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The formation mechanism of micron- to centimeter-scale sedimentary cycles in lacustrine shales is a hot
topic of research, because these small-scale sedimentary cycles significantly influence shale-oil distribu-
tion heterogeneity. High-frequency paleoenvironmental evolution is an important controlling factor for
the formation of small-scale sedimentary cycles. However, the driving factors of high-frequency paleoen-
vironmental evolution and the formation process of sedimentary cycles under its constraint remain spec-
ulative. In this study, which focuses on lacustrine shales, we find that the alternating deposition of
variable thickness of organic-rich lamina (ORL) and silty-grained felsic lamina (SSFL) form sedimentary
cycles on the micron to centimeter scale in the Chang 73 sub-member of the Yanchang Formation in
the Ordos Basin. Based on detailed petrographic characterization, in-situ geochemical parameter testing,
and high-resolution cycle analysis, the formation process of cyclical sedimentary records and related
paleoenvironmental evolution are investigated. Three solar activity cycles were identified from the
shales, namely the 360–500 yr, 81–110 yr, and 30–57 yr cycles (cycles I, II, and III, respectively). High-
frequency paleoenvironmental evolution caused by solar activity induced lake-level fluctuation, which
further controlled silty-grained sediment deposition and organic matter preservation in deep lake areas.
Cycle I controlled relatively long-term lake-level fluctuation, driving several pairs of SSFL and ORL depo-
sition at the centimeter scale. Cycles II and III were short-term cycles and acted on the millimeter to
micrometer scale, further complicating the sedimentary strata forming during the period of lake-level fall
induced by cycle I. The cyclic deposition of SSFL and ORL correspond to cycle III. Lake-level fluctuation
influenced by cycle II mainly caused SSFL thickness variation in each lamina couplet. During the period
of lake-level rise induced by cycle I, periods of lake level rise during cycles II, and III show cyclic variation
in reducibility, and are not thought to control the supply of coarse-grained sediments in to the deep lake
areas. Frequent lake-level fluctuation promotes lamina couplet formation in thickly-bedded shales, which
creates favorable conditions for shale-oil accumulation. Oil produced from ORL can migrate-locally into
dissolved feldspar porosity in SSFL and therefore is able to accumulate in shales, which creates high
potential for future oil exploration in thickly-bedded lacustrine shales.

� 2023 China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Marine and lacustrine fine-grained sediments are excellent
archives of paleoenvironmental evolution (Ilyashuk et al., 2009;
Liang et al., 2018). Cyclical sedimentary records are commonly
considered to be the result of periodic paleoenvironmental evolu-
tion (Anderson and Dean, 1988; Clausing and Boy, 2000;
Andrews et al., 2010; Natalicchio et al., 2019; Tian et al., 2021).
In comparison with marine basins, the smaller size and proximity
to provenance areas means that lacustrine basins are more sensi-
tive to paleoenvironmental evolution (Stanley, 1983; Martínek
et al., 2006; Martín-Puertas et al., 2011; Huang et al., 2018). With
the exception of meter-scale sedimentary cycles recording Milan-
kovitch cycles, cyclical sedimentary records on the micron to cen-
timeter scales can be identified in lacustrine sediments (Ripepe
et al., 1991; Shunk et al., 2009; Andrews et al., 2010; Xu et al.,
2019; Walters et al., 2020). These small-scale cyclical sedimentary
records are mainly characterized by the alternating deposition of
lamina and cyclic variations in lamina thickness, thereby recording
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high-frequency paleoenvironmental evolution at interannual to
centennial timescales (Cooper et al., 2000; Park and Fürsich,
2001; Shunk et al., 2009; Park, 2017; Ma et al., 2022). There is a
consensus regarding paleoenvironmental evolution and the forma-
tion mechanism of sedimentary cycles under Milankovitch-cycle
constraints (Olsen and Kent, 1996; Steenbrink et al., 2003;
Martínek et al., 2006; Valero et al., 2014; Percival et al., 2017).
However, high-frequency paleoenvironmental evolution on inter-
annual to centennial scales is not yet fully understood and its driv-
ing factors remain unclear (Park et al., 2001; Andrews et al., 2010;
Shi et al., 2021).

Since the shale-oil revolution (Mănescu and Nuno, 2015), sub-
stantial research has focused on the understanding of shale as an
oil reservoir (Jarvie, 2012; Kilian, 2016). Laminated lacustrine
shales are considered favorable targets for shale-oil exploration
and exploitation (Pollastro, 2007; Speight, 2012; Zhao et al.,
2020). Shale can both generate oil and act as an oil reservoir
(Zou et al., 2019). Different types of lamina play different roles in
hydrocarbon generation and accumulation (Wilhelms et al.,
1989; Liang et al., 2018; Song et al., 2020). Lamina in shales are
characterized by different petrofabrics, which determine shale-oil
distribution heterogeneity and can act to hinder shale-oil explo-
ration (Washburn et al., 2015; Saif et al., 2017; Borrok et al.,
2019). Researching the formation mechanism of sedimentary
cycles on micron to centimeter scales may provide important
insights into reserve evaluation and shale-oil exploration-target
prediction (Makeen et al., 2019; Zou et al., 2019; Jin et al., 2021).
Therefore, the characteristics of high-frequency paleoenvironmen-
tal evolution and related cyclical sedimentary records need to be
clarified.

According to current meteorological observations, the cyclic
variation in sunspot numbers generally corresponds with temper-
ature and precipitation changes on interannual to centennial time-
scales (Reid, 2000; Carslaw et al., 2002). This indicates that solar
activity is likely to be an important driving factor of high-
frequency climate fluctuation. However, the distribution of sun-
spot numbers can only be reconstructed covering the past
11,400 years (Solanki et al., 2004). Therefore, previous researchers
have attempted to identify possible solar activity cycles according
to cyclical variations in varve thickness or grayscale (Schaaf and
Thurow, 1998; Lückge et al., 2001; Vonrad et al., 2002; Andrews
et al., 2010; Galloway et al., 2013).

Modern observational records show that short-term climate
changes, even during a single year, can lead to marked changes
in the character and volume of sediment input (Chu et al., 2005).
In pre-Holocene strata, many researchers define a varve as a stable
lamina couplet formed by two types of lamina with micron-scale
thickness (Andrews et al., 2010; Li et al., 2018a). Microscopic mea-
surements have been conducted to obtain the varve thickness and
timescales of varve cycles (Shi et al., 2021). Some researchers have
obtained the timescales of grayscale cycles by dividing the thick-
ness of the grayscale cycle by sedimentation rates (Ma et al.,
2022). Timescales of varve and grayscale cycles have been matched
with the theoretical timescales of solar activity cycles to estimate
whether solar activity cycles were recorded in pre-Holocene strata.
Using these methods, fine-grained sediments in pre-Holocene
strata, such as Cretaceous marine shales in North America (Ma
et al., 2022) and Devonian lacustrine shales in northern Scotland
(Andrews et al., 2010) have been shown to record solar activity sig-
nals. However, multiple solutions may occur when determining
the driving factor using only timescale correspondence. The deter-
mination of the characteristics and mechanism of high-frequency
paleoenvironmental evolution lacks direct evidence. Lamina are
the basic unit of cyclical sedimentary records at the micron to cen-
timeter scales (Cooper et al., 2000; Park et al., 2001). Previous
research discussed the formation process of cyclical sedimentary
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records by analyzing the sedimentary origin of the lamina
(Gabbott et al., 2010; Schieber et al., 2010; Tombo et al., 2015;
Boulesteix et al., 2019; Peng, 2020), the interpretation of the devel-
opment of lamina under paleoenvironment constraints remains
speculative (Hughen et al., 1996; Cooper et al., 2000; Kuehn
et al., 2014; Li et al., 2018a).

In the Chang 73 sub-member of the Ordos Basin, thickly-bedded
shales deposited in deep-lake areas form excellent ‘tape-recorders’
for small-scale cyclical sedimentary-record identification and
high-frequency paleoenvironmental reconstruction. This study
uses petrographical analysis and in-situ geochemical testing to
(1) characterize cyclical sedimentary records in thickly-bedded
shales at the micron to centimeter scale, (2) clarify the mechanism
of high-frequency paleoenvironmental evolution and related cycli-
cal sedimentary records in lacustrine basins, and (3) discuss the
significance of cyclical sedimentary records on shale oil reservoir
exploration and characterization.
2. Geological background

The Ordos Basin is a large multi-cycle cratonic basin located in
the western North China Block (Zhang et al., 2020). It is bound to
the east by the Lvliang Mountain and Lishi Fault, to the west by
the Helan Mountain, to the north by the Xing’an Mongolian Oro-
genic Belt and the Dengkou-tuoketuo Fault, and to the south by
the Qinling Orogenic Belt and Huaibei Flexure Belt (Yang et al.,
2007) (Fig. 1A). Late Triassic intermediate-acidic and
intermediate-basic volcanic rocks developed in the southern and
western Qinling Orogenic Belts, respectively (Fig. 1A, B).

During the deposition of the Triassic Yanchang Formation,
which was affected by the Indosinian Orogeny, a large-scale
inland-depression lake basin formed (Fu et al., 2018, 2020). During
this period, a set of terrigenous clastic rocks of mainly fluvial-
lacustrine facies were deposited in the basin. They are divided into
10 members, namely Chang 1 to 10 (Fu et al., 2020). The Chang 7
member is divided into three sub-members, namely Chang 71,
Chang 72, and Chang 73. The studied Chang 73 sub-member, with
a thickness of 28–42 m, is a shale-dominated formation at a burial
depth of 1500–3000 m (Fig. 1B, C) and was deposited in warm and
humid conditions (Yang et al., 2010). At that time, the highest lake
level was reached, forming a large deep-lake area in the Ordos
Basin (Fu et al., 2020). The observed thinly-bedded sandstones of
gravity flow origin and the thickly-bedded shales mainly deposited
in the deep-lake area (Liu et al., 2021). According to the lithological
description, the gravity flow sandstones mainly occur at the top
and bottom of the Chang 73 sub-member, while the thickly-
bedded shales are deposited between them (Fig. 1D). Several tuff
layers, with a thickness of 5–17 mm, were identified in the
thickly-bedded shale interval (Fig. 1D). In order to eliminate the
interference of thickly-bedded slump and flood deposits on
cyclostratigraphy research (rapid changes in sedimentary rates sig-
nificantly affect the results of spectral analyses) (Hinnov, 2000),
thickly-bedded shales that reflect the continuous deep-water envi-
ronment were selected as the focus interval for this study.

Based on the zircon U–Pb dating of tuff layers, the thickly-
bedded shales in the Chang 73 sub-member began to deposit at
233.2 Ma (Fig. 1D) (Lu et al., 2021), confirming that the thickly-
bedded shales were deposited during the Carnian Pluvial Event
(CPE) in the late Triassic (Preto et al., 2010; Corso et al., 2018). Dur-
ing this period, the Ordos Basin was located in eastern Tethys in
approximately middle latitudes of the northern hemisphere
(Fig. 1A) (Carroll et al., 2010). The CPE triggered a global humid cli-
mate, accompanied by a rise in temperature and an increase in
rainfall, which induced the increased run-off and facilitate the sili-
ciclastic sediment transport to the lake basin (Dal Corso et al.,



Fig. 1. (A) Palaeogeographic map of the late Triassic (Scotese, 2014) and the location of the Ordos Basin during the late Triassic. (B) Tectonic location of the Ordos basin
showing distribution of uplifts, flexure belts and orogenic belts (Zhou et al., 1995; Fu et al., 2018). (C) Plane distribution characteristics of sedimentary facies and well sites in
Chang 73 sub-member. (D) Stratigraphic development characteristics, including the zircon U-Pb dating result of tuff layer, in Chang 73 sub-member.
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2020). On this basis, the parent rocks in north-eastern and south-
western provenances, as well as tephra sourced from the Qinling
Orogenic Belt would provide abundant sediments into the Ordos
Basin (Yang et al., 2010; Wang et al., 2013; Wang et al., 2017a).
Under the warm and humid paleoclimate, a strongly reducing
environment also led to the deposition and preservation of
organic-rich shales (Yang et al., 2010; Zhang et al., 2016). Total
organic carbon (TOC) in thickly-bedded shales varies from 5.33%
to 30.69%, with an average of 18.3%, and kerogens are mainly
humic and sapropelic types (Yang et al., 2010; Fu et al., 2019).
The deposition of thickly-bedded organic-rich shales in the Chang
73 sub-member provided favorable conditions for reservoir forma-
tion and shale-oil accumulation (Fu et al., 2020).
3. Database and methods

Three boreholes (N70, C30, and Li57) through the Chang 73 sub-
member in the Ordos Basin were selected for analysis. Bulk shale
samples were collected from the three key boreholes. Shale sam-
ples were prepared for thin sectioning and microscope observa-
tions. Typical samples with clear and relatively flat lamina
interfaces were selected for advanced mineral identification and
characterization system (AMICS) analyses. Bulk shale samples with
clear lamination structures were polished and underwent micro-X-
ray fluorescence spectroscopy (Micro-XRF) analysis. In order to
obtain organic geochemical data from different lamina, shale sam-
3

ples with clear lamina interfaces and of sufficient thicknesses were
chosen for microdrilling. Dispersed framboidal pyrite minerals in
the organic-rich lamina (ORL) and adjacent silty-grained felsic lam-
ina (SSFL) from wells N70 and C30 were selected for in situ S-
isotope testing by laser-ablation multi-collector inductively cou-
pled plasma-mass spectrometry (LA-MC-ICP-MS).
3.1. Petrographic analysis

Microscopic observations focused on lamina type, thickness,
and distribution, as well as the grain size of the framboidal pyrites.
This petrographical analysis was performed using a ‘Zeiss micro-
scope’ (Imaging-2 M). Quantitative statistics of the mineral compo-
sitions in different lamina types were calculated using an AMICS
analysis using a scanning electron microscope (Zeiss Crossbeam
550 FIB-SEM) integrated with a Bruker EDS analysis system (X-
Flasher Detector 430-M). Thin sections were carbon-coated and
glued onto aluminum stubs. During AMICS analysis, the area was
first scanned using backscattering (BSE), followed by automatic
mineral identification using high-resolution energy-dispersive X-
ray spectrometry (EDS). AMICS analysis software and databases
were used for identifying mineral boundaries that were resolvable
up to 20 lm. The microscopic observations, SEM-BSE observations,
and AMICS analyses were performed at the Key Laboratory of Deep
Oil and Gas, China University of Petroleum (East China).
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3.2. Geochemical analysis

A Micro-XRF analysis was used to identify cyclical sedimentary
records in shales through continuous in-situ element testing of
bulk core samples. This was conducted using a ‘Bruker M4 Tor-
nado’ high-performance XRF spectrometer, with each sample being
polished to enhance the image resolution. The samples were
placed in the sample compartment and aligned horizontally using
a level gauge. Element scanning was performed using a silicon drift
detector, with an acceleration voltage of 50 keV and beam current
of 800 mA. Rhodium was chosen as the target material for the X-
ray irradiation, and the scanning rate was � 30 ms/point. The
quantitative characteristics of Na, K, Ca, Mg, Al, Si, Fe, S, Mn, Sr,
Ti, V, Cr, Cu, Ni, Co, Sr, Ba, and Mo were determined for each sam-
ple. Each bulk shale sample (�10 cm in length and width) was
scanned for > 8 h. The analytical accuracy was 20 lm. Element con-
centrations were reported in wt.%. An element distribution map
was used for analyzing the lamina types and the distribution of dif-
ferent lamina in the core samples. Due to the variety of element-
enrichment characteristics in different lamina, the lamina in the
image exhibited different colors after element stacking. Different
types of lamina in the micro-XRF analysis images were calibrated
based on microscopic observations. Finally, multi-scale cyclical
sedimentary records were determined by identifying the distribu-
tion characteristics of different types of lamina in the micro-XRF
images. After an elemental analysis of the bulk shale samples, a
rectangular area perpendicular to the lamina was selected in each
sample, from which quantitative analysis results were extracted.
The scanning spacing perpendicular to the lamina was approxi-
mately 35 lm. Geochemical parameters, including the Mo/Ti ratio
and C value, were analyzed to reconstruct the high-frequency pale-
oenvironmental evolution. The increase and decrease in the Mo/Ti
ratio reflect the enhancement and reduction of reducibility, respec-
tively (Brucker et al., 2011). Mo/Ti ratio reflects the ratio of Mo to Ti
content. The increase and decrease in C values reflect enhancement
and reduction of humidity, respectively (Qiu et al., 2015). The C
value = R (Fe + Mn + Cr + Ni + V + Co)/R (Ca + Mg + K + Na + Sr +
Ba), where each element in the formula represents the content of
the corresponding element.

Micro-drilling powders were used for Rock-Eval analysis, kero-
gen/hydrocarbon extraction, gas chromatography–mass spectrom-
etry (GC–MS) analysis, and carbon-isotope analysis of kerogen.
Micro-drilling was conducted using a micro drill system (Marathon
BM50M), with a drill diameter of 100 lm. The bulk shale samples
were polished to better distinguish the different types of laminae
under a standard optical microscope. Using the ‘Elab-TOC’, Rock-
Eval analysis was conducted on the powders drilled from different
lamina to analyze the TOC. For kerogen extraction and carbon-
isotope analysis, a microdrilling sample of approximately 1.0 g
was extracted from each selected area, and 6–12 mg of kerogen
was extracted per sample. The kerogens were acid-washed with
10% HCl and neutralized with deionized water, then weighed into
tin capsules and wrapped. The d13Corg content within the kerogen
was measured using a stable isotope mass spectrometer
(ThermoFinigan Delta Plus XL) with a precision better than ± 0.1
‰. The carbon isotope values are given in per mille relative to
VPDB. For hydrocarbon extraction and GC–MS analysis, the pow-
ders were added into solvent [Dichloromethane: Methanol (93:7,
v: v)] and stirred with a glass stick. After ultrasonic shock for
10 min, quiescence of the solution in room temperature was main-
tained for 24 h. Repeat the above steps until the solvent volatilizes
to obtain extracted organic matter. All expelled saturated hydro-
carbons were following analyzed for GC–MS by Agilent 5977B
GC/MSD. Helium was used as the carrier gas and the injector tem-
perature was 300 ℃. The temperature of GC oven was initially set
at 50℃, and programmed to 120℃ at 20℃/min, then to 310℃ at 3
4

℃/min with a final hold of 25 min. The mass spectrometer was
operated in full scan mode with a scan range of 50–600 Da. An
in-situ sulfur-isotope analysis of pyrite was used to determine
the evolution of the paleo-redox conditions within the water col-
umn during the deposition periods of the different types of lamina.
This was conducted using a ‘Nu Plasma 1700 LA-MC-ICP-MS’,
which is a 193 nm excimer-laser denudation system (RESOlution
m-50, ASI), with a fluence of laser energy of 3.6 J/cm2, frequency
of 3 Hz, spot size of 25 lm, single-point denudation, high-purity
helium carrier gas (280 mL/min), and argon (Ar) supplement gas
(0.86 L/min). The S isotopic composition was expressed as a rela-
tive value:

d34S ¼ 34S=32Ssample

� �
= 34S=32Sstandard
� �

� 1
h i

� 1000

IAEA-S-1 (Ag2S; d34SV-CDT = � 0.3‰) was used as the standard sam-
ple. The laboratory standards of S isotopes were determined by
using gas stable-isotope mass spectrometry or the SOLUTION injec-
tion MC-ICP-MS method, and the standard samples used in the
determination were IAEA-S-1, IAEA-S-2, and IAEA-S-3 (Ag2S pow-
der) (Bao et al., 2017; Chen et al., 2017).

The micro-XRF analysis, micro-drilling, Rock-Eval analysis, and
GC–MS analysis were performed at the Key Laboratory of Deep
Oil and Gas, China University of Petroleum (East China). The in-
situ sulfur-isotope analysis of pyrites was conducted at the State
Key Laboratory of Continental Dynamics, Northwest University,
China. Kerogen extraction and carbon-isotope analyses were per-
formed at the Guangzhou Institute of Geochemistry, Chinese Acad-
emy of Sciences (CAS).

3.3. Time series analysis

The geochemical parameters obtained from the micro-XRF anal-
ysis were de-trended using the Past software (Hammer et al.,
2001). The Redfit software was then used to perform a spectral
analysis, which was based on Fourier transform of the prepro-
cessed data (Schulz and Mudelsee, 2002). The frequencies of the
statistically significant peaks (with confidence over 90%) were
determined. Through this, the stratigraphic thicknesses of cycles
were determined within the Chang 73 sub-member. Repeating
the procedure outlined above for all samples, this study identified
the thickness of stratigraphic cycles within the datasets. A Multita-
per method of spectral analysis (MTM analysis) and a wavelet anal-
ysis, which is based on induction logging curves, was performed on
thickly-bedded shales from Well N70 to identify potential Milan-
kovitch cycles within the dataset. Subsequently, the sedimentation
rates of the thickly-bedded shale were obtained using the
correlation-coefficient method (COCO/eCOCO) of the ‘Acycle 2.3’
software (Li et al., 2018b). The timescale of each stratigraphic cycle
was obtained by dividing the thickness of the stratigraphic cycles
by the corresponding sedimentation rates. These timescales were
used for analyzing the driving factors of paleoenvironmental evo-
lution. The obtained cycle thicknesses underwent filtering analysis
using the Gaussian filter in ‘MATLAB2019’ software.

4. Results

4.1. Petrological characteristics in laminated lacustrine shales

Lamina structures are developed mainly in organic-rich shales
in the Chang 73 sub-member. Two types of lamina can generally
be identified, namely, organic-rich lamina (ORL) and silty-grained
felsic lamina (SSFL) (Fig. 2A). Silty-grained K-feldspar, plagioclase,
and quartz are dominant in the SSFL (Fig. 2B, D). The K-feldspar
content is approximately 70% and the plagioclase and quartz con-
tent are approximately 7.24% and 5.53%, respectively (Fig. 2B, D).



Fig. 2. Petrological characteristics of lacustrine shales in Chang 73 sub-member. (A) Well C30, 1964.88 m, with petrographic images of ORL and SSFL under plane-polarized
light. (B) Well C30, 1964.88 m, showing mineral characteristics and dissolution pores in SSFL under plane-polarized light. (C) Well C30, 1964.88 m, showing grains with
angular boundaries in SSFL under plane-polarized light. (D) Well C30, 1964.88 m, showing AMICS analysis results of SSFL. (E) Well C30, 1968.32 m, showing lenses rich in clay
mineral and organic matter in ORL under plane-polarized light. (F) Well N70, 1711.80 m, showing small amounts of feldspars in ORL under plane-polarized light. (G) Well
C30, 1964.88 m, showing AMICS analysis results of ORL. KF – K-feldspar, Q – quartz, DP – dissolution pore, SSFL – silty-grained felsic lamina, and ORL – organic-rich lamina.
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Mixed-layer illite/smectite, organic matter, and pyrite are domi-
nant in the ORL, at approximately 52%, 12%, and 9%, respectively
(Fig. 2G). Small amounts of silty-grained feldspars are observed
within the ORL (Fig. 2G). Abundant intra-granular dissolution
porosity is observed to develop within the feldspars (Fig. 2B).
Grains with sharp angles are commonly distributed in the SSFL
Fig. 3. Characteristics of typical sedimentary structures in SSFL. (A) Well Z8, 1277.22 m
long axis of the grains. (B) Well Z8, 1277.22 m, showing grain size distribution in the SSFL
in SSFL, identified in a Micro-XRF image. (D) Well Li57, 2348.34 m, showing load casts an
Well Z8, 1282.85 m, showing erosion surfaces preserved at the bottom of SSFL, under plan
the bottom of SSFL under SEM. Red triangle indicates where the organic matter is erod
interpretation of the references to colour in this figure legend, the reader is referred to

5

(Fig. 2C). Most of the silt-sized grains display A-axis alignment
(Fig. 3A). Grain sizes in the SSFL range from 10 to 110 lm, which
are clustered between 20 lm and 80 lm (Fig. 3B).

Laminated shales are formed by the cyclic deposition of two
types of lamina (SSFL and ORL) (Fig. 3A). Fining-upward SSFL and
water-escape structures are evident in laminated shales (Fig. 3A,
, showing fining upwards SSFL under plane-polarized light. Red arrow indicates the
obtained in thin sections. (C) Well C30, 1967.30 m, showing water-escapes structure
d flame structures preserved at the bottom of SSFL, under plane-polarized light. (E)
e-polarized light. (F) Well N70, 1718.90 m, showing an erosion surface preserved at
ed by SSFL. SSFL – silty-grained felsic lamina, and ORL – organic-rich lamina. (For
the web version of this article.)
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C). Erosion surfaces and load casts also occur at the bottom of the
SSFL (Fig. 3D, E, and F). Clay minerals and organic matter in the ORL
are generally squeezed upward into the load cast, forming a flame
structure (Fig. 3D). The organic matter debris in the ORL is signifi-
cantly eroded by the SSFL (Fig. 3F). Lenticular fabric is developed in
the ORL (Fig. 2E). Individual lenses are up to several hundred
micrometers in length (Fig. 2E). Abundant lenses of mixed-layer
illite/smectite, are stratified and alternately deposited with organic
matter (Fig. 2E). Nowadays, it is generally believed that fine-
grained sediments are usually deposited by suspension in deep-
lake area (Alçiçek et al., 2007; Tänavsuu-Milkeviciene and
Frederick Sarg, 2012; Liang et al., 2018). However, the discovery
of microstructures shows that the suspension settling cannot
explain the sedimentary process of the two types of laminae in
the deep-lake area of the Ordos Basin. Microstructures such as load
cast (Fig. 3D), water-escape structures (Fig. 3C), and erosion sur-
faces (Fig. 3E–F) in fining-upward SSFL demonstrated that silty-
grained sediments were transported by low-density turbidity cur-
rents (Stow and Shanmugam, 1980; Ayranci et al., 2018; Boulesteix
et al., 2019). The identification of lenticular fabric in ORL indicate
the clay-grained sediments were also deposited in the dynamic
depositional condition (Schieber et al., 2010; Könitzer et al.,
2014). However, the obvious reduction of silty-grained sediments
content suggests that the hydrodynamic conditions during ORL
deposition are weaker than SSFL (Baas et al., 2016, 2021).

From the edge to the center of the Ordos Basin, the water depth
gradually increases and the frequency and thickness and grain size
of SSFL show high variation (Fig. 4). In the area close to the south-
ern edge of the Ordos Basin (Well N70), the thickness and fre-
quency of the SSFL ranges from 0.41 to 1.75 mm and from 9.69%
to 22.72%, respectively (Fig. 4A). The grain size in the thickest of
the SSFL in Well N70 primarily range from 50.28 to 89.50 lm
(Fig. 4B). The SSFL is observed almost exclusively within the
thickly-bedded shale interval in Well N70, and its thickness gener-
ally shows a cyclic variation (Supplementary Data Fig. S1). In the
area close to the center of the Ordos Basin (wells C30 and Li57),
the thickness and frequency of the SSFL decreases from proximal
to distal palaeo-lake basin (Fig. 4). The grain sizes in the thickest
of the SSFL in wells C30 and Li57 range from 30.01 to 59.80 lm
and from 10.07 to 29.82 lm, respectively (Fig. 4B). The SSFL mainly
develops in the low part of the thickly-bedded shale interval, and
there is strongly-observed cyclicity within the SSFL thicknesses
adjacent to the center of the Ordos Basin (Supplementary Data
Fig. S1).
4.2. Element distribution in lacustrine shales

The element types and abundances clearly differ in the SSFL and
ORL. Al, Si, and K are concentrated in the SSFL and Fe, Mo, and Cu
Fig. 4. Characteristics of laminar thickness, frequency, and grain size in different location
distal palaeo-lake basin. (B) Changes of grain size distribution in the thickest SSFL from
Li57 are shown in Fig. 1B. SSFL frequency is indicated by the number of SSFL per millim
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are abundant in the ORL (Fig. 5A). In a single SSFL, the Al, Si, K, Fe,
Mo, and Cu content exhibited no significant fluctuation. In a single
ORL, the Al, Si, and K content show almost no significant change in
the vertical direction (Fig. 5B–D). Fe, Mo, and Cu are relatively
enriched in the middle part of the ORL and gradually decrease with
decreasing distance from the SSFL deposited on the either side of
the ORL (Fig. 5E–G). The lamina couplet thickness in shale is com-
monly at the micron to millimeter scale (Fig. 5). This results in the
cyclic distribution of Fe, Mo, and Cu content at these small scales.
The Mo/Ti ratio and C value correlate well with the Mo, Fe, and Cu
content (Fig. 5E–I), indicating that cyclic variations in the redox
indicators and humidity are recorded at the micron to centimeter
scale.
4.3. Cyclical variations of geochemical parameters on thickness and
timescales

A Fourier-transform spectrum analysis was used to identify
possible cycles of paleoenvironmental evolution based on the
quantitative results of the Mo/Ti ratio and C value. In thickly-
bedded shales fromWell N70, three cycles of stable existence were
identified. The thicknesses of these three stratigraphic cycles were
18.0–26.7, 3.6–5.9, and 1.5–2.8 mm (Supplementary Data Figs. S2
and S3). The sedimentation rates of the thickly-bedded shales were
obtained through identification of the Milankovitch cycles. A mul-
titaper method of spectral analysis (MTM analysis) based on induc-
tion logging curves was used. The thickness ratio of the
stratigraphic cycles, with a confidence coefficient > 90% in the
MTM analysis, was 4.85 m: 2.42 m: 1.94 m: 1.10 m: 0.94 m, which
shows the ratio feature of 5.139: 2.569: 2.056: 1.171: 1.000
(Fig. 6A). This matches with published theoretical period ratios of
orbit parameters (5.362-eccentricity: 2.560-obliquity: 2.015-
obliquity: 1.195-precession: 1.000-precession) during the late Tri-
assic (Berger et al., 1989). The wavelet analysis also confirms that
the thickness of these stratigraphic cycles underwent no significant
changes during the period of shale deposition (1710.5 m–1721.1
m) (Fig. 6B). Therefore, the eccentricity, obliquity, and precession
signals are interpreted as being identifiable within this data from
the Chang 73 sub-member. Using the COCO method, and based
on stable astronomical-cycle signals, the average sedimentation
rate in the Chang 73 sub-member is estimated to be 5.4 cm/kyr
(>99% confidence coefficient) (Fig. 6B), and the average sedimenta-
tion rates of 4 and 10 cm/kyr had a confidence coefficient of > 90%
(Fig. 6B). Using the eCOCO method, the sedimentation rate of the
thickly-bedded shales was found to be 5.4 cm/kyr (Fig. 6C). The
sedimentation rate decreased to 4 cm/kyr only at the bottom of
the thickly-bedded shales (Fig. 6C). Based on the identification of
the Milankovitch cycles, we calculated that the sedimentation rate
of the thickly-bedded shales (>10 m in thickness) in the Chang 73
s. (A) Changes of SSFL thickness and frequency in laminated shales from proximal to
proximal to distal palaeo-lake basin. The positions of Well N70, Well C30 and Well
eter.



Fig. 5. Distribution characteristics of elements in SSFL and ORL in Well N70, 1719.20 m. (A) Element distribution map obtained by Micro-XRF analysis. (B–G) Element
distribution characteristics in different types of laminae. (H–I) Distribution characteristics of Mo/Ti ratios and C values in different types of laminae. Blue rectangle – ORL;
yellow rectangle – SSFL; SSFL – silty-grained felsic lamina; ORL – organic-rich lamina. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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sub-member from Well N70 was 4.0–5.4 cm/kyr (Fig. 6C). Zhao
et al. (2020) undertook isotope dilution thermal ionization mass
spectrometry (ID-TIMS) dating for accurate zircon dating of tuffs
in the Chang 73 sub-member, which they used for astronomical
tuning, and the sedimentation rate of the thickly-bedded shales
in the southern Ordos Basin was 4.0–4.9 cm/kyr. Well N70 is
located in the southern Ordos Basin (Fig. 1C), and the sedimenta-
tion rate calculated in this study compares closely with that from
Zhao et al. (2020). Combined with the sedimentation rate calcu-
lated in the present study, three distinct stable cycles were identi-
fied on interannual to centennial timescales in examples of the
thickly-bedded shales (Fig. 7 and Table 1).

The paleoenvironmental evolution cycles of 360–500 yr, 81–
110 yr, and 30–57 yr correspond exactly to sedimentary cycles
on the centimeter-, millimeter-, and millimeter to micron-scales,
respectively (Fig. 8). The centimeter-scale sedimentary cycle (CSR
I) involves the cyclic deposition of several SSFL and ORL (Fig. 8A–
B). The thickness of a single CSR I is between 2 and 3 cm, which
consists of c. 10 groups of lamina couplets. The millimeter-scale
sedimentary cycle (CSR II) is formed by the cyclic change of the
lamina thickness in each lamina couplet (Fig. 8C). The thickness
of a single CSR II ranges from 4 mm to 6 mm, which consists of
approximately-three groups of lamina couplets. The millimeter-
to-micron-scale sedimentary cycle (CSR III) involves alternations
of SSFL and ORL (Fig. 8D). The thickness of a single CSR III ranges
between 0.95 mm and 2.60 mm and is composed of one lamina
couplet.
5. Discussion

5.1. Paleoenvironmental evolution and cyclical fluctuations of
sedimentary records

Tectonic activity was relatively stable during the sedimentary
period of the Chang 73 sub-member in the Ordos Basin (Fu et al.,
7

2018), and therefore paleoclimate variation became the main fac-
tor controlling changes in the sedimentary environment. The
long-held view has been that the Triassic was a stable hot-house
world (Kiessling, 2010; Preto et al., 2010). Recently, the discovery
of the CPE and mega-monsoonal circulation suggests that the Tri-
assic paleo-environmental evolution was unstable (Hornung
et al., 2007; Corso et al., 2018). The CPE triggered the humid pale-
oclimate, which lasted for approximately 1 Ma in the late Triassic,
whereas the mega-monsoonal circulation commonly induced an
arid-humid climatic change that lasted one year. The timescales
of paleoenvironmental fluctuation caused by these two factors
are clearly at odds with the timescales of the high-frequency pale-
oenvironmental evolution identified in this study. Regional vol-
canic eruptions also occurred during the late Triassic, as is
indicated by the deposition and preservation of tuff layers
(Fig. 1D). The minimum separation between the tuff layers is
approximately 25 cm (Fig. 1D). However, we found that the pale-
oenvironmental evolution cycle of 360–500 yr was recorded by
the sedimentary cycle in 2–3 cm of thickness. Obviously, the regio-
nal volcanism adjacent to the Ordos Basin is unlikely to be a driv-
ing factor of high-frequency paleoenvironmental evolution in this
study. Although there are other volcanisms around the globe in
the CPE interval (Sun et al., 2016), the kind of volcanic activity that
can cause such steady and high-frequency paleoenvironmental
fluctuation seems hard to occur. Therefore, we speculate that there
are other factors controlling the high-frequency paleoenvironmen-
tal evolution in the Ordos Basin.

The timescale of the paleoenvironmental evolution cycle identi-
fied here is similar to that of the solar activity cycle. Classical solar
activity cycles include the Schwabe (�11 yr), Hale (�22 yr), Gleiss-
berg (�88 yr), and Suess quasi-cycles (�208 yr) (Dicke, 1979;
Damon and Sonnett, 1991; Hoyt and Schatten, 1998). Furthermore,
solar activity cycles were also thought to involve long-scale quasi-
cycles from � 352 yr to � 2.241 kyr. These were identified using
14C analysis of tree rings (Damon and Sonnett, 1991; Yin et al.,
2007). Previous research has identified the effects of solar activity



Fig. 6. Identification of Milankovitch cycles and sedimentation rate analysis in the Chang 73 sub-member. (A) MTM analysis based on the induction logging curve of Chang 73
sub-member. (B) Wavelet analysis based on the induction logging curve of Chang 73 sub-member. The wavelet analysis confirms that the thickness of eccentricity, obliquity,
and precession cycles have no significant changes during the period of shale deposition (1710.5 m – 1721.1 m). (C) Average sedimentation rate of Chang 73 sub-member using
the COCO method analysis. (D) Sedimentation rate of thickly-bedded shales in Chang 73 sub-member using eCOCO method analysis.
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cycles in strata from the Mesoproterozoic to the Holocene (Ripepe
et al., 1991; Heydari et al., 1997; Hughes et al., 2003; Shunk et al.,
2009; Andrews et al., 2010; Ma et al., 2022). Previous research sug-
gests that solar activity cycles and the Earth–climate interaction
may have remained unchanged for the past 1.2 Ga (Milana and
Lopez, 1998; Andrews et al., 2010). The 30–50 yr cycles remained
stable from the Devonian to the Holocene (Anderson and
Koopmans, 1963; Ernesto and Pacca, 1981; Ripepe et al., 1991;
Milana and Lopez, 1998; Wang et al., 2005; Andrews et al, 2010;
Galloway et al., 2013). Based on current sunspot observations,
the analytical results of the variance normalized global wavelet
power spectrum showed that the 30–50 yr cycle also represents
the product of the solar activity cycle (Li et al., 2004; Zhao and
Feng, 2014). Therefore, the stable cycles of 360–500 yr, 81–
110 yr, and 30–57 yr (cycles I, II, and III, respectively) are inter-
preted to reflect solar activity cycles (Fig. 7).

On interannual to centennial timescales, solar activity is mainly
responsible for driving climate systems (Reid, 2000; Mao et al.,
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2009), leading to marked periodic changes in temperatures and
lake levels (Reid, 2000; Magny et al., 2010). When the number of
sunspots increases, intense solar activity results in a temperature
increase (Reid, 2000; Liu et al., 2019), while a stronger than usual
solar magnetic field sweeps through interplanetary space, thereby
shielding the Earth more effectively from cosmic rays (van Geel
et al., 1999; Gray et al., 2010). A decrease in incoming cosmic rays
adversely affects cloud formation, which decreases precipitation
and rainfall efficiency (Kniveton and Todd, 2001; Carslaw et al.,
2002; Lucio, 2005), eventually leading to an arid climate and a
lake-level drop (Magny et al., 2010; Song et al., 2015; Li et al.,
2018a). In contrast, when the number of sunspots decreases, weak
solar activity results in a low-temperature humid climate and lake-
level rise.

The lake-level fluctuation in the 360–500 yr cycle I induced
centimeter-scale cyclical sedimentary records (Fig. 9A, B). The
semi-cycle with d13C enrichment and lower C values represents a
warm and arid paleoenvironment (Ku and Li, 1998; Paulsen



Fig. 7. Filtering results of redox indicator (Mo/Ti) and humidity (C value). Well N70, 1719.20 m, distribution characteristics of Mo/Ti ratio at the micron-scales and filtering
results of Mo/Ti ratio on cycle I (Gaussian filter, passband: 0.038 ± 0.011 cycles/mm) (A), cycle II (Gaussian filter, passband: 0.169 ± 0.056 cycles/mm) (B), cycle III (Gaussian
filter, passband: 0.546 ± 0.196 cycles/mm) (C). Well N70, 1719.20 m, showing the distribution characteristics of C values at the micron-scales and filtering results of C value
on cycle I (Gaussian filter, passband: 0.038 ± 0.011 cycles/mm) (D), cycle II (Gaussian filter, passband: 0.169 ± 0.056 cycles/mm) (E), cycle III (Gaussian filter, passband:
0.546 ± 0.196 cycles/mm) (F). Well N70, 1718.90 m, showing the distribution characteristics of Mo/Ti ratio at the micron-scales and filtering results of Mo/Ti ratio on cycle I
(Gaussian filter, passband: 0.041 ± 0.007 cycles/mm) (G), cycle II (Gaussian filter, passband: 0.247 ± 0.016 cycles/mm) (H), cycle III (Gaussian filter, passband: 0.535 ± 0.164
cycles/mm) (I). Well N70, 1718.90 m, showing the distribution characteristics of C values at the micron-scale and filtering results of C value on cycle I (Gaussian filter,
passband: 0.041 ± 0.007 cycles/mm) (J), cycle II (Gaussian filter, passband: 0.247 ± 0.016 cycles/mm) (K), cycle III (Gaussian filter, passband: 0.535 ± 0.164 cycles/mm) (L).
SSFL – silty-grained felsic lamina; ORL – organic-rich lamina.
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et al., 2003; Qiu et al., 2015), which corresponds to an intense per-
iod of solar activity in the 360–500 yr cycle I (Fig. 9C–E). During
this period, the decreasing Mo/Ti ratios suggest more oxidising
conditions, and therefore indicate a period of lake level fall
(Brucker et al., 2011) (Fig. 7A, 7G, 9A). The progradation of silty-
grained sediments carried by gravity flowmainly occurred towards
9

the center of the lacustrine basin during lake-level drops (Zaragosi
et al., 2006; Lericolais et al., 2013; Tombo et al., 2015), thereby
depositing SSFL (Fig. 8A, B). The frequency and thickness of SSFL,
as well as the grain sizes, gradually increased from proximal to dis-
tal palaeo-lake basin (Fig. 4). This further confirms that low-
density turbidity currents transported silty-grained sediments



Table 1
Cyclicality of geochemical parameters on thickness and timescales in lacustrine shales from Well N70. Cycle I - III was obtained by spectrum analysis and wavelet analysis.
Timescale A indicates the timescale of thickness cycle (cycle I - III) obtained by spectral analysis of Mo/Ti ratio; Timescale B indicates the timescale of thickness cycle (cycle I - III)
obtained by spectral analysis of C value.

Well Depth (m) Cycle I (mm) Cycle II (mm) Cycle III (mm) Notes

N70 1713.58 22.6614 4.5011 1.6651 Mo/Ti ratio
22.6614 4.4338 1.6448 C value

N70 1714.08 19.0324 4.6420 1.9032 Mo/Ti ratio
19.0324 4.6420 1.9032 C value

N70 1714.42 17.9574 5.3472 2.8354 Mo/Ti ratio
17.9574 5.6175 2.8354 C value

N70 1714.96 22.5527 5.0699 2.6332 Mo/Ti ratio
22.5527 4.9747 2.6428 C value

N70 1718.30 18.2166 4.2583 2.7099 Mo/Ti ratio
18.2166 4.2583 2.7324 C value

N70 1718.90 24.2895 4.0483 1.8684 Mo/Ti ratio
24.2895 4.0483 1.8684 C value

N70 1719.07 26.6810 / 1.4823 Mo/Ti ratio
26.6810 / 1.5695 C value

N70 1719.20 26.5578 5.9055 1.8327 Mo/Ti ratio
26.5578 5.9055 1.8669 C value

N70 1720.70 24.4797 5.1926 2.2848 Mo/Ti ratio
24.4797 5.1926 2.2848 C value

Time scales A 360–500 yr 81–110 yr 30–57 yr Mo/Ti ratio
Time scales B 360–500 yr 81–110 yr 30–57 yr C value

Fig. 8. Cyclical sedimentary records in lacustrine shales and their correspondence to solar activity cycles. (A) Well N70, 1718.90 m, showing the characteristics of bulk shale
samples. (B) Centimeter scale sedimentary cycle (CSR I) corresponding to solar activity cycle of 360–500 yr. The filtering curve of Cycle I was obtained by a Gaussian filter
(Passband: 0.041 ± 0.007 cycles/mm). Image B was obtained by Micro-XRF scanning of the bulk shale sample in image A. (C) Millimeter scale sedimentary cycle (CSR II)
corresponding to solar activity cycle of 81–110 yr. The filtering curve of Cycle II was obtained by a Gaussian filter (Passband: 0.247 ± 0.016 cycles/mm). (D) Millimeter to
micron scale sedimentary cycle (CSR III) corresponding to solar activity cycle of 30–57 yr. The filtering curve of Cycle III was obtained by a Gaussian filter (Passband:
0.535 ± 0.164 cycles/mm). Gray rectangle – the strata with several SSFL; black rectangle – ORL; SSFL – silty-grained felsic lamina; ORL – organic-rich lamina.
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towards the basin center during lake-level drops (Prins and
Postma, 2000; Bourget et al., 2010; Tombo et al., 2015), resulting
in several SSFL depositions.

During the weak solar activity period in the 360–500 yr cycle I,
d13C was deficient and the C value was higher, indicating a cold and
humid paleoenvironment (Ku and Li, 1998; Paulsen et al., 2003;
Qiu et al., 2015). At this stage, lake levels rose and the environment
was more reducible, which is indicated by a Mo/Ti ratio that was
10
increasing (Fig. 7A, 7G, and 9A). Only small amounts of thin-
bedded SSFL were deposited due to the distal position of the study
area with respect to the sediment source, and the limited trans-
portation distances of the sediment gravity flows that transported
this material (Tombo et al., 2015). Enhanced rainfall and reducibil-
ity during periods of weak solar activity were beneficial for biolog-
ical prosperity and the preservation of organic matter (Reichwaldt
and Ghadouani, 2012). These resulted in enriched clay and organic-



Fig. 9. Filtering results of Mo/Ti ratio and C value and the distribution characteristics of d13C of kerogen in millimeter-scale in Well N70, 1719.07 m. (A) Distribution
characteristics of Mo/Ti ratios and filtering results of Mo/Ti ratios on cycle I (Passband: 0.037 ± 0.003 cycles/mm). (B) Filtering results of Mo/Ti ratios on cycle III (Passband:
0.675 ± 0.162 cycles/mm). (C) Distribution characteristics of C value and filtering results of C value on cycle I (Passband: 0.037 ± 0.003 cycles/mm). (D) Filtering results of C
value on cycle III (Passband: 0.637 ± 0.162 cycles/mm). (E) Distribution characteristics of d13C of kerogen. The black dashed rectangles of 1 to 7 represent the micro-drilling
positions. SSFL – silty-grained felsic lamina; ORL – organic-rich lamina.
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matter deposition within the clay-rich succession that were depos-
ited during this time (Fig. 8A, B).

The preserved sedimentary record during the intense solar
activity period of 360–500 yr cycle I is further complicated by
short-term solar activity, as identified as the 81–110 yr (CSR II)
and 30–57 yr (CSR III) cycles (Fig. 8A–D). However, these small-
scale solar activity cycles are thought to be not strong enough to
induce grain-size variations in another semi-cycle of the 360–
500 yr cycle I characterized by ORL deposition (Gray et al., 2010;
Knudsen et al., 2011) (Fig. 8A–B). The 30–57 yr cycle III matches
a lamina couplet (Fig. 8D), indicating that short-term solar activity
can induce some short-time lake-level fluctuations under the low-
stand background of CSR I. During the weak solar activity period of
CSR III, a short-term lake-level rise occurred and interrupted SSFL
deposition, forming a small-scale ORL (Fig. 8D). In-situ element
scanning shows that the Mo/Ti ratio continually increased during
the gradual deposition of the small-scale ORL (Fig. 10A, B), while
framboidal pyrite size gradually decreased (Fig. 10A, C), indicating
a short-term lake-level rise (Brucker et al., 2011). The d34S deficit of
framboidal pyrite in the ORL compared to the interbedded SSFL
further confirms that the paleo-water-depth increased and sedi-
mentation rate decreased in the transition from silt-grade grain
deposition to clay-mineral deposition (Richardson et al., 2019;
Lang et al., 2021) (Fig. 11).

The solar activity of the 81–110 yr cycle II caused further SSFL
thickness variation in different CSR III (Fig. 8C). During the weak
solar activity period in the 81–110 yr cycle II, the SSFL was thinner
in lamina couplets driven by cycle III, whilst the SSFL became
thicker during the intense solar activity period of the 81–110 yr
cycle II due to the warm and arid paleoenvironment and lower lake
level (Fig. 12A). The grain sizes and thickness of the SSFL also
increased during the intense solar activity period of the 81–
110 yr cycle II (Fig. 12B–G), further confirming a lower lake level
during this period.
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5.2. Implications for shale-oil reservoir formation in organic-rich
lacustrine shales

Cyclical sedimentary records at the micron to centimeter scales
were widespread in the Chang 73 sub-member of the Ordos Basin.
The high-frequency environmental fluctuation and sedimentary
cycles controlled by solar activity (especially 30–57 yr cycle III)
provided favorable shale-oil generation and accumulation condi-
tions. During the intense solar activity period in the 360–500 yr
cycle I, warm-arid paleoenvironment controlled by 30–57 yr cycle
III kept the low lake-level, resulting in the transportation of silty-
grained sediments by low-density turbidity currents towards the
basin center and SSFL deposition (Figs. 10 and 13A–B). Microscopic
observations show that most of the K-feldspars were dissolved to
form numerous secondary porosity within the SSFL (Fig. 2B) and
these K-feldspar dissolution pores are always observed to be filled
with oil (Fig. 14). Therefore, the SSFL deposition in cyclicity shales
generally provides a good condition for shale-oil storage. When the
paleoenvironment change to cold-humid during the same 30–57 yr
cycle III, a short-term lake-level rise occurred, which interrupted
SSFL deposition and increased the reducibility of water column
(Fig. 10, 13A–B). Meanwhile, a rapid increase in rainfall promoted
the input of nutrients into the lake basin in the form of wet depo-
sition and runoff (Reichwaldt and Ghadouani, 2012). Massive
inputs of nutrients were beneficial to stimulating biological pros-
perity and inducing high paleoproductivity (Zhang et al., 2017).
In this study, P/Ti ratio was used to analyze the relative level of
paleoproductivity (Tribovillard et al., 2006; Wang et al., 2017b).
We conducted the spectral analysis of Mo/Ti and P/Ti ratio (Supple-
mentary Data Fig. S4). The results show that the Mo/Ti and P/Ti
ratios record the solar activity cycles with similar timescales (Sup-
plementary Data Fig. S4). This indicates that the variation in pale-
oproductivity in the lake basin is related to solar activity cycle. The
increased P/Ti ratios (Fig. 13C) and massive algae blooms (Lin et al.,



Fig. 10. Microscopic variation of framboidal pyrite sizes and redox indicators in laminar couplets (CSR III). (A) Well N70, 1718.50 m, showing the characteristics of laminar
couplets under SEM. (B) Distribution characteristics of Mo/Ti ratios on micron-scale and filtering results of Mo/Ti ratio (cycle III). (C) Variation of framboidal pyrite sizes in
ORL-1 and ORL-2 as the distance from SSFL increases. (D) Variation of framboidal pyrite sizes in ORL-2 and ORL-3 as the distance from SSFL increases. SAI – the intensity of
solar activity increase; SAD – the intensity of solar activity decrease; SSFL-1, -2 – silty-grained felsic lamina; ORL-1, -2, -3 – organic-rich lamina.

Fig. 11. S isotopic values and grain size of framboidal pyrite in laminar couplets (CSR III). Well N70, 1714.42 m, showing in-situ S isotopic values and grain size of framboidal
pyrites in SSFL (A) and ORL (B). (C) In-situ S isotopic values and grain size of framboidal pyrite in SSFL and ORL from different samples. Framboidal pyrites in SSFL generally
possess more 34S and have larger diameters than in ORL. The SSFL* and ORL* indicate that the SSFL and ORL are derived from the same pair of laminar couplet. Red cross – the
center point of test area in S isotope analysis. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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2023) finally demonstrated that the increase in rainfall induced the
improvement of paleoproductivity during the period of weak solar
activity in the 30–57 yr cycle III. The co-eval enhancement of pale-
oproductivity (increased P/Ti ratio) and reducibility (increased Mo/
Ti ratio) caused by solar activity favors large amounts of organic
matter enrichment in the shale lamina and ORL deposition
(Fig. 13A). The TOC content in the ORL reached approximately
20%, which was higher than that in the SSFL (Fig. 13A). The vitrinite
reflectance (Ro) of the organic matter in the ORL was distributed
from 0.6% to 0.9% (Xi et al., 2020), which is within the oil-
12
generation window, thereby providing high oil-generation poten-
tial in ORL. The solar activity of 30–57 yr cycle III induced the
steady alternating deposition of ORL and SSFL (Fig. 7). This close
‘‘source-reservoir” configuration provides a good foundation for
shale-oil reservoir formation.

On this basis, we subsequently conducted a GC–MS analysis of
the products extracted from the ORL and SSFL. The mass chro-
matograms (m/z = 191) exhibit clear similarities (Fig. 13A, D, F,
and H). The C27-C29 regular steranes in mass chromatograms (m/
z = 217) were distributed in a similar ‘‘V” shape (Fig. 13A, E, G, I).



Fig. 12. Relationship between SSFL thickness and grain size of SSFL. (A) SSFL thickness variation in different CSR III. (B–G) Grain-size distribution in lamina a, b, c, d, e, f in
image A, respectively. The grains in thicker SSFL always showed coarser grain sizes. SSFL – silty-grained felsic lamina; ORL – organic-rich lamina.

Fig. 13. Paleoproductivity and reducibility evolution recorded in laminated shales and the mass chromatograms of extracted products from ORL and SSFL. (A) Element
distribution map after element stacking obtained by Micro-XRF analysis. The black dashed rectangle of 1 to 3 in ‘A’ represents the micro-drilling positions. TOC content in
position 1, 2, and 3 reaches 28.0%, 19.1%, and 10.1%, respectively. (B) Distribution of Mo/Ti ratios from a to b in image ‘A’ and filtering results of Mo/Ti ratios on cycle III
(Gaussian filter, passband: 0.504 ± 0.098 cycles/mm). (C) Distribution of P/Ti ratio from a to b in image ‘A’ and filtering results of P/Ti ratios on cycle III (Gaussian filter,
passband: 0.504 ± 0.098 cycles/mm). (D, F, H) Mass chromatograms (m/z = 191) of the extracted products from position 1, 2 and 3. (E, G, I) Mass chromatograms (m/z = 217) of
the extracted products from position 1, 2 and 3. Blue rectangle – ORL; yellow rectangle – SSFL; SSFL – silty-grained felsic lamina; ORL – organic-rich lamina. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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These results demonstrate that the oil in the SSFL was sourced
from the thermal evolution of organic matter in the adjacent
ORL. The same result was obtained using an in situ infrared-
spectroscopy analysis (Xi et al., 2020). The excellent case for oil
13
generation and accumulation occurred between ORL and SSFL at
the microscale. Therefore, small-scale cyclical sedimentary records
provide excellent conditions for oil accumulation in lacustrine
shales.



Fig. 14. Characteristics of oil emplacement in feldspar dissolved pores in SSFL. (A) Well C30, 1964.88 m, showing oil charged in feldspar dissolved pores in SSFL, under plane-
polarized light. (B) Well C30, 1964.88 m, showing feldspar dissolved pores filled with oil. (C) EDS showing the high energy in the Carbon peak. Yellow cross – the analysis
position using EDS. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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6. Conclusions

(1) This study reconstructs high-frequency paleoenvironmental
evolution induced by solar activity in the Ordos Basin
located in the eastern Tethys during the late Triassic. With
the exception of the present study, the influence of solar
activity on high-frequency paleoenvironmental evolution
in other parts of the globe has not been reported in the Tri-
assic. Whether solar activity had a global effect on paleoen-
vironmental evolution is yet to be verified in other areas.

(2) Three solar activity cycles (360–500 yr, 81–110 yr, and 30–
57 yr) were recorded in lacustrine laminated shales. The cyc-
lic evolution of a warm-arid and cold-humid paleoenviron-
ment caused by solar activity was investigated. The three
timescales of the solar activity cycle correspond well with
three scales of cyclical sedimentary records (CSR I, II, and III).

(3) High-frequency lake-level fluctuations controlled by solar
activity resulted in the formation of cyclical sedimentary
records at the micron to centimeter scales. During the
intense solar activity period in the 360–500 yr cycle I, a
lake-level drop promoted the progradation of silty-grained
sediments carried by low-density turbidity currents toward
the center of the lacustrine basin, depositing several SSFL.
During the period of weak solar activity in the 360–500 yr
cycle I, lake-level rise limited occurrence of the gravity flows
transporting silty-grained sediments into the lake basin.
Coupled with enhanced rainfall and reducibility, ORL was
mainly deposited during the period of weak solar activity.
Solar activity in the 81–110 yr cycle II and 30–57 yr cycle
III further complicated sedimentary records preserved for
the intense solar activity period of the 360–500 yr cycle I.
In the background of lake-level lowstand, periods of weak
solar activity in the 30–57 yr cycle III induced short-term
lake-level rise, causing small-scale ORL deposition between
the SSFL. The 81–110 yr cycle II caused SSFL thickness vari-
ation in different CSR III.

(4) Small-scale cyclical sedimentary records reveal excellent
conditions for shale-oil reservoir formation in lacustrine
shales. High-frequency paleoenvironmental evolution
induced by solar activity, results in the cyclic deposition of
SSFL and ORL throughout the thickly-bedded shale interval.
Oil produced from ORL directly migrated into the feldspar
dissolved pores in the adjacent SSFL, causing large amounts
of oil to accumulate within the shale lamina. Therefore,
thickly-bedded shales containing large volumes of SSFL
may be a favorable target for shale-oil exploration and
development.
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