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The Late Paleozoic Fengcheng Formation within the Mahu Sag of the Junggar
Basin (China) harbors the world’s oldest alkaline lake hydrocarbon source rocks.
Spectral analysis of the natural gamma-ray (GR) series obtained from four
boreholes traversing the Fengcheng Formation, with wavelength ranges of
28.4 m–50 m, 5.9 m–12.6 m, 2.3 m–3.9 m, and 1.2 m–2.7 m. These were
controlled by Early Permian astronomical cycles, including 405 kyr long
eccentricity, 100 kyr short eccentricity, 34.2 kyr obliquity, and 20.7–17.4 kyr
precession. The most significant cycle was notably that of the 405 kyr long
eccentricity, which was instrumental for dividing and correlating the high-
frequency sedimentary sequences in lacustrine shales. Nine intermediate-term
and 36 short-term base-level cycles were identified in the P1f1 and P1f2 members
of the Fengcheng Formation. These cycle types are equal to the 405 kyr long
eccentricity cycle and ~100 kyr short eccentricity cycle, respectively. The
paleolake-level variations in the Fengcheng Formation were reconstructed
using sedimentary noise modeling, revealing that lake levels reached their
highest value during the deposition of the P1f2 Member. The spatial distribution
patterns of lithofacies in the Fengcheng Formation can be clearly demonstrated
within the isochronous cycle framework under the constraints of long eccentricity
cycles. The use of astronomical cycles in isochronous stratigraphic correlation
offers great potential for characterizing alkaline lacustrine sequences and
predicting favorable areas for shale oil exploration with higher accuracy.
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1 Introduction

The sedimentary geological record preserves patterns of repetitive sedimentary cycles
(Weedon, 2003; Kodama and Hinnov, 2014). According to cyclostratigraphy theory,
rhythmic features in the sedimentary record worldwide are indicative of past climate
signatures related to variations in the total solar insolation encountered on the surface
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of the Earth owing to quasiperiodic parameter variabilities in the
planet’s orbit (Boulila et al., 2011; Hinnov and Hilgen, 2012; Eldrett
et al., 2015). Previous studies have derived a link between
cyclostratigraphy and an astronomical time scale (ATS) by
modeling the stratigraphic records of such cycles with
astronomical solutions (Laskar et al., 2004; Waltham, 2015). For
example, successful orbital tuning in eastern North America’s
Newark rift basin has revealed a wide range of lake-level changes
related to precession periods (Olsen and Kent, 1996; Kent et al.,
2017). Liu et al. (2022) established a floating timeline that was
calibrated to the long eccentricity cycles (405 kyr) and redefined the
high-resolution marine sequence framework of the organic-rich
Qiongzhusi shale of Early Cambrian age in the Sichuan Basin.

The development of terrestrial basin sedimentary sequences is
controlled by climate cycling driven by the Earth’s orbital cycles (Du
et al., 2020; Huang et al., 2021; Wu et al., 2022). The continuity and
stability of fine-grained lacustrine deposits around the world have
been clearly demonstrated to be linked to the Milankovitch cycle
(Olsen and Kent, 1996; Meyers, 2019; Fang et al., 2023). The division
of high-frequency shale-series cycles helps to clarify the
spatiotemporal characteristics of organic-rich shale distributions,
thereby providing a foundation for the development of shale oil and
gas exploration. However, deep shale deposits show a uniform
structure, which makes it difficult to identify key sequence
interfaces. Identifying the Milankovitch cycle within the strata
has allowed sedimentary cycles to be divided with time
connotations and isochronous correlations with regional and
even global stratigraphic sequences (Zhang et al., 2019; Wei
et al., 2023). The sedimentary rhythm of calcium sulfate in the
Permian Castile and Bell Canyon Formations of the Delaware Basin
records an average period of ~20 kyr precession (Anderson, 1982).
The evaporite-rich stratigraphic sequence of the Qianjiang
Formation in the Jianghan Basin also records lake cycles
alternating between saline water and fresh water in pace with
orbital eccentricity cycles on an ~100-kyr timescale (Huang and
Hinnov, 2019).

The Fengcheng Formation is a Lower Permian stratigraphic
sequence within the Mahu Sag in the Junggar Basin that contains the
oldest alkaline lake hydrocarbon source rocks on Earth (Zhang et al.,
2018; Huang et al., 2021; Tang et al., 2022). Although previous
studies have reported climatically forced evaporite-containing
sediments (Cao et al., 2020), the detailed relationships between
alkaline lacustrine development and orbital forcing remain to be
determined. This can mainly be explained by the low resolution of
the age framework and absence of a higher-resolution and reliable
paleoclimate model for the Fengcheng Formation, thereby making it
challenging to constrain the essential mechanisms that power the
hydrological processes responsible for evaporite formation in this
region. To address this question, we conducted cyclostratigraphic
analyses of lacustrine deposits in the Early Permian Fengcheng
Formation using logs of gamma-ray (GR) spectra from four
boreholes. The primary purposes of this work are as follows: 1)
to determine the prominent depositional cycles and to construct a
floating ATS for the Fengcheng Formation; 2) to reconstruct the
Early Permian lake-level changes during the Fengcheng Formation’s
deposition; and 3) to categorize a high-frequency sedimentary cycle
framework for the Fengcheng Formation using the periodic filtering
curves of orbital parameters. This study therefore provides a typical

case study for delineating high-frequency sequences in terrestrial
black shales and serves as a valuable reference for predicting the
distribution of shale oil deposits in alkaline–lacustrine basins.

2 Geological setting

Located in northwestern China (~45°N, 85°E), the Junggar Basin
is a huge inland lake basin that is tectonically constricted by the
Hala’alate and Zhayier Mountains to the northwest, the Kelamaili
Mountains to the northeast, and the Bogda Mountains to the south
(Figures 1A, B). Within the Junggar Basin, an approximately 1.5-
km-thick stratigraphic sequence adequately documents important
long-term features of the tectonic evolution of Central Asia, in
addition to the evolution of paleoclimate and paleoenvironmental
conditions of the continental region at middle to high latitudes in the
Northern Hemisphere from the Paleozoic to the Cenozoic (Huang
et al., 2021; Tang et al., 2022). With its location in the northwestern
part of the Junggar Basin, the Mahu Sag is a major oil-bearing
depression of approximately 5,000 km2 in area (Yu et al., 2018b).
The Zhongguai uplift and Wu-Xia and Ke-Bai fault zones (from
south to north) occur in the Mahu Sag’s western region, while the
Dabasong, Xiayan, and Sangequan uplifts, Yingxi Sag, and
Shiyingtan uplift (from south to north) occur in the eastern part
(Figure 1C). However, the depositional processes and stratigraphic
correlations within the depression remain difficult to understand
due to complex tectonic deformation (Yu et al., 2018a).

The Fengcheng Formation mostly contains a mixture of fine-
grained deposits from multiple sources in a moderately deep to deep
alkaline lake setting and includes endogenous chemical deposits
derived from a hot arid climate, rapid accumulation of fan deltaic
clastic debris from the proximal end, and volcanic material sourced
from peripheral volcanism during the evolution of the foreland
basin, which was distributed throughout the generally margin area
of the sag (Kuang et al., 2012; Zhi et al., 2021). In terms of
classification, the Fengcheng Formation has been divided from
bottom to top into P1f1, P1f2, and P1f3 members (Cao et al.,
2020; Huang et al., 2021; Song et al., 2022). Recent exploration
has shown that the depositional mixture of endogenous carbonates,
volcanic material, and terrigenous clasts in the Fengcheng
Formation produced a variety of lithotypes, such as salt rock,
dolomite, mudstone, conglomerate, sandstone, tuff, and various
transitional lithologies (Zhang et al., 2018). The lower member
(P1f1) mainly consists of ignimbrite, coarse clastic rocks, mafic-
intermediate volcanic rocks, and tuffs. The second member (P1f2)
contains rhythmic evaporites, bedded dolomite, and lower volcanic
with thicknesses ranging from 217 to 650 m. Moreover, alkaline
minerals (e.g., searlesite, reedmergnerite, eitelite, wegscheiderite) are
commonly distributed in this stratigraphic unit. The third member
(P1f3) is dominantly characterized by mudstones containing
terrigenous clastics in the upper section and dolomitic mudstones
in the lower section (Cao et al., 2020; Wang et al., 2021).

Wells MY-1, XY-1, X-203, and M-49 are situated in the Wu-Xia
fault zone in the Junggar Basin’s western uplift. These are standard
wells for exploring alkaline lacustrine shale oil in the Mahu Sag.
Among them, the MY-1 borehole obtained complete geological
archives regarding the Fengcheng Formation’s sedimentary
evolution by continuously coring more than 300 m. The P1f1
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Member in the MY-1 borehole comprises fine tuffaceous sandstone
and gray dolomitic mudstone. The lower portion of the P1f1Member
is made up of pyroclastic sediment containing volcanic lithology,
while the upper portion contains dolomitic rocks and organic-rich
mudstone. The P1f2 Member contains dark gray mudstone
intercalated with dolomitic mudstone, which was deposited in an
evaporitic environment that contained a limited amount of clastic
grains. The P1f3 Member comprises silty mudstone, dolomitic
mudstone, and grayish-black lime mudstone. The lithological
features of the other three boreholes are comparable to those of
the MY-1 borehole, except for the large sets of alkaline mineral-
enriched sections and dolomitic rocks in the P1f1 Member of the XY-
1 and X-203 wells (Figure 2). Gypsum salt rocks pose a significant
challenge to cyclostratigraphic analysis; volcanic rocks and tuff
layers were excluded from the time series studies because they
represent instantaneous events (e.g., Eldrett et al., 2015). The P1f1
and P1f2 members of the Fengcheng Formation are therefore the
primary targets of our isochronous cycle framework.

3 Materials and methods

3.1 GR series

GR series are extensively used for time-series analysis owing to
their high data acquisition efficiency and relatively clear lithologic
variability characteristics (Li et al., 2019b; Zhang et al., 2019).
Spectra from the four wells were used in this study for
cyclostratigraphic analysis. The GR series reflects concentrations

of uranium, thorium, and potassium (K). Lower GR values are
generally associated with sandstone or carbonate-rich sediments,
while higher values are typically linked with clay-rich sediments
(Wang et al., 2020; Huang et al., 2021; Wei et al., 2023). Organic
and clay mineral-rich sediments deposited in lake basins are
known to be highly sensitive to paleoclimate and
paleoenvironmental variations; GR series proxy can therefore be
used as a raw signal associated with paleoclimate changes. Another
feature of the GR series proxy is its higher signal-to-noise ratios
than other similar proxies, which makes it a widely used tool in
cyclostratigraphic studies (Wu et al., 2013; Li et al., 2019b; Huang
et al., 2020; Wang et al., 2020). Overall, wet and warm depositional
intervals are generally related to increased input of muddy
components, which produces higher GR values, while dry and
warm depositional intervals are generally linked with reduced
inputs, thereby producing lower GR values. The periodic
oscillations in the GR dataset are therefore a favorable proxy for
the astronomical causes of climate variations in lacustrine basins
(van Vugt et al., 2001; Huang and Hinnov, 2019).

3.2 Time series analysis methods

A quantitative approach to cyclostratigraphy is required to
distinguish astronomical signals from spectra. This work applied a
multitaper method (MTM) (Thomson, 1982; Mann and Lees, 1996)
usingAcycle v2.0 software (Li et al., 2019a). Before the analysis, the GR
series were rescaled at 12.5-cm intervals to acquire unified data using
linear interpolation. The removal of long-term trends from the

FIGURE 1
Geological setting of the Mahu Sag in the Junggar Basin (Huang et al., 2021; Wang et al., 2022). (A) Location of the Junggar Basin in China. (B)Mahu
Sag and other tectonic units of the Junggar Basin. (C) Tectonic characteristics of the Mahu Sag and drill holes selected in this study.
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original GR series was required to minimize distortion of the spectra’s
low-frequency section using the “rLOWESS” method (smoother =
20%–35%) (Cleveland, 1979). Logarithmic transformation is a
common data preprocessing technique to reduce the range of data
and reduce the effect of outliers when the range of values of the GR
series is too large. TheMTM assesses spectra obtained from detrended
GR series using three 2π tapers. Gaussian bandpass filters are used to
obtain interpreted signals from the GR series involving Milankovitch
components (Li et al., 2019a). The significance of the rejected null
AR1models in all of the spectral analyses was calculated at confidence
levels of 90%, 95%, and 99%.An evolving fast Fourier transform (FFT)
spectrogram was used to investigate the frequency variations
(Kodama and Hinnov, 2014).

The correlation coefficient (COCO) method can be applied to
estimate the correlation coefficient between an astronomical
solution and a GR series’ power spectrum in the depth
domain, thereby transforming the raw GR spectra from the
depth measurements into a serial test of sedimentation rate in
the time domain. The most plausible sedimentation rate is
assumed to correspond to the maximum correlation
coefficient. The evolutionary correlation coefficient method
(eCOCO) has been adapted to trace variable sedimentation
rates using both the COCO and running window methods (Li
et al., 2018b; Wang et al., 2020; Wei et al., 2023). All of the
analysis steps were performed using Acycle v2.0 software (Li et al.,
2019a).

FIGURE 2
Lithological log and GR profile of well sections along the provenance direction, including wells MY-1, XY-1, X-203, and M-49.
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3.3 Lag-1 autocorrelation coefficient (ρ1)
model

Li et al. (2018a) proposed a sedimentary noise modeling method
that provides a new approach to studying the variations in ancient
sea-levels. Paleoclimate changes tend to incorporate prior values
over a certain time frame, which is referred to as persistence or

autocorrelation. The most commonly used persistence model is
developed based on the lag-1 autocorrelation coefficient (ρ1)
(Mudelsee, 2002; Meyers and Hinnov, 2010; Li et al., 2018a),
which is given as (Mudelsee, 2002):

ρ1 �
∑

n
i�2x i( )*x i−1( )
∑

n
i�2x

2
i−1( )

(1)

FIGURE 3
Cyclostratigraphic interpretation from wells MY-1, XY-1, X-203, and M-49 in the depth (m) domain of the Fengcheng Formation. Black curves are
original GR series with 20%–35% weighted average rLOWESS trend (blue curve). The sedimentary cycles that are interpreted to be forced by the 405-kyr
orbital eccentricity cycles are shown in red. (A) The evolutionary FFT spectrograms and 2π MTM power spectra of the untuned GR series show filter
outputs at 37 m (0.027 ± 0.01 cycles/m) for well MY-1. (B) The evolutionary FFT spectrograms and 2πMTM power spectra of the untuned GR series
show filter outputs at 50 m (0.020 ± 0.01 cycles/m) for well XY-1. (C) The evolutionary FFT spectrograms and 2πMTM power spectra of the untuned GR
series show filter outputs at 28.4 m (0.035 ± 0.01 cycles/m) for well X-203. (D) The evolutionary FFT spectrograms and 2π MTM power spectra of the
untuned GR series show filter outputs at 42.8 m (0.023 ± 0.01 cycles/m) for well M-49.
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where x refers to the orbitally tuned stratigraphic proxy
series. The ρ1 model is advantageous because it is not
affected by band selection and can be used to directly evaluate

the time series. The ρ1 approach has been applied as a noise-
independent indicator of changes in relative sea or lake level.
Lower noise is associated with higher ρ1 values, while higher

FIGURE 4
The COCO and eCOCO sedimentation rate map of the GR series of the Fengcheng Formation from wells MY-1 (A), XY-1 (B), X-203 (C), and M-49
(D). For the eCOCOanalysis, the number ofMonte Carlo simulations is 2,000; the slidingwindow is 70 mwith a slidingwindow step of 1 m. Sedimentation
rates tested ranged from 1 to 30 cm/kyr with a step of 0.2 cm/kyr.
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noise leads to a reduction in ρ1 (Li et al., 2018a; Wang et al.,
2020).

4 Results

4.1 Cycles in the stratigraphic domain

The MTM analyses of untuned GR series in well MY-1 reveal
remarkably robust peaks at 37, 16.5, 8.5, 4.4, 3.6, 2.8, 2.1, and
1.2–1.32 m with confidence levels of astronomical forcing exceeding
95%. The 50, 12.6, 8.4, 4.7, 3.3–3, 2.4, and 1.9 m wavelengths were all
above 95% confidence in the XY-1 borehole; the 28.4, 9.7, 5.9–5.6,
2.3–1.9, and 1.4 mwavelengths were above 95% confidence in the X-
203 borehole; and the 42.8, 13.9, 11, 5.1, 3.7, 3, 2.4, and 1.8–1.6 m
wavelengths also indicate high confidence levels in the M-49
borehole (Figure 3).

The COCO algorithm, which is designed for verifying
optimal sedimentation rates, was conducted for 2,000 Monte
Carlo simulations to ensure the accuracy of the results. Synthesis
of the eCOCO analysis technique, which calculates the
estimations of sedimentations with ranges consistent with
those derived from the COCO method, allows the favorable
geological constraint for local sedimentation rates to be
determined. Using null hypothesis significance levels < 0.01,
the most prominent peaks occurring at 9.3 and 17 cm/kyr
represent the most likely sedimentation rates in MY-1 well
(Figure 4A). Previous cyclostratigraphic analyses using
density logging data indicated that the average deposition
rate of the P1f1 and P1f2 members of the Fengcheng
Formation was approximately 9 cm/kyr (e.g., Tang et al.,
2022). We therefore preferred the 9.3 cm/kyr peak as the
optimal rate of sedimentation. In this case, the 37-m
wavelength in well MY-1 tended toward the long eccentricity
cycle. Similarly, the COCO and eCOCO results
indicate optimal rates of sedimentation in wells XY-1, X-203,
and M-49 of 13.5–14.5, 7.2, and 13.8 cm/kyr, respectively
(Figures 4B–D). The peaks at 50 m in well XY-1, 28.4 m in
well X-203, and 42.8 m in well M-49 therefore all indicate long
eccentricity cycles (405 kyr). The sedimentation rate variations
in the depth domain are illustrated by the evolutionary FFT
spectrograms, which show stabilized ~40–50-m-long
eccentricity cycles throughout the entire succession
(Figure 3). Long eccentricity cycles within the GR series were
separated using Gaussian bandpass filtering (Kodama and
Hinnov, 2014).

Stratigraphic correlation of the Mahu Sag reveals that the
deposition of the Fengcheng Formation occurred at
approximately 300 Ma, developing mainly in the Asselian
stage of the Early Permian (Cao et al., 2020; Huang et al.,
2021; Tang et al., 2022). In addition to stable long
eccentricity, the precession and obliquity cycles also exhibited
shorter periods (Berger et al., 1992; Laskar et al., 2004; Waltham,
2015). Following Berger et al. (1992), the obliquity period during
the Fengcheng Formation’s sedimentary stage is 34.2 kyr, and the
precession periods are 20.7 and 17.4 kyr, all of which contain
values obtained from the “Milankovitch calculator” of Waltham
(2015) and associated errors (35.5 ± 2.9 kyr for obliquity and

21.7 ± 1.1 kyr to 17.66 ± 0.76 kyr for the precession components).
This study selected orbital parameter periods of 405, 100, and
34.2 kyr for long (E) and short eccentricities (e) and obliquity
(O), respectively, and 20.7 and 17.4 kyr for precession (P). These
interpreted orbital cycle wavelengths of 28.4–50, 5.9–12.6,
2.3–3.9, and 1.2–2.7 m are listed in Table 1. The ratio
relationship between these wavelengths is very consistent with
the theoretical astronomical period ratio in the Early Permian
(Berger et al., 1992; Waltham, 2015).

4.2 Cycles in the time domain

We tuned the assumed stratigraphic cycles to astronomical
frequencies in the time domain to eliminate the effect of
sedimentation rate variations. The preferred method for
tuning (depth to time) individual stratigraphic spectral peaks
to a defined target astronomical frequency is minimal tuning,
thereby aligning certain stratigraphic spectral peaks to other
astronomical frequencies. The long eccentricity cycle is
theoretically influenced by the orbital perihelia of Jupiter and
Venus. Jupiter’s large mass ensures that this cycle is robustly
modeled over several hundreds of Myr (Berger et al., 1992;
Laskar et al., 2004; Hinnov, 2013). The long eccentricity cycle
therefore serves essentially as a “metronome” in
astrochronology and has accordingly been applied for
calibrating the geological time scale (e.g., Hinnov and Hilgen,
2012; Wang et al., 2020; Liu et al., 2022; Wei et al., 2023). Tuning
the approximately 40–50 m cycles of the time series to the long
eccentricity cycle enables the number of eccentricity cycles to be
recognized. Following the theoretically optimal rates of
sedimentation mapped in the COCO/eCOCO spectrograms
(Figure 4), we applied a Gaussian bandpass filter to extract
the ~37-m cycle band from the MY-1 series, the ~50-m cycle
band from the XY-1 series, the ~28.4-m from the X-203 series,
and the ~42.8-m from the M-49 series, each with a bandwidth
of 40%.

Figure 5 shows significant peaks (> 90%–99% confidence) in
the MTM power spectra of the 405-kyr-tuned GR series from the
four boreholes, which agrees well with the theoretically predicted
periodicities of E, e, O, and P during the Early Permian (Berger
et al., 1992; Waltham, 2015). The floating ATS for wells MY-1,
XY-1, X-203, and M-49 were accordingly established as ~3.8,
~4.48, ~5.18, and ~4.7 Myr, respectively. The high-resolution
ATS is an important guideline for dividing the high-frequency
sedimentary framework and correlating the four wells. As
mentioned, the Fengcheng Formation’s P1f1 and P1f2 members
are the primary focus of our cyclostratigraphic analyses.
Stratigraphic correlations based on the long eccentricity cycle
show that the P1f2 and P1f3 member durations are ~2.4 and
~1.2 Myr (Figure 6). We have therefore established a convincing
framework of the four single wells, as well as a contemporaneous
stratigraphic correlation scheme for the section along the
provenance direction in the context of astronomical
chronology. However, the possibility of establishing an
absolute time scale for the P1f1 and P1f2 members is limited,
partly owing to the deficiency of an absolute age anchor for the
floating ATS.
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TABLE 1 Power peaks of the GR series from the Fengcheng Formation.

Borehole Thickness (m) Interpreted orbital cycle (m) Ratio

E e O P1 P2 E: e: O: P1: P2

MY-1 439.9 37 8.5 2.8 1.32 1.2 30.8:7.08:2.3:1.1:1

XY-1 555 50 12.6 3.9 2.72 2.4 20.8:5.3:1.6:1.13:1

X-203 358 28.4 5.9 2.3 1.7 1.4 20.3:4.2:1.6:1.2:1

M-49 397.76 42.8 11 3.7 1.8 1.6 26:6.9:2.3:1.1:1

FIGURE 5
Spectral analyses of GR series fromwells MY-1 (A), XY-1 (B), X-203 (C), and M-49 (D) after tuning to the time domain. Also shown are the detrended
GR series (black curve) and filtered long eccentricity cycles (red curve, 405 kyr) with passbands of 0.00246 ± 0.0005 cycle/kyr, and the 2πMTM analysis
results of the tuned GR time series, with significant peaks labeled in units of kyr.
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5 Discussion

5.1 High-frequency sedimentary framework
division and correlation

The sedimentary sequence hierarchy is based mostly on the
timing and amplitude of sea level oscillations (e.g., Vail et al.,
1977; Boulila et al., 2011). Recent reports have argued that
climate change associated with orbital forcing is the major
factor that controls the development of third-order and higher
frequency sequences (Boulila et al., 2011; Liu et al., 2022; Wu
et al., 2022). The third-order sequences may be connected to
~2.4 Myr long-period eccentricity and ~1.2 Myr long-period
obliquity (e.g., Boulila et al., 2011; Cong et al., 2019; Du et al.,
2020). Notably, this hierarchy can account for orbital frequency
evolution throughout geological time. For example, the ~1.2- and
~2.4-Myr cycles may have undergone variations owing to the
inner planets’ chaotic motion (Laskar, 1989; Laskar et al., 2004).

Previous theoretical work (DeConto and Pollard, 2003) suggested
that glacioeustatic falls owing to orbital forcing are connected
with the 405-kyr and ~2.4-Myr eccentricity minima. Fourth-
order and well-documented stratigraphic sequences (Boulila
et al., 2010; Boulila et al., 2011) may be reflective of the 405-
kyr eccentricity cycle (Laskar et al., 2004), which is
astronomically stable, and potentially the ~160–200-kyr short
obliquity modulations. The fifth-order sequences may be related
to the short eccentricity cycle, while sixth-order sequences could
be connected to fundamental cycles of precession (~20 kyr) and/
or obliquity (~40 kyr) (Boulila et al., 2010; Boulila et al., 2011).
The obliquity precession components were also shorter within
deep time owing to tidal dissipation (Berger et al., 1992; Laskar
et al., 2004; Waltham, 2015). The simple connection between
eustatic and astronomical hierarchies does not eliminate
numerous stochastic feedbacks and processes that interfere
with changes in sea level and climate, such as greenhouse gas
effects, tectonics, and intrinsic ice dynamics.

FIGURE 6
High-frequency isochronous sedimentary framework division and correlation and lake-level changes of the Fengcheng Formation in the Mahu Sag.
The dashed purple line represents the boundary of 405 kyr long eccentricity cycles. The ρ1 models of the tuned GR series were estimated using a running
window of 405 kyr. A Monte Carlo analysis with 2,000 iterations was performed to estimate the confidence level.
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For lacustrine shales, the climate change caused by the orbital
cycle controls the development of third-to sixth-order high-
frequency sequences. The third-order sequence is a lake
transgression-regression sequence with large-scale lake-level
changes comparable to long-term base-level cycles, and is
controlled by the ~2.4 Myr long-period eccentricity and
~1.2 Myr long-period obliquity cycle (Boulila et al., 2011; Wang
et al., 2020; Wei et al., 2023). The fourth-order sequence is a
secondary lake transgression-regression sequence with high-
amplitude water depth changes corresponding to the medium-
term base-level cycle and controlled by the 405 kyr long
eccentricity cycle (Boulila et al., 2011; Liu et al., 2022). The fifth-
order sequence is a rhythmic transgression-regression sequence with
low amplitude lake-level change corresponding to the short-term
base-level cycle and controlled by the ~100 kyr short eccentricity
cycle (Boulila et al., 2010; Boulila et al., 2011; Tang et al., 2022).
Many scholars therefore use different orders of eccentricity cycles as
a reference to divide the high-frequency cycle framework of
lacustrine shale sequences (e.g., Cong et al., 2019; Du et al., 2020;
Fang et al., 2023).

Cyclostratigraphic analyses of four standard wells were
conducted in this study to establish an isochronous cycle
framework for the Fengcheng Formation (Figure 6). Using the
405-kyr eccentricity cycle as a reference, nine medium-term base-
level cycles (E1–E9) were identified within the P1f1 and P1f2
members that roughly correspond to fourth-order sequences.
Each long eccentricity cycle consists of approximately four ~100-
kyr short eccentricity cycles, which allows approximately 36 short-
term base-level cycles to be identified, roughly corresponding to
fifth-order sequences.

Under the constraints of isochronous stratigraphic
framework, the Fengcheng Formation’s sedimentation rate is
positively correlated with the depositional thickness. During
the Fengcheng Formation’s depositional period, the Zaire and
Haraalat Mountains, which are found on the western margin of
the Junggar Basin, provided the major terrigenous supply (Song
et al., 2022). The Fengcheng Formation on the northwestern
margin of the Mahu Sag inherited and then developed a
multisource fan delta sedimentary system. The sedimentation
rate of well M-49 (13.8 cm/kyr) is higher than that of both wells
MY-1 (9.3 cm/kyr) and X-203 (7.2 cm/kyr), likely because its
location received more terrigenous clastic material supply. The
sedimentation rate of well XY-1 (13.5 cm/kyr) is also relatively
high owing to the large and rapid accumulation of alkaline
minerals.

The application of astronomical cycles to stratigraphic
sequences enables high-resolution isochronous stratigraphic
correlation at the eccentricity cycle scale, thus overcoming the
long-standing bottleneck of low precision when using traditional
methods for the subdivision and correlation of deep-water shale
sequences. This novel approach shows great potential for fine-scale
characterization of alkaline lacustrine sequences and provides
innovative insights for predicting favorable areas for shale oil
exploration.

5.2 Astronomical forcing of paleolake-level
variations

Sedimentary noise model involves two complementary
approaches: the dynamic noise after orbital tuning (DYNOT)
model and Lag-1 autocorrelation coefficient (ρ1) model (Li et al.,
2018a). While the former is typically used to examine temporal shifts
in lake level, the latter is commonly used to analyze changes in lake
level with respect to stratigraphic depth. The primary goal of our
research is to use astronomical cycles to constrain the stratigraphic
framework, focusing primarily on the ρ1 model to reconstruct lake-
level variations in the depth domain. Continental basins are sensitive
to climate changes and have high sedimentation rates and high
sedimentary record temporal resolutions, which can record long-
term paleoclimate signals. This model has been applied in studies of
lake-level changes during multiple geological epochs. Increasing
evidence suggests the applicability of the sedimentary noise
model (e.g., Wang et al., 2020; Huang et al., 2021; Tang et al.,
2022; Wei et al., 2023). Compared with traditional methods, this
approach is characterized by the direct quantitative evaluation of
sedimentary noise using paleoclimate proxies in the depth domain.
Compared with traditional reconstruction methods, such as
sequence stratigraphy, the results are objective and independent
of researcher experience.

The ρ1 model using a tuned GR series with a 400-kyr sliding
window allows the autocorrelation curve of the Fengcheng
Formation to be reconstructed. Following our hypothesis in
Section 3.3, we propose that the curve is representative of the
relative water level variation in the paleolake. In this study, lake-
level variations in the Mahu Sag exhibit significant periodicity. In
particular, ρ1 of the middle part of the Fengcheng Formation (P1f2
Member) is larger and shows a relatively higher lake level (Figure 6).
This study identified nine mid-term base-level cycles (E1–E9) within
the P1f1 and P1f2 members, each lasting approximately 405 kyr. The
lake-level rise was particularly significant during cycles E9, E6, E5,
and E4. The E9 cycle corresponds to the late depositional stage of the
P1f1 Member, with a relatively low input of terrestrial debris and thin
deposits of organic-rich mudstones in the Mahu Sag, indicating a
reducing environment. During the early depositional stage of the
P1f2 Member, the basin decreased in size and the regional climate
became arid. The input of terrigenous debris remains relatively low,
resulting in an increase in lake salinity and water stratification.
Cycles E6 to E4 correspond to the middle to late stages of P1f2
Member deposition, during which time the basin expanded again.
The climate at this time was extremely hot and dry, and the lake
water salinity reached its highest level. Alkaline minerals were widely
developed, and even deposits of reedmergnerite occurred (Zhang
et al., 2018; Song et al., 2022). During the deposition of the P1f3
Member, the basin further contracted, and the salinity gradually
decreased as the lake level proceeded to drop. The climate then
became more humid and warmer, and the terrestrial debris input
increased, but the organic matter abundance decreased. The basin
developed toward freshening, characterized by an increase in the
input of terrigenous clastic sediments.
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5.3 Lithofacies distribution in the high-
frequency sedimentary framework

Earth’s orbital cycles can modulate the sedimentary processes
and depositional environments of lacustrine shales, leading to the
formation of distinct lithofacies patterns. The resulting
lithofacies can reveal information about the
paleoenvironmental conditions, such as climate and lake-level
fluctuations, that prevailed during the deposition of the shale
sequence. Regulated by changes in lake level and high-frequency
cycles, the Fengcheng Formation in the Mahu Sag comprises a
diverse array of sedimentary rocks, including terrestrial fan-delta
clastic rocks, endogenic carbonate rocks, volcaniclastic rocks,
evaporites, and mixed sedimentary rocks (Yu et al., 2018a; Zhang
et al., 2018; Song et al., 2022). Further combining the significance
of a variety of conventional logging curves to indicate the
lithology, we classify the lithofacies types of the Fengcheng
Formation into dolomitic siltstone, dolomitic mudstone,
calcareous siltstone, calcareous mudstone, mudstone and
shale, argillaceous siltstone, siltstone and others (Figure 7).

Isochronous stratigraphic correlation was conducted along the
provenance direction in the northern area of the Mahu Sag, which
reveals the presence of at least 36 short-term base-level cycles within
the P1f1 and P1f2 members, with a lithofacies identification
resolution reaching the level of short eccentricity (~100 kyr)
(Figure 7). The spatial distribution patterns of lithofacies in the
Fengcheng Formation can be clearly demonstrated within the
isochronous cycle framework under the 405-kyr long eccentricity
cycle constraints. Alkaline mineral lithofacies dominate in the P1f2
Member, while organic-rich shale lithofacies are prevalent in the
upper section of the P1f1 Member and the lower part of the P1f3
Member, which are often interbedded with limestone lithofacies.

Wells MY-1 and XY-1 are located closer to the lake sedimentary
center, where the thickness of evaporite deposition is greater. The
duration of the P1f1 Member represents the early stage of alkaline
lake evolution, characterized by dolomitic mudstone and calcareous
mudstone lithofacies. The duration of the P1f2 Member is marked by the
intensive deposition of alkaline minerals and the development of
dolomitic mudstone and dolomite lithofacies. The duration of the
P1f3 Member represents the extinction stage of the alkaline lake, with

FIGURE 7
Lithofacies distribution of the Fengcheng Formation based on the high-frequency sedimentary framework in the Mahu Sag. Combined with the
indicative significance of various conventional logging curves for lithofacies, the lithofacies types of the Fengcheng Formation were classified into
dolomitic siltstone, dolomitic mudstone, calcareous siltstone, calcareous mudstone, mudstone and shale, argillaceous siltstone, siltstone, and other
types. The red line represents the boundary of 405 kyr long eccentricity cycles. Correlation of lithofacies distribution was performed under the
constraints of long eccentricity cycles.
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dolomitic siltstone and calcareous mudstone lithofacies developed in this
area. In contrast, the depositional thickness of evaporites near the slope
edge of the lake (Wells X-203 and M-49) is small, and the lithofacies is
characterized by calcareous siltstone and coarse clastic sediments.

Future work will involve the identification of high-frequency
cycles that are enriched in shale oil, followed by the detailed
characterization of the lithofacies within these cycles, to reveal
the sedimentary response of organic-rich shale deposition to
astronomical orbital forcing.

6 Conclusion

Cyclostratigraphic analyses in wells MY-1, XY-1, X-203, and M-49
allowed the identification that the Fengcheng Formation exhibits
significant astronomical cycles, including the 405-kyr long eccentricity
cycle, the ~100-kyr short eccentricity cycle, and the obliquity and
precession cycle. These results show that the sedimentation process in
the alkaline lacustrine areas of the Fengcheng Formation was
astronomically controlled. Stratigraphic correlations based on the long
eccentricity cycle show that the duration of the P1f2 Member is ~2.4Myr
and that of the P1f3 Member is ~1.2 Myr.

There is a strong correlation between Earth’s orbital cycles and
sedimentary sequences in the Fengcheng Formation. Nine medium-
term base-level cycles (E1–E9) were identified within the P1f1 and P1f2
members, which roughly correspond to fourth-order sequences. These
cycles are approximately 405 kyr and consist of approximately four
~100 kyr short eccentricity cycles, resulting in the identification of
approximately 36 short-term base-level cycles, generally corresponding
to fifth-order sequences. The sedimentary noise modeling method was
applied to reconstruct paleolake-level variations in the Fengcheng
Formation. The results revealed that the lake level significantly
increased during the E9, E6, E5, and E4 cycles. The Fengcheng
Formation exhibits clear spatial distribution patterns of lithofacies
within the isochronous cycle framework. Future work will involve
the identification of shale oil-enriched cycles and investigation of
astronomical cycle control over organic matter enrichment.
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