the Es3L and Es4U shale in the Dongying Sag has
cyclicity from the meter-scale to the ten-meter scale and then to the hundred-meter scale, which is
mainly manifested by periodic changes in organic matter abundance, mineral composition, element
abundance, and grayscale. These cycles of different scales coincide with different astronomical
periods. Specifically, the hundred-meter scale cyclicity is mainly controlled by the very long orbital
period; the ten-meter scale cyclicity is mainly related to the eccentricity cycle; while the precession
period is the main driver of the meter-scale cyclicity. Finally, we propose a simplified model for
illustrating the formation of rhythmic organic-rich shale. This study is helpful to understanding the
origin of continental organic-rich shale and predicting shale reservoir properties.

Keywords: organic-rich shale; astronomical forcing; laminated shale; shale oil; Bohai Bay Basin

1. Introduction

Laminae are the thinnest sedimentary layer in sedimentary rocks. As the smallest units
in shale oil enrichment, they have aroused interest among global geologists. The origin of
laminae remains a mystery, and in most cases, they are considered as annual sedimentary
cycles. However, macroscopically, laminated shales generally have multi-scale cyclicity,
which is closely related to the development of laminae. Therefore, analyzing the origin of
cyclicity is helpful to understanding the formation mechanism of laminated shales.

Cyclicity with different scales has been recorded in various types of sedimentary rocks
in many basins around the world [1-3]. The explanation of its genesis can be summarized by
several mechanisms, including orbital forcing [3,4], local basin dynamics [5], and material
redistribution caused by diagenesis [6]. In recent years, with the continuous breakthroughs
of shale oil and gas exploration and development, the origin of organic-rich shale has
aroused great interest [7-9]. Current research suggests that shale is not as homogeneous
as previously thought, but rather it is much more complex than any other sedimentary
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rock, such as its strong heterogeneity [10,11]. Moreover, continental shale usually has a
higher degree of heterogeneity than marine shale, which is mainly due to the small scale
of the lake basin making it sensitive enough to respond to high-frequency environmental
changes. As the vertical heterogeneity of shale reservoirs has an important impact on shale
oil accumulation characteristics and hydraulic fracturing, many scholars have conducted
extensive research on its control factors [3,4].

Studies have shown that changes in Earth’s orbital parameters will control the distri-
bution and intensity of insolation, resulting in periodic climate fluctuations on a timescale
of 10,000 years to a million years [12,13], and thus directly or indirectly affect Earth—surface
systems, such as weathering, sediment transport, and sedimentation [13]. Therefore, astro-
nomical cycle signals have usually been recorded in lacustrine systems, which are sensitive
to climate change [14-16]. Previous studies have focused on meter-scale cyclicity [3,17], but
continental shale has cyclicity on multiple scales. However, multi-scale cyclicity has not
been systematically analyzed and its controlling factors are still unclear.

The main aims of this paper are: (i) to characterize the cyclicity of Es3L and Es4U
shale in the Dongying Sag at different scales and (ii) to elucidate the relationships between
astronomically forced climate cycles and multi-scale cyclicity of shale.

2. Geological Setting

The Dongying Sag is a secondary structural unit of the Jiyang Depression in the Bohai
Bay Basin and one of the typical hydrocarbon-rich sags in eastern China (Figure 1A). This
sag is bordered by the Chenjiazhuang Rise to the north, the Luxi Uplift and the Guangrao
Rise to the south, the Binxian Rise and Qingcheng Rise to the west, and the Qingtuozi
Rise to the east, with a total area of about 5700 km?. The Dongying Sag is composed of
several secondary structural units, including the Boxing Sub-sag, Lijin Sub-sag, Niuzhuang
Sub-sag, Minfeng Sub-sag, the central anticline belt, north steep slope belt, and south slope
belt (Figure 1A).

The Dongying Sag is a typical asymmetric half-graben lake basin, with a steep slope in
the north and west controlled by faults and a gentle slope in the south and east (Figure 1B).
The Chennan Fault in the north and the Pingnan Fault and Gaoqing Fault in the west are the
main boundary faults, which control the evolution of the lake basin. The tectonic evolution
of the Dongying Sag can be divided into two stages: the synrift stage (Figure 2) (65-24.6 Ma)
and postrift stage (24.6 Ma-present) [18,19]. The synrift sequence unconformably overlies
the Mesozoic strata and consists of the Paleogene Kongdian Formation (Ek), Shahejie
Formation (Es), and Dongying Formation (Ed), which are mainly deposited in lacustrine
environments. The postrift sequence is composed of the Neogene Guantao Formation
(Eg) and Minhuazhen Formation (Em) and is mainly deposited in alluvial and fluvial
environments (Figure 2) [18].

The Es formation is composed of sandstone, siltstone, mudstone, and evaporate,
which can be subdivided into four members from top to bottom: Esl, Es2, Es3, and Es4. Of
these, the Es3 Member can be further divided into Upper Es3 (Es3U), Middle Es3 (Es3M),
and Lower Es3 (Es3L) intervals, and the Es4 Member can be further divided into Upper
(Es4U) and Lower (Es4L) intervals (Figure 2). Our study target is the Es3L and the Es4U,
which were formed during the expansion period of the lake. During this period, the high
organic productivity and anoxic conditions of the bottom water resulted in the deposition of
organic-rich shale with a thickness of ~400 m in the Es3L and Es4U [20]. They are not only
important sources of rocks in the basin but also the target layers for shale oil exploration.
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Figure 1. (A) The location of the Dongying Sag and its tectonic units. (B) Cross section showing the
structural framework of the Dongying Sag (modified from [18]).
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Figure 2. Generalized Cenozoic stratigraphy of the Dongying Sag (modified from [18]). Sys. = System;
Fm. = Formation.

3. Data and Methods
3.1. Gamma Ray Well Log Data

The gamma ray (GR) well log reflects the variations in the amount of potassium (K),
uranium (U), and thorium (Th) in the rock. Generally speaking, under warm and humid
climate conditions, enhanced chemical weathering and runoff will increase the input of
clay minerals and organic matter, resulting in higher GR values. On the contrary, cold and
arid climate conditions will reduce clay mineral input, resulting in lower GR values [16].
Given the sensitivity of clay mineral and organic matter abundance in lake basins to the
environment and climate change, the GR well log can capture the primary signals related to
climate variations. In addition, compared with other paleoclimate proxies, it has a relatively
high signal-to-noise ratio [21], so it has been widely used in time series analysis [16,22]. In
this study, we used the GR records of the Es3L and the Es4U from the wells FY1, LY1, and
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NY1 in the Dongying Sag. These wells have continuous GR logging data with a sampling
resolution of 0.125 m, which meets the requirements of astronomical analysis.

3.2. Time Series Methods

The potential astronomical—climate signals in GR series within studied successions
were identified and interpreted through the following steps: (1) The GR series were de-
trended by subtracting a 35% weighted average using the LOWESS method to remove
the long-term trends [23]. (2) The GR data were analyzed by the 27t multi-taper method
(MTM) spectral estimator with robust red noise modeling [24]. Peaks with 90%, 95%, and
99% confidence levels in the spectral analysis graphs were taken into account [25]. (3) In
addition, evolutionary fast Fourier transform (FFT) spectrograms were used to study con-
tinuous signal variations in frequencies [26], to evaluate the fluctuation in sedimentation
rates [27]. (4) Correlation coefficient (COCO) analysis based on Monte Carlo simulations
was applied to evaluate the most likely sedimentation rates that yielded the time series
that significantly fit given astronomical models. (5) A Gaussian bandpass filter was used to
isolate interpreted astronomical parameters. In this study, the La2004 astronomical solution,
considered valid over ~54 Ma, was used as the astronomical target [28]. Astronomical
tuning was used to transform data from the depth domain to the time domain. The 405
kyr long eccentricity is the most stable astronomical parameter in deep time and its longer
duration also made it more suitable for the noisy terrestrial stratigraphy. At the same
time, tuning using short cycles may have inadvertently missed or double counted cycles.
Therefore, the 405 kyr tuning strategy was adopted in this study. All analysis steps were
performed using Acycle v2.4 software [29].

3.3. Grayscale Data

High-resolution grayscale data were extracted from the white light slice core scanning
photos of the Es3L and Es4U shale by using Image]™ v1.8.0 software in which 5 mm wide
bands were averaged. In this process, the strong meters-to-centimeters scale lithological
rhythm was captured, while mass transport beds and core cracks were intentionally avoided
as these reflected instantaneous events or artifacts. Since the core photos are separated by
each meter, the extracted grayscale data were spliced after the depth correction to obtain
the grayscale fluctuation of the entire sequence.

4. Results
4.1. Mineralogy

The Es3L and Es4U shale predominately consists of carbonate minerals (average:
48.84 wt.%), clay minerals (average: 20.51 wt.%), and quartz (average: 23.91 wt.%), with
subordinate plagioclase (average: 3.89 wt.%), K-feldspar (average: 0.04 wt.%), pyrite (aver-
age: 2.70 wt.%), and anhydrite (average: 0.12 wt.%) (Figure 3A). Calcite is the predominant
carbonate with an average content of 38.45 wt.%, followed by dolomite (average: 9.82 wt.%),
and a small amount of siderite (average: 0.57 wt.%) (Figure 3A). The ternary diagram of
the division of the lithofacies shows that the Es3L and Es4U shale in the Dongying Sag are
dominated by calcareous shale and mixed shale, with only a small amount of clay shale
and felsic shale (Figure 3B).
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Figure 3. (A) The proportion of main minerals of the Es3L and Es 4U shale in the Dongying Sag.
(B) Ternary diagram of the division of lithofacies showing that the Es3L and Es4U shale in the
Dongying Sag is dominated by calcareous shale and mixed shale, with only a small amount of clay
shale and felsic shale.

4.2. Time Series Analysis

Taking well FY1 as an example, the analysis process is described. The MTM power
spectrum of the untuned GR profile through the Es3L and Es4U succession in the Dongying
Sag has significant peaks (>95% confidence level) at wavelengths of 44.1-30.5 m, 19.4-7.1 m,
5.2-3.2 m, and 2.3-1.6 m (Figure 4). Based on previous studies on the age of strata in the
Dongying Sag [30], the theoretical astronomical period of 38~43 Ma was calculated by using
the La2004 astronomical solution [28]. The results show that there is a long eccentricity
of 405 kyr, short eccentricity of 125 kyr, and 97 kyr, an obliquity of 51 kyr, 40 kyr, 38 kyr,
and precession of 28 kyr, 23 kyr, 21 kyr, and 19 kyr, with a ratio between them of about
20:5:2:1, respectively, which is close to the thickness ratio of the above sedimentary cycles.
In addition, we utilized evolutionary fast Fourier transform (FFT) spectrograms to inspect
the evolution of frequencies through the succession (with a sliding window of 80 m). The
results show that the FFT spectrograms show the same frequency as the MTM power
spectrum, and the eccentricity signal exists throughout the entire succession, as well as also
showing the fluctuation in sedimentation rates (Figure 4).
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Figure 4. Interpreted cyclostratigraphy from the well FY1 gamma ray (GR) series in the Dongying

Sag. Evolutionary power spectra were calculated using an 80 m sliding window. The 27t MTM power
spectrum is also shown with a robust AR model and 90%, 95%, and 99% confidence levels.
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Detrended GR

Detrended GR

The MTM power spectrum of the GR series of the Es3L has significant peaks (>95%
confidence level) at the wavelengths of 40.8 m, 13.7-9.1 m, 4.8-2.8 m, and 2.3-1.6 m, while
the GR series of the Es4U revealed significant sedimentary cycles with wavelengths of 36 m,
17.5-6.9 m, 4.4-3.2 m, and 2.7-1.6 m (Figure 5). The ratios of these wavelength bands are
approximately 20:5:2:1, which is consistent with Paleogene theoretical periodicity ratios.
To obtain the optimal sedimentation rate for the Es3L and Es4U, a correlation coefficient
(COCO) analysis was performed. The number of Monte Carlo simulations was 2000 and
the tested sedimentation rates ranged from 0 to 30 cm/kyr with steps of 0.3 cm/kyr. The
results show that for the Es3L, there are two main peaks at 10.1 cm/kyr and 12.4 cm/kyr,
and it has null hypothesis significance levels lower than 0.001%, with all seven astronomical
components involved in the estimation. At the same time, for the Es4U, no orbital signal
null hypothesis was rejected at significance levels of below 0.001 at 8.1-9.6 cm/kyr by
the involvement of all seven astronomical components (Figure 6). The above estimates of
sedimentation rates are close to those of previous studies [31]. Based on the analysis of
sedimentation rates, the four cycles of the Es3L and Es4U were considered as a 405 kyr
long eccentricity, ~100 kyr short eccentricity, obliquity, and precession cycles, respectively.
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Figure 5. Detrended GR series of the Es3L and Es4U with interpreted long and short eccentricity
cycles and an associated 2t MTM power spectrum. GR of Es3L shown with ~40.8 m and ~10.2 m
filtered cycles; GR of Es4U shown with ~36.0 m and ~9.2 m filtered cycles.

We filtered the ~40.7 m, ~10.2 m, ~4.2 m, and ~2.1 m cycles of the Es3L and ~36 m,
~9.2m, ~3.7 m, and ~1.8 m of the Es4U using a Gaussian bandpass filter to identify the long
eccentricity, short eccentricity, obliquity, and precession cycles (Figure 5). Given the stability
of the 405 kyr cycle, an age model was established with its filtering curve for astronomical
tuning, which was performed in Acycle v2.4 software [29]. The above analysis steps were
also carried out for well LY1 and well NY1 in the Dongying Sag.



Energ

ies 2023, 16, 3624 90f19

H0 significance level

Correlation coefficient Correlation coefficient
0.3
0.2
X 0.1
0
. A -0.1
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Sedimentation rate (cm/kyr) Sedimentation rate (cm/kyr)

Null hypothesis g Null hypothesis
' ' © .81 cmlkyr . ' ' '
o
c
®
Q
c
()]
100 | \ f T ) B
0 5 10 15 20 25 30 IO 0 5 10 15 20 25 30
Sedimentation rate (cm/kyr) Sedimentation rate (cm/kyr)
Number of contributing astronomical parameters Number of contributing astronomical parameters
5¢ . 5¢ 1
H* H*
O 1 1 1 1 1 O 1 1 1 1 1
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Sedimentation rate (cm/kyr) Sedimentation rate (cm/kyr)

Figure 6. Correlation coefficient (COCO) analysis of the detrended GR series of the Es3L and Es4U.
The tested sedimentation rates ranged from 0 to 30 cm/kyr with steps of 0.1 cm/kyr, and the number
of Monte Carlo simulation was 2000.

5. Discussion
5.1. Multi-Scale Cyclicity and Astronomical Constraint Interpretation
5.1.1. Hundred-Meter Scale Cyclicity

The Es3L and Es4U in the Dongying Sag include about ~10.5 long eccentricity cycles
(405 kyr). Accordingly, the Es3L and Es4U can be divided into ~11 layers (Layer E1-Layer
E11) (Figure 7). At the same time, from the perspective of the duration of the stratigraphic
unit, it was roughly estimated to be about 4.2 Ma, which is consistent with the results of
Liu et al., 2018 [32], thus verifying the reliability of the results obtained in this study. The
variation trend in the TOC value shows that there are two high-value sections, roughly
corresponding to Layer E3-Layer E4 and Layer E8-Layer E9 (green box in Figure 7); since
the Es3L and Es4U shales contain high carbonate mineral content, the long-term evolution
trend of the paleoclimate was reconstructed by a revised CIA, i.e., CIX (CIX = Al,O3/(Al,O3
+ NayO + K,0) x 100, [33]) and Ln(Al,O3/NayO) [34]. The results show that the evolution
trend in the paleoclimate could also be divided into four stages (Figure 7).

Therefore, based on the variation in the TOC value and the evolution trend of the
paleoclimate, four cycles could be identified in the Es3L and Es4U in the Dongying Sag. The
thickness of each cycle is ~100m, and its duration is between ~0.8 and 1.2 Ma. It is worth
mentioning that Shi et al. also identified four cyclic stages on a single well through the
Sr/Ca and V/Cr ratios [31]. It is suggested that the cyclicity of this scale may be controlled
by the very long orbital period. Previous studies have shown that climate change driven by
the very long orbital period plays an important role in the evolution of lake basins [35]. It
is well known that the long period has a modulation effect on the short period [28], so the
former could be identified by analyzing the envelope of the latter to prove its existence [36].
An amplitude modulation (AM) analysis could identify the long-term cycles and the specific
steps have been described in previous studies [31,36]. Bandpass filtering was performed on
the tuned time-domain data to extract the interpreted long eccentricity, short eccentricity,
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obliquity, and precession cycles. Then, the AM envelopes were extracted and analyzed by
the MTM spectrum. The results show that the AM envelopes of the long eccentricity, short
eccentricity, and obliquity show significant spectral peaks corresponding to ~1.2 Ma and
~0.8 Ma cycles. At the same time, those of the short eccentricity and precession have clear

spectral peaks at ~405 kyr (Figure 8).
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Figure 7. The filtering curves of the eccentricity cycles showing that the Es3L and Es4U in the
Dongying Sag include ~10.5 long eccentricity cycles. The vertical variation in TOC and weathering
proxies showing that the Es3L and Es4U in the Dongying Sag can be divided into four stages.
CIX = AL;O3/(AlO3 + NayO + K,0) x 100.
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Figure 8. Amplitude modulation (AM) analysis of the 405 kyr long eccentricity, 100 kyr short
eccentricity, 40 kyr obliquity, and 20 kyr precession signals. (A,C,E,G) Gaussian filters of the calibrated
GR time series. The pink solid lines define the AM envelopes. (B,D,F,H) are 2t MTM power spectra
of the AM envelopes shown in (A), (C), (E), and (G), respectively.

The very long orbital period of ~1.2 Ma and ~0.8 Ma was also identified by magnetic
susceptibility series in the Dongying Sag [31]. Studies have shown that the ~1.2 Ma cycle is
the long period modulation obliquity signal (s4—s3) produced by the interaction between
the ~41 kyr (p + s3) and ~39 kyr (p + s4) cycles [28,35,37]. However, the ~0.8 Ma cycle was
considered to be a unique long period signal in the Dongying Sag [31]. The very long orbital
period signals identified by GR logging data in this study undoubtedly further verify the
previous research results. The very long orbital period may have a general control effect
on the paleoclimate evolution of the Cenozoic. For example, the very long orbital period
signal of ~1.2 Ma was also found to be stable during the deposition of the Middle Eocene
Qianjiang Formation to the Oligocene Jinghezhen Formation in the Jianghan Basin [38]. At
the same time, there are also reports of its existence in the Oligocene and Miocene marine
sediments [15,39].
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5.1.2. Ten-Meter Scale Cyclicity

High-resolution mineralogical and X-ray fluorescence (XRF) element data show that
shale has ten-meter scale cyclicity, and the visual peaks of each parameter match the
maxima of 405 kyr long eccentricity. At the same time, the relative contents of Ti, Fe,
and Mn reflect the cyclic fluctuation of an arid and humid climate (Figure 9). The multi-
taper method (MTM) was applied for the identification of astronomic signals in the TOC,
mineralogical, and XRF element data. The results show that almost all the parameters
revealed significant sedimentary cycles with wavelengths of ~36 m, ~9 m, ~3.6 m, and
~2 m, which represent the long eccentricity, short eccentricity, obliquity, and precession
cycles, respectively (Figure 10). Among them, the long eccentricity and precession cycle
signals are the most stable, so they are considered to have strong control over organic
matter abundance, mineral composition, and elemental content (Figure 10).
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Figure 9. Response characteristics of different geological parameters to long eccentricity cycles.
Paleoclimate conditions were mainly inferred based on the relative abundance of elements. XRF = X-
ray fluorescence; A = Arid; H = Humid.

Studies have shown that eccentricity actually has little direct effect on solar radia-
tion [40—42], but it can modulate the amplitude of the precession, thereby controlling the
seasonal climate differences [28,43]. Figure 9 shows that the amplitude of precession in-
creases near the long eccentricity maxima and vice versa. This phenomenon reflects the
modulation effect of the eccentricity on the amplitude of the precession, which is consistent
with the results reflected in Figure 8. Therefore, in the vicinity of the long eccentricity
maxima, the amplitude of the precession increases, and the seasonal difference in climate
is significant [44]. The rainfall in spring and summer increases, and the terrestrial input
is higher [45]. With the continuous input of nutrients, the primary productivity increases,
and the lake water becomes deeper. These conditions are conducive to the production and
preservation of organic matter. In winter and autumn, water temperature decreases, lake
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water stratification is stable, and bottom water is anoxic, which is conducive to the preser-
vation of organic matter. At the same time, under the background of higher terrestrial input,
the content of clay minerals and felsic minerals increased, while the content of carbonate
minerals decreased (Figure 9). When the eccentricity is near the minimum, the amplitude
of the precession weakens, and the seasonal difference in climate is not significant. The
rainfall in spring and summer is low, the climate is relatively dry, and the terrestrial input
decreases. Although the sedimentary environment may be relatively stable at this stage,
which is conducive to the preservation of organic matter [41], the organic matter abundance
tends to be low due to the limited supply of terrestrial nutrients, which is not conducive to
the improvement of lake primary productivity (Figure 9).
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Figure 10. 27t MTM power spectra of different geological parameters with the robust AR model,
and 90%, 95%, and 99% confidence levels. (A) TOC content; (B) clay content; (C) carbonate content;
(D) relative abundance of Ti; (E) relative abundance of Fe; (F) relative abundance of Mn.

5.1.3. Meter-Scale Cyclicity

Meter-scale cyclicity has been recorded in many basins and various types of sedimen-
tary rocks worldwide [1,3]. The multi-taper method (MTM) spectra show that the TOC,
mineralogical, and XRF element data revealed significant sedimentary cycles with wave-
lengths of ~2 m. These meter-scale cycles correspond to the precession period (Figure 10).
The insolation difference caused by the precession period can reach 20%, which is consid-
ered to significantly affect the climate over various latitudes [46-48]. As for the effect of
the precession cycle on climate and lacustrine deposition, previous studies have shown
that the climate is warm and humid when the summer is at the perihelion in the precession
period [49]; for example, increased annual rainfall [50], increased terrestrial input [51], and
expanded vegetation coverage have been observed during this stage [52].

The high-resolution slice core scanning photos of Es3L and Es4U shale in the Dongying
Sag show that the dark sections usually have high clay mineral and felsic mineral content,
low carbonate mineral content, and the lithofacies are dominated by mixed shale; however,
the light sections usually have high carbonate mineral content, low clay mineral and felsic
mineral content, and the lithofacies are dominated by calcareous shale (Figure 11). Since the
eccentricity has a modulation effect on the precession, a complete long eccentricity period
was selected to discuss the sedimentary response to the precession. During the eccentricity
maxima, the grayscale value has obvious periodic fluctuation, and the mineral composition
and element abundance also have obvious cyclicity. Therefore, the shale has a significant
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rhythmicity, reflecting the seasonal enhancement of the climate. The arid and humid
fluctuations in climate are frequent and correspond to the precession period (Figure 11);
during the eccentricity minima, the grayscale value, various mineral contents, and element
abundance are relatively stable. Therefore, the shale does not have significant rhythmicity,
reflecting little seasonal variation in climate (Figure 11). In addition, the decrease in the
clay and felsic mineral content, the increase in the carbonate mineral content, the decrease
in the relative abundance of Ti, Fe, and Mn, and the increase in the relative abundance of
Ca all reflect an arid and cold climate during this phase (Figure 11).
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Figure 11. Response characteristics of different geological parameters to precession cycles in a
complete long eccentricity cycle. A = Arid; H = Humid.

5.2. A Model of Astronomically Constrained Shale Cyclicity

Lake basins usually have a small scale, which makes them sensitive enough to respond
to the insolation changes related to astronomical cycles. Among them, the very long orbital
period profoundly affects the long-term evolution of the paleoclimate and controls the
general sedimentary environment of the lake at a large scale, which leads to the cyclicity of
shale on a hundred-meter scale.

At the same time, eccentricity and precession jointly control the insolation, leading
to a paleoclimate that usually varies with the change in their configuration relationship.
During the eccentricity minima, Earth’s orbit tends to be a perfect circle, and the difference
between the perihelion and aphelion becomes smaller. At the same time, the amplitude
of the precession is lower. Both of them result in little seasonal variation in climate, with
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less rainfall in summer and the generally arid climate during this stage (Hinnov, 2000;
Laskar et al., 2004), which makes the shale developed during this stage typically have a
higher carbonate mineral content and low clay and felsic mineral content. In addition,
nutrient availability is limited as terrestrial input decreases, which is not conducive to
the improvement of primary productivity, so the organic matter is usually not enriched
(Figure 12A). During the eccentricity maxima, Earth’s orbit tends to be elliptical, and the
difference between the perihelion and aphelion becomes larger [28,40,49]. At the same time,
due to the modulation effect of eccentricity on precession, the amplitude of the precession
becomes larger [28,43]. These two factors together contribute to the enhanced seasonality
of the climate at this stage. Due to the warm and humid climate in the summer of this stage,
the climate was generally humid during the eccentricity maxima, resulting in high clay and
felsic mineral content and low carbonate mineral content in the shale developed during
this stage. At the same time, due to the high supply of terrestrial nutrients, the organic
matter content of shale is relatively high (Figure 12B). Therefore, the difference between the
two semi-periods of eccentricity results in the cyclicity of shale on this time scale, and its
cyclic thickness usually reaches tens of meters.

In addition, during the eccentricity maxima, due to the high precession amplitude, the
seasonal difference in climate in this stage is significant, so it is easy to reach the threshold
of sedimentary records, resulting in frequent interbeds of different lithofacies on the meter
scale, which is easy to form rhythmic shale; on the contrary, during the eccentricity minima,
the lithofacies are relatively simple and it is not easy to form meter-scale cycles. In general,
climate change on the orbital time scale profoundly affects the accumulation of organic
matter and the vertical stacking characteristics of shales with different lithofacies.

As for the development of shale laminae, it usually requires the periodic repeated
supply of different material components. The laminae developed in the Es3L and Es4U
shale in the Dongying Sag are generally considered to be annual laminae, formed by the
difference in the supply of material components caused by seasonal climate differences.
Therefore, for the Northern Hemisphere, during the eccentricity maxima, the seasonal
climate differences were enhanced when the perihelion occurred at the summer solstice in
the precession period [28,40,49]; in theory, the development degree of shale laminae at this
stage should have been higher.

5.3. Implications for Continental Shale Oil Exploration and Development

The vertical heterogeneity of shale reservoirs has an important impact on shale oil
exploration and development. Multi-scale cyclicity enables the development of shales with
different properties within shale systems, which can be divided into different subunits
based on the differences in organic matter abundance and type, lithofacies, petrology, and
petrophysics. The differences in these properties will lead to differences in hydrocarbon
generation potential, hydrocarbon migration, and accumulation conditions in different
subunits. One of our recent studies revealed the migration of hydrocarbons among sub-
units, which is referred to as “intrasource migration” [53]. The significance for shale oil
accumulation is that these subunits constitute a good source-reservoir combination that
may ubiquitously exist in shale systems. As for hydraulic fracturing in shale, a weak plane
may be formed between these subunits, which affects the mechanical properties of the shale.
For example, laminated shales seem to have advantages in reservoir space, oil content
and mobility, and fracability. In summary, understanding the controlling factors of shale
vertical heterogeneity is crucial for evaluating reservoir properties. This study found that
orbital forcing has a dominant control effect on the multi-scale cyclicity of shale, resulting
in its vertical heterogeneity, which is of great significance for understanding the genesis of
organic-rich shale and predicting high-quality shale reservoirs.



Energies 2023, 16, 3624

16 of 19

W ® é Weak monsoon

el a ay
Weakene
weathering

Decreasing
nutrient input

‘ Strong monsoon

Enhanced
weathering

Increasing * /%
nutrient input

~.. Perennial steam g Evaporation

Ephemeral stream ? Vegetations

Figure 12. A schematic diagram showing the genesis of astronomically constrained shale cyclicity.
(A) During the eccentricity minima, the climatic conditions were characterized as cold and arid
with no significant seasonal differences. (B) During the eccentricity maxima, the climatic conditions
were characterized as warm and humid with significant seasonal differences (sedimentation pattern
diagram modified from [54]).

6. Conclusions

The Es3L and Es4U shale in the Dongying Sag have high carbonate minerals, followed
by quartz and clay minerals. The ternary diagram of the division of lithofacies shows that
the Es3L and Es4U shale are dominated by calcareous shale and mixed shale, with only a
small amount of clay shale and felsic shale.

The Es3L and Es4U shale in the Dongying Sag has multi-scale cyclicity, which is
manifested by periodic changes in geological parameters such as organic matter abundance,
mineral composition, element abundance, and grayscale. Our present study shows that the
cycles on different scales are well coupled with different astronomical periods, suggesting
a close relationship between them. The very long orbital period profoundly affects the
long-term evolution of the paleoclimate and controls the general sedimentary environment
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of the lake at a large scale, ultimately leading to the cyclicity of shale on a hundred-meter
scale. The ten-meter scale cyclicity is mainly related to the eccentricity cycle, which is
mainly due to the fact that during the eccentricity maxima, the climatic conditions were
characterized as warm and humid with significant seasonal differences, while during the
eccentricity minima, the climatic conditions were characterized as cold and arid with no
significant seasonal differences. The climate differences between these two semi-periods of
eccentricity are sufficient to cause the response of the lake system. The precession period is
the main driver of the meter-scale cyclicity of the shale.

Due to the modulation effect of eccentricity on precession, the meter-scale cyclicity usu-
ally bears the additional imprint of eccentricity forcing, which is mainly manifested in that
the meter-scale cyclicity of the shale is not significant during the eccentricity minima, but
during the eccentricity maxima, the shale usually has obvious cyclicity on the meter-scale.
As for the development of shale laminae, it is speculated that for the Northern Hemisphere,
during the eccentricity maxima, the seasonal climate differences were enhanced when the
perihelion occurred at the summer solstice in the precession period, but the development
degree of the shale laminae in this stage should have been higher.
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