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Astronomical forcing governed Late Ordovician–Early Silurian climate dynamics, yet high-resolution Astronomical Time Scales (ATS) and organic enrichment mechanisms during the end-Ordovician extinction remain poorly constrained. In this study, we integrated gamma ray (GR), δ13Corg, and chemical index of alteration (CIA) data from the Wufeng–Longmaxi formations (Weimohani section, South China) to establish a floating ATS tuned to 405-kyr eccentricity cycles, anchored to a Hirnantian U–Pb age (444.2 ± 1.6 Ma). This ATS constrains key stage durations (Hirnantian: 1.31 Myr; 432.19–444.01 Ma span) and confirms orbital control on eustasy: 1.2-Myr obliquity paced third-order icehouse-greenhouse transitions, while 405-kyr eccentricity drove fourth-order sea-level fluctuations. The CIA records demonstrate that obliquity-modulated thermohaline circulation enhanced nutrient flux to the Yangtze Shelf, with peak organic enrichment occurring during transitional climates (δ13Corg minima plus CIA maxima) rather than glacial extremes. These findings reveal a eustatic (orbital) dominance over tectonic controls and resolve the synergistic productivity-preservation balance governing organic matter accumulation.
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1 INTRODUCTION
The Late Ordovician mass extinction (LOME, ∼445 Ma) stands as one of the most severe biotic crises in Earth’s history, eliminating approximately 85% of marine species (Hu et al., 2021; Ni et al., 2024; Lu et al., 2025). This catastrophic event was driven by a complex interplay of factors, primarily the expansion of Gondwanan ice sheets, widespread marine anoxia, and rapid, volatile climate shifts. A prominent geological signature of this critical interval is the global deposition of organic-rich black shales, which represent significant petroleum source rocks today. Among these, the exceptionally preserved and laterally extensive deposits within the Upper Ordovician Wufeng Formation and the Lower Silurian (Llandovery) Longmaxi Formation on the Yangtze Block of South China provide unparalleled, high-resolution marine archives of contemporaneous oceanic and climatic perturbations (Zhang et al., 2020).
Astronomical forcing, the cyclical variations in Earth’s orbit (eccentricity) and axial tilt (obliquity and precession), is increasingly recognized as a fundamental pacemaker of Paleozoic climate dynamics (Herbert, 1991; Berger and Loutre, 1992; Laskar et al., 2004; Hinnov et al., 2018). These Milankovitch cycles modulate insolation patterns, driving icehouse-greenhouse transitions, influencing ocean circulation, and perturbing the global carbon cycle on timescales of tens to hundreds of thousands of years (e.g., Laskar et al., 2004; Hofmann and Wagner, 2011; Li et al., 2016a; Lu et al., 2019a; b; Zhang et al., 2020). Consequently, these orbital rhythms are faithfully encoded in the sedimentary record, offering the potential to construct high-resolution astronomical time scales (ATS) and decipher the chain of Earth system responses.
Despite the recognized importance of astronomical forcing, significant challenges remain. While orbital cycles have been identified within Late Ordovician–Early Silurian strata globally (e.g., Crick et al., 2001; Nestor et al., 2003; Svensen and Hammer, 2015; Lu et al., 2019a; b), high-resolution, well-constrained astronomical time scale (ATS) for the Katian to Telychian stages (encompassing the LOME and its aftermath) are still scarce. This scarcity limits our ability to precisely correlate events, quantify process rates, and establish the exact sequence of environmental changes across this critical boundary. Furthermore, the specific geological mechanisms by which these orbital cycles influenced paleoenvironmental conditions and ultimately controlled the enrichment of organic matter (OM) within these globally significant black shales, particularly during the intense climatic fluctuations of the end-Ordovician, remain unresolved. Understanding this link is crucial for unraveling the complex feedbacks between orbital forcing, climate, ocean chemistry, and biotic turnover during mass extinctions.
To address these knowledge gaps, this study focuses on a continuous marine succession of the Wufeng-Longmaxi formations at Weimohani section, Sichuan Province, China (Figure 1). We present a high-resolution, multi-proxy dataset including gamma ray (GR) logging, δ13Corg, and the chemical index of alteration (CIA). Our primary objectives are to: (1) construct an astronomical time scale for the Katian–Telychian interval by identifying and tuning Milankovitch cycles within the sedimentary record; (2) elucidate the expression of orbital forcing on Late Ordovician–Early Silurian climate dynamics, particularly icehouse-greenhouse transitions, as recorded by geochemical proxies; and (3) determine the mechanisms through which astronomical cycles governed organic matter enrichment. By integrating cyclostratigraphic analysis with chemostratigraphic stratigraphic approaches, this study aims to provide new constraints on the pacing and drivers of environmental change during a pivotal chapter in Earth’s history.
[image: Map illustration with three panels. Panel A shows a paleogeographic map highlighting oceans—Panthalassic, Paleo-Tethys, Rheic, and Iapetus—and landmasses including South and North China. Panel B details a map of China, pinpointing Weimohani near the Jinsha River. Panel C shows geological formations around Chengdu, including shale, mudstone, and siltstone layers. The legend explains symbols for old land, shallow shelf, and geological materials.]FIGURE 1 | (A) Early Silurian paleogeographic reconstruction (modeled using PaleoEarth Lite 1.2, Zhang et al., 2021), depicting the location of the Weimohani section in the Xichang Basin, South China. (B) Geographic positioning of the study site within China. (C) Depositional facies distribution across the Upper Yangtze region during the Early Silurian (Llandovery epoch, 438–443 Ma).2 GEOLOGICAL SETTING
The collision between the Yangtze Block and the Cathaysia Block led to the emergence of several key paleogeographic features: the Chuanzhong Uplift in the northwest, the Kangdian and Qianzhong Uplift in the south, and the Xuefeng Submarine High (Shan et al., 2017; Zhang et al., 2020) (Figures 1A–C). During the Hirnantian, continued convergence drove the expansion of the Chuanzhong, Kangdian, and Qianzhong Uplift areas while simultaneously inducing subsidence within the Yangtze Block basement. Despite this regional subsidence, global glaciation events caused eustatic sea level to fall at a rate exceeding the subsidence (Cherns and Wheeley, 2007; Delabroye and Vecoli, 2010; Lu et al., 2019a; b; Zhang et al., 2023). Consequently, sedimentary environments recorded in the Upper Ordovician Wufeng Formation (Katian to early Hirnantian) and the overlying Lower Silurian Longmaxi Formation (late Hirnantian to Telychian) transitioned progressively from distal to proximal shelf settings (Wang et al., 2019; Shu et al., 2019). This succession preserves abundant and well-documented graptolite fossils (Zhu et al., 2018; Zhang et al., 2020).
The Wufeng Formation comprises the graptolite biozones Dicellograptus complexus (Lower Subzone), Tangyagraptus typicus, Diceratograptus mirus, and Normalograptus extraordinarius (Katian -early Hirnantian). The Longmaxi Formation includes the Persculptograptus persculptus to Coronograptus cyphus zones (Rhuddanian), followed by the Demirastrites triangulatus, Lituigraptus convolutus, and Stimulograptus sedgwickii zones (Aeronian), and the Spirograptus guerichi zone (Telychian) (Chen et al., 2000; 2015).
The Weimohani section is located in the southwestern Yangtze Block, within the Xichang Basin of South China. During the Late Ordovician (Katian) to Early Silurian (Telychian) interval, this region occupied a low to middle palaeolatitude position. (Metcalfe, 1994; Zhong et al., 2018; Wu et al., 2024; Bao et al., 2025; Figures 1A,B). This succession has been thoroughly investigated using integrated biostratigraphy and carbon isotope stratigraphy. It comprises black shales with thin limestone interlayers (Hirnantian), black shales with calcareous mudstone interlayers (Katian to Aeronian), as well as yellow-grey shales with thin siltstone calcareous interlayers (Telychian) (Figure 2).
[image: Geological chart showing stratigraphy, lithology, and various geochemical measurements. Left panel displays thickness, geological periods, and graptolite distribution. Center section includes lithological color bands indicating rock types such as black shale, nodular limestone, and siltstone. Right panels display graphs for gamma rays, carbon isotopes, chemical index of alteration (CIA), and total organic carbon (TOC) content. Volcanic ash layers are marked in red with labels. A legend on the right provides a key for the lithological symbols.]FIGURE 2 | Stratigraphy of the Weimohani section interval spanning from the Kaitian to Sheinwoodian stages in the depth (meters) domain. (A) Lithological stratigraphy and biostratigraphy. (B–E) GR, δ13Corg, CIA, and TOC series.3 MATERIALS AND METHODS
3.1 Climatic proxies
Natural GR, organic carbon isotope δ13Corg, and CIA were employed as paleoclimatic proxies in this study. High-resolution (0.1 m interval) GR measurements were acquired directly from outcrop using a XTG-2000M Digital GR Spectrometer. This instrument detects natural gamma-ray radioactivity emitted by potassium (K), uranium (U), and thorium (Th) isotopes during decay. GR intensity primarily reflects the abundance of clay minerals, organic matter, and shale (Wei et al., 2020; 2023). Spectifically, K is predominantly hosted in clay minerals, mica, and chloride salts (Schnyder et al., 2006; Tenchov, 1997; Liu et al., 2019). U is commonly associated with clays, feldspar, heavy minerals, phosphate, and organic matter (Schnyder et al., 2006; Li et al., 2016b; Wei et al., 2023; 2024). Th is concentrated in clays, feldspar, heavy minerals, phosphate, and volcanic ash layers (Schnyder et al., 2006; Li J. L. et al., 2019).
A total of 292 fresh samples were collected from the organic-rich black shale interval of the exposed 36-m-long Weimohani road cut section. Sampling focused on the Katian to Rhuddanian interval (9–27 m depth relative to section base), avoiding weathered surfaces and outer layers, at intervals of 10–15 cm. Total organic carbon (TOC) contentc, δ13Corg and CIA were conducted at the Sichuan Coalfield Geological Bureau’s Testing Center.
3.2 Time-series methods
Cyclostratigraphic analysis was performed using the Acycle software package (v7.0; Li M. et al., 2019), applying the following methods: (1) Data preprocessing: The GR series underwent linear detrending prior to spectral analysis. (2) Spectral analysis: Multi-taper method (MTM) spectral analysis (Thomson, 1982) was applied using three 2π tapers. The significance of spectral peaks potentially representing astronomical cycles was assessed against robust red noise models (85%–99% confidence levels; Mann and Lees, 1996). (3) Evolutionary analysis: Fast Fourier Transform (FFT)-based evolutionary spectrograms were generated to track frequency variations through the section. (4) Sedimentation rate estimation: The correlation coefficient (COCO) and evolutionary correlation coefficient (eCOCO) methods (Li et al., 2018) were used to estimate and track variations in sedimentation rate. (5) Cycle extraction: Gaussian bandpass filtering was employed to isolate specific orbital frequency bands. (6) Astronomical target periods: Due to the chaotic diffusion of the Solar System (Laskar et al., 2004), theoretical astronomical periods for the study interval (∼442 Ma) were adopted from Waltham (2015). These target periods include short eccentricity (∼100 kyr) and obliquity (∼34 kyr). (7) Sea level analysis: Katian–Telychian sea-level variations were quantified using the DYNOT and ρ1 sedimentary noise models (Li et al., 2018). (8) Floating astronomical time scale (ATS) construction: Dominant 405-kyr eccentricity cycles were identified in the GR series (Gaussian bandpass filter: 0.09 ± 0.002 cycles/m) and extracted. These filtered cycles were aligned with a synthetic 405-kyr sinusoidal signal to establish a floating ATS. The floating ATS was anchored to absolute time by tuning the filtered GR cycles to the Hirnantian Guanyinqiao bentonite layer, dated by U-Pb at 444.2 ± 1.6 Ma (Hu et al., 2008). This fixed age point enabled the conversion of depth-domain proxy series (GR, δ13C, CIA) to the time domain (Figure 3B). (9) Analysis of δ13C and CIA series: The δ13C and CIA series from the Katian to Rhuddanian interval (−9 to 27 m) were analyzed using the same spectral and filtering methodologies applied to the GR data, integrated within the established ATS.
[image: Graphs A and B display power spectra analyses. Panel A shows three graphs of gamma-ray (GR) data at depths of 5–24 m, 24–140 m, and 140–193 m across various stratigraphic stages. Panel B displays two graphs; one for carbon isotopic data (\(\delta^{13}C_{\text{org}}\)) and another for Chemical Index of Alteration (CIA) at depths of 9–27 m. Colored bands indicate eccentricity cycles of different lengths. Lines represent confidence levels and observed power. Axes display power versus frequency in cycles per meter.]FIGURE 3 | Spectral analysis results, plotted alongside a robust red-noise model generated via linear regression and a 20% median-smoothed window (Mann and Lees, 1996). (A) 2π MTM power spectra of untuned GR data from Weimohani intervals (−5–193 m) with consistent sedimentation rates, analyzed using a 35% weighted average. (B) Detrended δ13Corg and CIAcorr spectra (Zhang et al., 2021) from the −9–27 m interval (Rhuddanian–Katian), processed with identical weighting.4 RESULTS
4.1 Spectral analysis in depth domain
The Weimohani outcrop exhibits pronounced sedimentary cyclicity in both lithology and GR data (Figure 3). Distinct lithological rhythms are particularly well-defined in the upper Telychian–Sheinwoodian interval (140–193 m), characterized by alternating argillaceous siltstone–mudstone layers (Figure 4). The middle Rhuddanian–Telychian interval (24–140 m) consists of interbedded silty mudstone and calcareous mudstone sequences, while the Katian–Rhuddanian interval (−5–24 m) comprises cyclic limestone–black mudstone–shale deposits.
[image: Cyclostratigraphy chart showing data in depth (A) and time (B) domains with lithology, GR readings, and spectral frequencies. Both sections display color-coded evolutive spectra, indicating power variations. The depth domain details geological stages and volcanic ash layers, while the time domain highlights specific eccentricity cycles with associated power spectra peaks.]FIGURE 4 | Cyclostratigraphic analysis of the Weimohani section (Sichuan Province, South China). (A) Depth-domain stratigraphy integrating graptolite biozones (Wufeng, Longmaxi, and Shiniulan formations) to demarcate stage boundaries. A stratigraphic framework for the Upper Ordovician–Lower Silurian was constructed by correlating black shale graptolites with the JY1 well (Chen et al., 2015). The GR series (black line) and 30% weighted average trend (green line) are displayed. Adaptive FFT analysis (60-m sliding window; colored spectrum) identifies 405-kyr eccentricity cycles (red “E” curve, Gaussian-filtered with passbands 0.09 ± 0.002, 0.18 ± 0.05, and 0.15 ± 0.025 cycles/m for intervals 140–193 m, 24–140 m, and −5–24 m, respectively). (B) Time-domain cyclostratigraphy after calibrating the GR series to 405-kyr cycles. This adjustment involved removing the 30% weighted average trend and integrating the filtered 405-kyr signal (red “E” curve).GR cyclicity in the Telychian–Sheinwoodian interval (140–193 m) displays dominant wavelengths of ∼11.8 m, ∼3.1 m, and ∼1.2 m. At an average sedimentation rate of 3 cm/kyr, these wavelengths correspond to the 405-kyr (long eccentricity), ∼100-kyr (short eccentricity), and 34-kyr (obliquity) Milankovitch cycles, respectively. Similarly, the Rhuddanian–Telychian interval (24–140 m) reveals ∼16.0 m, ∼3.6 m, and ∼1.6 m cycles, aligning with 405-kyr, ∼91-kyr, and 35-kyr cycles. The Katian–Rhuddanian interval (−5–24 m) exhibits ∼9.2 m and ∼2.9 m cycles, reflecting 405-kyr and ∼100-kyr cycles (Figure 3A). The δ13Corg series (−9–27 m) shows cycles of ∼6.5 m, ∼1.7 m, and ∼0.65 m corresponding to 405-kyr, 100-kyr, and 35-kyr periods, while the CIA series displays ∼6.4 m, ∼1.6 m, and ∼0.63 m cycles, matching 405-kyr, 100-kyr, and 34-kyr cycles (Figure 3B). In addition, COCO and eCOCO analyses indicate a sedimentation rate of ∼3–4 cm/kyr (Figure 4), confirming the reliability of the identified astronomical periodic signals.
4.2 Astronomical tuning
The 405-kyr eccentricity cycle has remained consistent over the past 250 million years (e.g., Laskar et al., 2004; Hinnov and Hilgen, 2012) and has been further validated in the Late Ordovician–Early Silurian strata (Crick et al., 2001; Nestor et al., 2003; Svensen and Hammer, 2015; Lu et al., 2019a). This invariant cycle served as the primary calibration reference for constructing a high-resolution age model. Although limited high-precision astronomical tuning work has been carried out in the Sichuan Basin of China, it has mainly focus on the eastern part of the basin (Lu et al., 2019a), with no such framework yet established for the southwestern region.
Spectral analysis of the 405-kyr-tuned GR series identifies prominent orbital parameters, including peaks corresponding to 405-kyr eccentricity, ∼100-kyr short eccentricity, and 36-kyr obliquity (Figure 3B). Orbital signals in the GR, δ13Corg, and CIA series were isolated via Gaussian bandpass filtering, revealing ∼10 obliquity big cycles (∼1.2 Myr) and 30 eccentricity cycles (∼405 kyr) spanning the Hirnantian–Telychian interval. By anchoring to the Hirnantian Guanyinqiao U-Pb date (443.2 ± 1.6 Ma; Hu et al., 2008) and correlating with graptolite biozones (Figures 5A,B), stage durations were calculated as follows: Hirnantian (1.31 Myr; 442.70–444.01 Ma), Rhuddanian (2.91 Myr; 439.78–442.70 Ma), Aeronian (2.44 Myr; 437.35–439.78 Ma), and Telychian (5.16 Myr; 432.19–437.35 Ma) (Figures 6A,B). These astronomically derived estimates are consistent with results from previous studies (Ogg et al., 2016; Lu et al., 2019a; Zhong et al., 2019).
[image: Composite graph showing geological timelines with chronostratigraphy, biostratigraphy, radiometric dating, and eccentricity filters alongside sea level changes and accumulation rates. It includes age scales, graphed data with confidence intervals, and specific markers for historical analysis.]FIGURE 5 | Integrated chronostratigraphic synthesis of the Late Ordovician–Early Silurian in South China. (A,B): Chronostratigraphic and biostratigraphic frameworks (modified from Figure 4) delineate stage boundaries using graptolite zones. (C): Radiometric age constraints from Hu et al. (2008) anchor the timeline. (D): 405-kyr eccentricity cycles (correlated with Figure 4). (E): Sea-level trends reconstructed using DYNOT and ρ1 models (Li et al., 2018), aligned with Weimohani δ13Corg records. (F): Sedimentation rates (405-kyr averages) show progressive decline from Katian–Hirnantian to Hirnantian–Rhuddanian, followed by an increase during Aeronian–Telychian (Zhang et al., 2021).[image: Graphs and color maps analyzing sedimentation rates. Panel A shows a correlation coefficient, null hypothesis significance level, and number of orbital parameters as functions of sedimentation rate. Panel B includes color maps for eCOCO, eH0 SL, number of orbital parameters, and COCO*H0 SL across different depths, indicating variations with color scales for correlation coefficient, significance level, number, and CHO respectively.]FIGURE 6 | COCO and eCOCO analysis results. (A) From top to bottom: correlation coefficients, null hypothesis significance level, and number of contributing astronomical parameters involved. (B) Evolutionary correlation coefficient, evolutionary H0 significance level, numbers of contributing astronomical parameters, and correlation coefficient H0 significance level. The red lines indicate variations in sedimentation rates. Tested sedimentation rates: 0–10 cm/kyr. Monte Carlo simulations: 2000 iterations.5 DISCUSSION
5.1 Orbital-driven climatic changes and sea-level fluctuations
The interplay between astronomical orbital cycles and Earth’s climate system fundamentally shaped the environmental conditions for organic matter accumulation during the Late Ordovician-Early Silurian in the Middle-Upper Yangtze region.
5.1.1 CIA as a tracer of orbital-scale climate rhythms
The CIA serves as a robust proxy for paleoclimate variations, closely linked to orbital forcing, reflecting chemical weathering intensity and climatic regimes (Nesbitt and Young, 1982; Fedo et al., 1997). In the Weimohani section, CIA values of 75–85 in the Lower Rhuddanian, Upper Hirnantian, and Upper Katian strata exceed typical shale averages (70–75) (Figure 7), reflecting intense chemical weathering under hot and humid greenhouse conditions, consistent with δ13C and δ18O evidence. Conversely, CIA values of 50–70 in the Hirnantian Guanyinqiao Member, analogous to Pleistocene glacial deposits, indicate cold and arid icehouse climates. These shifts align with 405 kyr long eccentricity and 1.2 Myr obliquity cycles (Figure 7), confirming orbital control over low-latitude temperature and humidity.
[image: Graphs depicting geological and climate data from the Ordovician to Silurian periods. Panel A shows δ13Corg values; B depicts CIAcorr data; C presents gamma ray (GR) measurements; D illustrates total organic carbon (TOC) levels; E indicates sea level changes. Color gradients indicate carbon dioxide content and climate conditions, with labeled environmental events E0 to E5. Vertical timelines show the associated geological stages.]FIGURE 7 | Climatic and eustatic variations in the cyclostratigraphic record of the Weimohani section (time domain; Katian–Rhuddanian, −9–27 m). (A) δ13Corg series (black line with blue markers). Gaussian-filtered red “E” cycles denote 405-kyr eccentricity; green and light gray lines represent 1.2-Myr obliquity and 20-kyr precession cycles, respectively. Color gradient (green scale) reflects atmospheric carbon dioxide content. (B) CIA series (black line). Gaussian-filtered red “E” cycles indicate 405-kyr eccentricity; green and gray lines correspond to 1.2-Myr obliquity and 20-kyr precession. A purple gradient scale denotes climatic phases. (C) GR series (black line). Gaussian-derived red “E” cycles mark 405-kyr eccentricity; green cycles indicate 1.2-Myr obliquity. (D) TOC series (black line with black markers). Green filtered cycles denote 1.2-Myr obliquity; red dotted cycles align with δ13Corg and CIAcorr-derived 405-kyr eccentricity. (E) Third-order eustatic sequences (black lines) from other researchers (Haq and Schutter, 2008; Ogg et al., 2016; Loi et al., 2010).5.1.2 Hierarchical orbital forcing of climate
Orbital precession and eccentricity primarily modulate climatic shifts in equatorial to mid-latitude zones, whereas obliquity governs polar climatic oscillations (Williams, 1991; Laskar et al., 2004; Liu et al., 2019). However, low-latitude obliquity-driven variability has been documented in the Early Triassic (Li et al., 2016a), Cenozoic (Lourens and Hilgen, 1997), Permian (Fang et al., 2016), and Late Ordovician–Early Silurian (Zhong et al., 2019). In the low-paleolatitude Yangtze region (Weimohani section), the GR, δ13Corg, and CIAcorr series exhibit ∼2–3 obliquity cycles (1.2 Myr) and six 405-kyr eccentricity cycles (late Katian–early Rhuddanian; Figure 7). The 1.2-Myr obliquity rhythm arises from Earth-Mars orbital resonance (s3–s4 secular frequencies; Hinnov, 2000), while 405-kyr eccentricity arises from Venus-Jupiter gravitational interactions (g2–g5; Huang, 2014).
Spectral analyses (Multi-taper method) of stratigraphic records reveal distinct orbital periodicities: 405 kyr long eccentricity, 100–113 kyr short eccentricity, 31–33 kyr obliquity, and 20–23 kyr precession. These cycles operate hierarchically: The 1.2 Myr obliquity cycle governs greenhouse-icehouse transitions by modulating high-latitude solar insolation. Obliquity maxima (e.g., Early-Middle Hirnantian) redirect radiation poleward, cooling the Yangtze region, while minima enhance low-latitude insolation, promoting warming. The 405 kyr eccentricity cycle influences low-latitude seasonality by controlling precession amplitude (Figures 5C,D). Smaller eccentricity values (e.g., Late Katian, Late Hirnantian) dampen seasonality, favoring greenhouse states, whereas larger values (e.g., Early-Middle Hirnantian) amplify seasonality, enhancing icehouse effects. This hierarchical mechanism establishes orbital cycles as the primary driver (“astronomical metronome”) of climatic variability.
5.1.3 Orbital-driven sea-level oscillations
Climatic fluctuations caused sea-level fluctuations at different levels through changes in glacier volume and seawater density. The 1.2 Myr obliquity cycle drives third-order sea-level changes, consistent with the trend of the global sea level curve proposed by Haq and Schutter (2008) and Ogg et al. (2016). The 405 kyr long eccentricity cycle controls fourth-order sea-level fluctuations, corresponding to the high-frequency sea-level cycles defined by Loi et al. (2010). For instance, enhanced obliquity amplitude during the Hirnantian glaciation (maxima) triggered polar ice sheet expansion and global sea-level fall. Conversely, diminished obliquity during interglacials (minima) caused ice sheet ablation and sea-level rise (Figures 5E,F). These eustatic changes modulated sedimentary environments (e.g., shallow-to-deep transitions), critically influencing accommodation space and the preservation potential for organic matter.
5.2 Orbital-volcanic coupling and organic matter enrichment
5.2.1 Obliquity-regulated thermohaline circulation
Paleoproductivity and sedimentary preservation are pivotal controls on organic-rich sediment accumulation (Pedersen and Calvert, 1990; Arthur et al., 1998). Nutrients for such sediments derives primarily from continental weathering and fluvial discharge (Baumgartner, 2013; Fang et al., 2016), but their distribution is mediated by thermohaline circulation (THC). THC transfers high-latitude climatic forcing to subtropical regions via meridional temperature/density gradients (Fang et al., 2016; 2018) and drives geostrophic bottom currents that transport cold, oxygen-poor, nutrient-laden waters from abyssal zones to surface systems (Broecker, 1991; Talley, 2013).
During the Late Ordovician, the 1.2 Myr obliquity cycle modulates global THC by governing polar ice volume and seawater properties (temperature, salinity, density), thereby influencing nutrient fluxes and productivity (Zhang et al., 2021). Under low obliquity (glacial phases), expanded ice sheets intensified THC and vertical overturning, amplifying bottom currents that channeled nutrient-rich high-latitude waters to the low-latitude Yangtze shelf. This significantly boosted marine primary productivity, evidenced by positive excursions in Ba/Al and Ni/Al ratios. Under high obliquity (interglacial phases), ice sheet ablation weakened THC vigor due to lower sea levels, reducing nutrient supply despite favorable preservation conditions (Fang et al., 2016; Lu et al., 2019a). Productivity declined, resulting in negative shifts in geochemical proxies. Critically, persistently high productivity in volcanic ash-free intervals (e.g., the Lücongpo section during E4) confirms THC as the dominant driver of paleoproductivity.
5.2.2 Synergistic preservation effect of volcanic activity and orbital cycles
Volcanic activity regulated organic matter preservation efficiency by releasing SO2 and H2S to form aerosols (Wang et al., 2022), which entered the ocean through acid rain and caused anoxia, but this effect is constrained by orbital cycles. During periods of intense volcanic activity in the Late Katian (E1) and Late Hirnantian (E4), the Jienietuo section in southwestern Sichuan showed Th/U < 2, V/Cr > 4.25, and V/(V+Ni) > 0.6, indicating an anoxic environment with significantly increased TOC content; in contrast, the western Hubei region with weaker volcanic activity had a dysoxic environment and lower TOC during the same period. Notably, the difference in volcanic activity intensity superimposed on orbitally driven sedimentary environment changes led to spatial heterogeneity in organic matter preservation. During the greenhouse period of the 405 kyr eccentricity cycle, the anoxic environment was more stable, amplifying the preservation effect of volcanic activity.
5.2.3 “Orbital-volcanic” coupling model for organic matter enrichment
The enrichment of organic-rich sediments during the Late Ordovician (O-S transition) is governed by the synergistic interplay of orbital cycles and volcanic activity. Orbital forcing—particularly the 1.2 Myr obliquity cycle—regulates productivity via thermohaline circulation (THC)-driven nutrient fluxes, while volcanic ash deposition enhances preservation by intensifying marine anoxia. Vertically, peak organic carbon accumulation occurs in icehouse-greenhouse transition zones (characterized by increasing obliquity and decreasing amplitude), where balanced productivity and preservation optimize TOC. Horizontally, volcanic ash-rich regions (e.g., southwestern Sichuan) form organic enrichment centers due to localized anoxia. This model identifies the Late Katian (E1) and Late Hirnantian (E4) intervals as prime shale gas targets, where orbital and volcanic drivers coupled optimally.
Obliquity-paced THC critically controls organic accumulation dynamics in the Yangtze region (Lu et al., 2019a; Zhang et al., 2021). Under low obliquity (glacial intervals), intensified THC bottom currents maximize nutrient delivery, but oxygenated low-sea-level conditions limit preservation (Figure 7E). Under high obliquity (greenhouse phases), weakened THC reduces nutrient supply despite anoxic deep waters (Figure 7B). Crucially, transitional intervals exhibit peak TOC enrichment, marked by δ13Corg minima, CIA maxima, and TOC values exceeding those of stable greenhouse phases (Figures 7A,B,D). This transitional optimization, where moderate productivity combines with enhanced anoxia, is corroborated globally (Wanjiawan, Blackstone River, and Monitor Range sections; Finney et al., 1999; Figures 8A–D).
[image: Graph comparing δ13Corg values and total organic carbon (Toc) weight percentages across four geological sites: Wangjiawan, China; Blackstone River, Canada; Monitor Range, Nevada; and Weimohani, China. Each site displays trends over time from Upper Ordovician to Silurian periods, indicating a negative shift transition. An inset map shows the locations of the sites.]FIGURE 8 | Global comparison of organic carbon isotope and TOC profiles across the O-S boundary (Upper Katian through Lower Rhuddanian). (A) The Wanjiawan section of Yangtze region, South China. (B) The Blackstone River section, Canada (LaPorte et al., 2009). (C) The Monitor Range section, Nevada (Finney et al., 1999). (D) The Weimohani section of Yangtze region, South China (this study).Although sea-level fluctuations and tectonic activity jointly influence sedimentation (Aiello and Budillon, 2004; Aiello and Caccavale, 2023), climate-modulated sea-level changes, acting through THC, dominated O-S transition organic accumulation. Tectonic forcing played a minimal role, evidenced by globally coherent carbon isotope responses to sea-level change. Significant tectonic influence would disrupt this isotopic consistency, confirming THC as the primary control mechanism (Zhang et al., 2021).
6 CONCLUSION
Three key advances emerge from this study:
A high-resolution floating astronomical time scale (ATS) for the Katian-Telychian (445–432 Ma) was established via 405-kyr GR tuning. The resulting stage durations (Hirnantian: 1.31 Myr) consistent with GTS2016 (Ogg et al., 2016).
Orbital forcing dominated Late Ordovician–Early Silurian paleoclimate dynamics: 1.2-Myr obliquity paced icehouse-greenhouse transitions, while 405-kyr eccentricity governed fourth-order eustasy.
Optimal organic enrichment occurred during obliquity-modulated transitional climates (δ13Corg minima plus CIA maxima), where balanced productivity and preservation maximized TOC accumulation. This transitional enrichment mechanism—reinforced by global analogs—highlights obliquity-paced thermohaline circulation as the primary control, surpassing extremes of high productivity/poor preservation or vice versa. Our approach provides a template for studying organic enrichment in other Paleozoic crises (e.g., Devonian anoxia), with high-resolution δ13Corg and CIA transects offering further insights into productivity-preservation interplay.
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