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ARTICLE INFO ABSTRACT

Keywords: Fine-grained successions, traditionally interpreted as continuous archives, contain cryptic hiatuses that are
Relative sea-level change critical for evaluating stratigraphic completeness and paleoenvironmental evolution but remain difficult to
Cyclostratigraphy

resolve, especially in deep-water black shales. This study identifies six hiatuses (H1-H6) in the Lower Silurian
Longmaxi Formation through integrated sedimentology, cyclostratigraphy, geochemistry, and Evolutive Spectral
Analysis (ESA). A 405 kyr eccentricity-tuned astronomical timescale combined with sedimentary noise modeling
yields a third-order relative sea-level (RSL) curve, demonstrating controls from both glacio-eustasy and the
Kwangsian Orogeny. Our results demonstrate that hiatuses H1-H4 and H6 align with RSL falls, as evidenced by
erosion, oxidation, and enhanced bottom-current/gravity-flow activity under cooler climates. Conversely, H5
formed during a warmer highstand, characterized by intense bioturbation and sediment starvation, indicating a
non-depositional hiatus. We propose a classification scheme linking ESA spectral features (spectral bifurcation/
shifts) with sedimentary attributes, defining seven hiatus types. The Results highlight sea-level fall-driven
bottom-current and gravity-flow erosion as the primary hiatus-forming mechanism in deep-water settings. Third-
order RSL fluctuations generate major erosional and non-depositional hiatuses (million-year scale), whereas
higher-frequency fluctuations induce more subtle and cryptic hiatuses. These surfaces serve as key sequence
boundaries, refining sequence stratigraphic frameworks in fine-grained systems. The integrated approach pro-
vides a robust methodology for recognizing hiatuses and advances understanding of sedimentary dynamics in
deep-water successions.

Bottom-current erosion
Evolutive spectral analysis
Sequence stratigraphy

1. Introduction

Unconformities represent significant temporal gaps in the geological
record, traditionally interpreted as products of subaerial exposure or
shallow-water erosion (Wheeler, 1964; Catuneanu, 2022). Convention-
ally, fine-grained successions (defined as containing at least 50 % par-
ticles <62.5 pm) have been attributed to quiescent, continuous
suspension settling in low-energy environments (Trabucho-Alexandre,
2015; Atar et al., 2019; Boulesteix et al., 2019). Consequently, such
successions were long assumed to be stable, devoid of unconformities,
and to constitute high-fidelity archives of geological history, encom-
passing both terrestrial (e.g., deep lacustrine) and marine deep-water

settings, e.g., shelf-slope systems, and abyssal plains (Potter et al.,
2005; Macquaker et al., 2007; Bhattacharya and MacEachern, 2009;
Schieber and Southard, 2009; Bohacs et al., 2014; Lazar et al., 2015b;
Paz et al., 2022; Cao et al., 2024).

However, recent studies challenge this paradigm, revealing that
stratigraphic discontinuities—including intermittent sedimentation
breaks and discontinuous depositional events—occur within these
seemingly stable successions in subaqueous environment, regardless of
depositional settings (shallow- or deep-water; Schieber, 1994; Hickey
and Henk, 2007; Loucks and Ruppel, 2007; Macquaker and Bohacs,
2008; Schieber and Southard, 2009; Wilson and Schieber, 2015; Kemp
etal., 2018; Boulesteix et al., 2019; DeReuil and Birgenheier, 2019; Stow
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and Smillie, 2020; Plantz et al., 2024; Cao et al., 2024). Critically, in-
vestigations stemming from the Deep Sea Drilling Project (DSDP) and
Integrated Ocean Drilling Program (IODP) demonstrate widespread
marine hiatuses, indicating that regions previously assumed to represent
consistent deposition are frequently interrupted by high-intensity
erosional events or prolonged periods of non-deposition (Macquaker
and Bohacs, 2008; Dutkiewicz and Miiller, 2022). Further research on
turbidite and contourite depositional systems has revealed that such
stratigraphic discontinuities in marine settings may be attributed to
various processes, including sedimentation starvation (Nordsvan et al.,
2025), changes in seawater corrosiveness (Barron and Keller, 1982),
seafloor winnowing and ventilation (Marz et al., 2011; Hansen and
Passchier, 2017), diagenetic overprinting (Greene et al., 2020), erosive
hydrodynamics (e.g., bottom currents, turbidity flows, internal waves,
storm-induced waves, and mesoscale eddies; Ankindinova et al., 2020;
Dutkiewicz and Miiller, 2022; Beelen and Wood, 2023), and mass
transport processes (Ineson et al., 2022; Nugraha et al., 2022).

These stratigraphic breaks in fine-grained successions, often termed
‘hiatuses’ or ‘hiatal surfaces’ (Christ et al., 2012; Miall, 2016; Gani,
2017; Paola et al., 2018), can now be identified through various ap-
proaches: (i) sediment physical properties changes (e.g., lithology, color
reflectance, and particle size; Elad et al., 2022; Tagliaro et al., 2022;
Moshe et al., 2024); (ii) geophysical well-logging anomalies (Salazar
et al., 2023); (iii) microfossil community disruptions (e.g., planktonic
foraminifera, diatoms, and radiolarians; Johnson, 1974; Berggren,
1978); (iv) abrupt geochemical shifts (Ivanova et al., 2020; French et al.,
2024); (v) indicators of non-deposition (e.g., ferromanganese nodules,
phosphates, microbial crusts, intense bioturbation, and mineralized
hardgrounds; Kennett and Watkins, 1975; Alvaro and Clausen, 2006;
Follmi, 2016); and (vi) ichnological, magnetostratigraphic, or cyclo-
stratigraphic analyses (Barnett and Wright, 2008; Hilgen et al., 2015;
Farouk et al., 2022; Rodriguez-Tovar, 2022; Nie et al., 2023).

Despite being well-documented in the literature, hiatuses within
fine-grained, deep-water successions remain significantly less explored
and understood compared to their more conspicuous counterparts on
shorefaces, tidal flats, and shallow carbonate platforms (Hillgaertner,
1998; Sattler et al., 2005; Christ et al., 2012; Christ et al., 2015; Strasser,
2015; Brady and Bowie, 2017; Wroblewski and Morris, 2023). Their
subtle, cryptic nature poses major challenges to identifiying and con-
straining the genesis of these hiatuses (Sommerfield, 2006; Miall, 2016).
Furthermore, robust detection typically requires integrated, multi-proxy
approaches (e.g., sedimentology, diagenesis, ichnology, and micropa-
leontology) that are time-consuming and labor-intensive, while concise,
widely applicable methods are still lacking widespread adoption
(Meyers and Sageman, 2004; Smith et al., 2015). Moreover, the relative
roles of autogenic (e.g., event deposits) versus allogenic (e.g., eustasy,
tectonism, and climate change) controls on hiatus formation remain
debated (Tomer et al., 2011; Miall, 2015; Hajek and Straub, 2017;
Braithwaite, 2020; Burgess and Duller, 2024).

The Lower Silurian Longmaxi Formation of the Yangtze Platform,
South China, provides an exceptional opportunity to address these
knowledge gaps regarding hiatuses in fine-grained depositional systems.
This formation comprises extensive graptolitic black shales across the
Yangtze platform, and recent sedimentological and petrographic studies
have revealed compelling evidence for active bottom currents and
gravity flows within these deposits (Wang et al., 2019b; Yang et al.,
2021; Qiu et al., 2022; Lu et al., 2023), directly implicating dynamic
processes capable of generating hiatuses in subaqueous settings. This
study focuses specifically on the first member of the Longmaxi Forma-
tion (Long-1 Member) in the Sichuan Basin. The primary objectives of
this study were to: (i) identify and document the characteristics of hia-
tuses within fine-grained deposits and interpret their genesis; (ii)
elucidate the relationship between hiatuses and transgressive-regressive
third-order cycles minima driven by cold climatic conditions and tec-
tonic uplift; (iii) establish a multi-factor genetic classification scheme for
hiatuses, based on evolutive spectral analysis, to facilitate identification
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and determination of their formation mechanisms; and (iv) examine the
hierarchical nature of hiatuses, recognizing that high-rank hiatuses are
associated with significant non-depositional or erosional events occur-
ring on million-year (third-order) timescale. Consequently, hiatuses may
serve as sequence boundaries within fine-grained successions, and this
study aims to enhance the current understanding of fine-grained
sequence stratigraphy.

2. Geological setting
2.1. Regional geology

The Sichuan Basin, situated in southwestern China, is a typical
superimposed basin within the South China Plate that has undergone
multiple tectonic episodes (Liu et al., 2021). The study area, Fuling, is
located in the southeastern part of the Sichuan Basin. The well location
map, tectonic development patterns, and stratigraphic column for this
area are presented in Fig. 1. During the Early Silurian, the South China
Plate was positioned along the northern margin of Gondwana at a
paleolatitude near the equator (Fig. 2A; Liu et al., 2017). This region
comprises two major blocks: the Yangtze Platform and Cathaysia Land
(Chen et al., 2010). Extensive graptolitic black shales of the Longmaxi
Formation was deposited across the Yangtze Platform, primarily driven
by the melting of the Gondwana ice sheet and the subsequent trans-
gression (Fig. 2B; Lu et al., 2023; Nie et al., 2024).

Coinciding with this period, the Yangtze Platform and Cathaysia
Land collided and amalgamated, generating significant tectonic activity
(Nie et al., 2024). This convergence established a compressive tectonic
regime in the Sichuan Basin, leading to a platform-slope-basin
geomorphological configuration within an epicontinental shelf envi-
ronment (Fig. 2B; Chen et al., 2014; Yang et al., 2020; Wang et al.,
2023a, 2023b). The collision also initiated the Kwangsian Orogeny
(460-400 Ma; Xu et al., 2016), characterized by regional folding, ductile
deformation, and vertical tectonic uplift and subsidence (Yang et al.,
2019). These processes produced a paleogeomorphology defined by
paleouplifts, submarine highs, and depressions, with estimated water
depths of approximately 200 m (Fig. 2B; Liang et al., 2016; Li et al.,
2017a; Jin et al., 2021; Nie et al., 2024). This paleogeomorphology
exerted strong control on the sedimentation patterns and depositional
architecture of the Longmaxi Formation, contributing to its complex
present-day stratigraphic framework. Furthermore, the migration of the
depocenter closer to sediment source areas promoted frequent gravity-
driven processes, including turbidity currents and slumping (e.g., Liu
etal.,2017; Lu et al., 2020; Shen et al., 2021; Lu et al., 2023). Chen et al.
(2017, 2018) revealed that the Yangtze and Yichang Uplift resulted in a
stage-progressive distribution pattern within the Longmaxi Formation,
accompanied by stratigraphic hiatuses during the Rhuddanian-Aero-
nian periods.

2.2. Chronostratigraphy and biostratigraphy framework

The Longmaxi Formation is subdivided into three members: Long-1,
Long-2, and Long-3 Members. The Long-1 Member encompasses seven
graptolite biozones (LM2-LM8; Fig. 2C; Chen et al., 2017). The basal
Akidograptus ascensus Biozone (LM2) marks the onset of the Rhuddanian
stage (443.07 Ma), while the uppermost Stimulograptus sedgwickii Bio-
zone (LM8) occurs near the termination of the Aeronian stage (438.59
Ma), representing a total duration of 4.48 Myr for the Long-1 Member.
The Rhuddanian-Aeronian boundary, which coincides with the base of
the Demirastrites triangulatus Biozone (LM6), is demarcated by regionally
extensive volcanic ash layers (440.77 Ma; Shen et al., 2021).

Previous studies have proposed the overlying turbidite deposits as a
potential termination marker for the Long-1 Member. However, the
multi-stage nature of such event deposits renders turbidites unreliable
for establishing precise isochronous constraints. Consequently, the
development of novel, robust methodologies is essential to accurately



Y. Liu et al.

International Journal of Coal Geology 310 (2025) 104869

Well JY-11

Basin boundary Geographical names

—_——

-l
Weil location Research aera

)
well JY-3/
/

7/

C| stratum | GR ||
{\9
[

epth Lithology

Sys.|Seri.| Fm. |[Mem/,

2080

XHB
XHB

}-2070

|-—-2080

|—2080

—2100

—2110

|-2120

}—2130

|—-2140

I~as
Long-3

~
AN

7 |—-2150

|—2160

}—-2170

}-2180

2190

Silurian

—2200

Lower Silurian

Longmaxi

2210
—2220
|—2230
—2240

Thickness |- 2250 _

Pinch-out boundary

Long-2

|-—-2260

Well JY-1

2210 438.8 Ma

- SE

X'
i |- 2280
L2200
2300

|—-2310 4405 Ma

Long-1

}—2320

|—2330

2340

e
=
Mixed
mudstone

===

Siliceous
claystone

Argillaceous
claystone

Limestone

Dolomite

2350 |

Sandy
mudstone

B

WF |- 2360

JCcG

Upper
Ord.

Shetlly
limestone

Calcareous
claystone

Siliceous
mudstone

Argillaceous

Siltstone
mudstone °

Argillaceous
siltstone

Fig. 1. Geological setting of the study area. (A) Location map of study wells. Inset map (upper left) shows thickness distribution of the Long-1 Member within the
Sichuan Basin. (B) Stratigraphic development and tectonic framework profile (oriented southeastward across Well JY-1 through the study area). (C) Composite
stratigraphic column spanning the Upper Ordovician Wufeng Formation to the Lower Silurian Longmaxi Formation. Abbreviations: Sys. - System; Seri. - Series; Fm. -
Formation; Mem. - Member; Sub. - Submember; Ord. - Ordovician; Upper. — Upper Ordovician; XHB - Xiaoheba Formation; GYQ — Guanyingiao Bed; WF - Wufeng

Formation; JCG - Jiancaogou Formation; XHB - Xiaoheba Formation.

define the upper boundary of the Long-1 Member.

During the Early Silurian, several globally recognized positive
carbon-isotope excursions provide potential chronostratigraphic
markers. The Late Aeronian Event, temporally associated with the
extinction of the Sedgwickii graptolite Biozone (LMS; see Fig. 2C), is
characterized by a pronounced global positive 613Corg excursion. This
isotopic event correlates with a glacial maximum and a significant
eustatic sea-level fall (Melchin and Holmden, 2006; Loydell, 2007;
Johnson, 2010; Munnecke et al., 2010; Storch and Frdda, 2012; Trotter
et al., 2016). Therefore, in this study, we utilized the positive 813C0rg
excursion identified in Well JY-51 as the primary criterion for defining
the upper boundary of the Long-1 Member (Fig. 3).

3. Materials and methods
3.1. Logging and samples

In this study, we used geological borehole datasets from three
Sinopec wells drilled into the Wufeng-Longmaxi Formations within the
Fuling area: Well JY-3 (total depth: 2499 m), Well JY-11 (total depth:
2406 m), and Well JY-51 (total depth: 3178 m). Detailed geological
investigations were conducted on these wells. Continuous core samples
were obtained from Wells JY-11 (depth interval: 2252-2365.18 m) and
JY-51 (depth interval: 3027.55-3148.53 m), whereas Well JY-3 lacked
core coverage.
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Fig. 2. Intergrated stratigraphic and paleogeographic framework of the Yangtze Platform during the Early Silurian. (A) Global paleogeographic reconstruction for
440 Ma (source: https://deeptimemaps.com). (B) Paleogeographic maps of the Yangtze Platform during Early Silurian, modified from Xu et al. (2004) and Ou et al.
(2018). (C) Overview of the timescale during the Early Silurian, showing the following aspects: geological timescale (from Melchin et al., 2020); graptolite biozones
(from Chen et al., 2017); major global positive carbon-isotope excursion events during the Rhuddanian and Aeronian periods (from Melchin and Holmden, 2006);
global (from Haq and Schutter, 2008) and Yangtze Platform (from Liu et al., 2017) sea-level curves; and astronomical timescale (from Wu et al., 2023).

The analyzed datasets comprised core data, geophysical well-log
data, and geochemical data. Core data (including core samples and
thin sections) were utilized to characterize fine-grained lithologies,
textures, sedimentary structures, and the nature of stratigraphic hia-
tuses. Geophysical well-log data encompassed conventional logs (e.g.,
gamma ray, resistivity, acoustic) sampled at 0.125 m intervals, high-
resolution gamma-ray (HGR) logs with a 0.05 m sampling resolution,
and spectral gamma-ray measurements of thorium (Th), uranium (U),
and potassium (K). These logs were employed for cyclostratigraphic
analysis, identification of sedimentary hiatuses, and interpretation of
depositional environments; elemental ratios derived from spectral
gamma-ray logs (e.g., Th/U) were calculated to constrain depositional
redox conditions. Geochemical data—including major and trace ele-
ments, total organic carbon (TOC), total sulfur (TS), and organic carbon
isotopes (613Corg)—were used for stratigraphic correlation and to
reconstruct terrigenous input, paleoclimate, and redox conditions.

3.2. Analytical methods

3.2.1. Time series analysis

Cyclostratigraphy provides a high-resolution chronometer for con-
structing precise isochronous stratigraphic frameworks (Meyers et al.,
2001; Zeebe and Kocken, 2024), thereby offering a foundation for the
spatiotemporal  correlation of  stratigraphic  hiatuses.  For

cyclostratigraphic time series analysis, the software Acycle v2.7 was
employed (Li et al., 2019).

Natural gamma-ray (GR) logging reflects the enrichment of thorium
(Th), uranium (U), and potassium (K) in sediments. These elements are
primarily concentrated in clay minerals and organic matter due to their
strong affinity for these radioactive elements (Ruffell and Worden, 2000;
Schnyder et al.,, 2006; Li et al., 2016). The relative abundance of
radioactive-elements-enriched clay and organic matter typically serves
as a robust indicator of paleoclimate conditions (e.g., precipitation and
continental weathering intensity). Under warm and humid climates,
intensified chemical weathering or increased runoff promotes the for-
mation of clay minerals and organic matter, resulting in the enrichment
of radioactive elements and elevated GR values (Zhang et al., 2022).
Furthermore, in deep-water settings, mudstones generally exhibit GR
values between 120 and 180 API, whereas shales show significantly
higher values, often exceeding 180 API. In contrast, siltstones and
sandstones typically have GR values below 120 API (Cao et al., 2024).
This correlation between GR and lithology suggests that high-frequency
variations in natural gamma-ray responses can effectively reflect
changes in depositional environments (e.g., sea-level fluctuations). The
GR log is thus exceptionally responsive to changes in paleoclimate and
paleoenvironment, establishing it as a valuable proxy for reconstructing
astronomically forced cycles of climate and sea-level change.

To identify periodic and quasi-periodic signals within the
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Fig. 3. Determination of the top boundary of the Long-1 Member. The boundary corresponds to the Late Aeronian Event and is marked by a prominent positive

carbon isotope exursion (513c0,g) at 3052 m depth in Well JY-51 (highlighted).

stratigraphic succession against background noise, a 2n Multi-taper
Method (MTM) spectral analysis was performed on high-resolution
gamma-ray logging data (HGR; 0.05 m sampling rate) (Thomson,
1982; Thomson, 1990). A robust red-noise test was applied to validate
the detected astronomical signals (Mann and Lees, 1996; von der Heydt
et al., 2021). Previous studies have suggested that during the Early
Silurian, the long eccentricity cycle (E) exhibited a dominant period of
405 kyr, while short eccentricity cycles (e) displayed stable periods of
~125 and ~ 95 kyr (Fang et al., 2019; Jin et al., 2020; Wu et al., 2023).
In contrast, obliquity and precession cycles displayed greater temporal
variability during this period (Berger and Loutre, 1994; Laskar, 2008;
Zeeden et al., 2023). According to the astronomical solution proposed by
Waltham (2015), which incorporates tidal dissipation effects, the
obliquity cycle in the Early Silurian (~ 441 Ma) is estimated at 33.4 +
3.8 kyr. The precession cycle comprised multiple components with pe-
riods of 20.9 + 1.5 kyr, 19.9 + 1.3 kyr, 17.1 &+ 1.0 kyr, and 17.2 + 1.0
kyr. These target orbital periodicities served as fundamental parameters
for subsequent time series analysis.

Correlation coefficient (COCO) and evolutionary correlation coeffi-
cient (eCOCO) analysis were conducted to estimate optimal sedimen-
tation rates for the study succession (Li et al., 2018b). In COCO analysis,
the most probable sedimentation rate corresponds to the peak correla-
tion coefficient and the lowest null hypothesis test value. eCOCO anal-
ysis, employing a sliding window approach derived from COCO, reflects
the vertical evolution of the optimal sedimentation rate within the
stratigraphic succession (Li et al., 2018b).

Following the identification of reliable Milankovitch cycle bands
through spectral analysis, the relatively stable 405 kyr long eccentricity

cycle provided the basis for orbital tuning (Laskar, 2008; Wang et al.,
2024). A Gaussian bandpass filter was applied to extract the 405 kyr
cycle signal from the detrended GR data. Subsequently, the GR record
was tuned to the stable 405 kyr eccentricity cycle.

Based on the tuned natural gamma-ray (GR) logging data, sedi-
mentary noise modeling (both DYNOT and p; models) within Acycle
v2.7 was applied to reconstruct past million-year-scale (third-order cy-
cles) relative sea-level fluctuations in a marginal marine environment,
following the approach of Li et al. (2018a). This method is founded on
the concept that cyclostratigraphic proxy series contain both orbital
signals and non-orbital sedimentary noise, the latter of which is influ-
enced by depositional processes sensitive to water-depth variations (e.
g., storms, tides, bioturbation, and events deposition).

The modeling operates under the hypothesis that, in a stable sedi-
mentary environment with relatively consistent terrigenous input and
basin configuration, sedimentary noise is inversely correlated with
relative sea level: enhanced noise levels are interpreted to reflect shal-
lower water depths (e.g., during lowstands), whereas reduced noise
corresponds to deeper water conditions (e.g., during highstands). This
relationship has been validated in several Phanerozoic successions as a
proxy for relative sea-level change (Huang et al., 2021; Wang et al.,
2023a, 2023b; Wei et al., 2023; Zhang et al., 2023a, 2023b).

3.2.2. Detection of hiatus

Depositional hiatuses represent critical archives of sedimentation
history, particularly when astronomical orbital forcing is clearly
expressed within the stratigraphic column and a high-resolution astro-
nomical timescale is established. Previous studies have demonstrated
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that hiatuses can introduce distortions in the frequency domain of
cyclostratigraphic signals (Meyers et al., 2001; Weedon, 2003; Meyers
and Sageman, 2004). Meyers et al. (2001;2004) suggested a robust
methodology for detecting hiatuses within rhythmically-bedded strata
using evolutive spectral analysis (ESA). This technique, implemented by
applying a sliding window to spectral analysis, facilitates the quantita-
tive identification of depositional hiatuses within the frequency domain.
ESA tracks temporal variations in dominant frequencies preserved in
stratigraphic column by identifying abrupt shifts or gradual drifts in
spectral power, thereby revealing depositional hiatuses and erosional
events. Consequently, this study employs ESA to dynamically identify
stratigraphic discontinuities within the examined section (Long-1
Member). Critically, hiatuses were identified based on diagnostic fea-
tures in the evolutive spectral analysis, including bifurcated spectral
peaks and abrupt or gradual shifts in spectral power, which signify
sudden changes in sedimentation rate, erosional events, and deposi-
tional gaps.

3.2.3. Geochemical and mineralogical analyses

To diagnose the genetic mechanisms of sedimentary hiatuses, a suite
of geochemical and mineralogical analyses was performed on core
samples from Wells JY-11 and JY-51. Detailed analytical procedures,
instrumentation, and calculation methods, alone with a summary of all
proxies employed and their environmental interpretations, are provided
in Supplementary Materials (Text S1 and Table S1, respectively).

International Journal of Coal Geology 310 (2025) 104869

4. Results
4.1. Lithological classification and characteristics of shale

The lithology of Long-1 Member was classified based on the grain
size of fine-grained rocks identified through thin-section analysis and
mineral composition (Fig. 4A, Aplin and Macquaker, 2011; Lazar et al.,
2015a). For grain size classification, a ternary diagram was constructed
using sand, coarse mud, and fine mud as end members. Within this
ternary space, “fine-grained sedimentary rocks” was defined as con-
taining >50 % fine-grained particles (<62.5 pm). Under this broad
category, fine-grained sedimentary rocks were further subdivided into
claystone, mudstone, and siltstone based on whether specific size-range
fractions exceeded two-third of the total composition, serving as the
basis for rock nomenclature.

Mineral composition data were obtained through X-ray diffraction
(XRD) analysis, with total quartz, carbonate (e.g., calcite, dolomite), and
argillaceous (e.g., illite, smecite) components serving as the primary
end-members (Fig. 4A). The fine-grained sedimentary rocks (e.g., clay-
stone, mudstone, and siltstone) were classified according to the domi-
nant component(s) exceeding 50 %. If no single component exceeded 50
%, the fine-grained sedimentary rocks were classified as “mixed”. Based
on the above classification framework, the fine-grained sedimentary
rocks in the Long-1 Member primarily consist of siliceous, argillaceous,
and mixed claystone/mudstone, with minor occurrences of calcareous
claystone, argillaceous siltstone, and calcareous siltstone (Fig. 4).

Based on vertical variations in lithological characteristics, the Long-1
Member can be further subdivided into upper and lower sections. The
lower section is dominated by black, organic-rich siliceous claystone/
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mudstone and mixed claystone, and mudstone, while the upper section
predominantly comprises gray-colored argillaceous claystone and
mudstone with low organic carbon content. In Well JY-11, grain size
analysis reveals that both the base and top of the Long-1 Member are
predominantly composed of claystone, while the middle section shows
coarser-grained sediments. Mineral composition analysis demonstrates
that the Long-1 Member is characterized by an overall low carbonate
mineral content (<3 %), with quartz and argillaceous minerals domi-
nating the composition (Fig. 4B). Vertically, quartz shows a gradual
decreasing trend, while argillaceous minerals display an opposite
increasing trend. The total organic carbon (TOC) content exhibits an
overall decreasing trend upward through the stratigraphic column
(Fig. 4B). In Well JY-51, located in the southern region of the study area,
the vertical variations in particle grain size, mineral composition, and
total organic carbon exhibit similar pattern to those observed in Well JY-
11, but with significantly enhanced argillaceous mineral content. The
lower section of Long-1 Member in Well JY-51 contains fine-grained
sedimentary rocks with lower quartz content compared to that in Well
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JY-11, while the upper section exhibits an increase in argillaceous
content (Fig. 4C).

4.2. Time series analysis

4.2.1. Spectral analysis in the stratigraphic domain

To extract astronomical signals independent of long-term trends, this
study employed a 30 m window length for detrending using the Locally
Weighted Regression (LOWESS) method. The Multi-taper Method
(MTM) spectral analysis of the detrended gamma-ray (GR) data from
Wells JY-3, JY-11, and JY-51 revealed multiple significant peaks
exceeding the 90 % confidence level (CL) (Figs. 5A-5C). In Well JY-3,
peaks above the 90 % CL were detected at 14.7-23.1 m, 8.2-11.8 m,
5.7-6.1 m, 4.4-4.7 m, 25 m, 2.2-2.3 m, 1.6 m, 1.3 m, and 1.1 m
(Fig. 5A). Similarly, Well JY-11 exhibited significant peaks above the 90
%CLat17.1m,7.5-10.8 m,5.5m,3.8m, 1.8 m, 1.6 m, 1.5m, 1.1 m and
1.0 m (Fig. 5B). For Well JY-51, prominent peaks exceeding the 90 % CL
were observed at 17.5-27.8 m, 9.9 m, 8.0 m, 5.6-6.0 m, 3.2 m, 2.7-2.8
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m, 2.1 m and 1.7 m (Fig. 5C).

COCO analysis indicated that the sedimentation rate of the Long-1
Member in Well JY-3 likely ranges from 1.9 to 2.2 cm/kyr, character-
ized by higher correlation coefficients, lower null hypothesis test values,
and greater contributions from astronomical orbital parameters
(Fig. 5D). Similarly, the probable sedimentation rate for Well JY-11 was
estimated to be 1.8-2.0 cm/kyr (Fig. 5E). Well JY-51 exhibited complex
sedimentation rate characteristic, with higher correlation coefficients
and lower null hypothesis test values observed at 1.4 cm/kyr, 2.5-2.7
cm/kyr, and 5.9 cm/kyr (Fig. 5F). However, the number of contributing
astronomical parameters at 1.4 cm/kyr and 5.9 cm/kyr was relatively
low, suggesting that the range of 2.5-2.7 cm/kyr is the most probable
optimal sedimentation rate.

The eCOCO results demonstrated that the sedimentation rate interval
of 1.9-2.2 cm/kyr in Well JY-3 remained vertically stable throughout
the Long-1 Member (Fig. 6A). In Well JY-11, the sedimentation rate
interval of 1.8-2.0 cm/kyr similarly maintained vertical stability
(Fig. 6B). For Well JY-51, the sedimentation rate remained relatively
stable at 2.5-2.7 cm/kyr across the entire stratigraphic column (Fig. 6C).

Based on the inferred optimal sedimentation rate range of 1.9-2.2
cm/kyr derived from COCO and eCOCO analysis for Well JY-3, the
thickness intervals of 8.2-11.8 m may correspond to a time span of
373-621 kyr. The 2.5 m cycle likely represents a duration of 114-132
kyr, and the 2.2-2.3 m intervals may correspond to 105-121 kyr.
Similarly, for Well JY-11, with an optimal sedimentation rate of 1.8-2.0
cm/kyr, the 7.5-10.8 m intervals are estimated to represent 375-600
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kyr, and the 1.8 m cycle may reflect 90-100 kyr. In Well JY-51, where
the most probable optimal sedimentation rate is 2.5-2.7 cm/kyr, the 9.9
m cycle likely corresponds to 367-396 kyr, the 3.2 m cycle to 119-128
kyr, and the 2.7-2.8 m cycle to 100-108 kyr.

4.2.2. Spectral analysis in the time domain and sedimentation noise
modeling

In the Paleozoic, the identification of long eccentricity astronomical
cycles was considered more stable and thus served as the basis for as-
tronomical tuning. These cycles are numbered according to the
nomenclature outlined by Wu et al. (2023). The 405 kyr long eccen-
tricity cycle filtering curve from Wells JY-3, JY-11, and JY-51 were
applied for orbital tuning (Fig. 7A-7C). The floating astronomical time
scale established from the tuning results indicates that the duration of
the Long-1 Member is 4.45 Myr in Well JY-3 (Fig. 7A), 4.43 Myr in Well
JY-11 (Fig. 7B), and 4.57 Myr in Well JY-51 (Fig. 7C). This study
anchored the floating astronomical time scale to an absolute astro-
nomical time scale using the top boundary of LM2 as a reference
(Ordovician-Silurian boundary, 443.07 Ma in GTS 2020). Spectral
analysis in the time domain revealed significant cycles of 405 kyr, 243
kyr, 178 kyr, 125 kyr, 105 kyr, 77 kyr, 56 kyr, 50 kyr, 47 kyr, and 39 kyr
in Well JY-3 (Fig. 7A); 405 kyr, 127 kyr, 95 kyr, 76 kyr, 68 kyr, 61 kyr,
58 kyr, 50 kyr, 42 kyr, 36 kyr, and 32 kyr in Well JY-11 (Fig. 7B); and
405 kyr, 147 kyr, and 68 kyr in Well JY-51 (Fig. 7C).

Modeling of sedimentary noise provides a robust framework for
reconstructing relative sea-level variations. Taking Well JY-11 as an
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Fig. 6. Sedimentation rate analysis. (A-C) Correlation coefficient (COCO) analysis and evolutionary correlation coefficient (eCOCO) sedimentation rate maps of GR
datasets in the Wells JY-3, JY-11, and JY-51. For both the COCO and eCOCO analysis, the number of Monte Carlo simulations is 5000. The sedimentation rate curves
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1. The astronomical age model uses Wu et al. (2023) as a reference

curve. Blue numbers denote ages from regional stratigraphic correlation and GTS2020. Red numbers denote absolute ages from the astronomical time scale con-

structed in this study, anchored at the top boundary of LM2 Biozone (443.07 Ma). The Rhuddan
Ma). (For interpretation of the references to color in this figure legend, the reader is referred to

ian-Aeronian boundary position aligns well with GTS2020 (440.49
the web version of this article.)

example, sedimentary noise curves derived from the DYNOT and p;
models exhibit notable consistency. According to the established prin-
ciple whereby high noise levels correspond to low sea levels and low
noise levels correspond to high sea levels, we reconstructed the Early

Silurian sea-level curve for the Yangtze Platform. The resulting curve
reveals a recurrent “fall-rise” pattern, indicative of high-frequency,
oscillatory sea-level fluctuations (Fig. 8B).
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Fig. 8. Reconstructed and reference relative sea-level (RSL) for Well JY-11. (A) Astronomically tuned gamma ray (GR) log and chronostratigraphic column, with
numbered 405 kyr cycles (following Wu et al., 2023). The astronomical time scale is anchored at the top boundary of LM2 Biozone (443.07 Ma). (B) RSL fluctuation
curve reconstructed using sedimentary noise models (DYNOT and p;). (C, D) Reference sea-level curves for the Yangtze Platform (Liu et al., 2017) and global (Haq
and Schutter, 2008) during the Early Silurian. Chronostratigraphy modified from GTS2020.
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4.3. Detection and characteristics of hiatus

4.3.1. Dectection of hiatus

Hiatus identification employed Evolutive Spectral Analysis (ESA).
Using a 20 m sliding window, potential hiatus characterized by bi-
furcations, gradual transitions, or abrupt shifts in spectral power were
marked on evolutive spectral plots (Figs. 9A-9C). From the base to the
top of each well, spectral bifurcations indicative of hiatuses occurred at
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the following depths: Well JY-3: 2420-2410 m, 2401-2396 m,
2377-2374 m, 2363-2354 m, 2346-2340 m, and 2326-2322 m
(Fig. 9A); Well JY-11: 2360-2355 m, 2347-2343 m, 2326-2323 m,
2303-2315 m, 2299-2292 m, and 2277-2270 m (Fig. 9B); Well JY-51:
3142-3135 m, 3129-3121 m, 3106-3100 m m, 3093-3081 m,
3080-3072 m, and 3065-3058 m (Fig. 9C). These features preliminary
indicated six potential hiatuses, designated Hiatus 1 to 6 (H1-H6). These
hiatuses consistently align with minima of the 405 kyr long-eccentricity
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Fig. 9. Identification of stratigraphic hiatuses. Evolutive spectral analysis (ESA) and sedimentation rate variations (from eCOCO) for Wells JY-3, JY-11, and JY-51,

highlighting intervals of potential hiatuses.
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cycles, corresponding to the boundaries between specific cycles in the analysis, which relies exclusively on mathematical transformations
depth domain: H1 (E1094/E1095), H2 (E1092/E1093), H3 (E1089/ (Fig. 10). Diagnostic characteristics distinguishing each hiatus are
E1090), H4 (E1087/E1088), H5 (E1085/E1086), and H6 (E1083/ summarized below and detailed in Table 1.

E1084). Hiatus 1 (H1), near the WF4-LM1 graptolite biozone transition, ex-
hibits a sharp erosional surface overlain by higher-grayscale shelly

4.3.2. Petrographic characteristics of hiatus limestone contrasting adjacent siliceous claystones (Fig. 10 Ab). Thin
Integrated core characterization, grayscale analysis, and thin-section sections reveal weakly developed silty laminae (Fig. 10 A1-A3), with a
petrography validate six sedimentary hiatuses (H1-H6) within the Long- pronounced silt influx (29-51 %) proximal to the hiatal surface. Adja-
1 Member of Well JY-11. This multi-faceted approach overcomes limi- cent mineralogy shows consistently high quartz (64-79 %), indicating
tations of millimeter-scale hiatus identification via evolutive spectral significant clastic input, with lower clay (17-30 %) and carbonate (4-11
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Fig. 10. Core, thin sections, and evolutive spectral analysis (ESA) evidence proximal to identified hiatuses in Well JY-11. (Aa-Ac) Core photographs near Hiatus 1:
Guanyinqgiao Bed shelly limestone with erosional surface overlying black shale. (A1-A3) Thin sections: Weakly developed laminae with indistinct silt layers. (Ba-Bc)
Core near Hiatus 2: Increased carbonate (calcareous laminae) and minor pyrite. (B1-B3) Thin sections: Relatively high silt content and well-defined silty laminae. (Ca-
Cc) Core near Hiatus 3: Oxidized purplish-red mudstone interlayer and lightened black shale. (C1-C3) Thin sections: Prominent laminated structures. (Da-Dc) Core
near Hiatus 4: Increased siltstone interlayers with normal grading and silty laminae. (D1-D3) Thin sections: Distinct laminations dominated by silt. (Ea-Ec) Core near
Hiatus 5: Enhanced bedding-parallel bioturbations. (E1-E3) Thin sections: Weak, discontinuous, indistinct laminae (potential bioturbation). (Fa-Fc) Core near Hiatus
6: Siltstone interlayers with flat bases within argillaceous claystone. (F1-F3) Thin sections: Clay floccules, laminated fabric defined by bedding-parallel carbonaceous
laminae and floccules. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Table 1
Mineralogical composition (wt%) and silt content (wt%) across hiatus intervals (H1-H6) in the studied sedimentary succession, with associated graptolite biozone
changes.
Hiatus Depth (m) Quartz (%) Clay Min. (%) Carb. Min. (%) 1/S Mixed-Layer (%) Tllite (%) Chlorite (%) Silt (%) Graptolite Zone
H1 2357.69 79 17 4 55 35 10 29 -
2356.86 65 30 5 61 28 11 51 WF4-LM1
2355.69 64 25 11 53 39 8 29 -
H2 2346.72 37 22 41 58 26 16 51 -
2345.49 49 30 21 49 34 17 59 LM3-LM4
2344.37 56 28 16 55 34 11 62 -
H3 2324.71 40 49 11 40 31 29 61 -
2323.97 42 47 12 48 25 27 71 -
2322.45 39 51 10 38 27 35 64 -
H4 2313.67 49 38 13 48 31 21 69 -
2312.54 51 38 11 52 28 20 63 LM5-LM6
2311.69 44 47 9 47 31 22 63 -
H5 2295.95 32 53 15 52 22 26 39 -
2295.19 36 59 5 45 25 31 19 LM6-LM7
2293.85 37 54 9 53 30 17 41 -
H6 2279.89 40 57 3 44 31 25 13 -
2278.63 38 60 2 38 28 34 13 LM8?
2277.59 41 57 2 55 25 20 9 -

%) contents. The clay fraction is dominated by Illite-smectite mixed-
layer (I/S) (53-61 %), followed by illite (28-39 %) and minor chlorite
(8-11 %).

Hiatus 2 (H2), aligned with the LM3-LM4 transition, features well-
developed pyrite and a pronounced carbonate spike (up to 41 % at
2346.72 m), manifesting as lighter calcareous laminae within black
shales (Fig. 10 Ba). Thin sections display high, consistent silt fraction
(51-62 %) with sharp-based muddy-silty laminae exhibiting increased
thickness (Fig. 10 B1—B3). Quartz fluctuates markedly (37-56 %), with
subordinate clay minerals (22-30 %). 1/S (49-58 %) dominates the clay
assemblage over illite (26-34 %) and chlorite (11-17 %).

Hiatus 3 (H3), unassociated with biozone boundaries, is distin-
guished by a distinctive purplish-red oxidized mudstone interlayer
(~2323.2 m) within deepwater black shales against an elevated gray-
scale background (Fig. 10 Cb). Thin sections confirm uniformly high silt
(61-71 %) and distinct silty laminae with increasing density towards the
hiatus (Fig. 10 C1—C3). Mineralogy is clay-dominated (47-51 %), with
reduced quartz (39-42 %) and low carbonate (10-11 %). I/S decreases
(38-48 %) within the clay fraction, while chlorite increases significantly
(27-35 %) exceeding illite (25-31 %).

Proximal to the LM5-LM6 boundary, Hiatus 4 (H4) exhibits increased
siltstone interlayers with normal-to-inverse grading (Fig. 10 Da). Very
fine sand components appear near the hiatus, with high silt content
(63-69 %) forming stable laminae (Fig. 10 D1—D3). Mineralogy is
uniform, featuring comparable quartz (44-51 %) and clay (38-47 %)
contents, plus lower carbonates (9-13 %). I/S (47-52 %) dominates the
stable clay assemblage alongside illite (28-31 %) and chlorite (20-22
%).

At the LM6-LM7 transition, Hiatus 5 (H5) displays intensified bio-
turbation structures (Fig. 10 Eb and 10Ec) and increased silt-rich hori-
zontal laminae, including high-grayscale dolomitic interlayers (Fig. 10
Ea). Thin sections reveal weakly developed, often discontinuous silty
laminae (Fig. 10 E1-E3). Clay minerals dominate (53-59 %), quartz
decreases significantly (32-37 %), and carbonates are low and variable
(5-15 %). I/S (45-53 %) dominates the clay mineral assemblage, with
reduced illite (22-30 %) and increased chlorite (17-31 %).

The relationship of Hiatus 6 to the contested LM8 Biozone top re-
mains unresolved. Core observations document increased flat-based
siltstone interlayers (Fig. 10 Fb and 10Fc). Thin sections reveal clay-
rich floccules containing minor fine silt, forming elongated bedding-
parallel features (Fig. 10 F1—F3), with poorly defined silty laminae
and minimal silt (9-13 %). Clay minerals dominate (57-60 %), with low
quartz (38-41 %) and near-absent carbonates (1-3 %). I/S fluctuates
markedly (38-55 %) but dominates the clay fraction over stable illite
(25-31 %) and variable chlorite (20-34 %).
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4.3.3. Geochemical characteristics of hiatus

Bulk geochemical analysis of the Long-1 Member documents distinct
proxy ranges (Fig. 11): Zr/Al (0.0012-0.0038; mean = 0.0024); CIA
(58.2 to 74.3; mean = 64.8); Mogr (2.8-255.2; mean = 39.4); Ugp
(1.0-36.3; mean = 5.4); Moayth/Uauth (0.94-4.67; mean = 2.61); Moayth/
TOC (0.9-24.84; mean = 10.79); and TOC/TS (0.16-10.6; mean
1.59). Each hiatus exhibits unique geochemical signatures compared to
adjacent strata (Table 2).

Hiatus 1 (2359.06-2354.52 m) shows moderately increasing Zr/Al
(0.0023-0.0025) and low CIA (58.9-62.5). Mogp-Ugr covariation in-
dicates persistently euxinia (Fig. 12A). Decreasing Mogayth/Uauth coupled
with increasing TOC/TS suggests a transient oxygenation event, while a
Mo,uth/TOC peak (21.7) implies weaker water-mass restriction (Figs. 11
and 12B).

Hiatus 2 (2347.70-2343.25 m) exhibits stable, moderately elevated
Zr/Al (0.0029-0.0031) and CIA (60.3-61.1). Mogg-Ugr covariation in-
dicates anoxic to weakly euxinic conditions (Fig. 12A). Increased
Mogauth/Uauth and decreased TOC/TS reflect intensification and expan-
sion of bottom water euxinia, with higher Mo,,1,/TOC signifying weaker
marine restriction (Figs. 11 and 12B).

Hiatus 3 (2326.26-2320.97 m) is marked by a significant Zr/Al in-
crease (up to 0.0032) against stable background and slight CIA declines
(63.8-61.5). Mogg-Ugr suggests suboxic to anoxic conditions (Fig. 12A).
Increased Moayth/Uauth and decreased TOC/TS reflect fortified euxinia,
though a Mog,/TOC peak (13.9) denotes weaker restriction than
adjacent strata (Figs. 11 and 12B).

Hiatus 4 (2314.81-2310.85 m) features Zr/Al rises to maximum
0.0033 and slight CIA decrease. Mogg-Ugr indicates suboxic to weakly
anoxic conditions (Fig. 12A). Increased Mogayth/Uayh and decreased
TOC/TS suggest minor euxinia intensification, with a Mogym/TOC
maximum (7.4) reflecting strong restriction (Figs. 11 and 12B).

Hiatus 5 (2297.12-2292.68 m) is featured by moderately low Zr/Al
(0.0013 at hiatus) and significantly elevated CIA (peak 69.2). Mogp-Ugr
evidence anoxic conditions (Fig. 12A). Increased Mogayih/Uaun and
decreased TOC/TS, coupled with Mo,y,/TOC declining to 10.0, indi-
cating stronger restriction (Figs. 11 and 12B).

Hiatus 6 (2281.15-2276.55 m) displays highly variable Zr/Al (peak
0.0031 at hiatus) and a significantly elevated CIA. Mogg-Ugr covariation
indicates suboxic to anoxic conditions (Fig. 12A). Low Mogayth/Uauth
(2.0) and reduced TOC/TS characterize the hiatus, while a significant
Mogauh/TOC increase (24.8) maintains a weakly restricted signature
(Figs. 11 and 12B).
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Fig. 11. Relative sea-level change recovered from the sedimentary noise modeling (p1 model) and geochemical proxies proximal to identified hiatuses in Well JY-11.

5. Discussion

5.1. Astrochronology and eustatic assessment of the

eccentricity cycles adhere to the Paleozoic astronomical timescale
established by Wu et al. (2023). The results demonstrate consistent
sedimentary cycles across the three studied wells, suggesting cyclic

Rhuddanian-Aeronian periods sedimentation driven by Milankovitch-scale orbital forcing. Our astro-

chronological analysis determined the duration of the Long-1 Member

In this study, the identification and calibration of 405 kyr long (Rhuddanian-Aeronian) as 4.45 Myr in Well JY-3, 4.43 Myr in Well JY-

14



Y. Liu et al. International Journal of Coal Geology 310 (2025) 104869
Table 2
Geochemical parameters across hiatus intervals (H1-H6), showing values from below (Lower), within (Hiatus), and above (Upper) each hiatus surface.
- Position Depth(m) Zr/Al CIA Mogp Ugp Moauth/Uauth TOC/TS MOt/ TOC
H1 Lower 2359.06 0.0024 62.5 205.0 19.6 3.5 3.2 16.9
Hiatus 2356.86 0.0025 58.9 255.2 36.3 2.3 4.4 21.7
Upper 2354.52 0.0023 60.5 154.2 12.9 4.2 2.3 17.3
H2 Lower 2347.70 0.0029 61.1 75.2 9.2 2.9 2.3 10.1
Hiatus 2345.49 0.0029 61.1 81.4 8.2 3.6 1.7 13.7
Upper 2343.25 0.0031 60.3 66.8 9.2 2.6 1.6 14.8
H3 Lower 2326.26 0.0024 63.8 32.7 4.2 3.2 2.0 8.8
Hiatus 2323.97 0.0032 61.5 47.8 4.4 4.5 0.9 13.9
Upper 2320.97 0.0029 60.6 19.7 3.1 2.9 1.3 8.9
H4 Lower 2314.81 0.0031 61.2 7.4 2.5 1.3 1.5 5.1
Hiatus 2312.54 0.0033 61.5 20.0 3.7 2.3 1.4 7.4
Upper 2310.85 0.0021 63.2 20.1 3.2 2.8 1.1 7.4
H5 Lower 2297.12 0.0017 67.8 21.9 3.5 2.6 1.3 11.1
Hiatus 2295.19 0.0013 69.2 24.0 3.7 2.7 1.0 10.0
Upper 2292.68 0.0022 66.2 22.8 5.1 1.7 1.9 9.3
H6 Lower 2281.15 0.0018 69.1 11.3 2.5 2.2 1.5 8.13
Hiatus 2278.63 0.0031 62.3 21.2 3.9 2.2 0.8 24.8
Upper 2276.55 0.0012 71.5 9.9 2.0 2.7 0.3 19.6
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Fig. 12. Paleoredox and water mass restriction proxies near hiatuses. (A) Enrichment factors (EFs) of Mo versus U reflecting redox conditions (modified from Algeo
and Tribovillard, 2009). (B) Moaum/TOC reflecting the degree of water mass restriction (modified from Algeo and Lyons, 2006; Tribovillard et al., 2012).

11, and 4.57 Myr in Well JY-51 (Fig. 7A-7C). These durations exceed the
corresponding age span in GTS2020 (4.48 Myr). The slight discrepancy
between our astronomical timescale and GTS2020 may reflect inherent
uncertainties within the global timescale. However, Wu et al. (2023)
identified 13 long eccentricity cycles during the Rhuddanian—Aeronian
interval (spanning 5.27 Myr; see Fig. 2C, column ‘Silurian ATS’),
whereas our study recognized only 12 cycles (Fig. 3). This difference is
likely attributable to the different definition of the Long-1 Member top
boundary employed by Wu et al. (2023).

The relative sea-level (RSL) curve reconstructed for the Yangtze
Platform by Liu et al. (2017) exhibits a high degree of concordance with
the curve derived from sedimentary noise modeling (Fig. 8B and C).
Both approaches reveal four major regressive events during the
Rhuddanian-Aeronian stages, which correspond to recognized sedi-
mentary hiatuses. This correspondence indicates a direct linkage be-
tween sea-level lowstands and the formation of hiatuses. However,
comparison with the global eustatic curve reveals a key discrepancy
(Haq and Schutter, 2008): a pronounced sea-level fall occurred on the
Yangtze Platform at approximately 441.5 Ma, coinciding with a global
sea-level highstand (Fig. 8D). We interpret this event as a regional
regression triggered by tectonic uplift associated with the Kwangsian
Orogeny (Xu et al., 2016; Yang et al., 2019; Lu et al., 2023). This
observed decoupling between Yangtze Platform RSL change and global
eustasy during the Early Silurian highlights the combined influence of
Kwangsian Orogeny tectonism and climatic fluctuations on third-order
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relative sea-level variations (Munnecke et al., 2010; Boulila et al.,
2011, 2020; Li et al., 2023). At the scale of fourth-order sea-level cycles,
the strong agreement between the astronomically tuned age framework
established in this study and those of GTS2020 and Wu et al. (2023)
supports astronomically driven climate change as the primary forcing
mechanism (Fig. 7A-7C).

5.2. Comprehensive interpretation of hiatuses

5.2.1. Sedimentary environment of the Wufeng-Longmaxi Formations

During the Early Silurian, the Yangtze Platform was characterized by
an epicontinental sea with a platform-slope-basin morphology (Chen
et al., 2014; Yang et al., 2020; Wang et al., 2023a, 2023b). The inten-
sification of Kwangsian Orogeny during the deposition of Long-1
Member triggered a persistent relative sea-level fall, enhanced hydro-
dynamic conditions, and increased terrigenous input, thereby disrupting
the living environment of silica-rich plankton in the ocean. As a result,
the Long-1 Member exhibits a general upward increase in clay content,
accompanied by a decrease in biogenic quartz and TOC. This overall
trend was further modulated by higher-frequency orbital forcing (Liu
et al., 2017; Jin et al., 2020; Yang et al., 2021; Lu et al., 2023).

The lower Long-1 Member was deposited in a deep-water shelf
setting (Nie et al., 2024). In addition to pelagic and hemipelagic settling,
energetic bottom currents and gravity flows significantly influenced
fine-grained sedimentation (Lu et al., 2020; Beelen and Wood, 2023).
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The upper part transitions into a shallow-water shelf environment,
where wave, tidal, storm, and flood processes became frequent
(Bhattacharya and MacEachern, 2009; Liang et al., 2012; Liang et al.,
2016; Zhao et al., 2016; Wang et al., 2019a). In both settings, these
dynamic processes led to substantial reworking and redeposition of fine-
grained sediments, as well as depositional hiatuses due to erosion or
non-deposition.

Sedimentary structures and geochemical proxies further elucidate
the erosional or non-depositional origins of hiatuses within the Long-1
Member. Representative petrographic features proximal to hiatal sur-
faces are shown in Fig. 10. Detailed core examination of Long-1 Member
revealed submarine erosional surfaces (H1), increasing muddy-silty
laminae (H2), oxidation-induced color (H3), normal-to-inverse graded
siltstone interlayers (H4), bioturbation structures (H5), and sharp-based
siltstone interlayers (H6) indicating disturbances caused by bottom
currents, gravity flows, or storm currents. The observations suggest
heightened hydrodynamic activity near erosional hiatus surfaces or in-
tervals associated with non-depositional events characterized by
extremely low sedimentation rates.

5.2.2. Genetic mechanisms of hiatus

This study documents a series of hiatuses (H1-H6) within the Long-1
Member, revealing their genesis through the complex interplay of
eustatic fluctuations, marine redox changes, and event-driven hydro-
dynamic processes. Integrated analysis of core lithologies, evolutive
spectral analysis, mineralogical assemblages, geochemistrical proxies,
regional geology, and graptolite biostratigraphy enables a systematic
diagnosis of their formative mechanisms (Fig. 13A). A comparison of
these hiatuses with the relative sea-level (RSL) curve derived from
sedimentary noise modeling reveals that all but H5 (formed during a
sea-level highstand/stillstand) correlate strongly with significant RSL
lowstands, implicating regional RSL fluctuations on the Yangtze Plat-
form as a primary driver of hiatus formation.

Hiatus 1 (H1) corresponds to the pronounced sea-level fall during the
Hirnantian glaciation (Li et al., 2017a; Liu et al., 2017; Lu et al., 2020).
Its boundary aligns with the transition between graptolite biozones WF4
and LM1, proximal to the commonly termed “Guanyinqiao Bed’—a
transitional unit between the Wufeng and Longmaxi Formations char-
acterized by abundant Hirnantia fauna fossils, typically less than 0.5 m
thick, and interpreted as a product of the lowstand during the Hirnan-
tian glaciation (Lu et al., 2020; Nie et al., 2024). Core observations
reveal shallow-water gray shelly limestone overlying black siliceous
shale, with a distinct high-energy erosional basal surface marking an
abrupt environmental shift. A significant increase in silt content near the
hiatus confirms epsodic high-energy events. The shale mineralogy ex-
hibits relatively high quartz and low clay mineral content. This high-
quartz, high-silt, low-clay assemblage, coupled with elevated Zr/Al,
suggests enhanced terrigenous clastic input and intense hydrodynamic
winnowing during hiatus formation (Sageman et al., 2003; Tribovillard
et al., 2006). Reduced CIA indicates diminished chemical weathering
intensity, potentially associated with cold, arid climatic conditions
(Nesbitt and Young, 1982). Mogg-Ugp covariation confirms deposition of
surrounding fine-grained strata under strongly euxinic conditions.
However, significantly elevated TOC/TS, alongside decreasing Mogy¢h/
Usuth and increasing Moyh/TOC, may reflect a short-term weakening of
euxinic conditions and record a transient oxygenation event interrupting
persistent euxinia, implying reduced marine restriction (Algeo and
Lyons, 2006; Abdi et al., 2021). In summary, H1 may reflect the impact
of the significant Hirnantian regression on the Yangtze Platform shelf: a
substantial fall in sea level result in a marked reduction in bathymetry
and induce an extensive shift in shoreline position (Hemmesch et al.,
2014). Therefore, shallowing caused widespread subaerial exposure on
the shelf and generated an erosional surface subsequently overlain by
shelly limestone, with the contact stratigraphically recorded as a hiatus.
Following deglaciation, a major transgression restored strongly euxinic
conditions, resuming black shale deposition.
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Hiatus 2 (H2) formed in response to the first significant Rhuddanian
sea-level fall, as reconstructed from sedimentary noise modeling. Its
boundary occurs near the LM3-LM4 graptolite biozone transition. Unlike
H1, no obvious physical erosional features are observed in the core;
lithologically, it manifests as an abrupt change from siliceous claystone
to mixed claystone/mudstone. Well-developed pyrite and light-colored
calcareous laminae in the core, coupled with increased silt content
and persistent silt laminae may suggest reletively high-energy events
and bottom current activity in deep water (Schieber and Baird, 2001;
Schieber and Riciputi, 2004; Schieber et al., 2007; Yawar and Schieber,
2017; Paz et al., 2022; Lu et al., 2023). Gradually increasing Zr/Al in-
dicates enhanced terrigenous input and active current scouring (Marz
etal.,, 2011; Bahr et al., 2014). Reduced CIA implies weakened chemical
weathering due to intensified cold, arid climate. Carbonate content in-
creases sharply near the hiatal surface (41 %), potentially signifying a
regression-triggered surge in carbonate productivity or long-distance
transport of shallow-water platform sediments into the deep basin by
bottom current or gravity flow (Puga-Bernabéu and Betzler, 2008;
Radley, 2008; Hemmesch et al., 2014). However, the presence of well-
preserved planer calcareous laminae favors deposition by bottom cur-
rents (Stow and Smillie, 2020). Mogg-Ugr indicates anoxic to weakly
euxinic conditions (Algeo and Tribovillard, 2009). Furthermore,
elevated Mo,,,/TOC and decreased TOC/TS reflect reduced environ-
mental restriction and increased oxygenation, leading to poorer organic
matter preservation (Algeo and Lyons, 2006; Gambacorta et al., 2016;
Abdi et al., 2021). Therefore, H2 formation is attributed to sea-level fall
prompting basinward migration of shallow-water carbonate platforms,
coupled with enhanced cold-climate bottom currents transporting
platform-derived carbonates and oxygen into deep water. Active bottom
current likely induced short-term seafloor erosion or non-deposition,
generating the stratigraphic gap.

Hiatus 3 (H3) formed during the second significant Rhuddanian sea-
level fall but lacks an associated graptolite biozone change. It is marked
by a reddish mudstone interlayer, indicating oxidizing conditions within
the deep-water black shale successions. The sedimentation rate curve
reconstructed by eCOCO shows a significant decrease near hiatus H3
(Fig. 6B). Strata near H3 exhibit relatively high, stable clay mineral
content, lower quartz content, and a lithological shift from mixed
mudstone to clay-rich mudstone. The co-occurrence of increased silt
content and elevated Zr/Al suggest enhanced hydrodynamics and
terrigenous input (Olde et al., 2015; de Castro et al., 2021). A substantial
increase in the proportion of chlorite relative to illite within the clay
fraction, alongside a decrease in I/S, strongly indicates enhanced
physical weathering in the source area. Reduced CIA corroborate this
interpretation and indicate attenuated chemical weathering, possibly
linked to brief climatic cooling (Ding et al., 2024). Mogg-Ugr covariation
indicates surrounding shales were deposited under overall weakly
anoxic conditions. Significantly increased Mo,ys/TOC and markedly
decreased TOC/TS, combined with the presence of reddish oxidized
mudstone, collectively reveal that sea level fall not only delivered
detrital material but also likely carried dissolved oxygen, briefly dis-
rupting the overall reducing environment. Therefore, H3 resulted from
sea-level fall triggering brief shelf exposure and oxygenation. The
transient oxygenation promoted reddish mudstone formation. Regres-
sion brought source areas closer, enabling river-delta systems to advance
basinward, delivering abundant terrigenous clay and silt. Subsequently,
rapid transgression likely drowning this short-lived oxidized interface
and rapidly reestablished the black shale depositional environment.
Moreover, a coincident stratigraphic gap evidenced by missing
biostratigraphic zones suggests a potential tectonic trigger for hiatus
formation linked to the intensified Kwangsian Orogeny (Cai et al.,
2023).

Hiatus 4 (H4) formed during the first significant early Aeronian
lowstand, its boundary near the LM5-LM6 graptolite biozones division.
A core characteristic is the increased occurrence of siltstone interlayers
with normal-inverse grading; furthermore, very fine sand fractions
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appear for the first time near the hiatus surface, potentially indicating
enhanced fine-grained sediment gravity flows (Zavala and Arcuri, 2016;
Boulesteix et al., 2020; Yang and Liu, 2025). Stable quartz content, high
silt content with resulting stable laminae, and elevated Zr/Al confirm
episodic high-energy flow regimes and sustained terrigenous clastic
input (Ondrej et al., 2018). Reduced CIA reflects weakened chemical
weathering in the source area, possibly corresponding to brief climatic
cooling. Mogg-Ugr indicates overall enhanced oxygenation (suboxic to
weakly anoxic conditions). Therefore, H4 formation is related to shelf
exposure during sea-level fall and enhanced gravity flow events, where
sediment bypass by gravity flows likely create an erosional hiatus.

Hiatus 5 (H5) corresponds to an Aeronian sea-level rise/stillstand, its
boundary at the LM6-LM7 graptolite biozones transition. Core charac-
teristics show significant bioturbation, predominantly comprising hori-
zontal burrows parallel to bedding, indicating relatively weak
hydrodynamics (Dashtgard and MacEachern, 2016; Lu et al., 2020).
Enhanced bioturbation reflects a low-energy, episodically oxidized and
more hiabitable environment (Aller, 1994; Hickey and Henk, 2007;
Dashtgard and MacEachern, 2016; Li et al., 2017b). Biological rework-
ing disrupted primary laminae continuity and decomposed sedimentary
organic matter (Jin et al., 2020). Combined with highly fluctuating silt
content (e.g., a sharp drop to 19 % at 2295.19 m) and very low Zr/Al
near the hiatus, this suggests slow sedimentation rates in a low-energy
setting with limited coarse-grained clastic input and destruction of pri-
mary bedding by benthic activity (Zeller et al., 2015; Schimmelmann
et al., 2016). Mineral composition is clay-dominated, with a sharp
decrease in quartz, indicating a fine-grained, clay-rich, low-energy
depositional environment, potentially accompanied by intensified
influx of fine-grained sediments. Consistently high CIA denotes intense
source area chemical weathering, reflecting a significantly warm, humid
climate and likely elevated sea levels. Low Zr/Al coexisting with high
CIA suggests chemical weathering dominated under warm and humid
conditions, which greatly reduced the supply efficiency of terrigenous
material, resulting in terrigenous input dominated by fine-grained
weathered clays with limited coarse clastic transport. Mogg-Ugg covari-
ation reflects suboxic to weakly anoxic water conditions, with increased
anoxia compared to Hiatus 4, indicating a restoration of environmental
reductivity, potentially related to absolute sea-level rise. Relatively
stable Moayuh/TOC suggests strongly restricted water mass conditions.
Low TOC/TS reflects periodic weak oxygenation events at the sediment-
water interface, promoting organic matter degradation. Consequently,
H5 did not result from any erosive event but likely resulted from sedi-
ment starvation and bioturbation under low sedimentation rates during
sea-level rise/stillstand under humid climate conditions; low silt content
and weakly developed laminae indicate extremely low terrigenous
input, which promoted enhanced benthic reworking compromising
stratigraphic preservation.

Hiatus 6 (H6) corresponds to a significant end-Aeronian lowstand.
The core interval near H6 is characterized by abrupt, flat-based siltstone
interlayers suggestting scouring by gravity flows disrupted the sedi-
mentary succession (Liang et al., 2016; Al-Mufti and Arnott, 2024).
Mineralogically, clay mineral dominance and low silt content reflect an
overall low-energy, quiet-water depositional background. Thin sections
reveal elongated clay-silt floccules along bedding planes, potentially
indicating erosive currents and bedload transport of muds associated
with fine-grained sediment gravity flows (Schieber, 2016; Li et al.,
2017a, 2017b). A sharp increase in Zr/Al reflects pulsed input of coarse-
grained terrigenous clastics, implying anomalous hydrodynamic events
(possibly surge-type gravity flows; Liang et al., 2012; Yang et al., 2024).
Significantly reduced CIA suggests a sudden weakening of chemical
weathering intensity, possibly linked to brief cold climate conditions.
Mogp-Ugr covariation indicates suboxic depositional waters, while
significantly increased Mogys,/TOC and decreased TOC/TS reflect rapid
reduction in marine restriction and increased oxygenation. In summary,
H6 may be related to gravity flows triggered by a brief cold climate
episode: cooling induced significant sea-level fall and frequent gravity
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flows, whose erosive currents scoured underlying strata, causing an
interruption in the sedimentary record.

Although geochemical indicators show predominantly euxinic to
suboxic conditions during most of the Long-1 Member deposition,
diagnostic features signaling short-term oxygenation events mark hia-
tus-associated surfaces. Furthermore, persistently high silt content and
well-developed laminae near most hiatuses implay significant erosion
and reworking by bottom currents and/or gravity flows across the shelf
environment (Fig. 13B, Wilson and Schieber, 2015; Liang et al., 2016;
Yawar and Schieber, 2017; Lu et al., 2023). However, conventional
recognition of erosional surfaces within fine-grained successions is
frequently problematic in core due to their characteristically sub-
horizontal geometries (Schieber, 2003; Hemmesch et al., 2014). The co-
occurrence of elevated Zr/Al and reduced CIA indicates enhanced
terrigenous clastic input, cool climatic conditions, and high-energy hy-
drodynamic regimes during hiatus development.

Notably, most hiatus exhibit significantly higher Mo,yth/Ugauth, lower
TOC/TS, and higer Mog,,1,/TOC ratios relative to underlying strata. This
geochemical signature suggests conditions favoring Mo enrichment and
intensified water-column sulfidation coinciding with hiatus occurrence
(Fig. 13B). This pattern is most consistently explained by enhanced
terrigenous nutrient input during sea-level lowstands. The increased flux
of nutrients likely stimulated primary productivity, which would have
promoted oxygen consumption through organic matter respiration,
potentially resulting in the development of euxinic conditions within the
water column.

Overall, periodic RSL fluctuations, driven by glacio-eustasy and local
tectonics, fundamentally control hiatus development by modulating
terrigenous input, marine redox conditions, and primary paleo-
productivity (Vahlenkamp et al., 2018; Catuneanu, 2022; Tagliaro et al.,
2022; Zhang et al., 2023a, 2023b; Li et al., 2024). These represent the
principal allogenic control, though stochastic events (e.g., slumping,
earthquakes) may cause localized deviations (van der Merwe et al.,
20105 Arai et al., 2013; Boulesteix et al., 2020). Such controls ultimately
regulate basin-wide base-level changes and hiatus-forming mechanisms.

A theoretical model for sedimentary hiatus formation is proposed
(Fig. 13C-13D). Mechanistically, RSL lowstands promote significant
subaerial exposure, erosion, and sediment bypass, generating regional
unconformities on land (typically third-order scale or higher; Fig. 13C;
Catuneanu, 2022). Contemporaneously, cold climates intensify ther-
mohaline circulation, amplifying bottom-current erosion and sediment
redistribution in subaqueous environments (Fig. 13C; Hall et al., 2001;
de Boer et al., 2007; Thomas et al., 2022). Advancing deltaic systems
deliver increased sediment loads to shelf margins and canyon heads,
frequently triggering hyperpycnal flows and gravity-driven processes
(Boulesteix et al., 2019). These along-slope and down-slope dynamics
generate erosional scours, graded silty/mud laminae, and clay floccule
fabrics—features diagnostic of fine-grained bedload transport that
enhance hiatus probability (Fig. 13C; Schieber et al., 2007; Schieber
etal., 2010; Yawar and Schieber, 2017). Conversely, during highstands,
warmer climates reduce thermohaline circulation intensity, diminishing
bottom-current activity and favoring suspension settling of fine-grained
sediments via buoyant plumes (“lofting”). Gravity flows become less
frequent and lower energy, limiting erosional hiatuses potential
(Fig. 13D). However, these conditions may induce sediment starvation
and condensation, often accompanied by intense bioturbation (as
observed in H5).

5.3. Identification and classification scheme of Hiatus

The recognition of pervasive hiatuses has underscored the incom-
plete nature of fine-grained sedimentary successions across varied
spatiotemporal scales (Fig. 14A; Sadler, 1999; Miall, 2016; Schieber,
2016). Hiatus formation during lowstands is frequently associated with
erosion or non-deposition, whereas highstand hiatuses are commonly
linked to sediment starvation. Although hiatuses in settings such as
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shoreface, tidal flat, and carbonate platforms have been well docu-
mented (e.g., Sattler et al., 2005; Christ et al., 2015; Strasser, 2015;
Brady and Bowie, 2017; Wroblewski and Morris, 2023), their systematic
identification within fine-grained successions remains challenging due
to genetic complexity and terminological inconsistency.
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Stratigraphic hiatuses are conventionally divided into two broad
categories: non-depositional hiatuses, which lack erosional features and
reflect reduced sedimentation, and erosional hiatuses, marked by clear
evidence of sediment removal (see Fig. 14B and C; Kabanov, 2017;
Catuneanu, 2022). This study demonstrates that hiatuses produce
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diagnostic ESA signatures, including gradual or abrupt shifts in spectral 2009); (iii) erosional surfaces: resulting from current or density flow
power and bifurcated peaks (Fig. 14D and E). Building on established scouring (Stow et al., 2001; Schieber, 2016; Dutkiewicz and Miiller,
mechanisms, we further classify hiatuses into seven subcategories: (see 2022; Ineson et al., 2022); (iv) seafloor exposure surfaces: caused by sea-
Fig. 14E): (i) omission surfaces: formed near maximum flooding surfaces level fall or tectonic uplift (Wilson and Schieber, 2014); (v) dissolution
due to sediment starvation (Follmi, 2016); (ii) sediment property change surfaces: formed by chemical corrosion of susceptible materials (Moore
surfaces: marked by abrupt lithological or compositional shifts (Embry, Jr et al., 1978); (vi) ravinement surfaces: generated by wave or tidal
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erosion during transgression (Cattaneo and Steel, 2003; Catuneanu,
2022); and (vii) hardground surfaces: resulting from seafloor carbonate
cementation (Christ et al., 2015).

Synthesizing this framework, this study proposes a classification
scheme integrating hiatus types with diagnostic ESA spectrogram fea-
tures (See Fig. 14D and E). Mechanisms generating these diagnostic
features are illustrated in Figs. 14F-14L, alongside base-level change
models driving hiatus formation (see Fig. 14M, Scenarios 1-5). Sub-
categories (i) and (ii) aligned with non-depositional hiatuses, while
categories (iii), (iv), (v), and (vi) represent erosional hiatuses. Hard-
ground surfaces (vii) exhibited attributes of both non-deposition and
erosion and may be classified under either non-deposional or erosional
hiatuses, depending on specific research focuses and observed sedi-
mentary structures.

The examples presented in this study, along with the data of prior
studies on fine-grained successions, indicate that during sea level fall,
hiatuses within shallow-water shales are commonly manifest as expo-
sure surfaces or erosional surfaces, associated respectively associated
with subaerial exposure and erosion by gravity flows or traction currents
(e.g., storms, waves, tides; Schieber, 1994; Bohacs et al., 2014; Schieber,
2016). During sea-level rise, ravinement surfaces related to trans-
gressive wave or tidal erosion are typically developed. In contrast, in
deep-water settings, only a small number of hiatuses are attributed to
dissolution (Dutkiewicz and Miiller, 2022). Instead, the primary mech-
anisms for hiatuses formation during lowstands include non-deposition
(e.g., seafloor hardgrounds and sediment starvation) and mechanical
scouring or sediment redistribution driven by erosive hydrodynamic and
mass transport processes (e.g., bottom currents, turbidity currents,
hyperpycnal flows, debris flows, wave-enhanced gravity flows, and
pelagic storms; Mulder and Syvitski, 1995; Stow et al., 2001; Macquaker
et al., 2007; Macquaker et al., 2010; Harris and Whiteway, 2011; Dut-
kiewicz et al., 2016; Azpiroz-Zabala et al., 2017; Stow and Smillie, 2020)
(Fig. 15A). Consequently, the dominant hiatus types in these settings
include omission surfaces, property change surfaces, erosional surfaces,
and hardground surfaces.

5.4. Hierarchy of hiatuses and implications for sequence stratigraphy

The application of sequence stratigraphy to fine-grained successions
is often underestimated, owing to the conventional assumption that
clay- and silt-sized particles are deposited exclusively through suspen-
sion settling. However, the presence of hiatuses (both non-depostional
hiatuses and erosional hiatuses), which typically serve as sequence
boundaries and record key tectonic and eustatic processes, provides
valuable insights into sequence subdivision (Weedon, 2003; Brady and
Bowie, 2017; Kabanov, 2017). This study demonstrates that, although
such hiatuses are generally small in scale, they can be identified effec-
tively through ESA and are typically associated with RSL lowstands
(except sediment starvation commonly occurs during highstand). These
findings establish a basin-wide connection between proximal subaerial
unconformities and distal subaqueous hiatuses, offering significant po-
tential for refining fine-grained sequence stratigraphic frameworks
(Fig. 15A and B).

Barrell (1917) proposed a pioneering one-dimension model that
linked stratigraphic accumulation to base-level rise, emphasizing how
the fluctuations in the base level can contribute to the formation of hi-
atuses. This model is more complex when examined through the lens of
sequence stratigraphy, where hierarchy plays a fundamental role (Miall,
2016; Catuneanu, 2022). Generally, the changes in sea level occur across
a broad spectrum of timescales, from first-order global tectonics to fifth-
order Milankovitch cycles. The interplay between sea-level fluctuations
of varying magnitudes and the strengthening of formative mechanisms
suggests that hiatuses may be generated and recognized differently
depending on the observed scale (McLaughlin et al., 2008; Miall, 2016;
Stow and Smillie, 2020). Therefore, hiatuses of varying magnitudes and
durations should be ranked according to scale of their controlling
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processes. Within the resolution of this study, the hiatuses formed by
larger-scale fluctuations (e.g., third-order eustatic changes) are likely to
have a more significant stratigraphic impact than those formed by
higher-frequency cycles (e.g., autogenic processes, millennial-scale cli-
matic variability, or short-term extreme events; Hilgen et al., 2015;
Miall, 2016). In this content, during higher-frequency fluctuations (e.g.,
fourth-order, fifth-order, or even higher frequencies cycles), temporay
lowstands may produce subtle hiatuses rather than prominent ones,
which may not present discernible erosion features due to weak bottom
currents and small-scale gravity flows (Fig. 15C). However, this insen-
sitivity possible arises from the limited ability of basinal sections to re-
cord low-rank and small-to-moderate amplitude regressive-
transgressive sea-level fluctuations, as they may not significantly
affect the seafloor processes (Immenhauser and Scott, 2002). In this
content, long-term climatic changes or the evolution of ocean currents
over million-year scales are likely to generate detectable hiatuses in the
stratigraphic records.

Overall, this study highlights the importance of RSL changes, rather
than event-driven disturbances, as primary drivers of hiatus formation.
Additionally, the findings suggest that hiatuses play a critical role in
identifying significant sea-level lowstands and sedimentation starvation
associated with highstand, potentially serving as sequence boundaries in
fine-grained successions. However, whether detectable hiatuses can be
observed at higher-frequency RSL cycles remains unresolved and re-
quires further investigation.

6. Conclusions

This study systematically identified six potential stratigraphic hia-
tuses within the Long-1 Member in Sichuan Basin, South China, through
an integrated approach combining cyclostratigraphy and fine-grained
rock petrography with geophysical and geochemical datasets. The
findings offer new insights into the genetic mechanisms and hierarchical
nature of hiatuses in fine-grained depositional systems while providing
key insights into sequence stratigraphic significance. The main conclu-
sions can be summarized as follows:

(1) Detailed petrographic analysis revealed Long-1 Member pre-
dominantly comprises siliceous, argillaceous, and calcareous
claystone/mudstones, with a distinct lithology transition from
siliceous to argillaceous claystone/mudstone, indicating a
gradual shallowing of the depositional environment and
enhanced chemical weathering intensity. This transition was
strongly influenced by the Kwangsian Orogeny, resulting in a
shift from a deep-water shelf to a shallow-water shelf setting.
Cyclostratigraphic analysis identified distinct astronomical cy-
cles, such as eccentricity cycles, and provided an absolute astro-
nomical timescale for Long-1 Member (443.1-438.6 Ma).
Additionally, the sedimentary noise modeling reconstructed a
robust RSL curve, which served as a solid foundation for exam-
ining the relationship between hiatus formation and RSL changes.

(2) Combining sedimentology, cyclostratigraphy, geochemistry, and
Evolutive Spectral Analysis (ESA), six major hiatuses (Hiatuses
1-6) were identified within Long-1 Member. These hiatuses
closely corresponded to third-order RSL lowstands and were
associated with dynamic hydrodynamic conditons, such as bot-
tom currents, gravity flows. Glacio-eustatic and tectonic factors
primarily controlled these processes. Eustatic sea-level falls and
regional tectonic uplifts enhanced bottom currents and gravity
flows erosion, leading to the formation of prominent erosional
hiatuses.

By intergrating evolutive spectral analysis (ESA), this study pro-

posed a systematic classification scheme for identifying hiatuses

and deciphering their formation mechanisms in fine-grained
successions. The results demonstrated that ESA is an effective
tool for detecting and distinguishing subtle hiatuses. It
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highlighted the spectral bifurcation and power shifts as diag-
nostic features to differentiate non-erosional hiatuses from
erosional hiatuses. Based on different physical mechanisms, hia-
tuses can be further classified into seven subcategories (e.g.,
omission surfaces, sedimentary property change surfaces,
erosional surfaces, seafloor exposure surfaces, dissolution sur-
faces, ravinement surfaces and harground surfaces).

The hierarchy of hiatuses was closely tied to the scale of RSL
fluctuations across multiple scales. Third-order cycles emerged as
the primary drivers of major erosional hiatuses, while high-
frequency (fourth-order and above) climatic fluctuations and
local tectonic adjustments caused transient lowstands, predomi-
nantly forming more subtle and cryptic hiatuses. This hierarchi-
cal framework provides a robust foundation for subdividing fine-
grained successions within the context of sequence stratigraphy.
However, whether detectable hiatuses can be observed in higher-
frequency sequence cycles remains unresolved and warrants
further investigation.
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