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ARTICLE INFO ABSTRACT

Editor: Maoyan Zhu According to modern atmospheric circulation models, the Intertropical Convergence Zone (ITCZ), as the Earth’s

meteorological equator, plays an essential role in the low-latitude hydrologic cycles. The limited availability of

Keywords: high-resolution tropical climate archives, especially from the Early Paleozoic Era, severely limits our under-
Igadl§¥ cell standing of ITCZ migration dynamics in deep time. Here we present high-resolution climate-proxy records (i.e.,
ambrian

magnetic susceptibility (MS) and Zirconium/Aluminum (Zr/Al)) from tropical marine sediments of the ~526-
million-year-old Qiongzhusi Formation in South China to investigate the link between orbitally forced insolation
changes, ITCZ migration dynamics, and low-latitude climate processes. These orbital-scale variations in MS and
Zr/Al series are interpreted as alternations between wet and dry cycles, controlled by monsoon intensity under
the orbitally forced ITCZ-related paleo-Hadley Cell dynamics. Our results show that combined precession and
obliquity orbital cycles had an impact on the Early Cambrian ITCZ migration. Specifically, the precession and
obliquity forcing shift the mean position of the ITCZ latitudinally by changing the interhemispheric pressure
contrasts, thus affecting the low latitude hydroclimate cycle. We report semi-precession cycles of 8.3-7.9 kyr,
which were probably associated with the twice-annual passage of the ITCZ across the intertropical zone,
consistent with the paleogeographical location of South China near the equator during the Early Cambrian.
Observed ~1.1 — ~1.5 Myr eccentricity amplitude modulation (AM) cycles and ~ 1.0 — ~1.2 Myr obliquity AM
cycles may provide geological evidence for the chaotic motion between Earth and Mars in the Early Cambrian.

Astronomical climate forcing
Milankovitch cycles
Semi-precession

Chaotic solar system

1. Introduction These cells lead to dry air at around 25-30° latitude north and south, and

they bring abundant rainfall to the region beneath the ascending flow

The intertropical convergence zone (ITCZ), known as the maximum
region in annual average precipitation near the equator, can signifi-
cantly influence the low latitude hydrological cycle (Broccoli et al.,
20065 Schneider et al., 2014; Chiang and Friedman, 2012). Hadley Cells
are one of the three critical cells that contribute to modern global at-
mospheric circulation. They are formed mainly by the ascending flow
with moisture-laden air from ITCZ and descending subtropical flow.

and drought to the region beneath the descending flow (Hofmann and
Wagner, 2011; Liu et al., 2015; Wagner et al., 2013; Wang, 2021).
Hadley Cell circulation plays a crucial role in climate variations in low
latitudes by affecting the monsoonal systems, trade winds, and other
oceanic processes (e.g., Hofmann and Wagner, 2011; Mamalakis et al.,
2021; Schneider et al., 2014). The geographic distribution of monsoonal
precipitation and trade wind intensity shifts regularly with the
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migration of the position of the ITCZ in response to seasonal and
longer-term variations in solar insolation (e.g., Broccoli et al., 2006;
Chiang, 2009; Schneider et al., 2014; Sloan and Huber, 2001). These
changes in Hadley Cell dynamics ultimately translate into climate pat-
terns and oceanic circulation alterations at low latitudes (Broccoli et al.,
2006; Chiang, 2009; Schneider et al., 2014; Sloan and Huber, 2001). A
small migration of the ITCZ position can lead to dramatic changes in
rainfall patterns and even to extreme weather events such as floods,
droughts and tropical cyclones (Cai et al., 2012). For example, persistent
droughts resulting from changes in the position of the ITCZ are thought
to have been responsible for the collapse of the Mayan civilization and
several Chinese Dynasties (Haug et al., 2001; Yancheva et al., 2007).
Generally, the ITCZ position migrates towards the warming hemisphere
(e.g., Broccoli et al., 2006; Schneider et al., 2014), as evidenced by a
southward migration of boreal-summer ITCZ due to Northern Hemi-
sphere summers cooling from the Holocene thermal maximum at ca. 8
kyr ago until the onset of the Little Ice Age at ca. 0.5 kyr ago (e.g., Haug
et al., 2001; Koutavas et al., 2006; Peterson et al., 2000).

Orbitally paced quasi-periodic changes in insolation on Earth’s sur-
face, known as Milankovitch cycles, exert significant control on Earth’s
climate via its influence on the total amount and spatial distribution of
the solar irradiance and migration of the atmospheric circulation cells
(Berger et al., 1992; Hinnov, 2013; Milankovitch, 1941). Through the
Mesozoic and Cenozoic and even in Precambrian times, lines of evidence
from past paleoclimate archives suggest that orbitally-forced solar
insolation changes would lead to a northward/southward migration of
the ITCZ, thus affecting low-latitude climate processes significantly (e.
g., Armstrong et al., 2016; Chu et al., 2020; Clement et al., 2004; De
Vleeschouwer et al., 2012; Hofmann and Wagner, 2011; Liu et al., 2015;
Schneider et al., 2014; Sloan and Huber, 2001; Wang et al., 2004, 2008;
Winguth and Winguth, 2013; Zhang et al., 2019, Zhang et al., 2015).
Ultimately, these climate changes at low latitudes are recorded into the
sediments mainly through regional or local hydrological cycle variations
and weathering intensity changes (e.g., Ao et al., 2020; Beckmann et al.,
2005; Huang et al., 2020; Liu et al., 2015; Wang et al., 2021). However,
high-quality paleoclimate records from equatorial regions in the Early
Paleozoic are rare, hindering our understanding of the ITCZ migration
dynamics and climate responses in the tropical latitude regions.

According to theoretical models, the motion of the Solar System is
chaotic, which results in high uncertainty of numerical solutions beyond
50 million years ago (Laskar, 1990; Laskar, 1989; Laskar et al., 2011b).
The Earth’s chaotic motion is mainly affected by the Earth-Mars secular
resonance and changes in the dynamic ellipticity and tidal dissipation of
the Earth-Moon system (Berger et al., 1992; Laskar, 1990; Laskar et al.,
2004). The gravitational interaction between Earth and Mars produces
Myr-scale long-period modulations in Earth’s orbital parameters,
currently manifested by a ~2.4 Myr amplitude modulation (AM) of the
eccentricity cycles and ~1.2 Myr AM cycle of obliquity (Laskar et al.,
2004). These Myr-scale cycles are primarily governed by the gs4-g3 (i.e.,
~2.4 Myr) and s4-s3 (~1.2 Myr) of the fundamental frequencies of the
Solar System (Laskar et al., 2011a; Laskar et al., 2004). The present
libration state of (g4-g3)-2(s4-s3) =0 (i.e., ~2.4 Myr eccentricity: ~1.2
Myr obliquity) associated with Earth-Mars secular resonance could
change throughout time and evolve to libration in a new resonance (g4-
g3)-2(s4-s3) =0 (i.e., ~1.2 Myr eccentricity: ~1.2 Myr obliquity) where
gs and g4 terms, as well as s3 and s4 terms, are related to the precession of
the perihelion and the node of Earth and Mars, respectively. However,
the chaotic behavior of the Solar system remains poorly constrained in
Paleozoic Era.

Here, high-resolution multi-proxy paleoclimate records from tropical
marine sediments of the Early Cambrian Qiongzhusi Formation in the
Dongxihe section of South China offer a rare glimpse into the past low-
latitude climate processes related to the ITCZ position and its relation-
ship with external climate forcing (i.e., orbital timescale insolation
variations). Moreover, stratigraphic records from the Qiongzhusi For-
mation provide an opportunity to constrain the chaotic behavior of the
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Solar system. In this respect, the four main objectives of the present
study are: (1) to provide high-resolution astrochronology for the
Qiongzhusi Formation, (2) to investigate the underlying link between
orbitally induced insolation changes, the ITCZ migration dynamics, and
low-latitude climate response, (3) to identify sub-Milankovitch cycles in
deep time and the modulation of millennial-scale tropic climate change,
(4) to recover the chaotic behavior of the Solar System in the Early
Cambrian.

2. Geological setting
2.1. Paleogeography and section locations

The South China Block was located between ca. 5-20° N latitude
during the Early Cambrian (Fig. 1A; Yang et al., 2015) and comprised
the Yangtze and Cathaysia blocks (Fig. 1B; Li et al., 2008). The Yangtze
Block consisted of an Archean-Paleoproterozoic crystalline basement
and a sedimentary cover (Dong et al., 2011). The Yangtze Block expe-
rienced a gradual transition from a rift basin to a passive continental
margin basin with the assembly of the Gondwana continent in the latest
Neoproterozoic-early Paleozoic (Wang and Li, 2003). Four broad sedi-
mentary facies belts dominate the Ediacaran-Early Cambrian Yangtze
Block, comprising shallow-water shelf, intraplatform basin, 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;
Steiner et al., 2007; Yeasmin et al., 2017; Zhu et al., 2007). The lower
Cambrian successions of the Upper Yangtze Block consist of the Maid-
iping Formation and the overlying Qiongzhusi Formation, in ascending
order (Jin et al., 2016).

The studied Dongxihe section (32°38'30.36”N, N105°45'23.57"E) is
located on the northeast margin of the Upper Yangtze intraplatform
basin, ~5 km north of Yangmu town, Guangyuan City, Sichuan Province
in Southwest China (Fig. 1B). The 65.04-m-thick exposure contains the
Lower Cambrian Qiongzhusi Formation strata, predominantly deposited
varying between a shallow shelf and deep-water shelf environment with
the sea level rising and falling (Fig. 2). The Qiongzhusi Formation of the
Dongxihe section is characterized by chert, shale and argillaceous silt-
stone shale in the Lower Member and alternating carbonaceous shale
and cherty shale in the Middle Member (Fig. 2).

2.2. Stratigraphy of the Dongxihe section

Biostratigraphy of the Qiongzhusi Formation on the Yangtze Block
has been well studied, for example, in the Meishucun section, Yunnan
Province, and in the Maidiping section, Sichuan Province (e.g., Comp-
ston et al., 2008; Steiner et al., 2007; Zhu et al., 2019). Five assemblage
zones have been reported for the Qiongzhusi Formation, including the
poorly fossiliferous Interzone (Biozone 1V), Sinosachites flabelliformis-
Tannuolina zhangwentangi Assemblage Zone (Biozone V), Pelagiella sub-
triangulata Taxon Range Zone (BiozoneVI), Parabadiella huio Zone
(Biozone VII) and Wutanaspis-Eoredlichia Interval Zone (Bizones VII)
(Fig. 2; Compston et al., 2008; Steiner et al., 2007; Zhu et al., 2019).
Approximate age constraints of the Qiongzhusi Formation in the
Dongxihe section are provided by regional correlation along the Yangtze
Block based on the previous lithostratigraphy, biostratigraphy and
radiometric data. The poorly fossiliferous Interzone (Biozone IV), Sino-
sachites flabelliformis-Tannuolina zhangwentangi Assemblage Zone (Bio-
zone V) recognized in the Lower and Middle Member of the Qiongzhusi
Formation indicate a middle-late Xiaotanian Stage age (Fig. 2; Compston
et al., 2008). The Wutanaspis-Eoredlichia Interval Zone (Bizones VII) in
the Qiongzhusi Formation Upper Member belongs to an early-middle
Qiongzhusian Stage age (Fig. 2; Compston et al., 2008; Steiner et al.,
2007; Zhu et al., 2019). A SHRIMP U—Pb zircon age of 526.2 + 1.9 Ma
has been determined for a thin tuff from the base of the Qiongzhusi
Formation in the Maidiping section of Leshan City Sichuan Province
(Compston et al., 2008), consistent with a U—Pb zircon age of 526.5 +
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Fig. 1. (A) Global paleogeographic map in the Cambrian Age 3 (base map modified from Yang et al., 2015). Pink area: South China. Red star: Dongxihe section. (B)
Paleogeographic map of South China in the Early Cambrian (Mou et al., 2012). Triangles: sections discussed in this study. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

1.1 Ma for the bentonite from the base of the black shale succession at
Meishucun, Yunnan Province (Fig. 2). The investigated successions at
Dongxihe section covered the entire Lower Member and some of the
Middle Member of Qiongzhusi Formation, corresponding to an
approximate Stage 2 age (Fig. 2).

3. Materials and methods

3.1. Paleoclimate proxies

Geochemical data were measured at ca. 8-cm sampling intervals
using portable X-ray Fluorescence spectroscopy (XRF: Thermo Scienti-
fic™ Niton™ XL3t Handheld XRF Analyzer) at the fresh rock surface
along the studied section. A total of 814 geochemical data points were
collected in the ‘Geochemistry” mode of the instrument (50 kV beam
energies). Individual analysis times were 60 s, consistent with recom-
mendations for optimizing analysis times (e.g., Liu et al., 2021; Saker-
Clark et al,, 2019). In addition, cyclostratigraphic results of pXRF
analysis are consistent with these conventional chemical methods,
suggesting that robust cyclostratigraphy can be constructed using the
portable X-ray instrument (Saker-Clark et al., 2019).

The geochemical components of marine sediment depend primarily
on the supply of materials via physical erosion and chemical weathering
(Jin et al., 2020, 2006). Thus, elemental variation in sedimentary rocks
has been used to track climate Jin et al., 2006during deposition (Calvert
and Pedersen, 2007). XRF analysis of sedimentary rock has been widely
employed for analysis and interpretation in cyclostratigraphy (e.g., Da
Silva et al., 2019; Liu et al., 2021; Ruhl et al., 2016; Saker-Clark et al.,
2019; Sinnesael et al., 2018). Aluminum (Al) is confined to the clay
mineral fraction, whereas Zirconium (Zr) is concentrated in the heavy
mineral zircon (i.e., ZrSiO4) (e.g., Fitzpatrick and Chittleborough, 2018;
Taylor and McLennan, 1985; Zabel et al., 2001). Accordingly, high Zr/Al
ratios might reflect preferential transport of heavy minerals during times
of arid conditions and strong winds (e.g., Hofmann and Wagner, 2011;
Rea et al., 1998; Zhang et al., 2015).

Magnetic susceptibility (MS) can indirectly characterize the con-
centrations and composition of magnetic minerals in sedimentary rock
(Kodama and Hinnov, 2014). The MS value of marine sediments is
affected by the terrigenous detrital mineral influx associated with the
intensity of terrestrial weathering (e.g., Bloemendal and DeMenocal,
1989; Da Silva et al., 2013; Kodama and Hinnov, 2014) and diagenesis
(e.g., Da Silva et al., 2013; Riquier et al., 2010). There is a linear cor-
relation between MS and Al concentration as a proxy for the clay mineral

fraction (R? = 0.63; Fig. S1), indicating that MS values of the Dongxihe
section are mainly determined by climate changes and are not signifi-
cantly altered by diagenesis. MS variations of sedimentary rocks have
been used as a proxy for detecting astronomically forced climate cycles
(e.g., Ellwood et al., 2013; Hinnov, 2013; Li et al., 2019b; Omar et al.,
2021; Wu et al., 2013a, 2013b). MS was measured at an average reso-
lution of 2.0 cm using a handheld SM-30 MS instrument (ZH Instruments
Ltd., Czech Republic) at the fresh rock surface along the Dongxihe sec-
tion. The susceptibility sensitivity of SM-30is 1 x 10~ SI unit. A total of
3253 MS data points were measured along the Dongxihe section.

3.2. Time series analysis methods

The recognition and interpretation of potential astronomical-climate
signals in the MS and Zr/Al records along the studied successions have
been carried out following procedures in Li et al. (2019b): (1) all proxies
(MS and Zr/Al records) were nonlinearly detrended by subtracting a
35% weighted average (Cleveland, 1979) to remove the long-term trend.
(2) Evolutionary fast Fourier transform (eFFT) with a 10-m sliding
window is utilized to inspect variable cycles and detection of variable
changing accumulation rates (Fig. S2; Kodama and Hinnov, 2014). (3)
Multi-taper method (MTM) power spectra of the detrended climate
proxies were analyzed for the dominant frequency peaks against robust
first-order autoregressive “AR(1)” red noise models (Mann and Lees,
1996). (4) The correlation coefficient (COCO) method evaluates the
correlation coefficients between the power spectrum of the astronomical
solution and that of the time-calibrated paleoclimate proxy series by
testing a range of sediment accumulation rates (SAR) (Li et al., 2018).
The SAR with the highest COCO probably and lowest null hypothesis
(Hp, no orbital forcing) significance level represents the optimal SAR.
Variable sediment accumulation rates through studied succession were
tracked by the evolutionary correlation coefficient (eCOCO) method
with a 10-m sliding window (Li et al., 2018). The optimal accumulation
rate estimated by COCO (i.e., correlation coefficient) and eCOCO
(evolutionary correlation coefficient) methods could test the veracity of
our astronomical interpretation. (5) Gaussian bandpass filtering was
utilized to isolate the signals of the Milankovitch components from the
paleoclimate series in both the stratigraphic domain and time domain.
(6) Floating astronomical timescale is constructed by tuning the long
eccentricity-related sedimentary wavelengths to the 405 kyr cycles. All
analysis steps were carried out using Acycle v2.4.1 software (Li et al.,
2019a).
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Fig. 2. Stratigraphic correlation of the Lower Cambrian successions in South China constrained by chronostratigraphy, biostratigraphy, and lithostratigraphy. The
litho-stratigraphy, radiometric dates and bed numbers are based on Brasier et al. (1990), Compston et al. (2008) and Yang et al. (2018); bio-zones are from Brasier
et al. (1990), Compston et al. (2008) and Steiner et al. (2007). Dashed black lines represent time equivalent horizons based on lithostratigraphy and biostratigraphy.
Ashs beds are marked by red bars. Biozone III: Watsonella crosbyi Assemblage Zone, Biozone IV: Poorly fossiliferous interzone, Biozone V: Sinosachites flabelliformis-
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references to colour in this figure legend, the reader is referred to the web version of this article.)

4. Results
4.1. Paleoclimate proxies

In the Dongxihe section, MS and Zr/Al values vary between 0.0092
x 1073 ST and 0.1241 x 103 ST and from 0.14 x 10 3 t0 13.50 x 1073,
respectively. Through the studied section, variations in the MS and Zr/Al
series are broadly correlated with lithologic trends (Fig. 3). In the
Qiongzhusi Lower Member, high MS and low Zr/Al values are typically
associated with shale and chert clay-rich sediments, whereas lower MS
and high Zr/Al values correspond to coarser-grained silty shale, cherty
siltstone and siltstone (Fig. 3). However, in the Qiongzhusi Middle
Member, high MS and low Zr/Al values generally correspond to chert,
whereas low MS and high Zr/Al values are typically associated with
cherty shale (Fig. 3). This discrepancy was probably attributed to

sedimentary facies change due to a relatively higher sea level during the
deposition of Qiongzhusi Middle Member (Jin et al., 2016; Zhu et al.,
2003).

4.2. Time series analysis

Spectral analysis of the untuned MS series displays significant peaks
(>95% confidence level) at wavelengths of 5.91 m, 1.64 m, 0.43-0.40
m, and 0.30-0.24 m, respectively (Fig. 4A and C). The Zr/Al series show
obvious cycles with wavelengths at 5.81 m, 1.37 m, 0.52-0.44 m, and
0.30-0.25 m, respectively (Fig. 4B and D). The ratios between these
cycles are broadly consistent with those between the expected Milan-
kovitch periods of the Early Cambrian long eccentricity (405 kyr), short
eccentricity (~95 and ~ 130 kyr), obliquity (~32.3 kyr) and precession
(~18 kyr) in the Waltham’m model (~523.5 Ma; Waltham, 2015).
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Fig. 3. Variations in paleoclimate proxies of the Early
Cambrian Qiongzhusi Formation at Dongxihe section.
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The biostratigraphic and radiometric framework of the Dongxihe
section can provide a broad duration of slightly <5.2 Myr for the 65.04-
m thickness studied successions (Fig. 2; ~526.2 + 1.9 Ma to ~521 Ma),
yielding a mean sedimentation rate of slightly more than ~1.25 cm/kyr.
The COCO and eCOCO analysis with 2000 Monte Carlo simulations were
performed on tested sedimentation rates ranging from O to 4 cm/kyr to
reveal the optimal sedimentation rate for the studied interval (Fig. 5).
The COCO and eCOCO sedimentation rate maps of the MS and Zr/Al
series reveal an average sedimentation rate of 1.2-1.9 cm/kyr, with a
null hypothesis of no orbital forcing at a 99.9% confidence (Fig. 5 and
Fig. S3). Taken together, we consider that the optimal mean sedimen-
tation rate of the Qiongzhusi Fm of the Dongxihe section ranges between
1.2 and 1.9 cm/kyr. Based on the estimated average sedimentation rates
of 1.2-1.9 cm/kyr, the ca. 6 m (5.91-m to 5.81-m) cycles probably
represent the 405-kyr long eccentricity cycles. With this assumption,
1.64-m to 1.37-m cycles, 0.52-m to 0.40-m, and 0.30-m to 0.24-m cycles
would represent ~100 kyr short eccentricity, ~32 kyr obliquity, and ~
18 kyr precession cycles, respectively.

These ca. 6 m wavelengths in the MS and Zr/Al series are isolated
using the Gaussian bandpass filtering (Fig. 4) and were attributed to the
405-kyr long-eccentricity cycles resulting in a ~ 5.0 Myr long floating
astronomical time scale for the Qiongzhusi Formation at Dongxihe
(Fig. 6 and Table S1). The MTM power spectra of the 405 kyr-tuned MS
and Zr/Al series show significant peaks with periods of 924-963 kyr,
405 kyr, 130-90 kyr, 35.7-29.0 kyr and 19.4-16.7 kyr, all with confi-
dence levels above 95%, while 128 kyr, 99 kyr, 20.5 kyr and 19.7 kyr are
weakly expressed (Fig. 7). These periodicities are broadly consistent
with the expected periods of Cambrian obliquity (~32.3 kyr) and pre-
cession (~18 kyr) in the Waltham’m model (~523.5 Ma, Waltham,
2015).

5. Discussion

5.1. The astronomical time scale for the early Cambrian Qiongzhusi
Formation

The two obtained floating astronomical time scales (ATS) yield a
duration of the studied interval in the Dongxihe section ranging from
4.99 Myr (MS) to 5.00 Myr (Zr/Al). These floating astrochronologies are

in good agreement with each other and result in an average duration of
5.0 Myr for the studied succession. The absolute astronomical time was
constructed by anchoring the floating ATS derived from the MS series to
the base age of the Qiongzhusi Formation to 526.2 + 1.9 Ma (Compston
et al., 2008).

Our age model has at least two major sources of uncertainty: (1)
uncertainty of 1.90 Ma (10) from the SHRIMP U—Pb dating for the tuff
at the base Qiongzhusi Formation, and (2) the uncertainty of 0.2 Myr
derived from floating ATS. An uncertainty of our floating astrochro-
nology without astronomical solutions is estimated to be ~0.2 Myr (half
of a long eccentricity period), which is derived from the 405 kyr band
pass filtering uncertainty considering unsteady sedimentation rates and
non-linear climate response to eccentricity forcing (e.g., Sinnesael et al.,
2019). Thus, we follow previous studies (e.g., Da Silva et al., 2020) and
consider the two sources of uncertainty resulting in total uncertainty of
1.91 Myr (obtained from 1/1.902 + 0.22, where 1.90 Myr represents the
uncertainty of the SHRIMP radio-isotopic dating and 0.2 Myr is the
uncertainty of floating ATS) for our absolute ATS. Besides, sedimen-
tology and the shifting phase of proxies relative to orbital changes may
also be potential sources of uncertainty (e.g., Sinnesael et al., 2019), but
straightforward quantification of these uncertainties is challenging. A
more conservative estimate of the dating error is to add up both un-
certainties, thus 2.1 Myr. Future precise ages (e.g., CA-ID-TIMS U—Pb
ages) should be used to update this calculation. The studied interval is
probably deposited from 526.2 + 1.91 Ma to 521.23 + 1.91 Ma (Fig. 6),
indicating that the investigated succession falls into Cambrian Age 2,
consistent with those derived from biostratigraphy and radiometric
dating (Compston et al., 2008; Steiner et al., 2007; Zhu et al., 2019).
Consequently, the base age of the Middle Member is constrained at
524.16 + 1.94 Ma (Fig. 6), consistent with astrochronological con-
straints reported by Zhang et al. (2022). The sedimentation rate curves
derived from recognized 405-kyr cycles in the MS and Zr/Al series are
partly relying on the objective sedimentation rate map of eCOCO anal-
ysis (Fig. 5D), supporting our cyclostratigraphic interpretation.

5.2. Astronomically forced ITCZ migration dynamics

The paleogeographic location of the Dongxihe record was considered
close to the northern tropics between ca. 5°N and 20°N latitude during
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the Early Cambrian Age 2-Age 3 (Fig. 1; Yang et al., 2015). According to
the understanding of the present atmospheric circulation model, this
paleogeographic location probably exposed the Qiongzhusi Formation
directly to the ITCZ-related paleo-Hadley Cell dynamics (e.g., Hofmann
and Wagner, 2011; Mamalakis et al., 2021; Wagner et al., 2013). The
MTM power spectra of the 405-kyr tuned MS and Zr/Al series display
significant 405 kyr long eccentricity, ~130-90 kyr short eccentricity,
~29 kyr obliquity and ~ 18 kyr precession cycles (Fig. 7), suggesting a
strong correlation between periodic variations in the MS and Zr/Al se-
ries and the orbital-paced solar insolation variations. Thus, quasi-
periodic fluctuations in the MS and Zr/Al series could be interpreted
as alternations between wet and dry cycles, resulting from changes in
monsoon intensity and trade wind pattern under the ITCZ-related paleo-
Hadley Cell dynamics induced by orbital-forced insolation variations.
The modern Indian Ocean and Western Pacific warm pool with
maximal solar heating and sea surface temperature provides the most
intensive latent heat and moisture from the ocean to the atmosphere and
witness the largest ITCZ displacement in the annual cycle (e.g., Pierre-
humbert, 2000; Wang et al., 2014). Currently, the ITCZ shifts between
9°N in boreal summer and 2°N in boreal winter over the central Atlantic
and Pacific oceans. The ITCZ migrates more sharply over the Indian
Ocean and adjacent land surface between a mean latitude of 20°N in the

Northern Hemisphere summer and 8°S in the Northern Hemisphere
winter, contributing to the seasonal rainfall variability of the South
Asian monsoon (Gadgil, 2003). The approximate location of the Early
Cambrian ITCZ is schematically illustrated by analogy with the present
global atmospheric climate model (Fig. 8A). During the Northern
Hemispheric summer, a strong South China low-pressure cell could
occur due to local land-ocean thermal contrasts and thus drive the ITCZ
across the South China block. Therefore, the Dongxihe region could
suffer from intense convective clouds and intensified monsoon precipi-
tation under such a configuration (e.g., Liu et al., 2015; Philander et al.,
1996; Waliser and Gautier, 1993). In the Northern Hemispheric winter,
the ITCZ is likely located in the Southern Hemisphere tropics due to the
relatively warming southern hemisphere. This could leave the South
China block far away from the rain belt of the ITCZ and under the
enhanced influence of the dry northeasterly trade winds. The Cariaco
basin, located in Venezuela with a paleolatitude of ca. 10° N, provides
clear evidence for a similar mechanism that drives the seasonal migra-
tion of the ITCZ (Haug et al., 2001; Peterson et al., 2000). The ITCZ is
overhead on the Cariaco basin during the summer, the monsoon rainfall
is maximum, and trade winds are weak. As the ITCZ moved southwards
in winter, the trade winds intensified, and the hydrological cycle in the
Cariaco basin weakened.
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We note that, on the eccentricity scale, periods of eccentricity max-
ima are primarily characterized by intervals with higher MS and lower
Zr/Al values, which likely indicates relatively wetter conditions in
summers (e.g., Zhang et al., 2022; Fig. 6). In contrast, periods of ec-
centricity minimum are mainly associated with intervals of lower MS
and higher Zr/Al values (e.g., Zhang et al., 2022; Fig. 6), suggesting
relatively dry conditions. Generally, the direct effect of eccentricity on
solar insolation is negligible (e.g., Clemens and Tiedemann, 1997;
Paillard, 2010); however, the eccentricity cycle can affect the Earth’s
climate system significantly via modulating the amplitude of climatic
precession (Abels et al., 2010; Crowley et al., 1992; Short et al., 1991).
During eccentricity maxima, extreme precession can be responsible for
seasonal insolation differences of around 20% (Abels et al., 2013; Laskar
et al., 2004; Valero et al., 2016). Distinct insolation variations domi-
nated by the precession cycle at the time of eccentricity maximum might
push a more significant northward/southward displacement of the ITCZ
and subsequent covariation of the position of the ancient Hadley Cell (e.
g., Cai et al., 2012; Schneider et al., 2014; Wang et al., 2017). In turn,
these large meridional shifts of the ancient Hadley Cell leave distinct
contrast in monsoonal precipitation and trade wind patterns and thus
result in clear wet-dry cycles and seasonal contrast, as evidenced by
periodic variation in the MS and Zr/Al series at Dongxihe.

When eccentricity reached its maxima and the northern hemisphere

summer resides at perihelion, the amount of insolation received by the
northern subtropics may have increased significantly. An intensified
cross-hemispherical pressure contrast between the continental low-
pressure cell and the subtropical high-pressure cell in response to
precession-dominated additional Northern Hemisphere summer insola-
tion could push a northward shift of the ITCZ relative to the “normal”
Northern Hemisphere summer (e.g., De Vleeschouwer et al., 2012; Liu
et al., 2015; Schneider et al.,, 2014). Consequently, an intensified
meridional thermal-pressure gradient could enhance monsoon intensity
and increase moisture transport towards the continent, resulting in an
intense hydrological cycle at Dongxihe. Under such climatic context,
increased continental detrital sediment flux and decreased aeolian dust
delivery to the ocean would occur, in agreement with the observed
higher MS and lowered Zr/Al values at Dongxihe during precession
maximum (Fig. 6). Strong paleoclimate evidence from Asia and America
over the past ~200 kyr suggested that changes in the extent of the
Hadley Cell are intensely controlled by precession cycles (Wang et al.,
2004, 2008). Furthermore, a similar climate forcing mechanism was
proposed to interpret monsoon-like circulation in eastern Euramerica
associated with ITCZ-related dynamics during the Mid-Devonian (De
Vleeschouwer et al., 2012). Thus, ITCZ-related dynamics governed by
the amount of insolation associated with precession cycles is likely one
of the primary drivers of low-latitude climate change during the Early
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Fig. 6. Long eccentricity cycle-tuned time series of the Dongxihe section. (A) Chronostratigraphy of the Early Cambrian Qiongzhusi Formation. (B, D) Tuned MS and
Zr/Al plotted with their filtered 405-kyr (red line, Gaussian filter, both passband: 0.00247 + 0.0005 cycles/kyr) and ~ 100-kyr cycles (dashed blue line, Gaussian
filter, both passband: 0.00895 + 0.00205 cycles/kyr). (C, E) Filtered ~18 kyr precession cycles (black line) and their amplitude modulation (dark blue line) were
obtained by Hilbert Transform (both passband: 0.0555 + 0.0095 cycles/kyr) of the tuned MS and Zr/Al series. (F) Sedimentation rate curve derived from the
recognized 405-kyr cycles of the MS series. (G) Obliquity power/total power was integrated with paired frequency bands of 1/37-1/28 cycles/kyr from the tuned MS
series, and the total power was integrated from frequency 0 to 0.08 cycles/kyr with a 500-kyr sliding window. (H) Amplitude modulation (AM) envelope (dark blue
line) of obliquity cycles was determined by the Hilbert Transform of obliquity cycles (black line; bandpass: 0.0031 + 0.0005 cycles/kyr) from the tuned MS series and
filtered ~1.0 Myr AM cycles (orange line; Gaussian filter; bandpass: 0.001 + 0.0002 cycles/kyr). (I) Evolutionary power spectrum of the tuned MS series was
calculated using a 500-kyr sliding window and a 5-kyr sliding step. Yellow and green bars denote high-obliquity-high-eccentricity, and high-obliquity-low-
eccentricity intervals, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. 2m Multi-taper method (MTM) power spectra of the tuned MS (A, C) and
Zr/Al (B), against robust first-order autoregressive “AR(1)” red noise models
(Mann and Lees, 1996). Grey bars in panels (A and B) represent the expected
astronomical frequencies at 523.5 Ma in the Waltham’s model (Waltham,
2015). Green bar in panel C represents potential semi-precession periods for the
Early Cambrian. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Cambrian.

The obliquity power intensity and amplitude modulation in the
paleoclimate proxy are evaluated by both the ratio of obliquity variance
to the total variance (O/T) and the Hilbert transform method (Figs. 6
and 10). The O/T approach is appropriate because this method can
overcome the effect of the lithology change, which could lead to major
amplitude variations not related to orbital forcing. We note that periods
of high eccentricity and high obliquity are mainly characterized by
higher MS and lower Zr/Al values (Fig. 6; green bars) relative to the
scenarios with high eccentricity and low obliquity (Fig. 6; yellow bars),
indicating an enhanced monsoonal circulation. This highlights the
important role of obliquity forcing in modulating monsoonal precipi-
tation at Dongxihe. Obliquity forcing is expected to dominate poleward
transportation of heat and moisture through control of the meridional
insolation gradient and cross-equatorial pressure/thermal gradient and
thus make an influence on low-latitude climate processes (Fig. 8B; e.g.,
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Heitmann et al., 2017; Li et al., 2016; Liu et al., 2015; Prell and Kutz-
bach, 1992). At high eccentricity and high obliquity, a stronger cross-
equatorial pressure contrast between an enhanced Southern Hemi-
sphere Gondwana high and South China low strengthens the northward
shift of the ITCZ rain belt to its northernmost position in boreal summer
(Fig. 8C). Besides, the extended Gondwana continent in the southern
hemisphere extending to the South Pole during the Early Cambrian
could have further strengthened the cross-equatorial pressure gradient
(orographically thermal forcing). This northward migration of the ITCZ
would increase precipitation in South China in boreal summer. For the
scenario with high eccentricity and low obliquity, the cross-equatorial
pressure gradient is not as strong as compared to high-precession and
high-obliquity cases, and the ITCZ rain belt moved southern (Fig. 8D).
Consequently, Dongxihe experienced relatively reduced monsoonal
rainfall during those periods.

Evolutionary power spectrum of the 405 kyr tuned MS series in our
section displays a relatively intensified obliquity signal in the interval of
~524.8 - ~522.6 Ma (Fig. 8H). Zhang et al. (2022) reported an increase
in obliquity power in gamma-ray logs from the Qiongzhusi Formation in
South China during the ~525- ~ 523 Ma interval. This intensified
obliquity signal likely reflects more sensitivity of low-latitude climate
processes responding dynamically to high-latitude obliquity forcing (e.
g., Levy et al.,, 2019; Wang et al., 2021). For example, the obliquity
signal in Pliocene benthic foraminiferal 8'80 records increased signifi-
cantly with the advance of the Antarctic marine ice sheet at ~24- ~ 19
Ma (Lear et al., 2008). Besides, low chemical index of alteration (with an
average value of ~65) and elevated Ti/Al values characterize the middle
Jiumenchong Formation (roughly equivalent to the Qiongzhusi For-
mation), suggesting that a short-term, relatively cold and arid climate
event probably occurred on the Yangtze Block during the Early
Cambrian (Zhai et al., 2018). We infer that circumpolar current, global
sea level and heat transport variations, associated with the episodic
development of the Antarctic ice sheet under an Early Cambrian
greenhouse lacking permanent ice sheets (e.g., Hearing et al., 2018;
Wotte et al., 2019), probably led to this enhanced obliquity signal via
altering cross-equatorial pressure/thermal gradient (e.g., Heitmann
et al.,, 2017; Levy et al., 2019; Liu et al., 2015; Wang et al., 2021).
However, Bosmans et al. (2015) argued that without high-latitude ice
sheet fluctuation, obliquity signals could occur in low-latitude climate in
relation to tropical circulation dynamics associated with obliquity-
induced changes in the trans-equatorial insolation gradient. Alterna-
tive scenarios also exist; for example, the enhanced obliquity signal is
likely attributed to the better preservation of the obliquity signal under a
decrease in sedimentation rates (e.g., Wang et al., 2021). In fact, in-
tervals of high obliquity are not characterized by relatively low sedi-
mentation rates during the intensified obliquity from ~524.8 to 522.6
Ma (Fig. 6F and G). In addition, if the increase in obliquity power at
~524.8-522.6 Ma interval was related to a decrease in sedimentation
rate, the time interval should not be ~524.1 Ma to 523.5 Ma and
523.1-522.8 Ma, but would be ~524.5 Ma to 524.2 Ma and 523.6 to
523.3 Ma (Fig. 6F, G and H). As a result, we favor the first interpretation.
By contrast, the obliquity signal throughout the Zr/Al series is weaker
than those in the MS series (Fig. S4; see supplementary information, SI).
An interpretation for this weakened obliquity signal is likely due to a
weaker sensitivity of Zr/Al to high-latitude obliquity forcing.

Taken together, the obliquity signal in our records indicates that
precession forcing is not the only orbital forcing mechanism operating
on the ITCZ movement in the Early Cambrian low-latitude tropics and
that obliquity cycles in tandem with precession forcing can shift the
position of the ITCZ. The tropical precipitation variations in Papua New
Guinea, located at the southern border of the ITCZ over the past 282 kyr
have been broadly attributed to the meridional migration of the ITCZ
position induced by combined precession and obliquity changes (Liu
et al., 2015). Due to the lack of specific details of summer insolation
variability in the Northern Hemisphere during the Early Cambrian, more
clear details of the migration of ITCZ position responding to orbital-
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induced insolation variations in deep time remains currently an
outstanding challenge. Since our interpretations are mainly based on
multiple paleoclimate proxies from one section, additional un-
certainties, such as possible erosion and minor unconformity, may have
been ignored. Therefore, different (independent) climatic proxies from
contemporaneous sections and the application of climate models for
data model comparisons are required to further validate the dynamics of
Cambrian low-latitude climate change. Our study highlights

10

teleconnections between high-latitude obliquity forcing and low-
latitude climate dynamics and paves a new path for deciphering the
dynamics of Earth’s climate in deep time.

5.3. Sub-Milankovitch cycles

It is classically advised that to observe a cycle through spectral
analysis, at least four samples by cycle should be considered (e.g.,
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Kodama and Hinnov, 2014; Martinez et al., 2016). Theoretically, our MS
data of the Qiongzhusi Formation recorded at 0.02 m intervals can
resolve the shortest oscillation wavelength of ~0.08 m at significance
levels (Martinez et al., 2016), corresponding to ~6.1 kyr cycles ac-
cording to the average sedimentation rate of ~1.3 cm/kyr derived from
our interpretation. This enables the detection of ~12 kyr to ~6 kyr
cycles at the high frequency end of the spectrum in tropical sediments of
the Early Cambrian Qiongzhusi Formation. The MTM power spectrum of
the untuned MS series displays obvious cycles with wavelengths at
0.086-0.075 m above the 99% confidence level (Fig. 4E). The MTM
power spectrum of the 405 kyr tuned MS series shows peaks at 9.8-11.2
kyr and 8.3-7.9 kyr in the sub-Milankovitch frequency band (<12 kyr)
(Fig. 7C). The 5.2-6.5 kyr cycles are beyond the shortest period that our
data can resolve at significance levels; thus, we will not discuss these
cycles.

In order to explore the astronomic origin of the observed cycles,
amplitude modulation (AM) analysis of sub-Milankovitch cycles is
conducted (Hinnov, 2000). AM envelope curves are obtained from the
sub-Milankovitch period (~11 kyr and ~ 8 kyr cycles) signals extracted
from the 405 kyr tuned MS series by Taner bandpass filters (Fig. 9A and
B). The MTM power spectrum of the ~11 kyr AM series displays obvious
peaks at ~1 Myr, ~410 kyr, ~100-85 kyr, and 55-40 kyr (Fig. 9C). The
MTM power spectrum of ~8 kyr AM series displays obvious peaks at
~1.0 Myr, ~370 kyr, ~142- ~ 100 kyr, 77 kyr and 44 kyr (Fig. 9D).
These results suggest that the ~11 kyr and ~ 8 kyr cycles are modulated
by the ~100-kyr short eccentricity and 405-kyr long eccentricity, as well
as ~1 Myr cycle, confirming the astronomic origin of the observed sub-
Milankovitch cycles in the Qiongzhusi Formation.

There are significant 123 kyr, 95 kyr, 11 kyr, and 5.5 kyr cycles that
are directly associated with eccentricity and harmonics of precession in
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Fig. 9. Amplitude modulation (AM) of sub-Milankovitch cycles (i.e., ~11 kyr
and ~ 8 kyr cycles, black line) was obtained from the 405-kyr-tuned MS series.
(A, B) Amplitude modulation (AM) envelop curves (red line) were determined
by the Hilbert Transform of bandpass-filtered ~11 kyr and ~ 8 kyr cycles (black
line; bandpass: 0.09 + 0.02 cycles/kyr and 0.124 + 0.016 cycles/kyr, respec-
tively). (C, D) 2r MTM power spectra of AM envelop curves of ~11 kyr and ~ 8
kyr cycles. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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the amplitude of the seasonal cycle of energy received from the Sun in
the modern equatorial (and, to a lesser extent, tropical) regions (Berger
etal., 2006). Because the Sun passes directly overhead at both equinoxes
in the modern tropics, the maximum insolation occurs twice in every
precession cycle (~20 kyr), leading to an equatorial annual maximum
insolation cycle of ~10 kyr (semi-precession cycle; Ashkenazy and Gil-
dor, 2008; Berger et al., 2006; Crowley et al., 1992). Previous studies
have demonstrated that the semi-precession cycles have periodicities of
~11 kyr to ~12 kyr during the Early Neogene to the Quaternary (e.g.,
Fox et al., 2017; Sun and Huang, 2006; Ulfers et al., 2022; Verschuren
et al., 2009), of ~10 kyr during the Late Jurassic to the Middle Triassic
(e.g., Boulila et al., 2010; Chu et al., 2020; Whiteside et al., 2011) and of
~7.7 kyr to ~8.5 kyr in the Mid-Devonian (e.g., Da Silva et al., 2019; De
Vleeschouwer et al., 2012). Theoretically, the precession period would
be gradually longer through time (from Paleozoic to Cenozoic) due to
tidal dissipation; thereby, so would the semi-precession cycles (Berger
et al.,, 1992; Berger and Loutre, 2009; Laskar et al., 2004; Williams,
2000). Paleoclimate archives across the Early Cambrian to the Late
Cambrian have revealed periods of ~16 — ~20 kyr on precession cycles,
consistent with those in our study (Fig. 7; e.g., Fang et al., 2020;
Sgrensen et al., 2020; Zhang et al., 2022; Zhao et al., 2022). Taken
together, the ~7.9-kyr to 8.3-kyr cycles in the Early Cambrian Qiongz-
husi MS series (~526-522.7 Ma) most likely correspond to semi-
precession.

These semi-precessional cycles might be an essential characteristic
response of the Early Cambrian tropical climate processes to orbitally-
paced changes in solar insolation, reconciling with the paleogeograph-
ical location of South China near the equator (Yang et al., 2015). Be-
sides, this halving of the precession cycle has also been noted in mid-
latitude sediments (e.g., Ferretti et al., 2015; Sun and Huang, 2006;
Zhang et al., 2019), even high-latitude ice cores (e.g., Mayewski et al.,
1997), suggesting modulation of millennial-scale solar radiation
changes in the tropics on mid- and high-latitude climate variability. A
possible mechanism is that heat and moisture derived from warm ocean
pools heated by tropical solar radiation, analog to the present western
Pacific warm pool, is advectively transported to mid-and high-latitudes
through the coupling of atmospheric and/or oceanic circulation
(Crowley et al., 1992; Ferretti et al., 2015; Short et al., 1991). Further,
the identification of an 11-kyr cycle in a mid-latitude climate archive
during the Mi-1 deglaciation further supports this suggestion (Fox et al.,
2017). Examinations of the multiple marine and terrestrial proxy re-
cords from Greenland and the Eastern Mediterranean in the early/
middle Pleistocene to the present indicate that the intensity of half-
precession (HP) weakened with increasing distance from the equato-
rial region; for example, HP signals in the North Atlantic are weaker,
while a stronger signature occurs in the Eastern Mediterranean region
(Ulfers et al., 2022).

The Dongxihe region in South China might experience a bimodal
seasonal precipitation pattern during the Early Cambrian, which is
associated with the twice-annual passage of the ITCZ induced by the
intensity of semi-precession-related insolation variability, as is the case
in monsoon rainfall variability from equatorial East Africa over the past
25,000 years (Verschuren et al., 2009). As a result, a doubled frequency
of alternating wet and dry cycles driven by semi-precession cycles is
expected. The biogeographic provinces of Late Triassic Pangea tra-
versodont cynodont assemblages, which are restricted to a 6° equatorial
swath (Whiteside et al., 2011), are suggested to be driven by the bimodal
rainfall pattern associated with the semi-precession climatic cycle. A
clear manifestation of ~7 kyr cycle in tropical sediments of the
Qiongzhusi Formation confirms that the semi-precession cycle may
significantly affect millennial-scale tropical climate patterns, as
observed dynamics of millennial-scale climate change in regions near
the equator during the Cenozoic and Mesozoic (Cramer et al., 2003; Jian
et al., 2020; Ulfers et al., 2022; Verschuren et al., 2009; Whiteside et al.,
2011), even during the Devonian to the Permian (Anderson, 2011; Da
Silva et al., 2019; De Vleeschouwer et al., 2012; Elrick and Hinnov,
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2007; Sinnesael et al., 2021). In any case, this study provides informa-
tion on how orbitally induced insolation changes modulated
millennial-scale tropic climate variability in deep time.

5.4. Chaotic behavior of the Solar System in the early Paleozoic

Power spectra of both tuned MS and Zr/Al series indicate a ~ 130 kyr
period for the short eccentricity and ~ 28 — ~37 kyr cyclicity of the
obliquity (Fig. 7). According to astronomical solutions, the amplitude
envelope of short-term eccentricity cycle is modulated by long-period
eccentricity cycles (Laskar et al., 2004). For example, the precession-
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related cycle amplitude envelope is modulated by both the ~100-kyr
short eccentricity and 405-kyr long eccentricity. These Myr-scale long-
term amplitude modulations of the observed short eccentricity (~130
kyr) and obliquity cycles (~28 — ~37 kyr) are evaluated using the Hil-
bert Transform of the bandpass-filtered short eccentricity and obliquity
signals (e.g., Da Silva et al., 2016; Taner et al., 1979).

Power spectra of eccentricity and obliquity amplitudes in the MS
series show significant peaks at ~1.39 Myr and ~ 1.0 Myr and ~ 0.5
Myr, respectively (Fig. 10C and D). Power spectra of eccentricity and
obliquity amplitudes in the Zr/Al series reveal peaks at ~1.8 Myr, ~1.2
Myr, and ~ 0.8 Myr as well as ~1.1 Myr, ~0.9 Myr and 0.5 Myr,
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respectively (Fig. 10G and H). Filtered long-term amplitude modulation
cycles from the MS and Zr/Al series exhibit ~1.5 — ~1.1 Myr periods in
the orbital eccentricity (Fig. 10A and E) and ~ 1.2 — ~1.0 Myr modu-
lation in the obliquity (Fig. 10 B and F), which could potentially be
associated with the present-day ~2.4 Myr eccentricity cycle (i.e., g4-g3
term) and ~ 1.2 Myr (i.e., s4-s3 term) amplitude modulation cycle of
obliquity (Laskar et al., 2011a). Therefore, the Dongxihe record may
provide geological evidence for the chaotic motion between Earth and
Mars in the Early Cambrian, similar as suggested for the Cretaceous by
Ma et al. (2017).

Zhang et al. (2022) reported main periodicities of ~1.2 — ~1.8 Myr
(i.e., g4-gsterm) and ~ 1.0 — ~1.7 Myr (i.e., s4-s3 term) cycles for the long
period amplitude modulation of eccentricity and obliquity cycles in
gamma-ray logs of the Early Cambrian Qiongzhusi Formation. We note
that the g4-gs and s4-s3 terms extracted from the three proxies (gamma-
ray logs, magnetic susceptibility and Zr/Al) from the Qiongzhusi For-
mation at Well A (Zhang et al., 2022) and Dongxihe (this study) exhibit
different multi-Myr-scale periodicities. Accordingly, multi-Myr ampli-
tude modulation of eccentricity and obliquity cycles in sedimentary
records should be assessed appropriately due to the internal non-linear
response processes, such as local sedimentary conditions, susceptibil-
ity of paleoclimate proxies, as well as other forcings, such as tectonic and
volcanic processes (e.g., Ikeda and Tada, 2020). Besides, our dataset
spanning ~5 Myr is relatively short for long-term amplitude modulation
investigations of short eccentricity cycles. This may be one of the reasons
for the discrepancy between the g4-gs term in the Dongxihe record and
those reported by Zhang et al. (2022).

Therefore, further investigation of multiple independent studies for
the same periods may help to verify these grand cycles observed in the

Global and Planetary Change 219 (2022) 103985

geological records. We compiled multi-Myr cycles of ss-s3 and gs-gs
terms throughout the Phanerozoic (Fig. 11). Our compilation suggests
that the g4-g3 term is mainly characterized by ~2.0-Myr cycles to ~2.4-
Myr cycles and the s4-s3 term presents ~1.0-Myr cycles to ~1.2-Myr
cycles in most of the Phanerozoic (Fig. 11). Thus, the secular resonance
between the orbits of Earth and Mars is manifested by the present (g4-
g3)- 2(s4-s3) =0 in libration state for most of the Phanerozoic, while the
new resonance (g4-g3)- (s4-s3) = 0 occurs only in a few sporadic short-
term intervals (Fig. 11). Collectively, these grand cycles in the Early
Cambrian geological records confirm the Solar System behaving
chaotically and could be served as constraints for the evolution of the
Solar System in deep time.

6. Conclusions

Through our study of orbitally paced tropical climate dynamics of
South China in the Early Cambrian (Qiongzhusi Formation), we can
propose these four key findings:

(1) The astrochronology of the Qiongzhusi Formation indicates a
duration of 4.99 Myr for the studied interval that extends from
526.2 + 1.91 Ma to 521.23 + 1.91 Ma. The base age of the
Middle Member is constrained at 524.16 + 1.91 Ma.

(2) The observed quasi-periodic fluctuations in the MS and Zr/Al
series of the Qiongzhusi Formation were closely intertwined with
monsoon intensity variations and trade wind patterns under the
ITCZ-related paleo-Hadley cell dynamics induced by orbital-
forced insolation variations. We propose an ITCZ migration
model to interpret the relationship between orbitally forced
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Fig. 11. Compilation of s4-s3 term and g4-g3 term extracted from the geological records throughout the Phanerozoic Eon (modified from Ma et al. (2019)). References
are shown in the figure: Boulila et al., 2010, 2014; Da Silva et al., 2016; De Vleeschouwer et al., 2013; Fang et al., 2015, 2019; Grippo et al., 2004; Herbert, 1999;
Huang et al., 2010; Ikeda et al., 2010; Ikeda and Tada, 2020, 2014; Lu et al., 2019; Ma et al., 2019; Olsen, 2010; Sha et al., 2015; Valero et al., 2014; Van Dam et al.,
2006; Wang et al., 2022; Westerhold et al., 2012, 2017; Wu et al., 2019, 2013a, 2013b; Zhang et al., 2022; Zhao et al., 2022; Zhong et al., 2020, 2018.

13



T. Zhang et al.

insolation changes, ITCZ migration dynamics, and low-latitude
climate processes, consistent with a ~ 5 Myr long dataset of MS
and Zr/Al. Specifically, the precession and obliquity forcing shift
the mean position of the ITCZ northward/southward by changing
the interhemispheric pressure contrasts, thus leading to changes
in the low-latitude hydrologic cycle. The intensified obliquity
signal within the interval of ~524.8 — ~522.6 Ma is likely asso-
ciated with cross-equatorial pressure/thermal gradient variations
resulting from the episodic development of the Antarctic ice sheet
under an Early Cambrian greenhouse lacking permanent ice
sheets.

(3) Sub-Milankovitch cycles of ~12.0 - ~6.1 kyr in the Early
Cambrian tropic climate archive are identified and 7.9-8.3 kyr
cycles are interpreted as corresponding to the semi-precession
period, associated with the twice-annual passage of the ITCZ
across the intertropical zone.

(4) The ~1.2-1.5 Myr and ~ 1.0-1.2 Myr periods in the amplitude
modulation of short eccentricity and obliquity cycles in the MS
and Zr/Al series may provide geological evidence for the chaotic
motion between Earth and Mars in the Early Cambrian.
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