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Abstract

The Early Triassic witnessed dramatic climatic and environmental perturbations following the Permian-
Triassic mass extinction. However, terrestrial responses to orbitally forced climate change remain poorly
constrained, largely due to the limited availability of high-resolution chronological frameworks. Here, we
apply time series analysis of natural gamma-ray logs and the first principal component of X-ray fluorescence
elemental data from a terrestrial succession at the Dayulin section in North China (Sunjiagou-Liujiagou-
Heshanggou formations). This study establishes a floating astronomical time scale by tuning the paleoclimate
proxy series to the 405 kyr long-eccentricity cycle. Integrated with cycle-calibrated magnetostratigraphy, it
provides a robust chronological framework for stratigraphic interpretation and inter-section correlation.
Applying the sedimentary noise model to the tuned paleoclimate proxy series, we identify intervals of
enhanced sedimentary noise that align with major facies transitions, suggesting that climatic instability may
have influenced changes in the depositional regime. This study further reveals a 1.2 Myr obliquity modulation
cycle corresponding to the Mars-Earth s4—s3 secular resonance during the Early Triassic, expressed within the
sedimentary noise series. The detection of this modulation in a low-latitude continental succession highlights
the influence of long-term orbital forcing on terrestrial hydroclimate and depositional stability. Moreover, our
results provide a new reference framework for Early Triassic terrestrial astrochronology and a geological
constraint for refining future astronomical solutions and inter-basin correlations.

Keywords Cyclostratigraphy, Astronomical time scale, Magnetostratigraphic correlation, Sedimentary noise,
Early Triassic

1. Introduction

The Permian-Triassic mass extinction was followed by a cascade of environmental crises, including global
warming, ocean anoxia, ocean acidification, and recovery of marine and terrestrial ecosystems (Chen and
Benton, 2012; Clarkson et al., 2015; Dai et al., 2023; Grasby et al., 2012; Song et al., 2013; Sun et al., 2012).
Early Triassic climatic and hydrological fluctuations resulted in regionally variable sedimentary responses,
reflecting complex interactions between climatic forcing and depositional systems. Although these responses
have been extensively studied in marine sections (Jurikova et al., 2020; Li et al., 2018a; Song et al., 2015; Wei



et al., 2015), high-resolution terrestrial records are geographically limited— primarily to the Germanic Basin
(Kozur and Bachmann, 2008; Lucas, 2010; Szurlies et al., 2012), thereby hindering marine-terrestrial
correlations. Moreover, in some extinction scenarios, terrestrial environmental perturbations have been shown
to trigger knock-on effects in the ocean (Benton and Newell, 2014; Sun et al., 2018). Recent evidence from the
North China Basin suggests that terrestrial ecosystem collapse may have preceded the marine mass extinction
(Guo et al., 2022), emphasizing the asynchrony between marine and terrestrial crises. Therefore, studying
terrestrial sedimentation during hothouse intervals is essential for understanding continental responses to
climate change and improving marine-terrestrial correlations.

Identifying past climate changes in terrestrial settings and correlating them with marine records remains
challenging, primarily because robust chronological frameworks and appropriate quantitative approaches are
scarce (Wang et al., 2020). Compared to marine deposits, terrestrial strata typically exhibit more complex
depositional histories. Recently, numerical models such as the sedimentary noise model have been developed
to identify environmental “noise” from paleoclimate proxies (Li et al., 2018a). This approach has proven
effective across numerous geological intervals, with results corroborated by independent cyclostratigraphic,
magnetostratigraphic, and sedimentary indicators (Liu et al., 2021; Wang et al., 2020; Zhang T et al., 2022;
Zhang Z F et al., 2022).

Periodic variations in Earth’s orbital parameters—eccentricity, obliquity, and precession—modulate the
seasonal and latitudinal distribution of insolation and thereby influence the climate system (Hays et al., 1976;
Hinnov, 2013). These cyclical forcings are preserved in sedimentary sequences as rhythmic variations in
paleoclimate proxies, providing the basis for astronomical tuning. Cyclostratigraphy utilizes paleoclimate
proxies to construct a high-resolution astronomical time scale (ATS), which strengthens stratigraphic
chronological control and helps illuminate the mechanisms driving past climate change (Hinnov, 2000).
Among astronomical cycles, the 405 kyr eccentricity component (g 2—g 5) is particularly stable throughout the
Phanerozoic due to the large mass of Jupiter and is therefore widely used in many ATS studies (Laskar et al.,
2004), and is also applicable to highenergy, dynamic sedimentary settings such as fluvial and deltaic
environments (Wang et al., 2024).

The Dayulin section in the North China Basin exposes a continuous succession of the Sunjiagou, Liujiagou,
and Heshanggou formations, recording a spectrum of depositional facies that reflect astronomically forced
climate changes from the Late Permian to the Early Triassic. To assess how orbital forcing shaped these
terrestrial environments in the wake of the Permian-Triassic mass extinction, we apply cyclostratigraphic
analysis to the Dayulin succession using a sedimentary noise model and integrating sequence stratigraphic
interpretations. Our study reveals secular astronomical pacing of sedimentary dynamics throughout the Early
Triassic hothouse.

2. Geological background

The North China Block was located at approximately 25°N-30°N on the northeastern margin of the Paleo-
Tethys Ocean during the Late Permian to the Early Triassic (Liu et al., 2015; Torsvik and Cocks, 2016) (Fig.
1A). The North China Basin, a large and compositionally diverse terrestrial basin in the central part of the
block, was filled with a variety of continental depositional systems, including lacustrine, deltaic, fluvial,
alluvial, and aeolian deposits (Ji et al., 2023; Liu et al., 2015; Zhu et al., 2020).

The Dayulin section (34°30'6"N, 112°9'20"E), located in Yiyang County, Henan Province (Fig. 1B), is one of
the classic terrestrial Permian-Triassic sections in North China. It provides a continuous and well-exposed
stratigraphic succession, consisting of the Sunjiagou, Liujiagou, and Heshanggou formations in ascending
order.



The Sunjiagou Formation comprises three intervals (Fig. 2A and 2B). The lower interval consists of grey-
green, trough-cross-bedded sandstones interbedded with laminated greenish and grey-black mudstones,
representing the Medial Terminal Fan facies association (FA1). The middle interval is dominated by thick (>10
m) purple-red mudstones bearing abundant stratified calcareous paleosol nodules at the base, and is
interbedded with thick, tabular- to trough-cross-bedded sandstones (>1.5 m) containing lag conglomerates,
characteristic of the Arid Floodplain facies association (FA3). The upper interval comprises rhythmic interbeds
of thin purple-red sandstones and mudstones or marls with wave ripples and is assigned to the Coastal
Mudplain facies association (FA7) (Ji et al., 2023).

The Liujiagou Formation is dominated by thick, trough cross-bedded purple-red to greyish-purple sandstones,
interbedded with laminated purple-red mudstones, muddy siltstones, and siltstones (Fig. 2C). The lower part
preserves abundant wave- and current-generated ripples and parallel lamination and sporadically contains
storm-generated intraformational conglomerates and microbially induced sedimentary structures (MISS),
indicating deposition in shallow-lacustrine to lake-margin settings. In the upper part of the formation, the
succession coarsens upward into medium-grained sandstones. These sandstones are dominated by stacked sets
of unidirectional cross-stratification and locally contain lag deposits, consistent with braided-river deposition
(Jietal., 2023).
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Fig. 1 Paleogeographic maps. (A) Early Triassic global paleogeographic map with the location of the Dayulin
section. Modified from http://www.scotese.com; (B) Early Triassic paleogeography of North China. Modified
from Zhu et al. (2007).

The Heshanggou Formation is predominantly composed of purple-red siltstones and mudstones, interbedded
with thinbedded purple-red sandstones and grey-green sandstones or siltstones (Fig. 2D). The Heshanggou
Formation records four facies associations in ascending order: Alluvial Plain with Shallow Lakes (FA6),
Coastal Mudplain (FA7), Distal Terminal Fan (FA2), and a return to Alluvial Plain with Shallow Lakes (FA6)
(Ji et al., 2023). Our analyses are restricted to the lower part of the Heshanggou Formation, a shallow-lake and
coastal plain-dominated interval.



This study focuses on the Sunjiagou Formation (above Bed 3), the Liujiagou Formation, and the lower part of
the Heshanggou Formation. The Permian-Triassic boundary (PTB) is inferred to lie within the upper Sunjiagou
Formation (Chu et al., 2017, 2019; Guo et al., 2019; Ji et al., 2023; Shu et al., 2022). The Induan-Olenekian
boundary (IOB) in the Dayulin section remains uncertain but has been interpreted to lie at the base of magnetic
polarity zone DY4n, based on previous magnetostratigraphic studies (Chen, 2020).
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Fig. 2 Outcrops of the Dayulin section. (A) Beds 8-10 of the Sunjiagou Formation (lower part): grey-green to
grey-yellow, medium- to thick-bedded fine-grained sandstones interbedded with grey-black to grey-green
mudstones, and thin-bedded sandstones; (B) Beds 10—17 of the Sunjiagou Formation (lower to middle part):
grey-purple to grey-green siltstone-sandstone alternations; (C) Top of the Liujiagou Formation: grey-purple,
thick-bedded, medium- to coarse-grained feldspathic arenites; (D) Base of the Heshanggou Formation: purple-
red, thin- to medium-bedded fine sandstones and purple-red mud-siltstone alternations.

3. Materials and methods

3.1 Gamma-ray series

The gamma-ray (GR) intensity of sediments is primarily controlled by the concentrations of uranium (U),
thorium (Th), and potassium (K) (Schnyder et al., 2006). U typically accumulates in feldspars, clays, heavy
minerals, and organic matter. Th is mainly derived from feldspars, clays, phosphates, and Th-bearing minerals
such as monazite. K is commonly concentrated in feldspars, micas, and clays (Schnyder et al., 2006). Climate-
driven variations in terrigenous input can be recorded by GR values (Baumgarten and Wonik, 2015), which
primarily reflect changes in clay abundance sensitive to continental weathering and runoff, making GR a
valuable paleoclimate proxy (Schnyder et al., 2006). Generally, wetter and warmer climates are associated



with enhanced chemical weathering and runoft during high-eccentricity phases, increasing clay and organic
matter inputs, thereby leading to higher GR values, whereas cooler and drier periods reduce clay input and lead
to lower GR values (van Vugt et al., 2001; Wu et al., 2014). Given its high sensitivity to astronomical forcing
and strong signal-to-noise ratio, GR serves as a robust proxy for cyclostratigraphic studies (Li et al., 2019a). In
the Dayulin section, GR data were collected using an RS-230 BGO Super-SPEC gamma detector at sampling
intervals of 10 cm to 20 cm.

3.2 Elemental concentrations

We used the Thermo Scientific Niton XL5 handheld X-ray fluorescence (XRF) analyzer to measure elemental
concentrations in the Dayulin section. A total of 23 elements were analyzed, including Al, Ba, Ca, Cr, Fe, K,
Mg, Mn, Nb, Ni, P, Pb, Rb, S, Si, Sn, Sr, Th, Ti, V, Y, Zn, and Zr. To ensure data quality, elements with
values below the limits of detection (LOD), as well as those with relative uncertainties greater than 5%, were
excluded from further analysis. Based on these criteria, nine elements (Al, Ca, Si, Fe, K, Rb, Sr, Ti, and Zr)
were retained for subsequent analysis and selected as paleoenvironmental proxies. Ti, K, Rb, and Zr are
commonly used as indicators of detrital input from the catchment (Jin et al., 2006; Kylander et al., 2011).
Grain-size variability is often inferred from the Zr/Rb (Kylander et al., 2011) and Al/Si (Clift et al., 2014)
ratios. Ca, Sr, and Si may reflect in-lake productivity and hydrological balance (Cohen, 2003; Davison, 1993).
Al and Rb are widely considered conservative tracers of terrigenous material (Boés et al., 2011). Fe may be
influenced by a wider range of processes, including variations in terrigenous detrital supply, redox conditions,
and hydrodynamic sorting related to grain-size changes (Davison, 1993; Kylander et al., 2011; Roy et al., 2013;
Schiff and Weisberg, 1999). K/Al, K/Ti, and Rb/K ratios have been used to infer weathering intensity and
regime (Brown, 2011; Clift et al., 2014). Lacustrine sedimentary processes are inherently complex, often
resulting in highly variable sediment compositions due to interactions among biological, chemical, and
physical factors (Boés et al., 2011; Davies et al., 2015). Therefore, a multi-proxy approach is required to
robustly interpret sedimentary geochemistry and reconstruct paleoenvironmental changes.

3.3 Principal component analysis

Principal component analysis (PCA) is a multivariate statistical technique that reduces the dimensionality of
complex datasets while retaining the main patterns of variance within the original data matrix (Dunteman,
1989). To explore the primary geochemical characteristics, PCA was performed in MATLAB using the
selected XRF-derived elemental variables. The first three principal components explain 36.1%, 21.7%, and
11.3% of the total variance (Appendix Fig. S1), respectively, with the first principal component (PC1)
accounting for the largest proportion of the variance. The element loadings indicate that PC1 is primarily
controlled by K, Rb, Al, and Fe, with secondary contributions from Ti and Zr, whereas Ca exhibits a moderate
negative loading and Si and Sr contribute only weakly (see the Supplementary Material for more details).
Because orbital-scale insolation forcing can influence atmospheric circulation and climatic belts (Matthews
and Perlmutter, 1994), thereby modulating weathering, runoff, erosion, and sedimentation processes (Strasser
et al., 2006), such changes can be recorded by climate-sensitive geochemical proxies. Therefore, the high
loadings of K, Rb, Al, Fe, Ti, and Zr, together with the contribution of Ca, suggest that PC1 may reflect
variations in sediment source and associated changes in sediment composition. In this study, PC1 likely
captures the dominant paleoenvironmental signal in the XRF dataset and may also record paleoclimatic
variability.

3.4 Time series analysis

Time series analysis was conducted to identify astronomical signals and construct an ATS for the Dayulin
section.



(1) Detrending. To remove long-term non-Milankovitch trends, the data were detrended using Locally
Estimated Scatterplot Smoothing (LOESS) (Cleveland and Devlin, 1988).

(2) Spectral analysis. The Multi-Taper Method (MTM) (Thomson, 1982) was employed for spectral analysis,
and Smoothed Window Averaging (SWA) (Weedon et al., 2019) was applied to estimate background spectral
noise and assist in identifying depositional cyclicity. The statistical significance of MTM spectral peaks was
assessed using the SWA and the false discovery rate (FDR) approach (Weedon et al., 2019) in combination
with robust red noise modeling (Jiang et al., 2025).

(3) Sedimentation rate estimation. Statistical tuning approaches, including correlation coefficient (COCO),
evolutionary COCO (eCOCO), and Average Spectral Misfit (ASM), were used to estimate the average
sedimentation rate (Li et al., 2018b; Meyers and Sageman, 2007). COCO evaluates a series of test
sedimentation rates by converting paleoclimate proxy data into time series, computing the correlation between
their power spectra and astronomical solutions. High correlation coefficients and a low null-hypothesis level
were used to identify the optimal sedimentation rates. The eCOCO method was further applied to track
variations in sedimentation rate with depth using a sliding window approach (Li et al., 2018b). ASM evaluates
the difference between observed spectral peak frequencies and target astronomical frequencies for estimating
sedimentation rates and testing the null hypothesis of no orbital forcing (Meyers and Sageman, 2007).

(4) Cycle identification and filtering. Based on the estimated sedimentation rates, cycle ratios, and the
astronomical solution of Laskar et al. (2004), specific periodicities were interpreted as representing orbital
cycles. Recent stochastic sedimentation models indicate that terrestrial records tend to lose higher-frequency
cycles due to disturbance, whereas lower-frequency signals, such as the 405 kyr eccentricity cycle, are more
likely to be preserved (Wang et al.,, 2024). Given the diverse depositional environments and relatively
continuous stratigraphy of the Dayulin section, we selected the 405 kyr long-eccentricity cycle for
astronomical tuning. The 405 kyr long-eccentricity component was extracted using Gauss bandpass filtering
(Kodama and Hinnov, 2014) and subsequently employed for astronomical age model construction. Focusing
on this low-frequency signal enhances the robustness of cyclostratigraphic correlations by reducing
susceptibility to distortion or erosion.

(5) Tuning. The depth series were tuned to the time domain using the constructed age model to create a
floating ATS.

All analyses were performed using Acycle v2.8 software (Li et al., 2019b; Li, 2026) and the astrochron v1.2 R
package (Meyers, 2014).

3.5 Sedimentary noise model

The sedimentary noise model integrates two approaches: The dynamic noise after orbital tuning (DYNOT)
method and lag-1 autocorrelation coefficient (p1) analysis. The DYNOT method quantifies noise in proxy by
assessing the variance ratio between orbitally forced signals and non-orbital components (Li et al., 2018a). The
pl method utilizes the lag-1 (first-order) autocorrelation coefficient as an independent indicator of noise level
(Li et al., 2018a). In general, higher DYNOT values (reflecting greater noise) are coupled with lower p1, and
vice versa. The sedimentary noise model has proven effective in reconstructing noise level fluctuations in both
marginal marine and lacustrine settings (Li et al., 2018a; Wang et al., 2020; Zhang T et al., 2022).

4. Results

4.1 Time series analysis

To address changes in sedimentation rate and avoid bias in sedimentation rate estimation caused by
pronounced variability (Meyers and Sageman, 2007), GR and XRF PC1 data from the Dayulin section were
divided into three depth intervals: Segment 1 (0—75 m), Segment 2 (75-185 m), and Segment 3 (>185 m) (Figs.



3-5), based on the eCOCO analysis (Fig. 5), which shows that there are obvious shifts in the optimal
sedimentation rate at ~75 m and ~185 m.

In Segment 1 (0—75 m, from the basal part of the section to the upper Sunjiagou Formation), GR shows a
significant spectral peak at approximately 18 m that exceeds the 5% FDR threshold, and a corresponding peak
is observed in XRF PCl1. Accordingly, the ~18 m wavelength is regarded as a reliably preserved regular
wavelength (Weedon et al., 2019). The spectral peaks at 2.8, 1.5, and ~1.1 m in GR (Fig. 4A) and at 4.8, 3.9,
1.6, 1.4, and 1.1 m in XRF PC1 (Fig. 4B), all exceed the 95% %2 confidence level. The ratios of the significant
wavelengths (~18 m:~4.8 m:~1.5 m: ~1.1 m) generally match the periodicity ratios of La2004 astronomical
solution (Laskar et al., 2004) at 244-249 Ma (405 kyr:~100 kyr:~33 kyr:~20 kyr).

In Segment 2 (75-185 m, uppermost Sunjiagou to middle Liujiagou Formation), the GR spectrum reveals
prominent peaks at 36, 6.2, ~2.4, ~1.6, ~1.1, and 1.0 m (Fig. 4C), and XRF PC1 shows similar peaks at 36, 3.4,
2.6,~1.6, 1.4, and 1.1 m (Fig. 4D). All peaks exceed the 95% y2 confidence level. The ratios of the significant
wavelengths (~36 m:~3.4 m:~1.6 m) generally match the periodicity ratios of La2004 astronomical solution
(Laskar et al., 2004) at 244-249 Ma (405 kyr:~33 kyr:~20 kyr).
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Fig. 3 Integrated stratigraphy of the Dayulin section. (A) Magnetic polarity zones (Chen, 2020), lithology,
TOC and 8"*Cors (Wu et al., 2020); (B) GR series with a 60% weighted LOESS trend (orange dashed line), and
filtered 405 kyr cycle-related wavelengths (red solid line; Gauss filter, passband: 0.055+0.025 cycles/m for the
0-75 m interval, 0.0275+0.0075 cycles/m for the 75-185 m interval, and 0.045+0.015 cycles/m for the 185—
278 m interval); (C) XRF PCI1 series with a 60% weighted LOESS trend (orange dashed line), and filtered 405
kyr cycle-related wavelengths (red solid; Gauss filter, passband: 0.055+0.025 cycles/m for the 0—75 m interval,
0.0275+0.0075 cycles/m for the 75-185 m interval, and 0.04+0.02 cycles/m for the 185-274 m interval). The
grey dashed lines indicate possible gaps near stratigraphic boundaries; (D) Evolutionary power spectrum of the



GR data (colored plot), calculated using a 50 m running window. The 405 kyr eccentricity cycles are marked
with white circles and white dashed lines.

In Segment 3 (>185 m, upper Liujiagou to the lower Heshanggou Formation), GR is characterized by spectral
peaks at 22, 5.4, ~3.4,~2, 1.4, and 1.2 m (Fig. 4E), while XRF PC1 displays notable peaks at 23, 3.4, ~2.2, 1.4,
and 1.1 m (Fig. 4F); all peaks exceed the 95% %2 confidence level. The ratios of the significant wavelengths
(~22 m:~5.4 m:~2 m:~1.1 m) largely match the periodicity ratios of La2004 astronomical solution (Laskar et
al., 2004) at 244-249 Ma (405 kyr:~100 kyr:~33 kyr:~20 kyr). Other periodicities in the Dayulin section may
reflect changes in sedimentation rate, regional climate variability, and/or bioturbation in the terrestrial
depositional setting.

The COCO analyses of the GR and XRF PC1 series reveal three prominent sedimentation rate peaks at
approximately 1.5-1.6, 5, and 9 cm/kyr, all of which reject the null hypothesis of no astronomical forcing at
the 0.01 significance level (Fig. 5). Segment-based sedimentation rate estimates are as follows: Segment 1:
COCO yields ~1.5-1.6 cm/kyr (not supported by cycle ratios) and ~4 c/kyr; ASM yields ~7.9 c/kyr (not
supported by cycle ratios) (Figs. S2 and S3). Segment 2: COCO and ASM estimates converge on ~9 cm/kyr
and ~8 cm/kyr, respectively (Figs. S4 and S5). Segment 3: COCO identifies ~3.5 cm/kyr and ~6.5 cm/kyr;
ASM produces a comparable estimate of ~6.7 cm/kyr (Figs. S6 and S7).

In comparison, the eCOCO results indicate a three-stage variation in sedimentation rate, with relatively low
rates (~4—6 cm/kyr) at the base and top of the section, and higher rates (~7-9 cm/kyr) in the middle. This
pattern is clearly visible in the eCOCO sedimentation rate map (Fig. 5). Based on cycle ratios and
sedimentation rate estimates, we selected the following wavelengths—18 m in Segment 1, 36 m in Segment 2,
and 22 m in Segment 3—as representative of the 405 kyr eccentricity cycle for constructing the age model.
The linear sedimentation rate model derived from long-eccentricity tuning is consistent with the eCOCO
results (Fig. 5). After astronomical tuning, spectral analysis of the tuned GR and XRF PCl1 series reveals
prominent astronomical cycles (Fig. 6B and 6C), which closely align with the predicted periodicities of the
La2004 astronomical solution (Laskar et al., 2004) (Fig. 6D).
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Fig. 4 2n MTM power spectral analysis of GR (A, C, E) and XRF PC1 (B, D, F) series. Significance levels are
assessed using the smoothed window average (SWA) background and the false discovery rate (FDR) method.

CL—confidence level; FDR—false discovery rate. Only peaks exceeding the 95% %2 confidence level are
labeled.

4.2 Sedimentary noise

We applied the pl and eCOCO methods to evaluate the depositional stability of the Dayulin section using the
GR and XRF PCI1 series in the depth domain (Fig. 7C, 7E and 7F). Comparison of the results shows that three
sedimentation rate shift intervals (70-95 m, 172-200 m, and 227-247 m) coincide with decreases in p1 values
in both the GR and XRF PCI1 records, likely indicating enhanced noise during these periods. We also applied
the DYNOT and pl methods to reconstruct the sedimentary noise history using the tuned GR and XRF PCl1
series. The DYNOT and p1 results (Fig. 7H, 71, 7K and 7L) exhibit similar patterns, with intervals of enhanced
noise in the depth domain corresponding to those in the time domain (grey areas in Fig. 7), indicating that the
detected noisy intervals are independent of the timescale.

Spectral analysis of the DYNOT and pl median values from the tuned GR and XRF PC1 series identifies a
significant 1.2 Myr cycle that exceeds the 5% FDR threshold (Fig. 8C—8F). Spectral analysis of the amplitude
modulation (AM) of eccentricity and obliquity further reveals prominent long-term modulations at 2.5 Myr
and 1.2 Myr within the 249-244 Ma interval (Fig. 8A and §B). However, given that the total duration of the
studied interval is approximately 4.8 Myr, longer-period trends over ~2.4 Myr are not considered in this study
due to their relatively low confidence.

5. Discussion

5.1 The floating astronomical time scale of the Dayulin section

Previous studies suggest that the PTB in the Dayulin section lies within the upper part of Sunjiagou Formation,
above a distinctive, thick, grey-purple Vertisol that can be traced laterally across multiple sections (Chu et al.,
2017, 2019; Guo et al., 2019; Ji et al., 2023; Shu et al., 2022; Tu et al., 2016). Magnetostratigraphic results
from the Dayulin section reveal a normal polarity zone (DY4n) in the middle part of the Liujiagou Formation,
which can be broadly correlated with LT3n in the Geomagnetic Polarity Time Scale (GPTS) (Hounslow and
Muttoni, 2010). This interval has been discussed in relation to the IOB (Chen, 2020). Potential hiatuses near
formation boundaries could bias estimates of the total depositional duration. Accordingly, the time scale
developed in this study is intended to constrain only the preserved stratigraphic record. The durations of any
hiatuses are unknown, and their precise quantification remains a major technical challenge beyond the scope of
this study. Nevertheless, any such gaps are not expected to compromise the 405 kyr ATS, whereas hiatuses on
the ~100 kyr time scale cannot be excluded, particularly across the Sunjiagou-Liujiagou boundary (Ji et al.,
2023). Considering the uncertainties in precisely constraining key stratigraphic boundaries within the Dayulin
section, we adopt the more stable and well-preserved 405 kyr cycle to establish an ATS, and focus on the
astronomical signals recorded in the strata and their implications for paleoclimatic change. The geochronology
of the Induan will be discussed in a separate study.

The tuned GR and XRF PCI1 series from the Dayulin section show comparable orbital-scale variations,
supporting the reliability of the astronomical tuning (Fig. 6). Our cyclostratigraphic analysis indicates that the
studied interval preserved approximately 4.8+0.2 Myr (Late Permian to Early Triassic), with the empirical
uncertainty corresponding to half of a 405 kyr eccentricity cycle. The floating ATS reveals twelve long
eccentricity cycles (405 kyr) from just above bed 3 of the Sunjiagou Formation, through the entire Liujiagou
Formation, and into the lower part of the Heshanggou Formation. The GR series was selected as the primary
basis for subsequent analyses due to its relatively higher signal-to-noise ratio (Li et al., 2019a) and more stable



expression of orbital-scale cyclicity in this section, whereas the XRF PC1 series was used as a reference for
comparison and validation.
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Fig. 6 Tuned cyclostratigraphic results of the GR and XRF PCI1 series from the Dayulin section. (A) Integrated
stratigraphy of the Dayulin section. Magnetic polarity pattern derived from Chen (2020). Tuned GR series with
405 kyr filters (red curves, passband: 0.00247+0.00049 cycles/kyr). Tuned XRF PC1 series with 405 kyr filters
(red curves, passband: 0.00247+0.00049 cycles/kyr). (B) 2r MTM power spectra of the tuned GR series in the
time domain. (C) 2t MTM power spectra of the tuned XRF PC1 series in the time domain. Significance levels
are assessed using the smoothed window average (SWA) background and the false discovery rate (FDR)
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5.2 Magnetostratigraphic correlation

We compared the Dayulin section’s magnetic polarity zones to multiple references: the Geomagnetic Polarity
Time Scale (GPTS, Fig. 9D) (Hounslow and Muttoni, 2010), the GTS2020 magnetic polarity compilation (Fig.
9C) (Ogg et al., 2020), the cycle-calibrated magnetic results from four South China marine sections (Chaohu,
Daxiakou, Xiejiacao, and Shangsi; Fig. 9A) (Zhang H T et al., 2025), and the terrestrial Shichuanhe section in
North China (Fig. 9E) (Guo et al., 2022). These marine and terrestrial records establish a framework for both
regional and global correlation of Dayulin’s magnetostratigraphy. According to the GPTS, the Early Triassic
comprises several magnetic polarity zones, with the IOB located near the base of the LT3 normal polarity zone
(Hounslow and Muttoni, 2010). In these reference sections, this same zone is labeled cLT4n in the integrated



South China section (Zhang H T et al., 2025), SCH5n in the Shichuanhe section (Guo et al., 2022), and DY4n
in the Dayulin section (Chen, 2020). Given the relatively distinct polarity pattern near the IOB, that horizon
serves as a key tiepoint for inter-section correlation. It is possible that a lowstand systems tract occurs near the
Sunjiagou-Liujiagou formation boundary, where a possible discontinuity is indicated in Fig. 3; therefore, non-
deposition may have occurred close to the boundary. Under this scenario, the Sunjiagou-Liujiagou boundary
could be placed within LT2r. Given the uncertainty associated with possible non-deposition near the
Sunjiagou- Liujiagou boundary, magnetostratigraphic correlation in this study is restricted to the stratigraphic
interval above DY 3.

DY4 spans approximately 1.07 Myr. The base of DY 5n corresponds to a trough between two long-eccentricity
peaks, and aligns with the base of SCH6n in the Shichuanhe section (Guo et al., 2022) and LT6n in the GPTS
(Hounslow and Muttoni, 2010) and GTS2020 (Ogg et al., 2020). This correlation is supported by the combined
duration of LT3, LT4, and LTS, which collectively span ~1.2 Myr.

Within the Induan Stage, two major magnetic polarity zones are recognized: LT1 and LT2. The IOB lies above
the LT2 polarity zone, while the base of LT2n is situated near the Griesbachian- Dienerian boundary
(Hounslow and Muttoni, 2010; Ogg et al., 2020). This polarity boundary correlates with the base of cLT3n in
South China, DY3n in the Dayulin section, and SCH4n in the Shichuanhe section. Notably, in the integrated
magnetostratigraphy of South China, the base of cLT3n approximately corresponds to the trough between the
second and third long-eccentricity cycles. Similarly, the base of DY3n in the Dayulin section aligns with a
trough between two eccentricity maxima. The DY3 duration of 0.51 Myr aligns well with cLT3 (0.7 Myr), and
LT2 (~0.65 Myr) within error. Given the uncertain position of the PTB, we do not correlate DY1 and DY2
with other sections in this study.

5.3 Sedimentary noise model of environmental instability

Based on the facies model of the Dayulin section, the Sunjiagou Formation, Liujiagou Formation, and the
lower part of the Heshanggou Formation record a range of depositional environments: a coastal plain with low-
sinuosity fluvial channels in the Sunjiagou Formation; braided fluvial and lacustrine settings in the Liujiagou
Formation; and shallow lakes in the Heshanggou Formation (Ji et al., 2023).

This study uses pl and DYNOT to identify sedimentary noise. The pl method measures lag-1 autocorrelation
between consecutive time steps and is used as an indicator of the stability of the climate-sedimentation system
(Li et al., 2018a). DYNOT independently quantifies variability not attributable to astronomical forcing,
highlighting non-orbital noise in the stratigraphic record (Li et al., 2018a). In addition, variations in eCOCO
values can also indicate the stability of depositional environments, with stronger eCOCO values indicating
more stable environments, and vice versa (Li et al., 2018b; Wang et al., 2020, 2022). Climate fluctuations and
tectonically related changes in provenance may modulate sedimentary noise levels (Li et al., 2018a; Meyers
and Hinnov, 2010), and such changes may be reflected in the stratigraphic record by enhanced lithological
variability and, in some intervals, facies shifts.

This study focuses on interpreting variations in the modeled noise signal as an integrated response to
environmental transitions. The intervals of enhanced sedimentary noise in the Dayulin section broadly coincide
with major facies transitions (Fig. 7). Thus, the noisy interval from 70 m to 95 m corresponds to a shift from
FA3 (arid floodplain) to FA7 (coastal mudplain); the slightly noisy interval from 172 m to 200 m reflects a
transition from FAS (shallow lake-lake margin) to FA4 (low-sinuosity fluvial system); and the noisy interval
from 227 m to 247 m marks a transition from FA4 to FA6 (low sinuosity fluvial system to alluvial plain with
shallow lakes). The Sunjiagou Formation comprises three facies associations and records a transition from
medial terminal fan and arid floodplain settings to coastal mudplain environments (Ji et al., 2023). The lower
and middle parts of the formation indicate an overall arid climate (Ji et al., 2023). Depositional shifts in the
lower part of the Sunjiagou Formation may provide independent evidence for the environmental instability



indicated by the sedimentary noise signal. The observed correspondence between enhanced sedimentary noise
and major facies transitions suggests that noise parameters can serve as indicators of environmental instability
in terrestrial depositional settings.
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5.4 Confirmation of the 1.2 Myr Earth-Mars cyclicity

The 1.2 Myr obliquity amplitude modulation (AM) arises from the secular resonance between the s3 and s4
orbital frequencies of Earth and Mars, which govern their inclination evolution (Hinnov, 2000). This
“Geological Orrery” has been widely applied to trace ancient Solar System dynamics (Ikeda and Tada, 2020;
Laskar et al., 2004; Ma et al., 2017; Olsen et al., 2019). For example, Late Triassic records exhibit 1.6-1.8 Myr
eccentricity (gd4—g3) and 0.8 Myr obliquity (s4—s3) cycles—distinct from the modern 2.4 Myr cycles in
eccentricity and 1.2 Myr cycles in obliquity—yet preserving the characteristic two-to-one ratio of the Earth-
Mars resonance, a hallmark of chaotic diffusion in planetary orbits (Sha et al., 2015). However, continuous,
multi-Myr, high-resolution sedimentary archives remain scarce, limiting geological confirmation of the
canonical 1.2 Myr cycle outside Cenozoic and Late Mesozoic sections.

Only a handful of s4—s3 obliquity modulation records spanning the Triassic have been reported, including ~1.2
Myr from the Early Triassic (Li et al., 2016) and Middle Triassic (Ikeda and Tada, 2020; Liu et al., 2021),
~1.0—~1.3 Myr from the Late Triassic (Wang et al., 2022; Zhang Q et al., 2025; Zhang et al., 2024), and ~0.8
Myr across the Late Triassic to Early Jurassic interval (Sha et al., 2015). These variable periodicities highlight
the inherent instability of the Earth-Mars resonance through deep time.

In the Dayulin section, sedimentary noise variations exhibit a significant 1.2 Myr cycle (Fig. 8C-8F). Spectral
comparison of eccentricity and obliquity AM between 249 and 244 Ma (Fig. 8A and 8B) confirms that this



dominant signal corresponds to the s4 —s3 obliquity modulation. Consequently, our data demonstrate that the
Early Triassic maintained the same 1.2 Myr obliquity periodicity as the Cenozoic, providing geologic evidence
for long- term inclination interactions between Earth and Mars and offering new constraints on ancient Solar
System dynamics.
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Fig. 9 Magnetic polarity patterns of marine and terrestrial sections in the Early Triassic. (A) 405 kyr cycle
calibrated magneto-stratigraphy based on the Chaohu, Daxiakou, Xiejiacao, and Shangsi sections in South
China (Zhang H T et al., 2025); (B) 405 kyr cycle calibrated magnetostratigraphy of the Dayulin section (this
study); (C) Magnetic polarity pattern from GTS2020 (Ogg et al., 2020); (D) Composite magnetic polarity
pattern from Geomagnetic Polarity Time Scale (Hounslow and Muttoni, 2010); (E) Magnetic polarity pattern
of the Shichuanhe section (Guo et al., 2022). Dashed lines indicate proposed correlations between polarity
zones.

5.5 Myr-scale paleoclimate oscillations

The 1.2 Myr Earth-Mars obliquity AM cycle is now recognized as a fundamental long-term driver of Earth’s
climate. In the Cenozoic, AM minima coincide with glacial maxima and third-order glacio-eustatic
lowstands—when reduced high-latitude insolation facilitates ice-sheet growth—whereas AM maxima mark
interglacial highstands (Lourens and Hilgen, 1997; Pilike et al., 2006). Under hothouse conditions, 1.2 Myr



Earth-Mars cycle maxima have been linked to an invigorated hydrological cycle, with enhanced heat and
moisture transport driving intensified precipitation (Li et al., 2016; Wendler et al., 2014, 2016). Across
multiple time intervals, these obliquity AM extrema align with documented fluctuations in hydrological
changes (Li et al., 2016, 2018a; Liu et al., 2021; Wang et al., 2020; Zhang T et al., 2022), reflecting periodic
modulation of water exchange between oceanic and continental reservoirs, and corresponding changes in
groundwater storage and discharge (Li et al., 2018a, 2023).
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In the Dayulin section, the node of the 1.2 Myr obliquity AM cycle—when obliquity variability is minimal—
coincides with intervals of elevated sedimentary noise and facies shifts (Fig. 10). Early Triassic strata at
Chaohu and Daxiakou sections of South China similarly record the 1.2 Myr obliquity signal alongside
pronounced climatic perturbations, biotic upheavals, and sea-level oscillations (Li et al., 2016). This suggests
that the 1.2 Myr obliquity AM cycle may modulate Early Triassic climate-hydrological variability and
depositional stability at the regional scale.

Our new findings indicate three implications. First, although obliquity forcing is classically viewed as a high-
latitude phenomenon, its clear expression in low-latitude sections (Dayulin, Chaohu, and Daxiakou)
underscores a hemispheric-scale influence during the Early Triassic hothouse. Second, the ~1.2 Myr obliquity
AM appears to be a persistent regulator of climate, hydroclimate variability, and depositional processes in both
terrestrial and marine settings. Third, the obliquity AM pattern provides a powerful correlation tool between
continental and marine records, helping to anchor global climate events in deep time.

6. Conclusions

By analyzing gamma-ray data and the first principal component of X-ray fluorescence elemental data from the
Dayulin section in North China, we construct a floating astronomical time scale for the Early Triassic,
encompassing the Sunjiagou, Liujiagou, and lower Heshanggou formations. The cycle-calibrated
magnetostratigraphy at Dayulin shows strong comparability with other sections, enabling high-resolution
correlation with both terrestrial and marine records. By applying statistical tuning approaches together with the
sedimentary noise model, we identify intervals of elevated sedimentary instability that coincide with facies
transitions. We also detect the 1.2 Myr obliquity modulation cycle in the sedimentary noise series from the
Dayulin section. Its expression in the low-latitude terrestrial succession demonstrates the influence of long-
term orbital forcing on climate and hydrology and indicates that such signals can be preserved in complex
continental stratigraphic records. This represents the robust identification of the 1.2 Myr s4—s3 obliquity
modulation in Early Triassic terrestrial strata and provides a critical geological constraint for improving the
precision and accuracy of future astronomical solutions.
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