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The early Cambrian was a critical period of Earth history, marked by explosive diversification of 
metazoans and several profound changes in Earth’s surface environments and global climate. A valid 
temporal framework for the early Cambrian Period and across the major bio-events is poorly constrained, 
and the key underlying forcings of million-year (Myr) scale sea-level variations in a greenhouse lacking 
polar ice sheets are still disputed. Here, the high-resolution gamma-ray logs (GR) and Fe/Al records 
are utilized to conduct cyclostratigraphic analysis of the early Cambrian Stage 2-Stage 3 Qiongzhusi 
Formation of the Well A borehole in South China. A ∼10.8 Myr-long high-resolution astronomical time 
scale across Stage 2-Stage 3 is developed by astronomical tuning of gamma-ray logs and Fe/Al series to 
the stable 405-kyr long-eccentricity cycles. The Myr-scale sea-level fluctuations in the early Cambrian 
greenhouse are reconstructed through the sedimentary noise modeling of the 405-tuned GR series 
and agree with sequence stratigraphic interpretations, lithofacies stacking patterns, and depositional 
environment changes. The antiphase correlation of filtered ∼1.5 Myr cycles of sedimentary noise curves 
with the ∼1.5 Myr obliquity modulation cycles demonstrates that the variations in land-ocean water 
exchange linked to changes in poleward moisture and heat transport dominated by ∼1.5 Myr obliquity 
modulation cycles may be a primary driver for eustasy during non-glacial early Cambrian period. A new 
resonance state in the early Cambrian Stage 2-Stage 3, manifested by ∼1.5 Myr eccentricity: ∼1.5 Myr 
obliquity, could be mainly associated with the Earth-Mars secular resonance and constrain the chaotic 
evolution of the Solar System in deep time. Two independent approaches are employed to reconstruct the 
history of Earth-Moon system characteristics, including the precession constant, the Earth-Moon distance 
and the day length. Our results enhance knowledge of the connection of Myr-scale sea-level variations to 
astronomically induced climate change under greenhouse climate and provide new empirical constraints 
on the chaotic motion of the Solar System and the evolution of the Earth-Moon System in deep time.
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1. Introduction

The early Cambrian Period, one of the most critical intervals 
throughout Earth history, is characterized by the rapid evolution of 
the metazoan ecosystems, a prominent warm greenhouse climate, 
and modification of Earth’s surface environments (e.g., Chen et al., 
2015; Dahl et al., 2019; Hearing et al., 2018; Sperling et al., 2013). 
Perhaps most intriguingly, the Cambrian Stage 2 to Stage 3 wit-
nessed mass extinction of small shelly fossils, the radiation of Niu-
titang Sponge Fauna (China) and Chengjiang Fauna; however, the 
plausible trigger and temporal details of these major biotic events 
are still hotly disputed (e.g., Erwin et al., 2011; Peng et al., 2020). 
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The early Cambrian timeframe is poorly constrained partly due to 
sparse radiometric ages, especially in the Cambrian Stage 2-Stage 3 
(Peng et al., 2020). A reliable age model for the early Cambrian 
and across the major bio-events is critical for a refined evaluation 
of potential trigger and dynamic feedbacks during a crucial phase 
in the history of life on Earth.

The early Cambrian oceans provided the fundamental setting 
for the biological turnover, innovations and diversification of the 
metazoans. These changes in the marine environment, including 
oceanic oxygen level, sea surface temperature and ocean circula-
tion, have been closely linked to sea-level changes (e.g., Kidder and 
Worsley, 2004; Li et al., 2016). In the early Cambrian greenhouses 
lacking continental ice sheets (Hearing et al., 2018), the observed 
major global sea-level variations (>75 m, Snedden and Liu, 2010) 
could not be interpreted through the classic glacio-eustasy mod-
eling. Aquifer-eustasy’s hypothesis suggests that the water-bearing 
potential fluctuations of groundwater aquifers governed by water 
mass exchanged between land and ocean may drive million-year-
scale sea-level oscillations in warm intervals of Earth history (e.g., 
Hays et al., 1976; Li et al., 2018a; Wendler and Wendler, 2016). 
The poleward transfer of heat, moisture, and precipitation asso-
ciated with astronomically forced meridional insolation gradient 
is expected to dominate the dynamic balance of aquifer charge 
versus discharge (Li et al., 2016; Raymo and Nisancioglu, 2003). 
The linkage between the third-order sea-level oscillations, changes 
in the groundwater reservoir, astronomical forced climate change 
have been further confirmed from sea-level reconstruction for the 
Late Cretaceous greenhouse (e.g., Omar et al., 2021; Sames et al., 
2016; Wendler et al., 2016; Wendler and Wendler, 2016) and the 
early Triassic hothouse (Li et al., 2016). Recently, a sedimentary 
noise model has been developed for reconstructing sea-level fluc-
tuations in shallow marine environments by assessing the non-
orbital signal component in an orbitally tuned dataset (Li et al., 
2018a). Sedimentary noise model has been successfully applied 
to Lower Triassic marine slope stratigraphy, Middle Triassic shal-
low carbonate platform in South China, and Paleogene lacustrine 
basins, demonstrating that it is a valuable method for inferring 
sea-level and lake-level fluctuations (Li et al., 2018a; Wang et al., 
2020, 2022).

Earth’s orbital parameters quasi-periodically oscillate and re-
main highly uncertain in astronomical cycles prior to 50 Ma due to 
the chaotic behavior of the Solar system (e.g., Laskar et al., 2011; 
Laskar, 1990). The most well-known secular resonances in the in-
ner solar system involve dissipative effects of the Earth-Moon Sys-
tem and the Mars-Earth chaotic resonance (Hinnov, 2013; Laskar et 
al., 2004). Currently, interactions between Mars and the Earth are 
primarily characterized by the long-period modulation cycles of 
∼1.2-myr obliquity and the ∼2.4-myr eccentricity (Hinnov, 2013; 
Laskar et al., 2004). According to the prediction of the numerical 
model, the current resonance model of 2:1 (i.e., ∼2.4 Myr eccen-
tricity: ∼1.2 Myr obliquity) could be disrupted at some time (Ikeda 
and Tada, 2020; Ma et al., 2017; Olsen et al., 2019). Then a new 
resonance model of 1:1 would be formed, probably manifesting as 
∼1.2 Myr eccentricity and 1.2 Myr obliquity cycles (Laskar et al., 
2004). However, the temporal details of these two resonance mod-
els’ secular evolution remain poorly constrained, especially in the 
early Paleozoic. Besides, friction-induced by tidally driven ocean 
currents reduces the Earth’s rotation rate, slows obliquity and pre-
cession rates, and increases the Earth-Moon distance (Waltham, 
2015). These resulting uncertainties hinder the identification of 
the Milankovitch cycles in the geologic record, and the constraint 
of the solar system’s history in deep time. Quasi-periodic changes 
in orbital parameters can significantly affect Earth’s climatic vari-
ations by controlling the temporal and spatial distribution of in-
solation received on the Earth’s surface (Hinnov, 2013), and these 
climatic variations are “fingerprinted” and ultimately archived in 
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geological records. Thus, astronomically-modulated climatic signals 
in sedimentary records provide the only evidence of the Earth-
Moon system evolution and the chaotic behavior of the Solar sys-
tem.

Here, cyclostratigraphic analysis is applied to the high-resolu-
tion gamma-ray logs and Fe/Al records from the Qiongzhusi For-
mation of South China spanning the early Cambrian Stage 2 to 
Stage 3. Four main objectives of the present study are: (1) to 
provide high-resolution geochronology for major bio-events in the 
“Cambrian explosion”, (2) to reconstruct the sea-level changes in 
the early Cambrian using the sedimentary noise modeling, (3) to 
investigate the driver of Myr-scale sea-level oscillations in the 
early Cambrian greenhouse lacking permanent ice sheets, and (4) 
to offer geological evidence for the solar system’s chaotic dynam-
ical behavior and empirical constraints on the evolution of the 
Earth-Moon system in deep time.

2. Geological background

2.1. Paleogeography

The South China Block was formed by the collision of the 
Yangtze and Cathaysia blocks during the early Neoproterozoic 
Sibao-Jining Orogeny (Fig. 1, Wang and Li, 2003). South China Block 
has been universally depicted as an isolated craton at ca. 10◦N 
during the early Cambrian (Fig. 1A, Yang et al., 2015). Paleogeo-
graphic reconstruction indicates that the Yangtze Block consisted 
of a shallow-water shelf, continental slope, and deep-water basin 
as the water deepened from the northwest to the southeast on the 
passive continental margin (Fig. 1B, Jiang et al., 2012). The Sichuan 
Basin is located in the shallow-water shelf area of the Yangtze 
Block (Fig. 1B). The lower Cambrian succession in Sichuan Basin 
comprises the Maidiping Formation (€1 m) and the Qiongzhusi 
Formation (€1q) in ascending order. The Qiongzhusi Formation 
unconformably overlies the Maidiping Formation due to the influ-
ence of Caledonian Orogeny (Zhong et al., 2014).

The studied Well A is located at Leshan City of southwest-
ern Sichuan Province, situated paleogeographically in the shallow-
water shelf setting. The Lower Cambrian Qiongzhusi Formation, 
with 358 m thickness, is subdivided into three members: (1) the 
Lower and Middle Member consisting principally of shale, cal-
careous shale and silty shale, and (2) the Upper Member pre-
dominately made of shale and argillaceous siltstone (Fig. 2). The 
Lower, Middle and Upper members are the focus of this study. The 
Qiongzhusi Formation was deposited in a shallow shelf and deep 
shelf environment.

2.2. Chronostratigraphy and biostratigraphy framework

The trilobites and small shelly fossils from the Qiongzhusi For-
mation of South China offer its broad age constraints. Six biozones, 
Watsonella crosbyi Assemblage Zone (Biozone III), Poorly fossilif-
erous Interzone (Biozone IV), Sinosachites flabelliformis-Tannuolina 
zhangwentangi Assemblage Zone (Biozone V), Pelagiella subtriangu-
lata Taxon Range Zone (Biozone VI), Parabadiella huio Zone (Bio-
zone VII) and Wutanaspis-Eoredlichia Assemblage Zone (Biozone 
VIII) were recognized in the Qiongzhusi Formation and its equiv-
alents in South China (Fig. 2; Compston et al., 2008; Steiner et 
al., 2007; Zhu et al., 2019). The Biozone IV and V spanning the 
Lower and Middle Member of the Qiongzhusi Formation indi-
cate a middle-late Xiaotanian Stage age (Fig. 2, Compston et al., 
2008; Steiner et al., 2007; Zhu et al., 2019). The appearance of 
Wutanaspis-Eoredlichia Interval Zone (Biozone VIII) indicates an 
early-middle Qiongzhusian Stage age for the Qiongzhusi Fm Up-
per Member (Compston et al., 2008; Steiner et al., 2007; Zhu et 
al., 2019). A Chemical Abrasion Isotope-Dilution Thermal Ionization 
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Fig. 1. (A) Global paleogeographic map of the early Cambrian Stage 3 (modified from Yang et al., 2015) shows South China’s location. (B) early Cambrian paleogeography of 
South China (modified from Mou et al., 2012).

Fig. 2. Stratigraphic correlation of the Lower Cambrian successions in South China constrained by chronostratigraphy, biostratigraphy and lithostratigraphy. (A) Meishucun 
section; (B) Maidiping section; (C) Well A (this study). The litho-stratigraphy, radiometric dates and bed numbers from Brasier et al. (1990), Compston et al. (2008) and 
Yang et al. (2018); the bio-zones are from Brasier et al. (1990), Compston et al. (2008) and Steiner et al. (2007). Sequence stratigraphy of the Qiongzhusi Formation based 
on Liu et al. (2018). See Fig. 1B for location. The red lines represent time equivalent horizons based on lithostratigraphy and biostratigraphy. Ashes beds are marked by red 
bars. Biozone III= Watsonella crosbyi Assemblage Zone, Biozone IV= Poorly fossiliferous interzone, Biozone V= Sinosachites flabelliformis-Tannuolina zhangwentangi Assemblage 
Zone, Biozone VI= Pelagiella subtriangulata Taxon Range Zone, Biozone VII= Parabadiella huio Zone; Biozone VIII= Wutanaspis-Eoredlichia Assemblage Zone; ZJQ= Zhujiaqing 
Formation, MDP= Maidiping Formation, CLP= Canglangpu Formation, DH= Daihai Member. (For interpretation of the colors in the figure(s), the reader is referred to the 
web version of this article.)
3
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Mass Spectrometry (CA-ID-TIMS) U–Pb date of 518.03 ± 0.69/0.71
Ma for the detrital zircons from the Maotianshan Shale provides 
the first robust maximum age of the Chengjiang biota, consistent 
with biostratigraphic age (Fig. 2, Yang et al., 2018). The Lower 
Cambrian System in South China has been regionally divided into 
Xiaotanian Stage, Qiongzhusian Stage, and Duyunian Stage (Zhu et 
al., 2019).

Cambrian Series 2 has been considered the first trilobite-
dominated series, and its lower boundary has not been defined be-
cause the first appearance of the trilobites is slightly diachronous 
in different regions (Peng et al., 2012; Zhu et al., 2019). Trilobites 
recognized in Siberia (Profallataspis jakutensis), Morocco (Hupetina 
antiqua), and Laurenti (Fritzaspis) have been considered the old-
est, where the first appearance datum (FAD) of trilobites is cur-
rently accepted to define the base of Stage 3 with an absolute 
age of 521.0 Ma (Peng et al., 2012; Zhu et al., 2019). The trilo-
bite Parabadiella huoi recognized in South China is suggested to 
be slightly younger in age; thus, the base age of the Qiongzhu-
sian Stage is slightly younger than 521 Ma of the International 
Chronostratigraphic Chart (Zhang et al., 2017; Zhu et al., 2019).

The Sensitive High-Resolution Ion Microprobe (SHRIMP) zircon 
U–Pb date for the bentonite has been constrained at 526.5 ± 1.1
Ma from the base of the Shiyantou Formation in the Meishucun 
section, consistent with a U-Pb zircon age of 526.2 ± 1.9 Ma for a 
thin tuff from the base of the Qiongzhusi Formation in the Maid-
iping section of Leshan City, Sichuan Province, coinciding with the 
biostratigraphy constrains (Compston et al., 2008). The Well A and 
the Maidiping section are geographically close (Fig. 1B) and share 
similar shallow marine settings and comparable lithologic succes-
sions (Fig. 2). The Qiongzhusi Formation of Well A and Maidiping 
section is reasonably considered age-equivalent units at the base, 
with an age of 526.2 ± 1.9 Ma, providing the first age constraint 
for our cyclostratigraphic analysis. This age constraint also points 
to a duration of slightly more than 5.2 ± 1.9 Myr (i.e., 526.2 ± 1.9
Ma to slightly younger than 521 Ma) for the Qiongzhusi Forma-
tion Lower and Middle Member, with a 240 m the total thickness 
(3391–3351 m, Fig. 2), yielding an estimated average sedimenta-
tion rate of about 3.4–7.3 cm/kyr.

3. Data and methods

3.1. Gamma-ray (GR) logging

The intensity of GR levels in sediments is related to radiogenic 
isotopes of potassium (K), uranium (U) and thorium (Th) contents 
(Schnyder et al., 2006). K, U and Th are commonly concentrated 
in clay and organic matter owing to their strong absorption of 
radioactive elements (Schnyder et al., 2006). Thus, variations in 
gamma-ray (GR) of sediments are mainly affected by relative clay 
abundance, which is actively governed by continental weathering 
and runoff sensitive to paleoclimate conditions (e.g., Li et al., 2017; 
Liu et al., 2019; Schnyder et al., 2006). Generally, increased clay-
mineral inputs related to intensified hydrological cycle under warm 
and humid conditions could yield higher GR values (e.g., Schnyder 
et al., 2006; Wang et al., 2020). In contrast, reduced clay inputs 
under cool and dry conditions could result in lower GR values 
(e.g., Schnyder et al., 2006; Wang et al., 2020). Therefore, GR in-
tensity in marine sediments, with the high signal-to-noise ratios, 
is one of the best proxy indicators of astronomically modulated 
climatic changes (Li et al., 2019b). Gamma-ray (GR) log data were 
collected continuously uphole within the Well A at a sampling rate 
of 0.125 m, covering the interval between 3233 m and 3591 m.

3.2. Geochemical proxy (Fe/Al)

Fe content reflects the enrichment of iron in the sediment when 
normalized against Al (i.e., Fe/Al) has proved to be a good measure 
4

of the proportion of siliciclastic sediment (Raiswell and Canfield, 
2012; Wei et al., 2015). Fe/Al series can track changes in terrestrial 
input transported by fluvial or aeolian processes sensitive to as-
tronomical forcing (e.g., Lamy and Hebbeln, 2000; Liu et al., 2021; 
Pattan et al., 2012). In Well A, geochemical data were collected at 
0.1-m intervals using X-ray Fluorescence (XRF: Thermo Scientific™ 
Niton™ XL3t Handheld XRF Analyzer) at the drilling cores surfaces. 
A total of 815 geochemical data points were collected from 3480 m 
to 3591 m. Geochemical data were obtained at the ‘Geochemistry’ 
mode of the instrument (50 kV beam energies). For each mea-
surement, individual analysis time exceeds 60 seconds, which are 
suggested to be sufficient to quantify the chemical composition of 
the sample point accurately (e.g., Saker-Clark et al., 2019; Liu et 
al., 2021; Sui et al., 2019).

3.3. Time series analysis

The identification and interpretation of potential astronomical-
climate signals in GR and Fe/Al series within studied succes-
sions have been carried out through the following steps (1): The 
climate proxies were detrended by subtracting a 40-m Locally 
Weighted Scatterplot Smoothing (LOWESS) trend (Cleveland and 
Devlin, 1988). (2) Inspecting stratigraphic variable cycles was per-
formed using evolutive Fast Fourier transform (eFFT) with a sliding 
window (Kodama and Hinnov, 2014). (3) The dominant frequency 
peaks of the detrended GR and Fe/Al data were examined by the 
multi-taper method (MTM) power spectrum against robust first-
order autoregressive “AR(1)” red noise models (Mann and Lees, 
1996) via a least squares fit of the AR(1) model to a 20% median-
smoothed power spectrum. This model overcomes drawbacks in 
the classic AR(1) noise model that can be biased in cyclostrati-
graphic records (Mann and Lees, 1996), thus the robust AR(1) 
model becomes one the most popular approaches in cyclostrati-
graphic analysis. (4) The correlation coefficient (COCO) method 
evaluates the correlation coefficients between the power spectrum 
of the astronomical solution and that of the time-calibrated pale-
oclimate proxy series by testing a range of sediment accumulation 
rates (SARs) (Li et al., 2018b). The SARs with the highest COCO 
probably represents the optimal SAR. The variable sediment ac-
cumulation rates through studied succession were tracked by the 
evolutionary COCO (eCOCO) method with a sliding window (Li et 
al., 2018b). Therefore, our cyclostratigraphy interpretation veracity 
was evaluated by the optimal accumulation rate originating from 
COCO and eCOCO methods (Li et al., 2018b). (5) The interpreted as-
tronomical cycles were isolated using Gaussian bandpass filtering. 
(6) The identified 405-kyr eccentricity-related sedimentary cycles 
were used for depth-to-age tuning to construct a high-resolution 
floating astronomical timescale. All analysis steps were performed 
using Acycle v2.4.1 software (Li et al., 2019a).

3.4. Sedimentary noise modeling

Recently, a sedimentary noise model was developed for recon-
structing Myr-scale sea-level changes in marginal marine environ-
ments (Li et al., 2018a). Generally, original climate signals archived 
in sediments can contain much noise. Noise can be originated from 
punctual or cyclic events such as storms, bioturbation, or tides, 
from the proxy itself (e.g., proxy sensitivity and nonlinear climate 
responses) and other factors such as volcanism events and diage-
netic alteration (Li et al., 2018a; Mudelsee et al., 2014).

In the marginal marine environment, noise associated with 
storms, bioturbation, tides at a fixed location is affected signifi-
cantly by relative sea-level oscillation. Indeed, more intense bio-
turbations, storms and tide influence are expected during relatively 
low sea levels, leading to stronger noise. In contrast, relatively high 
sea level would give rise to lower sedimentary noise (Li et al., 
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2018a). Two complementary approaches of dynamic noise after 
orbital tuning (DYNOT) and lag-1 autocorrelation coefficient (ρ1) 
sea-level model are involved in sedimentary noise modeling (Li 
et al., 2018a). DYNOT sea-level model evaluates the ratio of non-
orbital signal variance to the total variance in an orbitally tuned 
dataset. The ρ1 sea-level model is based on the lag-1 autocorrela-
tion coefficient of a dataset. Both decreased DYNOT and increased 
ρ1 value reflect reduced noise, corresponding to rising sea levels, 
and vice versa. The sample rate, window ranges, and passband 
cutoff frequencies used to isolate non-orbital signals are primary 
sources of uncertainty in these two approaches. Monte Carlo simu-
lations were used to assess these uncertainties. A running window 
ranging from 400 ka and a number of 1000 is set for Monte Carlo 
Simulation in our uncertainty evaluation. The sedimentary noise 
modeling was realized using the software package Acycle v2.4.1 (Li 
et al., 2019a).

3.5. Reconstruction of the history of Earth-Moon system characteristics

Earth’s dominant eccentricity periods are determined by the 
fundamental frequencies (“secular frequencies”) of the solar system 
(Laskar et al., 2004), specifically the g-terms related to the orbital 
eccentricity and longitude of the perihelion of Mercury (g1), Venus 
(g2), Earth (g3), Mars (g4) and Jupiter (g5). The precise values of 
Earth’s five dominant eccentricity periods derive from the differ-
ence tones between these individual g terms (Laskar et al., 2004). 
The obliquity (k + si ) and precession terms (k + gi ) derive from the 
precession constant (k) and the Solar System planetary fundamen-
tal frequencies (gi , i = 1, 2, 3, 4, 5; si , i = 1, 2, 3, 4, 5; 1= Mercury, 
2= Venus, 3= Earth, 4= Mars, 5= Jupiter) (Laskar et al., 2004). 
The precession constant k values are affected by a wide range of 
factors, the most important of which are Earth’s rotation rate and 
dynamical ellipticity (e.g., Berger et al., 1992; Hinnov, 2013). Tidal 
dissipation of the Earth-Moon system has progressively decelerated 
Earth’s rotation and Earth’s axis precession (i.e., the precession 
constant, k), thereby leading to increased Earth-Moon distance and 
periodicities of the precession and obliquity through time (Hinnov 
and Hilgen, 2012; Waltham, 2015). Thus, the periods of both cli-
mate precession and obliquity change through time (Laskar et al., 
2004; Waltham, 2015). Here, two independent methods, i.e., k + s3
and Bayesian inversion approaches, are employed to reconstruct 
the precession constant k from the geological records in the early 
Cambrian Period.

3.5.1. k + s3 approach
The relationship between precession constant k and main obliq-

uity periodicity (k+S3) has been approximated as Eq. (4) in Fang et 
al. (2020) (equivalent to Eq. (1) in the supplementary information, 
SI). The precession constant (k) also is given by Eq. (4) in Hinnov 
(2018) (equivalent to Eq. (2) in the SI). Dynamical ellipticity de-
scribes Earth’s shape and is governed by the Earth’s rotation rate, 
density, and gravitational and centrifugal force balances. The Eq. 
(9) in Berger and Loutre (1994) defined the relationship between 
Earth’s dynamical ellipticity and Earth’s rotation rate (equivalent to 
Eq. (3) in the SI). Earth-Moon angular momentum exchange for a 
range of Earth-Moon separations from today to the Roche limit has 
been estimated by Eq. (5) in Williams (2000) (equivalent to Eq. (4) 
in the SI). Firstly, we calculate the precession constant k based on 
Eq. (1) (see SI for detailed) using the main obliquity periodicity ob-
tained from the cyclostratigraphic analysis. Then, using Matlab, the 
precession constant k is reintroduced into Eqs. (2), (3), (4), and (5) 
to get the Earth-Moon distance and day length (see SI for details, 
the codes were provided by Linda Hinnov). A detailed description 
of the k + s3 approach is provided in the SI.
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3.5.2. Bayesian inversion approach
Bayesian inversion approach (i.e., TimeOptMCMC) quantitatively 

establishes a connection between astronomical cycles and geo-
logic records and directly reconstructs basic solar system frequen-
cies, the precession constant k and astronomical cycles based 
on cyclostratigraphic records (Meyers and Malinverno, 2018). The 
TimeOpt technique, the underlying astronomical theory, and a 
Bayesian Markov Chain Monte Carlo methodology are the core 
three components that make up this approach (Meyers and Ma-
linverno, 2018). The TimeOpt method is a statistical technique 
for astrochronologic testing, timescale optimization, and climate-
deposition model fitting (Meyers, 2015). The methodology can in-
crease statistical reliability in cyclostratigraphy by considering the 
concentration of spectrum power at predicted astronomical fre-
quencies (Hays et al., 1976), and eccentricity-related amplitude 
modulation of the precession band (Shackleton et al., 1995). The 
TimeOpt method provides a robust framework for testing spe-
cific astronomical hypotheses based on the only optimized sed-
imentation rate variable by assuming that astronomical periods 
of the geologic archive are known, which is based on theoret-
ical Laskar’s models (Meyers, 2015). Markov Chain Monte Carlo 
(MCMC) simulation quantitatively evaluates prior and posterior 
uncertainties between the data and model space that include 
fundamental solar system secular frequencies g1 to g5, preces-
sion constant k, and sedimentation rate (Meyers and Malinverno, 
2018). Bayesian inversion of the Qiongzhusi Fe/Al record is con-
strained by prior distributions for the fundamental frequencies 
g1 to g5 (g1 = 5.525 ± 0.125 arcsec/y, g2 = 7.455 ± 0.015 arc-
sec/y, g3 = 17.3 ± 0.150005 arcsec/y, g4 = 17.85 ± 0.15 arcsec/y, 
g5 = 4.257455 ± 0.00002 arcsec/y) representing midpoint values 
from Laskar et al. (2004) 500 My long simulations, and the pre-
cession constant k (k = 59.17 ± 5.62 arcsec/y, at ∼524 Myr) from 
the Waltham (2015) (see SI for more detail, Tables S2). Ultimately, 
TimeOptMCMC reconstructed a reasonable range of values for fun-
damental frequencies (g terms) and precession constant k in the 
early Cambrian period from the Qiongzhusi Fe/Al record. Then, the 
precession constant k value is utilized to calculate the Earth-Moon 
distance and length of day using MATLAB codes (e.g., Fang et al., 
2020; Huang et al., 2020). All analyses in the Bayesian inversion 
approach were performed using the free software v4.1.0 (R Core 
Team, 2021), and the implementation of the TimeOptMCMC algo-
rithm is provided Astrochron package v1.0 (Meyers, 2021).

4. Results

4.1. Time series analysis

The MTM power spectrum of the GR series through the whole 
Qiongzhusi Formation shows significant periods (>95% confidence 
level) of 61.4 m, 17.1-11.9 m, 4.8-2.7 m, 2.3-1.1 m wavelengths 
(Fig. 3). The Upper Member GR series’s power spectrum display 
significant peaks at wavelengths of 10.9 m, 2.7-2.0 m, and 1.8-
0.94 m (Fig. 4A and D). The MTM power spectrum of the Lower 
and Middle members GR series is characterized by cyclic varia-
tions with wavelengths of 28.6 m, 18.9-11.9 m, 4.7-2.7 m, and 
2.1-1.1 m (Fig. 4B and E). Fe/Al records from 3480 to 3591 m are 
characterized by 13.5 m, 5.3-2.9 m, 0.98-0.79 m, and 0.71-0.54 m 
wavelengths (Fig. 4C and F and Fig. S5).

The COCO sedimentation rate map of the Fe/Al series shows 
peaks at 3.2 cm/kyr and 3.6 cm/kyr (Fig. 5A). The COCO analy-
sis of the whole Qiongzhusi Fm GR series displays several peaks 
at 2.2 cm/kyr, 2.9 cm/kyr, 4.5 cm/kyr and 5.1 cm/kyr (Fig. 5B). All 
of these sedimentation rates have null hypothesis (H0) significance 
levels of less than 0.1% (Fig. 5). Given the estimated average ac-
cumulation rates of ca. 3.4-7.3 cm/kyr for the Lower and Middle 
Members constrained by independent age data (see Section 2.2), 
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Fig. 3. Cyclostratigraphy of the Qiongzhusi Formation of Well A in South China. Qiongzhusi Formation GR series (3233-3591 m) of Well A. GR data (black line) is shown with 
its 40-m lowess trend (blue dotted line) and detrended GR (orange line). Evolutionary power spectrum was calculated using a 40-m running window with a 0.632 m step. 
4π MTM power spectrum is shown with median, 90%, 95%, and 99% confidence levels. MDP= Maidiping Formation, CLP= Canglangpu Formation.
we can consider the optimal mean sedimentation rate of the whole 
Qiongzhusi Fm is 2.2-5.1 cm/kyr. Moreover, all of these optimal 
mean sedimentation rates are supported by the 2-6 cm/kyr indi-
cated by eCOCO for the whole Qiongzhusi Fm (Fig. 5B).

According to the optimal mean accumulation rates of 2.2-5.1 
cm/kyr constrained by COCO and eCOCO results as well as in-
dependent age data, the detected cycles were assigned to spec-
ified astronomical parameters. This yields tentative durations of 
370 to 540 kyr for 18.9-m to 11.9-m cycles, 92 to 123 kyr for 
4.7-m to 2.7-m cycles and 21 to 52 kyr for 2.1-m to 1.1-m cy-
cles in the Lower and Middle Member. Thus, the 18.9-11.9 m, 
4.7-2.7 m, and 2.1-1.1-m cycles of the Lower and Middle Mem-
ber broadly correspond to 405-kyr long-eccentricity, the ∼100-
kyr short-eccentricity, and the ∼30-kyr obliquity, and ∼19-kyr 
precession periods, respectively. The 10.9 m, 2.7-2.0 m and 1.8-
0.94 m cycles of the Upper Member may correspond to 405-kyr 
long-eccentricity, the ∼100-kyr short-eccentricity, and the ∼30-
kyr obliquity cycles, respectively (Fig. 4). Based on the average 
sedimentation rate of 3.2 -3.6 cm/kyr estimated by COCO, the 
13.5 m, 5.3-2.9 m, 0.98-0.79 m, and 0.71-0.54 m cycles of Fe/Al 
records from 3480 to 3591 m are assigned tentative durations of 
420 to 375 kyr, 160 to 80 kyr, 30 kyr to 22 kyr, and 22 kyr to 15 
kyr, respectively (Fig. 4). These periodicities broadly correspond to 
the 405- kyr long-eccentricity, the ∼100-kyr short-eccentricity, the 
∼30-kyr obliquity, and the ∼19-kyr precession cycles, respectively.
6

4.2. Tuning and age model

The ∼14.9 m cycles of the Lower and Middle Member, the 
∼11.6 m cycles of the Upper Member, and the ∼14.1-m cy-
cles of the Fe/Al series from 3480 to 3591 m are isolated using 
the Gaussian bandpass filtering (Fig. 4). These filtered cycles are 
tuned using the 405-kyr long-eccentricity cycle providing a ∼10.8-
Myr floating astronomical time scale (ATS) for the Qiongzhusi Fm 
(Fig. 6A). An absolute ATS can be constructed by fixing the floating 
ATS to the base age of 526.2 ± 1.9 Ma at the Qiongzhusi Formation 
(see Section 2). The MTM power spectrum of the 405-kyr tuned GR 
series of the entire Qiongzhusi Fm displays significant peaks at pe-
riods of ∼1.3 Myr, 610 kyr, 405 kyr, 131–114 kyr, 67.8–58.9 kyr, 
47.5 kyr, all with confidence levels above 95%, while the 37.7 kyr, 
31.9-29.3 kyr and 27.5 kyr cycles are weakly expressed (Fig. 6B). 
The power spectrum of the tuned Fe/Al series from 3480 to 3591 
m has significant peaks at 405 kyr, 159 kyr, 33.5 kyr, 29.7 kyr, 24.7 
kyr, 22.7 kyr, 19.8 kyr, 18.3 kyr and 14.7 kyr, all with confidence 
levels above 99%, while the 116 kyr and 97 kyr cycles are weakly 
expressed (Fig. 6C).

4.3. Sedimentary noise model for sea-level changes

Variations in sedimentary noise of the tuned GR series through 
the Qiongzhusi Fm are tracked using the DYNOT and ρ1 models. 
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Fig. 4. Detrended GR series (left) of three members of the Qiongzhusi Fm. shown with interpreted long- (blue, 405 kyr) eccentricity cycles and their corresponding MTM 
power spectrum with confidence levels (right). (A) GR series of Upper Member (3235-3351 m) is shown with filtered ∼11.6 m cycles (Gaussian filter, passband: 0.086 ±
0.02 cycles/m). (B) GR series of Lower and Middle Member (3351-3591 m) is shown with ∼14.9 m cycles (Gaussian filter, passband: 0.067 ± 0.015 cycles/m); (C) Raw Fe/Al 
series (orange line) (3480-3591 m) is shown with detrended Fe/Al (black line) and filtered ∼14.1-m cycles (Gaussian filter, passband: 0.071 ± 0.016 cycles/m). GR series and 
Fe/Al records were detrended by removing a 40-m lowess trend. (D), (E) and (F) are 2π MTM power spectrum of GR and Fe/Al series in (A), (B), and (C), respectively.
Two sedimentary noise curves present similar patterns, with pro-
nounced increased sedimentary noise in six intervals (gray bars 
in Fig. 7). Spectrum analysis of both the DYNOT and ρ1 series 
shows significant peaks at 4.48 Myr, 2.99-2.15 Myr, 1.63-1.45 Myr, 
and 1.05-0.93 Myr (Fig. 8F and G). The MTM power spectrum 
of obliquity variance/total variance (O/T) displays significant long-
term modulations cycles at 3.59 Myr, 2.07 Myr, 1.54 Myr, and 1.03 
Myr (Fig. 8H).

5. Discussion

5.1. The astronomical timescale of the early Cambrian epoch

According to the astronomical time scale (ATS) defined by our 
cyclostratigraphic analysis, the total duration of the Qiongzhusi 
Formation is 10.79 ± 0.2 Myr, from 526.2 ± 1.9 to 515.41 ± 1.91 
Ma. Our age model has two sources of uncertainty: (1) uncertainty 
of 1.90 Ma from the SHRIMP U-Pb dating for the tuff in the base 
Qiongzhusi Formation, (2) the subjective uncertainty of 0.2-Myr 
derived from the 405-kyr cycle counting. Thus, the two sources of 
uncertainty imply a total uncertainty of 1.91 Myr (obtained from √

1.902 + 0.202) for our absolute ATS. Consequently, the age of the 
top Lower Member, Middle Member and Upper Member are con-
strained at 524.16 ± 1.91 Ma, 520.11 ± 1.91 Ma and 515.41 ± 1.91 
Ma, respectively (Fig. 6A). Our astrochronology suggests a total du-
ration of 6.09 ± 0.20 Myr for the poorly fossiliferous Zone and 
the Sinosachites flabelliformis-Tannuolina zhangwentangi Assemblage 
Zone (Fig. 6A). We estimate the duration of the Pelagiella subangu-
lata Taxon Range Zone at 4.70 ± 0.20 Myr (Fig. 6A).

The base of the Upper Member is also the base of the 
Qiongzhusian Stage, which is defined by the FAD of the trilobites 
7

Parabadiella huoi (Section 2.2, Peng et al., 2020; Zhang et al., 2017; 
Zhu et al., 2019). Thus, the FAD of the trilobites Parabadiella huoi
in South China is astrochronologically constrained at 520.11 ± 1.91 
Ma (Fig. 6A). Although there is still some controversy over the 
taxonomic between Parabadiella in South China and Abadiella in 
Australia, and Abadiella in Morocco (Zhang et al., 2017), the earli-
est occurrences of trilobites currently in South China (Parabadiella) 
and in Australia (Abadiella) are considered younger than those in 
Siberia (Profallotaspis jakutensis and Profallotaspis tyusserica; Sher-
gold et al., 1991; Varlamov et al., 2008), the western Lauren-
tia (Fritzaspis generalis and Profallotaspis?sp; Hollingsworth, 2011, 
2007), and Morocco (Eofallotaspis tioutensis and Hupetina antiqua; 
Geyer, 1996; Geyer et al., 1990). Few chronological constraints are 
reported for the first appearance of trilobites. The tuff from the 
upper part of the Lie de vin Formation in Morocco yielded a zircon 
206Pb/238U age of 520.93 ± 0.14 Ma (Maloof et al., 2010), provid-
ing the first maximum age constrain on the earliest occurrences of 
trilobites in this region (Geyer and Landing, 2006). The occurrence 
of the first trilobites in Avalonia is roughly constrained by a zircon 
U–Pb age of 519.30 ± 0.23 Ma from the Caerfai Bay Shales For-
mation in Wales (Harvey et al., 2011). Collectively, these currently 
geochronological constraints possibly bracketed the occurrence of 
the first trilobites on different paleocontinents between 520.93 
± 0.14 Ma and 519.30 ± 0.23 Ma, including in Morocco, Avalo-
nia and South China. Our astrochronology for the early Cambrian 
Qiongzhusi Formation seems to support that the earliest trilobites 
currently on separate paleocontinents are endemic and diachronic 
(Landing et al., 2013; Zhang et al., 2017). The first trilobite oc-
currence is one of the most striking biotic events in metazoans 
radiation and also signaled the onset of the major phase of the 
Cambrian explosion (Zhang et al., 2017, 2014). Hence, our age 
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Fig. 5. (A) COCO of Fe/Al data from 3480 to 3951 m; (B) COCO and eCOCO sedi-
mentation rate map of the whole GR series. For both the COCO and eCOCO analysis, 
testing sedimentation rates range from 1 to 10 cm/kyr with a step of 0.01 cm/kyr, 
and the number of Monte Carlo simulations is 2000. For eCOCO analysis, the sliding 
window is 40 m, with a sliding window step of 2 m. The thick green line within the 
eCOCO result is sedimentation rates according to the 405-kyr tuning of the longest 
(∼14.9-11.6 m) statistically prominent cycles.

model allows an increased understanding of the modernization of 
ecological communities in the Cambrian explosion.

5.2. Verification of sedimentation noise model for reconstructing sea 
levels

The early Cambrian sea-level changes revealed by the sedimen-
tary noise model are supported by evidence from sedimentology 
(i.e., third-order sequence stratigraphy and lithofacies stacking pat-
terns). These enhanced noise intervals are associated with changes 
in lithofacies from shale and silty shale to calcareous siltstone and 
argillaceous siltstone indicative of shallowing sea levels, as well 
as the sequence boundaries (Liu et al., 2019; gray bars, Fig. 7). In 
a relatively shallow shelf environment of Qiongzhusi Fm., signal-
to-noise ratios in the eCOCO map could be significantly affected 
by sea-level oscillations. Generally, decreased signal-to-noise ratios 
(gray bars in Fig. 7) are characterized by the repeated discontinu-
ities at the eCOCO map, indicating increased depositional environ-
ment instability in low sea level times (Wang et al., 2020). These 
apparent discontinuities recognized from the eCOCO sedimentation 
rates map correspond well to the high sedimentary noise interval 
at the DYNOT and ρ1 curves (gray bar, Fig. 7). In addition, we test 
the efficacy of the sedimentary noise model (DYNOT and ρ1) based 
8

on a synthetic GR series (follows Li et al., 2018a; See SI for more 
detail). The ∼1.5 Myr climate cycles in the DYNOT and ρ1 are in-
dependent and could not arise in another random data set treated 
with the same filter based on our synthetic GR data analysis (See 
SI).

The early Cambrian sea-level curves in South China estimated 
by DYNOT and ρ1 models show similar trends with contempo-
raneously major global eustatic events reconstructed from marine 
depositional sequences, demonstrating the global nature and syn-
chronicity of these million-year scales sea-level oscillations (Fig. 8, 
Snedden and Liu, 2010). Minor discrepancies between the noise 
model and the eustatic curve may be associated with short-term 
tectonic activity and/or our time resolution (104 to 106 years) of 
the objective sedimentary noise model are much higher than the 
subjective reconstruction by Snedden and Liu (2010). However, the 
tectonic activity generally processes larger than the astronomical 
time scale (104 to 106 years); therefore, the latter is the preferred 
interpretation.

Moreover, non-astronomical noise induced by large volcanism 
may be additional sedimentary noise sources (Li et al., 2018a; 
Wang et al., 2020). The reported regions affected by volcanism 
during the early Cambrian were mainly located at the deep-water 
shelf and deep ocean basin in the southeastern part of Yangtze 
Block (Yin et al., 2017; Zhu et al., 2021). No evidence of large vol-
canic activity in the Sichuan Basin, situated at the northeastern 
part of Yangtze Block, where Well A is situated, has so far been 
reported during the early Cambrian. Thereby, noise estimation of 
studied successions is unlikely to have been affected by these po-
tential noise sources (i.e., short-term tectonic activity and volcanic 
events).

5.3. Obliquity-forced eustasy during the early Cambrian greenhouse

Power spectrum of the detrended DYNOT and ρ1 median curves 
display a main periodicity of 1.49-1.63 Myr with subordinate peri-
odicities of 4.48-2.15 Myr and 1.05-0.93 Myr (Fig. 8F, G). The 3.59 
Myr, 2.07 Myr, 1.54 Myr, and 1.03 Myr long obliquity cycles iden-
tified in the O/T series may correspond to these long-term cycles 
in sedimentary noise curves (Fig. 8H), implying a causal link be-
tween long-term obliquity forcing and million-year scale sea-level 
changes. The long-period orbital cycles have been well identified in 
sediments of Cenozoic (e.g., Boulila et al., 2011; Liu et al., 2019), 
Mesozoic (i.e., Ikeda and Tada, 2020; Ma et al., 2017; Olsen et al., 
2019), and Paleozoic (e.g., Fang et al., 2019; Wu et al., 2019). No-
tably, it has previously been shown that global sea-level oscillation 
under both the Cenozoic icehouse and Mesozoic greenhouse con-
ditions is increasingly recognized as connected to global climate 
change forced by long-term orbital cycles (e.g., Boulila et al., 2011; 
Gale et al., 2002; Li et al., 2018a; Wang et al., 2020, 2022).

Two models have been considered as forcing mechanisms for 
sea-level changes, i.e., glacio-eustasy (Miller, 2005) and aquifer-
eustasy (Hay and Leslie, 1990), both of which are governed by the 
imbalanced exchange of water between continents and oceans as-
sociated with the intensity of the global hydrological cycle (e.g., 
Li et al., 2018a, 2016; Sames et al., 2016; Wendler et al., 2016). 
During icehouse states, high-amplitude sea-level variations can be 
explained by the retreat and advance of polar ice caps as a function 
of the obliquity-related insolation variation at high latitudes (e.g., 
Hays et al., 1976; Huybers and Wunsch, 2005; Naish et al., 2009). 
Aquifer-eustasy model suggests that variations in land-ocean wa-
ter exchange related to the imbalance of aquifer charge versus 
discharge may be a primary driver of million-year-scale sea-level 
oscillations under the early Cambrian warm climate. However, the 
aquifer eustasy model raises two complications: (1) the total water 
storage of aquifers should be sufficient to lead to tens to hundreds 
of meters sea-level changes and (2) the drivers responsible for a 
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Fig. 6. (A) The astronomically tuned time scale for GR series, Fe/Al series and biozones of the Qiongzhusi Formation. Tuning was accomplished by assigning the filtered 
∼14.9-m cycles of the Lower and Middle Members and 11.6-m cycles of the Upper Member of the GR series as well as 14.0-m cycles of the Fe/Al series to the 405-kyr 
eccentricity cycles, respectively. The tuned GR and Fe/Al series and corresponding filtered 405-kyr and ∼100-kyr cycles are shown (Gaussian filter, both passband: 0.00247 ±
0.0005 cycles/kyr and 0.01 ± 0.002 cycles/kyr, respectively). The base of the Cambrian Stage 3 is defined following the 521 Ma of the Geological Time Scale 2020 (Peng et al., 
2020). Absolute time scale with the base of the Lower Member anchored to a 526.2 ± 1.9 Ma age of a thin tuff from the base of the Qiongzhusi Fm. in the Maidiping section 
(Compston et al., 2008). (B, C) 2π MTM power spectrum of the 405-tuned GR (B) and Fe/Al series from 3480 to 3591 m (C) at Well A. The gray area represents uncertainty 
for the main obliquity period of 29.7 kyr in the early Cambrian that likely results from the bandwidth resolution limit in the spectrum analysis (i.e., the uncertainty of ±
Rayleigh frequency).
shift of net water balance between land and ocean are still hard to 
pinpoint. An estimated volume of 25 × 106 km3 for global ground-
water storage is generally equivalent to the estimated volume of 
24 × 106 km3 of ice currently on land and corresponds to a sea-
level differential of ±76 m or ±50 m after isostatic adjustment 
(Hay and Leslie, 1990). Because of the late Cenozoic uplift, which 
caused severe erosion and stripping of a large amount of young 
and highly porous sediments formed in Asia and North America 
during the earlier Cenozoic Period, the current global groundwa-
ter volume may represent the minimum potential through geologic 
history (Hay and Leslie, 1990).

The early Cambrian is considered a greenhouse climate com-
parable to the late Cretaceous and early Paleocene warm period 
according to estimated mean annual sea surface temperatures cal-
culated from δ18O values of pristine phosphatic microfossils (Hear-
ing et al., 2018). Because of lacking permanent polar ice sheets, the 
high-amplitude eustasy variations in the early Cambrian cannot be 
explained through the glacio-eustasy model. Although estimates of 
continental groundwater storage capacity in deep time are con-
troversial (Davies et al., 2020), Peters and Husson (2015) suggest 
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that the capacity during the early Cambrian may be equivalent to 
an over 330 ± 41 m difference in sea level. Accordingly, the to-
tal groundwater storage capacity in early Cambrian sediments may 
be sufficient to trigger the observed major global sea-level varia-
tions (>75 m) in the compilation of Phanerozoic sea-level change 
(Snedden and Liu, 2010).

Filtered ∼1.5 Myr cycles of both DYNOT and ρ1 are in an-
tiphase with ∼1.5 Myr obliquity modulation cycles of the tuned 
GR, probably further supporting a causal link between long-term 
Milankovitch cycles forcing and million-year scale sea-level change 
in the early Cambrian greenhouse (Fig. 8). The heat, moisture, 
and precipitation associated with meridional insolation gradients 
are expected to be significantly affected by obliquity cycle vari-
ations, as evidenced by a coupled ocean-atmosphere general cir-
culation model and Pleistocene benthic δ18O records (e.g., Huy-
bers and Wunsch, 2005; Raymo and Nisancioglu, 2003). Changes 
in poleward moisture and heat transport dominated by long-term 
obliquity modulation cycles could have a significant impact on net 
variations in groundwater reserves (i.e., the amount of water avail-
able in the oceans), eventually raising or lowering sea level during 
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Fig. 7. Evaluation of the sedimentation noise model for reconstructing sea-level changes. (A) The 405-kyr tuned GR series from Fig. 6. (B, C) DYNOT and ρ1 models of tuned 
GR series. (D) eCOCO sedimentation rate map from Fig. 5. (E) The untuned GR series of the whole Qiongzhusi Formation. (F) Regional sequences stratigraphy (Liu et al., 2018). 
(G) Lithological units of the Qiongzhusi Fm. of Well A. The DYNOT and ρ1 models were calculated using a running window of 400 kyr. Confidence levels were estimated 
using a Monte Carlo analysis with 5000 iterations.
warm periods (Li et al., 2018a, 2016; Wang et al., 2020; Wendler 
and Wendler, 2016). During ∼1.5 Myr obliquity modulation cy-
cles maxima under the early Cambrian greenhouse, an enhanced 
poleward flux of moisture and heat will lead to high precipitation 
rates in the middle and high latitudes. An increased amount of 
water that penetrates into the aquifer results in rising continen-
tal aquifers storage; thereby, less water is available to the oceans, 
leading to lower sea levels. In contrast, at times of nodes in the 
∼1.5 Myr obliquity modulation, a less poleward transfer of mois-
10
ture and heat could decrease precipitation falling on the high lati-
tudes continents. Subsequently, less water is held by the continent 
aquifers, and more water returns to the oceans through evapora-
tion and runoff, eventually raising the sea level.

Although the geochronology and patterns of rapid bio-evolu-
tionary events for the Cambrian bio-radiation are still disputed 
and poorly constrained, it is commonly considered that biolog-
ical innovation is likely promoted by atmospheric and oceanic 
oxygen level and modification of ocean environments (e.g., Chen 
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Fig. 8. Global sea level, obliquity cycles, major bioevents in the early Cambrian. (A, B) DYNOT and ρ1 results of the 405 kyr-tuned GR series from Fig. 7 as well as ∼1.5 Myr 
cycles filter-output (passband: 0.0006 ± 0.0002 cycles/kyr) from DYNOT (purple line) and ρ1 (orange line). (C) Observed O/T (blue line) and the filtered ∼1.5 Myr obliquity 
(black line) amplitude modulation cycles (passband: 0.0006 ± 0.0002 cycles/kyr) of the observed O/T models. (D) Major biological event during the “Cambrian explosion” 
(Peng et al., 2020); the appearance of small shelly fossils assemblages 3-5 is from Jin et al. (2016) and Steiner et al. (2007). (E) Global sea-level curve during the early 
Cambrian (after Snedden and Liu, 2010). Periodograms for the detrended median output by DYNOT (F) and ρ1 (G) models, and detrended obliquity variance/total variance 
(O/T) (H) of the 405 kyr-tuned GR series from the Qiongzhusi Formation.
et al., 2015; Dahl et al., 2019; Sperling et al., 2013; Wei et al., 
2018). Significantly, it appears that the occurrence of small shelly 
fossil assemblages 3-5 broadly coincides with ∼1.5 Myr modula-
tion maxima and the lower sea-level period (Fig. 8). The proba-
11
bly invigorated nutrient cycles and ocean circulation in shallow-
marine environments during the lower sea level may contribute 
to transient relatively high marine primary productivity and O2
production episodes, thereby perhaps facilitating animal diversi-
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fication (e.g., Kidder and Worsley, 2010, 2004; Wei et al., 2021). 
In fact, the overall temporal trends of intermittent biological re-
covery events after the end-Permian mass extinction roughly fit 
with the global sea level lower-stand and maxima in long-term 
obliquity cycles astronomical forcing (Hermann et al., 2012; Li et 
al., 2016). The mass extinction of small shelly fossils during the 
early Cambrian, by contrast, corresponds to an aquifer-eustatic 
transgression event driven by the ∼1.5 Myr obliquity variation 
minima (Fig. 8). This possibly suggests that the flooding of the 
shelves with H2S anoxic bottom water and relatively higher sea 
surfaces temperature at low latitudes may be a potential trig-
ger for the small shelly fossils biotic crisis. Similar mechanisms 
have also been considered to obstruct ecosystem restoration af-
ter the end-Permian biotic crisis (e.g., Kidder and Worsley, 2004; 
Knoll et al., 1996). These linkages between astronomically forced 
sea-level oscillations, environmental and climate change, and bi-
ological innovations during the early Cambrian greenhouse in-
crease our understanding of the complex mechanisms and patterns 
of the current rising global sea level, warmer climate, biological 
response.

5.4. Implications for the chaotic behavior of the solar system and 
evolution of the Earth-Moon system

According to the numerical theoretical model, the Solar System 
has been considered chaotic (Laskar, 1989); thereby, the orbital 
parameters beyond 50 million years ago are not predicted accu-
rately by astronomical solutions (Laskar et al., 2004). The chaotic 
motion of the Solar System is primarily governed by multiple sec-
ular resonances in the inner solar system, the critical component 
of which is the Earth-Mars secular resonance, characterized by the 
Myr-scale amplitude modulations (Laskar, 1990). These Myr-scale 
cycles associated with Earth-Mars secular resonance presently de-
fine a secular resonance of (s4 − s3) − 2(g4 − g3) = 0 (i.e., ∼2.4 
Myr eccentricity: ∼1.2 Myr obliquity) and even evolve to libration 
in a new resonance (s4 − s3) − (g4 − g3) = 0, i.e., ∼1.2 Myr eccen-
tricity: ∼1.2 Myr obliquity, where g3 and g4, as well as s3 and s4, 
are precession of the perihelion and the node of Earth and Mars, 
respectively (Laskar et al., 2004).

The s4 − s3 term and g4 − g3 term in the early Cambrian were 
extracted from the tuned GR series at Well A through evaluating 
the spectrum analysis of long eccentricity variance/total variance 
(E/T) and the amplitude modulation (AM) envelope curves of the 
405 kyr cycles, and obliquity variance/total variance (O/T), respec-
tively. The power spectrum of E/T reveals that the s4 − s3 term has 
a prominent periodicity of ∼1.50 Myr and subordinate periodici-
ties of ∼4.90 Myr, 2.25 Myr, and 1.08 Myr for the Stage 2 to Stage 
3 (Fig. 9E). The MTM power spectrum of the AM envelope curve of 
405 kyr cycles displays a prominent peak at ∼1.50 Myr and sub-
ordinate peaks at ∼5.99 Myr, ∼2.57 Myr and 1.15 Myr, matching 
well with those in the power spectrum of E/T (Fig. 9F). The power 
spectrum of O/T indicates that the g4 − g3 term has a prominent 
periodicity of ∼1.54 Myr and subordinate periodicities of 3.59 Myr 
and 2.07 Myr, and 1.03 Myr (Fig. 8H). The filtered ∼1.5 Myr cycles 
from both E/T series and AM envelope curve of 405 kyr cycles are 
in phase with filtered ∼1.54 Myr cycles of 405 kyr-tuned GR se-
ries (Fig. 9A, B, and C), further supporting long period amplitude 
modulations of eccentricity cycles with the periodicity of ∼1.50 
Myr cycles (i.e., s4 − s3 term) in the early Cambrian. The frequency 
modulation of eccentricity cycles associated with the Earth-Mars 
secular resonance has changed its periodicity throughout Earth his-
tory due to the chaotic nature of the Solar System, such as ∼2 Myr 
and ∼2.4 Myr cycles in the Cenozoic Era (e.g., Abels et al., 2010; 
De Vleeschouwer et al., 2017; Valero et al., 2014; van Dam et al., 
2006), ∼1.6 Myr cycle in the early Cretaceous (e.g., Huang et al., 
2010b), and ∼2.0 Myr and ∼1.8 Myr cycle in the late Jurassic (e.g., 
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Huang et al., 2010a; Ikeda and Tada, 2020), ∼1.8 Myr and ∼1.6 
Myr cycle in the late Triassic (e.g., Hüsing et al., 2011; Olsen, 2010, 
1986; Sha et al., 2015) and the middle Triassic (e.g., Ikeda et al., 
2010), 3.45 Myr cycle in the late Permian (Fang et al., 2015a; Wu 
et al., 2013a), ∼2.4 Myr, 1.6 Myr and 1.2 Myr cycle in the Carbonif-
erous (e.g., Wu et al., 2019), ∼2.4 Myr, 2.0-2.5 Myr cyclesin the 
early and late Devonian (Da Silva et al., 2016; De Vleeschouwer et 
al., 2013), and ∼1.9 Myr and ∼2.4 Myr cycle in the middle and 
late Ordovician (e.g., Fang et al., 2019; Lu et al., 2019; Zhong et al., 
2020, 2018). By comparison, s4 − s3 cycles are less often reported 
than g4 − g3 cycles. Previous studies revealed that the s4 − s3 cy-
cles have a periodicity of 1.0- and 1.2-Myr cycles in the Cenozoic 
Era (e.g., Boulila et al., 2011; Pälike et al., 2006; van Dam et al., 
2006), of 0.8-, 1.0-, 1.2- and 1.95-Myr cycles in the Mesozoic Era 
(e.g., Laurin et al., 2015; Li et al., 2016; Ma et al., 2019; Sha et al., 
2015; Wu et al., 2013b), and of 1.0-, 1.2- and 3.11-Myr cycles in 
the Paleozoic Era (e.g., Da Silva et al., 2016; Fang et al., 2015b; Wu 
et al., 2019, 2013a; Zhong et al., 2018).

Thus, the ∼1.54 Myr and ∼1.5 Myr cycles in the amplitude 
modulation of obliquity and long eccentricity signals in gamma-ray 
logs (GR) of the Qiongzhusi Formation probably suggest a new res-
onance state between Earth and Mars (i.e., (s4 − s3) −(g4 − g3) = 0; 
∼1.5 Myr eccentricity: ∼1.54 Myr obliquity) in the early Cambrian, 
as reported from the geological records in the late Carboniferous 
(Wu et al., 2019), the late Cretaceous (Ma et al., 2017) and the 
early Eocene (Westerhold et al., 2017). In addition, it should be 
noted that the frequency of these multi-Myr cycles in the geologi-
cal record might be modulated by factors other than astronomical 
forcing, such as tectonic, volcanic processes, and non-linear re-
sponses within the Earth surface system, which may reduce the 
precision of the Myr-scale cycles extracted from the geological 
record. Thus, multiple independent studies of multi-Myr cycles in 
geologic records will be recommended to verify these results fur-
ther. Collectively, our geologic evidence for these amplitude mod-
ulation cycles in the early Cambrian provides a fundamental limit 
to the possible chaotic behavior of the Solar System in deep time, 
especially Earth-Mars secular resonance.

An obliquity period of 29.6 ± 0.7 kyr at ∼524 Ma is observed 
from the MTM power spectrum of tuned Fe/Al series (Fig. 6C), 
where the uncertainty derives from the ± Rayleigh frequency of 
each spectrum peak induced by the bandwidth resolution limit 
(Thomson, 2011). This new estimate for the early Cambrian main 
obliquity period matches well with 31.4 ± 1.2 kyr at ∼493 Ma 
(Sørensen et al., 2020) and 30.7 ± 0.7 kyr at ∼500 Ma (Fang et 
al., 2020) and 32.3 ± 4.2 kyr at 524 Ma predicted by Waltham’s 
model (Waltham, 2015). According to the k + s3 approach (see 
Section 3.5.1), we calculate a precession constant k of 62.65 ±
1.04 arcsec/yr in the early Cambrian (∼524 Ma) using the Eq. (1) 
(See SI) and the obtained obliquity period of 29.6 ± 0.7 kyr. Then 
inputting the k value into Eq. (2), (3), (4) and (5) (See SI), we cal-
culate an Earth-Moon distance of 368,200 ± 1,300 km and a day 
length of 21.29 ± 0.19 hr in the Early Cambrian (∼524 Ma).

Moreover, the Bayesian inversion approach (i.e., TimeOptMCMC) 
proposed by Meyers and Malinverno (2018) was employed to pro-
vide independent validation for reconstructing the history of Earth-
Moon system characteristics. We have focused our analysis on the 
Qiongzhusi Fe/Al data between 3480 and 3520 m due to the high 
fidelity of the astronomical signal (Fig. S5 in SI). The TimeOptM-
CMC analysis results indicate a precession constant of 59.94 ±
0.25 arcsec/y (2σ ; Fig. 10 and Fig. S7 in SI), an early Cambrian 
Earth-Moon distance of 371,650 ± 350 km and length of day of 
21.80 ± 0.05 h (Fig. 10A, B).

According to the two independent astrochronologic approaches 
(i.e., k + s3 and Bayesian inversion approaches; see Section 3.5), we 
obtain two different estimated values for the early Cambrian pre-
cession constant k, Earth-Moon distance, and day length. However, 
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Fig. 9. A comparison of amplitude modulations expressed in the Qiongzhusi Formation long eccentricity signals. (A) the filtered ∼1.54-Myr cycles (blue line) and 405-kyr 
cycles (black line) were directly extracted from the 405-kyr tuned GR series (passband: 0.00065 ± 0.0002 cycles/kyr). (B) Long eccentricity/total power (green line) and 
filtered ∼1.5 Myr cycles (purple line) in the amplitude modulation of eccentricity signals (passband: 0.000675 ± 0.000225 cycles/kyr). (C) The amplitude modulation (red 
dash line) of the 405-kyr eccentricity cycle (black line) obtained by the Hilbert transform of the bandpass-filtered long eccentricity signal (passband: 0.00275 ± 0.00075
cycles/kyr) and the orange line represents the filtered ∼1.5 Myr cycles in the amplitude modulation of eccentricity signals (passband: 0.000625 ± 0.000225 cycles/kyr). (D) 
Obliquity /total power (black line) and filtered ∼1.5 Myr cycles (dark red line) in the amplitude modulation of obliquity signals from in Fig. 8C. (E, F) Periodograms of the 
amplitude modulation series in B and C. The approximately 1.5-Myr and 1.5-Myr cycles extracted from the long eccentricity and obliquity amplitude modulation are labeled 
with dashed arcs. Yellow boxes indicate locations when both long eccentricity assessments (A, B and C) show consistently high values. Green boxes indicate high values 
locations in obliquity amplitude modulation.
our new calculations are comparable with Earth-Moon distance of 
371,000 ± 7,200 km and day length of 21.2 ± 0.94 hr at 524 Ma 
predicted by Waltham’s model (Waltham, 2015; Fig. 10). These re-
sults reconstructed by k + s3 and TimeOptMCMC approaches from 
the early Cambrian Qiongzhusi Formation are consistent with a 
continuous increase of tidal dissipation rate with time predicted 
by ocean models (Fig. 10C, Bills and Ray, 1999; Waltham, 2015). 
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Thus, the lunar recession appears to be slower beyond 250 Ma ago 
but was roughly consistent with the present rate in the past 250 
Myr (Fig. 10C, Bills and Ray, 1999; Laskar et al., 2004; Sørensen 
et al., 2020; Waltham, 2015). These empirical constraints on the 
evolution of the Earth-Moon system in the early Paleozoic enhance 
our knowledge of the chaotic dynamics of the solar system in deep 
time.
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Fig. 10. TimeOptMCMC and k + s3 methods reconstructed precession constant k, 
the Earth’s length of day (LOD) (A) and Earth-Moon distance (B) based on the 
Qiongzhusi Fm. Fe/Al records in the early Cambrian, compared with the Waltham’s 
model (2015) theoretical model, and the blue line is calculated using geodynamic 
equations in the SI (C). Evolution of the Earth-Moon distance and observed em-
pirical constraints from geological records in the past 1500 Myr (modified from 
Sørensen et al., 2020). The Earth-Moon distance in the early Cambrian is calcu-
lated according to TimeOptMCMC (green dot) and k + s3 (red dot) methods. The 
predicted current tidal dissipation rate (dark blue line) and the ‘Ocean model’ (or-
ange line) from Waltham’s model (2015) (see equations in the SI). The tabulated 
details and sources are summarized in the supplementary information (Table S3).

6. Conclusions

Four key findings have resulted from our cyclostratigraphic 
study of the Lower Cambrian Qiongzhusi Formation in South 
China:

We provide a ∼10.8 Myr-long high-resolution astronomical 
time scale across Stage 2-Stage 3 by the astronomical tuning 
of gamma-ray logs and Fe/Al series to the stable 405-kyr long-
eccentricity cycles. Our high-resolution astronomical time scale 
suggests a total duration of 6.09 ± 0.20 Myr for the poorly fos-
siliferous Zone and the Sinosachites flabelliformis-Tannuolina zhang-
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wentangi Assemblage Zone and a duration of 4.70 ± 0.20 Myr 
for the Pelagiella subangulata Taxon Range Zone. The base of the 
Qiongzhusian Stage, defined by the earliest occurrence trilobites 
Parabadiella huoi (Biozone VII) in South China, is astrochronologi-
cally constrained at 520.11 ± 1.91 Ma, confirming that the earliest 
occurrence of trilobite in China is younger in age than those in 
Siberia and Laurentia.

(2) The sedimentary noise modeling of the 405-tuned GR se-
ries reveals sea-level changes in the early Cambrian greenhouse. 
The inferred sea-level curves are supported by the geological evi-
dence of sequence stratigraphic interpretations, lithofacies stacking 
patterns, and the contemporaneously global sea-level change. Fur-
thermore, intervals that sedimentation rate signals distort in the 
eCOCO results fit broadly with the enhanced sedimentary noise 
record and sequence stratigraphic boundaries.

(3) The Myr-scale eustasy in the early Cambrian greenhouse 
periods may be linked to land-ocean water exchange dominated 
by changes in poleward moisture and heat transport that are gov-
erned by ∼1.5 Myr obliquity modulation cycles.

(4) This new modulation pattern (∼1.5 Myr eccentricity: ∼1.5 
Myr obliquity) in the early Cambrian Stage 2-Stage 3, related to 
Earth-Mars secular resonance, could represent geological evidence 
for possible chaotic behavior of the Solar System in deep time. Ap-
plication of two independent astrochronologic approaches to the 
Qiongzhusi Fm. Fe/Al series provides robust estimated values for 
the precession constant k, Earth-Moon distance, and a day length 
in the early Cambrian.
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