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A B S T R A C T   

The driving mechanisms of Earth’s climate system at a multi-Myr timescale have received considerable attention 
since the 1980’s as they are deemed to control large-amplitude climatic variations that result in severe 
biogeochemical disruptions, major sea-level variations, and the evolution of Earth’s land- and seascapes through 
geological time. The commonly accepted mechanism for these changes derives from the evolution of Earth’s 
coupled plate-mantle system. Connection between Earth’s interior and external climate drivers, e.g., Milanko
vitch insolation forcing, has not been investigated at multi-Myr timescale, because tectonics and astronomical 
influences at these longer timescales have long been thought as independent pacemakers in the evolution of the 
Earth system. 

Here we have analyzed time-series from multiple geological datasets and found common periodicities of 10 
and 35 Myr. Additionally, we have highlighted the modulation in amplitude of the 10 Myr cycle band by the 35 
Myr cyclicity in sedimentary sea-level data. We then demonstrate the same physical amplitude modulation 
relationship between these two cyclicities in astronomical (Milankovitch) variations, and establish correlation 
between Milankovitch and sea-level variations at these two frequency bands. The 10 and 35 Myr cycles are 
prominent in the geological records, suggesting either unresolved fundamental Milankovitch periodicities, or 
reflecting a sedimentary energy-transfer process from higher to lower Milankovitch frequencies, as argued here 
via amplitude modulation analysis in both astronomical and sea-level data. 

Finally, we find a coherent correlation, at the 35 Myr cycle band, between Milankovitch, sea-level and geo
dynamic (plate subduction rate) variations, hinting at a coupling between Earth’s interior and surface processes 
via Milankovitch paced climate. Thus, our findings point to a coupling between Milankovitch and Earth’s in
ternal forcings, at 10 to 10s of Myr. The most likely scenario that could link insolation-driven climate change to 
Earth’s interior processes is Earth’s interior feedbacks to astro-climatically driven mass changes on Earth’s 
surface. We suggest that Earth’s interior processes may drive large-amplitude sea-level changes, especially during 
greenhouse periods, by resonating to astro-climatically driven Earth’s surface perturbations.   

1. Introduction 

The link between Earth’s interior and surface processes at longer 
geological timescales has fascinated Earth science community because 
their combined effect shapes the Earth’s surface (e.g., Raymo et al., 
1988; Molnar and England, 1990; Raymo and Ruddiman, 1992; Lamb 
and Davis, 2003; Lagabrielle et al., 2009; Whipple, 2009; Cloetingh and 

Haq, 2015). 
That solid Earth responds to or resonates with the Earth’s surface 

perturbations induced by climate and environmental changes has been 
suggested at short timescales on the diurnal to annual band. Tidal 
forcing of the micro-seismic and volcanic activity has been argued based 
on several datasets (Johnston and Mauk, 1972; McNutt and Beavan, 
1981; Emter, 1997; Petrosino et al., 2018; Dinger et al., 2019, among 
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many others). Also, correlations are well established between volcanic 
eruptions and diurnal to annual temperature and atmospheric pressure, 
suggesting that the hydrological cycle plays a crucial role in volcanism 
via water-mass transfer from oceans to continents and the resulting 
pressure changes on the upper mantle (see e.g., McNutt and Beavan, 
1980; Neuberg, 2000; Mason et al., 2004). 

Processes reflecting Earth’s interior dynamics have been linked to 
climate change at millennial timescale (Rampino et al., 1979; McGuire 
et al., 1997; Huybers and Langmuir, 2009, 2017; Lund and Asimow, 
2011; Kutterolf et al., 2012; Crowley et al., 2015; Tolstoy, 2015; 
Schindlbeck et al., 2018; Cerpa et al., 2019). In particular, the detection 
of shorter Milankovitch climate periodicities in global volcanic activity 
(Rampino et al., 1979; Schindlbeck et al., 2018) and in the seafloor 
abyssal bathymetry suggest links between astro-climate and Earth’s 
interior processes (Crowley et al., 2015; Tolstoy, 2015). Such potential 
connections have been investigated by others, e.g., Olive et al. (2015) 
and Goff et al. (2018), who have suggested that Milankovitch forcing of 
sea-level (and thus seafloor abyssal hills) should not be taken at face 
value, and that only slow-spreading rates would favor such expression of 
Milankovitch periodicities in the bathymetric data. For fast- to 
intermediate-spreading rates, Olive et al. (2015) favor a tectono- 
magmatic model for the abyssal hill fabrics that considers normal 
faulting as an important element. This model differs from that based 
only on the magmatic and volcanic outputs at mid-ocean ridges to 
explain the fabric of the abyssal hills (Crowley et al., 2015; Tolstoy, 
2015). Interestingly, Olive et al. (2015) suggested that the lithosphere 
and seafloor-shaping processes may act as a lowpass filter on variations 
in magma supply, damping Milankovitch periods shorter than about 100 
kyr. 

Another line of evidence for the potential connection between 
Earth’s interior processes and external climate forcing, but at multi-Myr 
timescales, comes from a striking correlation between orbitally paced 
9.5 Myr climatic cyclicity (from deep-sea stable oxygen-isotopic records, 
e.g., Zachos et al., 2001), and geodynamically-induced (tectonics, 
volcanism) oceanic-climatic events of the past 115 Ma (Boulila, 2019). 

Major tectonic plate motions that occur at very slow, Myr to multi- 
Myr timescales, drive the evolution of land- and seascapes (Cloetingh 
and Haq, 2015), dictate changes in biomass evolution and turnovers, 
and drive biogeochemical and sea-level cycles. One of the major mani
festations of long-term tectonic forcing is global sea-level eustatic vari
ations through geodynamically-induced changes in the volume of the 
ocean basins (Vail et al., 1977; Haq et al., 1987; Miller et al., 2005a; 
Müller et al., 2008; Simmons, 2012; Conrad, 2013; Simmons et al., 
2020). The recognition of similar periodicities in sea-level, climate and 
Milankovitch variations has led some researchers to suggest potential 
correlation between Milankovitch and tectonic forcings at multi-Myr 
timescales (Boulila, 2019; Boulila et al., 2020). Thus, the detection of 
correlatable Myr to multi-Myr scale variations in tectonic, biogeo
chemical, climate and sea-level proxy data (Vail et al., 1977; Haq et al., 
1987; Boulila et al., 2011, 2012, 2018, 2020; Boulila, 2019) could 
provide further constraints for the link between Earth’s interior and 
surface processes. 

Here we review cyclicities of tens of Myr in astronomical and 
geological data. We focus on sedimentary inferred sea-level record and 
geodynamic data/models, and compare them with stable oxygen iso
topes and astronomical (Milankovitch) variations. Given that Milanko
vitch variations exhibit modulation in amplitude and frequency, we 
performed amplitude modulation analysis (see Section 2.3) on Earth’s 
orbital eccentricity variations to investigate the record of longer cy
clicities of tens of Myr. Then, we performed amplitude modulation 
analysis on Phanerozoic sea-level data. Finally, we compared sea-level, 
climate and Milankovitch variations with geodynamic data for potential 
linkages. 

2. Data and methods 

2.1. Geological data 

The eustatic sea level curve for the Phanerozoic was constructed 
based on sequence-stratigraphic studies of the marine sedimentary 
sections around the world. Correlations are based on the available ma
rine biostratigraphic markers, and if a sea-level change can be demon
strated to be present in a number of non-contiguous sections, it is 
considered wide-spread and therefore eustatic. The details of these 
methodologies are described in Haq et al. (1987) for the Meso-Cenozoic 
and in Haq and Schutter (2008) for the Paleozoic. The Ceno-Mesozoic 
eustatic curve (Haq et al., 1987) was revised through a comparison 
with the Arabian Platform records (Haq and Al-Qahtani, 2005). The 
compiled Ceno-Mesozoic and Paleozoic eustatic curves (Phanerozoic, 
0 to 542 Ma) were recalibrated to recently updated geological timescale 
(Gradstein et al., 2020, Fig. 1A). 

Variations in Earth’s interior processes can be inferred from data 
modeling of mid-ocean spreading and plate subduction processes. Well- 
constrained plate tectonic and carbon cycle models of the Meso- 
Cenozoic interval have been constructed (e.g., Müller et al., 2016; 
Müller and Dutkiewicz, 2018). Cyclicities of tens of Myr were detected 
in these models. In particular, spectral analysis of spreading rate data 
detects a main cyclicity of 25 to 26 Myr (e.g., Cogné and Humler, 2006; 
Müller and Dutkiewicz, 2018). Here we have focused on cyclicities of 
tens of Myr in both spreading and subduction data for potential corre
lations with sea-level data. We used tectonic data of the most recent 
global plate model of Müller et al. (2019) that is updated from the earlier 
model of Müller et al. (2016). This newer model additionally includes 
plate deformation along major rifts and orogens since rifting of Pangea 
started in the Early Triassic (240 Ma). It also considers the evolution of 
the age-area distribution of ocean floor. This model provides mid-ocean 
spreading and plate subduction data as well as the total variations in the 
crustal production and destruction rates through time. We have also 
analyzed the equivalent data of the previous model (Müller et al., 2016) 
to see to what extent the cyclicities we find are affected by the differ
ences in plate tectonic models. 

2.2. Astronomical data 

An important feature of the Earth’s orbital parameter variations is 
that they display modulations in amplitude and frequency. The signifi
cance of certain amplitude modulation cycles was first described by 
Laskar (Laskar, 1990, 1999; Laskar et al., 1993), and an extensive review 
was later presented by Hinnov (2000). The most well known long-period 
modulation cycles are those of eccentricity (~2.4 Myr) and obliquity 
(~1.2 Myr). 

Lower-frequency orbital variations (e.g., 2.4 and 4.7 Myr) are char
acterized by lower amplitudes when compared to higher-frequency 
variations (e.g., Laskar et al., 2004). However, several studies have 
shown strong expression of long-period orbital cycles in the sedimentary 
record (e.g., Beaufort, 1994; Zachos et al., 2001; Pälike et al., 2006; 
Mitchell et al., 2008; Boulila et al., 2010, 2011, 2012, 2014, 2020; 
Huang et al., 2010; Sprovieri et al., 2013; Boulila, 2019). Energy- 
transfer process from higher to lower astronomical frequencies is also 
a common feature in the sedimentary record (Boulila et al., 2012; Li 
et al., 2018). Our strategy for the extraction of low-frequency orbital 
amplitude modulation envelopes was based on choice of the strongest 
eccentricity (405 kyr, g2–g5, where g2 and g5 are related to the pre
cession of the perihelions of Venus and Jupiter) and its surrounding 
terms, the interference of which would produce longer terms of 2.4, 4.7 
and 9.5 Myr (Boulila et al., 2012, 2020; Boulila, 2019). Subsequently we 
bandpass filtered the 9.5 Myr band from these 400 kyr amplitude 
modulation envelopes for eventual, serial modulation by even longer 
eccentricity terms. The phase of the 9.5 Myr cycle band was rectified for 
correlation with sea-level data (Section 3.3). We used all available 
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astronomical data, which cover the past 250 Ma: the La2004 model 
(Laskar et al., 2004), and La2010a,b,c and d models (Laskar et al., 2011). 
Only La2004 and La2010d data show coherent cyclicities with sea-level 
data, and therefore only their respective amplitude modulation results 
were shown (Section 3.3). The robustness of La2010d with respect to 
other La2010 versions has already been demonstrated via a correlation 
with carbon-cycle data (Boulila et al., 2012). A persuasive correlation at 
the 9.5 Myr cycle band between carbon-cycle and La2004 astronomical 
data was also shown for the past 60 Ma (Boulila et al., 2012 their Fig. 1). 

2.3. Time-series analysis 

The Phanerozoic sea-level data are influenced by long-term Wilson 
megacycles, which were measured and subtracted by a 15% weighted 
average of the series (Fig. 1A,B). Following this detrending, the data 
were analyzed via the Thomson’s multitaper spectral method (MTM, 
Thomson, 1982) with three windows, together with the harmonic F-test 
and the classical red noise, as implemented in the Acycle freeware 

packages (Li et al., 2019). We conjointly used MTM amplitude (i.e., 
harmonic) and power spectra since the harmonic analysis allows a fine 
frequency decomposition, while the power spectra would average fre
quencies (e.g., Ghil et al., 2002). For cross-spectral analysis and corre
lations, we used the cross-MTM method in the Matlab routine of Peter 
Huybers (e.g., Huybers and Denton, 2008). 

Furthermore, we perform an exploratory search for periodicities 
with new methods. We compute the phase distance correlation perio
dogram (PDCP, Zucker, 2018), which searches for periodicities without 
assumptions on the shape of the periodic signal, through a measurement 
of statistical independence between the data and an angle varying with a 
certain frequency. The data is phase-folded at the detected periodic 
features, and the shape of the periodic signals is approximated with a 
fitted low-order polynomial with a derivability constraint. The esti
mated periodic signal is then subtracted from the data and the PDCP is 
applied to the residuals, this procedure is repeated in an iterative 
manner. We further explore the fitting of non strictly periodic signals 
through orthonormal polynomials and Gaussian processes (Rasmussen 

Fig. 1. Amplitude modulation analysis of Phanerozoic sea-level data. (A) Raw sea-level data (detail on reference sources is provided in Section 2.1), along with SSA 
lowpass filtering (RC1 with different windows indicated). (B) Detrended Phanerozoic sea-level data (Wilson cycles removed, 15% weighted average removed), along 
with SSA RC1. (C) 10 Myr bandpass filtering and amplitude modulation envelopes of the detrended sea-level data in ‘A’. (D) 35 Myr bandpass filtering from sea-level 
data in ‘A’, and from amplitude modulation envelopes in ‘B’. (E) Power and amplitude spectra of the detrended Phanerozoic sea-level data. (F) Power spectra of 10 
Myr bandpass filtered (0.095 ± 0.04 cycles/Myr) sea-level data in grey and of its amplitude modulation envelope curve in red. (G) Power and amplitude spectra of 
the detrended sea-level data over the interval 0–250 Ma. (H) Power and amplitude spectra of sea-level amplitude modulation envelope curve of the 10 Myr band 
(0.095 ± 0.04 cycles/Myr) for the interval 0–250 Ma. Inset: Power spectrum of the 10 Myr bandpass filtered data to show the two beating frequencies f1 = 0.081 
(12.3 Myr) and f2 = 0.109 (9.2 Myr) that produce the 35 Myr cycle. Results on the interval 0–250 Ma are shown for comparison with the astronomical data (Figs. 7 
and 8). The antiphase relationship between the 35 Myr cycle from 10 Myr amplitude modulation band and that from the original data in ‘D’ is explained in Section 
3.2. (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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and Williams, 2006) with quasi-periodic kernels. 
We focused on both ~10 and ~ 35 Myr cyclicities (Boulila et al., 

2018), in particular on their potential physical (modulation) link 
(Fig. 1C-H). To this end, we extracted amplitude envelopes of the 10 Myr 
cycle band looking for the 35 Myr modulator cyclicity. We applied this 
approach in three steps: (1) we first bandpass filtered the 10 Myr-scale 
spectral peaks detected in the raw data (0.11 ± 0.04 cycles/Myr), 
using a Gaussian filter (Paillard et al., 1996), (2) then we applied a 
Hilbert transform to the filtered time series to extract the amplitude 
envelopes, (3) finally we compared the recovered amplitude envelopes 
with low-frequency variations in the raw data. For textural simplifica
tion, we refer to the above three steps as amplitude modulation analysis 
(see for e.g., Hinnov, 2000; Boulila et al., 2012). The illustrations of such 
method can be seen in Figs. 10 and 11. The 40 kyr obliquity cycle band 
(black curve in Fig. 10B) is modulated in amplitude by the 1.2 Myr cycle 
(red curve in Fig. 10B). The 100 kyr eccentricity cycle band (blue curve 
in Fig. 11B) is modulated in amplitude by the 400 kyr cycle (green curve 
in Fig. 11B), and the 400 kyr eccentricity cycle band (black curve in 
Fig. 11C) is modulated in amplitude by the 2.4 Myr cycle (red curve in 
Fig. 11C). 

Lowpass filtering was performed using the Singular Spectrum Anal
ysis (SSA) method (Ghil et al., 2002). SSA method separates signals from 
noise in a sequence of signal components (reconstructed components, 
RCs, e.g., Fig. 1A,B) that are statistically independent, at zero lag, and 
based on signal strength (variance). 

3. Results 

3.1. Time-series analysis of Phanerozoic sea-level data 

Spectral analysis of Phanerozoic sea-level data shows five significant 
peaks of ~92, ~37, ~17, ~12.3 and ~ 9.3 Myr (Figs. 1E,F and 2). The 
92 and 37 Myr peaks were statistically highlighted in Boulila et al. 
(2018). The 17 Myr peak was discussed in Boulila (2019) and Boulila 
et al. (2020) in potential eccentricity terms. However, the 12.3 and 9.3 
Myr in Phanerozoic sea-level data were not been examined in depth by 
Boulila et al. (2018). Here we show that the beating of 9.3 and 12.3 Myr 
frequencies may produce the 37 Myr cycle (Fig. 1C,F). Amplitude 
modulation output of the 10 Myr cycle band shows a dominant spectral 
peak of 36.8 Myr (Fig. 1F), which is very close to the 36.4 Myr peak 
detected in the original sea-level data (Fig. 1E). This result was further 
supported by independent geological data from the Canadian Basin 
where the variations of the duration of 10 Myr sedimentary sequences 
are modulated by the 37 Myr cyclicity (see below). Hereafter we refer to 
the ~37 Myr periodicity, which is the mean period over much of the 
Phanerozoic Eon (Fig. 2), as the 35 Myr cycle, and the shorter periods of 
9.3 and 12.3 Myr as the 10 Myr cyclicity. 

Correlation of the 35 Myr amplitude modulation envelopes of the 10 
Myr band with 35 Myr cyclicity extracted directly from the original sea- 
level data show a strong coherence (Fig. 1D). Such correlation points to a 
physical link between the 10 and 35 Myr cyclicities, and implies that 
they could have a common causal mechanism (see Section 3.3). 

The exploratory statistical search also yields detection of ~92 and 35 
Myr periodicities with evidence of non-strict periodic behavior. We also 
found signals at ~17, ~12.3, ~9.3 Myr, as well as ~2.56 Myr (Sup
plementary Information). 

Although potential uncertainties in the timescales (e.g. in the 
Triassic, see Haq, 2018) preclude the application of the frequency 
modulation method, examination of durations of shorter second-order 
sea-level sequences (e.g., Haq et al., 1987; Boulila et al., 2018) 
through time provides some evidence for frequency modulation of the 
10 Myr cycle band by the 35 Myr cyclicity (Fig. 3). Spectral analysis of 
variations of the 10 Myr periodicity through time detects a spectral peak 
of 36.3 Myr, which is very close to that detected in the raw sea-level data 
(Fig. 3A). 

This frequency modulation result is further supported by 

independent sea-level data from the Canadian High Arctic Basin. Time- 
series analysis of variations of the duration of the major Canadian 10 
Myr sedimentary (sea-level) sequences through time (Embry et al., 
2019) faithfully captures a cyclicity of 35 Myr, matching the eustatic 
cycle of the reference chart (Supplementary Fig. S1). Such cyclicity in 
the Canadian sea-level data has been extensively studied by Rampino 
and Caldeira (2020) using other methods of spectral analysis. The 
detection of the 35 Myr periodicity in the variations of duration/fre
quency of the 10 Myr cycles (Fig. 3B) from the Canadian and reference 
sea-level data provides additional evidence that the 35 Myr cyclcity 
modulates the 10 Myr cycles. 

3.2. Time-series analysis of geodynamic data 

Spectral analysis of subduction data reveals that the 35 Myr cycle 
that spans much of the time series (Fig. 4). Another apparently signifi
cant peak is centred on a period of ~26 Myr. However, this peak dis
appears when we exclude the ~95–158 Ma interval from the time series, 
thus negating the regularity and significance of a 26 Myr cyclicity in 
subduction data. This result is reinforced by visual inspection and 
filtering of the subduction time series, where the 26 Myr bandpass filter 
does not match the original data (Supplementary Fig. S20). 

Spectral analysis of data for crustal production rates along mid-ocean 
ridges (the product of seafloor spreading rates and ridge length) also 
shows the two peaks of 26 and 35 Myr (Fig. 4). The 26 Myr is more 
regular and continuously recorded. However, the 35 Myr trends are 
intermittently recorded. Thus, the 35 Myr is a dominant cyclicity in the 

Fig. 2. Power spectra of Phanerozoic sea-level data, and quantification of the 
37 Myr cyclicity per intervals (from Boulila et al., 2018). (A) Power spectrum of 
the raw sea-level data and confidence levels of 90%, 95% and 99%. Grey- 
colored spectra are 1000 Markov Chain Monte Carlo (MCMC) simulations to 
test the impact of timescales on the recorded periods. Light orange shaded in
terval indicates the 10 Myr cycle band. (B) Experimental cumulative distribu
tion function of the 37 Myr period of sea-level data over three time intervals: 
the entire sea-level data, sea-level data split into two equal time intervals, sea- 
level data split into three equal time intervals. 
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subduction data (this study), while the 26 Myr is dominant in the 
spreading data. Cross spectral analysis of subduction and spreading data 
(not shown) provides no coherence, neither at the 26 Myr nor at the 35 
Myr bands. 

Spectral analysis of crustal production and crustal destruction rate 
data (Fig. 5) further supports the above results. The 26 Myr cycle is well 
expressed in the crustal production rate data, and somewhat in the 
crustal destruction rates. The 35 Myr cycle is highly coherent between 
crustal production and crustal destruction datasets. Additionally, the 
crustal destruction data exhibit higher-frequency cyclicity of ~14 Myr 
focused mainly within the interval ca. 0–90 Ma. Nevertheless, the sta
tistical F-test fails in the detection of the 26 and 35 Myr in the crustal 
destruction data, pointing to the non-cyclic nature of subduction rate 
variations and/or because of the detected cyclicities do not span the 
entire time series, such as the above mentioned ~14 Myr cyclicity. The 
exploratory statistical search also yields detection of the ~35 Myr 
periodicity in subduction and crustal production data (Supplementary 
Information). 

In summary, the 35 Myr periodicity is particularly well expressed in 
the global subduction rate data (Fig. 4), indicating that this cyclicity 
may originate from the episodicity in slab rollback and advance. Some 
supporting evidence for this connection is found in 2D numerical sub
duction models that have revealed slab rollback/advance periodicities 
of ~30 Myr (Čížková and Bina, 2015). This process would involve 
profound rhythmic changes in subduction deepwater cycling, and thus 
could explain the 35 Myr sea-level cyclicity inferred from the sedi
mentary record (see Discussion). The potential impact of deep mantle 
water recycling on sea-level oscillations has been pointed out by Cloe
tingh and Haq (2015) and Karlsen et al. (2019). Even though seafloor 
spreading and subduction processes ought to be be coupled, the domi
nance of the 26 Myr cycle in spreading and 35 Myr cycle in subduction 
data suggests that these two operating periodicities are not tightly 
related. This reflects the influence of continental crustal deformation 
through time, changing the continental/oceanic crustal area ratio and 
thus modulating subduction flux. 

The 26 Myr spreading cycle reflects mantle convection processes and 
far-field plate driving forces, while the 35 Myr subduction cycle is a 

consequence of the time dependence of slab buoyancy and slab-mantle 
interaction, modulated by the trench-orthogonal migration of over
riding plates, which partly reflects the deformation of overriding plates. 
We should also note, as mentioned above, that crustal production data 
record the two cyclic components of 26 and 35 Myr. The 26 Myr peri
odicity is potentially intrinsic to spreading processes, while the 35 Myr 
periodicity may reflect a dependent component to subduction processes. 

Finally, detailed time-series analysis of the geodynamic data of the 
previous model (Müller et al., 2016) further supports the existence of a 
dominant 26 Myr cyclicity in seafloor spreading data and a 35 Myr 
cyclicity in subduction data (Supplementary Information). Additionally, 
we have noted short-term oscillations of a periodicity around 10 Myr in 
both spreading and subduction data (Supplementary Figs. 16B and 
S17B). 

3.3. Time-series analysis of astronomical (Milankovitch) data 

We tested amplitude modulation of the 10 Myr eccentricity band in 
all available astronomical models covering the past 250 Myr. Only 
La2004 and La2010d models reveal the 35 Myr cycle (Figs. 6 and 7). 
Amplitude modulation output of La2004 model shows a dominant 
spectral peak centred on the period of 34.5 Myr (Fig. 7A). Amplitude 
modulation output of La2010d model detects a broader peak centered 
on 35.6 Myr, including two main periods of 29.4 and 45.4 Myr in the 
amplitude spectra, averaging the 35.6 Myr period (Fig. 7A). The ~35 
Myr spectral peak persists even when considering different analyzed 
time intervals or different passbands (Fig. 7A). Thus, amplitude modu
lation analysis of Earth’s orbital eccentricity variations indicate the 
modulation of the ~10 Myr cycles by the ~35 cyclicity. 

Increasing evidence for ~10 Myr orbital (Milankovitch) pacing of 
sea-level change and other geological processes, and the amplitude 
modulation relationship between the 10 and 35 Myr bands detected in 
sea-level record (Sections 3.1 and 4.1) and herein Milankovitch data, 
further supports the link between geological and Milankovitch varia
tions at these longer timescales. Spectral analysis and amplitude mod
ulation results of the equivalent time interval (i.e., 0–250 Ma) in the sea- 
level record highlight a close periodicity of 35 Myr (Fig. 1G,H). A strong 

Fig. 3. Power spectra and statistics of the duration of 10 Myr scale eustatic cycles (medium-1 s-order sequences, Boulila et al., 2018, see Table 1). (A) Power spectra 
of the evolution of duration of 10 Myr eustatic sequences through time (data are from the sea-level reference chart, see Section 2.1 for the original references). (B) 
Histogram and cumulative distribution function of the duration of 10 Myr scale cycles from the reference eustatic curve. (B) Histogram and cumulative distribution 
function of the duration of 10 Myr scale cycles from the Canadian sequences (data are from Embry et al., 2019, see Supplementary Fig. S1). For comparison between 
histograms of the reference and Canadian sea-level data, durations of the reference sequences were rounded to 1 Myr as for the canadian sequences. 
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correlation between sea level and astronomical variations at the 10 and 
35 Myr bands (Fig. 6C,E,F) provides a compelling evidence for a link 
between the two. 

The seeming antiphase relationship between sea-level and astro
nomical variations at the 10 Myr band (Fig. 6C,E,F) is related to the 
inverted phase of the ~10 Myr orbital cyclicity due to its extraction from 
400 kyr amplitude modulation envelopes (Fig. 8A,C). This feature is 
analogous to the 2.4 Myr cyclicity extracted from amplitude modulation 
of the 400 kyr band, which is characterized by an inverted phase with 
respect to the fundamental 2.4 Myr component in the raw eccentricity 
(Fig. 9, see also Laskar et al., 2011 for more detail about the corrected 
phase of the 2.4 Myr band). Accordingly, the actual phase of the ~10 

Myr orbital cycle should be rectified (inverted) for correlation with sea- 
level data. 

The 35 Myr amplitude modulation envelopes in the eccentricity and 
that in sea-level data have the same phase (Fig. 6E,F), implying an 
identical amplitude modulation relationship between the 10 and 35 Myr 
cyclicities, analogous to the 2.4 Myr versus ~10 Myr eccentricity 
modulations. The ~10 Myr cyclicity from 2.4 Myr eccentricity has the 
same phase as that extacted from the inverted 2.4 Myr eccentricity 
(Supplementary Fig. S2). Similarly, the 35 Myr cyclicity extracted from 
amplitude modulation of ~10 Myr cycles and that extracted from 
amplitude modulation of inverted ~10 Myr cycles are characterized by a 
similar phase. 

Fig. 4. Time-series analysis of plate subduction and mid-ocean spreading data of Müller et al.’s (2019) model. (A) Raw specific subduction flux, i.e., plate surface 
deplacement per time unit (blue curve) along with weighted average (wa) smoothing (grey curve) used to detrend the raw data shown below with similar colour 
codes, along with SSA first components RCs (pink curve) and a 35 Myr bandpass filter (in cycles/Myr) depicted in bold and dashed red lines. Note that 35 Myr filter 
outputs strongly fit most of the time series, one exception is the interval of ca. 85–140 Ma, where a ~ 50 Myr trend overwhelmingly dominates this interval (detected 
by the 48.8 Myr peak). (B) Raw seafloor spreading data (blue curve) along with weighted average (wa) smoothing (grey curve) used to detrend the raw data shown 
below with similar colour codes, along with SSA first components RCs (pink curve) and a 26 Myr bandpass filter (in cycles/Myr) depicted in bold and dashed red 
lines. Note that 26 Myr filter outputs strongly fit the raw data for the interval ca. 0–175 Ma, beyond there is no record of the 26 Myr cycle, instead there is a shorter 
cyclicity of 21 Myr. (C) 2π-MTM spectra of detrended subduction flux (upper panel) and mid-ocean spreading data (lower panel) showing a stronger 35 Myr peak in 
subduction and a stronger 26 Myr peak in spreading data (indicated by light, orange-colored vertical bars). (C) 2π-MTM spectra of lowpass SSA filter outputs (RC1 
through RC4 of detrended data) of subduction flux (upper panel) and spreading data (lower panel). Visual inspection and filtering highlights the dominance of 26 
Myr cycle in spreading data, and the 35 Myr cycle in subduction data (Supplementary Fig. S20). (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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Thus, sea-level cyclicities share a similar phase relationship with 
Earth’s orbital eccentricity. The 35 Myr cycle extracted directly from 
bandpass filtering of sea-level record is antiphased with respect to that 
retrieved from amplitude modulation envelopes of the 10 Myr sea-level 
band (Fig. 1D). This is again the same amplitude modulation physical 
relationship between the 400 kyr and ~ 10 Myr or between the 400 kyr 
and 2.4 Myr eccentricity cycles (Figs. 8 and 9, Laskar et al., 2011). In 
more detail, because the long-term nodes of the 400 kyr signal are a 
truncated function at minimal eccentricity values, which is typical for 
the orbital motion of a body in an eccentric trajectory. Thus, filtering of 
400 kyr nodes results in amplitude modulation maxima envelopes, 
whereas filtering of 400 kyr maxima results in amplitude modulation 
minima envelopes (Fig. 9). This is different to the oscillations of the 
Earth’s axial tilt, the values of which are not truncated at minimal (or 
mean) values, thus filtering of these variations retrieves the actual phase 
of their amplitude modulation envelopes (Fig. 10). 

Sea-level data at the 35 Myr cycle band has a similar feature as that of 
a truncated function at minimal values. Filtering to the 10 Myr band 
yields 35 Myr envelopes that are in opposite of phase with respect to the 
35 Myr cycles in the original data. This additional physical analogy 
between sea-level record and Earth’s orbital eccentricity may provide 
additional argument for sea-level modulation by Earth’s orbital eccen
tricity at the 35 Myr band. Minima of eccentricity corresponds to 
minima of sea-level and vice versa (Section 4.4). 

Furthermore, the sea-level data support theoretical modeling that 
predicts the validity of astronomical models up to 45 Ma. Likewise, we 
show that the La2004 astronomical model provides the best fit with sea- 
level record compared to the more recent La2010d model. In particular, 
a good correlation between sea-level and La2004 astronomical data is 
not only observed up to 50 Ma at 10 Myr cycle band, but also nearly up 
to 150 Ma at 35 Myr cycle band, pointing to the robustness of La2004 
model. The efficacy of La2004 model has already been demonstrated by 
correlation with other geological proxy records (carbon cycle), with a 
coherent phase relationship up to ~60 Ma (Boulila et al., 2012). 

Finally, we further investigated such serial amplitude modulation of 
La2004 eccentricity within the most constrained time interval (0–30 Ma, 
Fig. 11) to seek for the multi-Myr variations and the origin of their 
modulating components (see also Boulila, 2019; Boulila et al., 2020). 
The 1.6, 2.4 and 4.7 Myr eccentricity cycles (Fig. 11E; Boulila, 2019) are 
associated to the resonant angle θ (Boulila et al., 2020, libration period 
Pθ = 4.7 Myr of the resonant angle θ). The 2.4 Myr cycle band presents 
three beating frequencies of ~2.1, ~2.4 and ~ 2.7 Myr (Fig. 11F) 
providing the resulting ~10 and ~ 18 Myr cycles (Boulila, 2019). The 
4.7 Myr cycle band shows two periods of ~4.3 and ~ 5.3 Myr (Fig. 11E, 
F), which may also provide the ~18 Myr cycle. The ~10 Myr cycle is 
equally detected, although the analyzed time interval is too short for 
such cyclicity. By analogy with well-known Milankovitch cyclicities, 
such as the 2.4 Myr eccentricity term, we suggest that the 10 and 35 Myr 
cycles may correspond to some unresolve fundamental terms, and also 
arise from the modulation of shorter eccentricity terms as shown in the 
present study. 

4. Discussion 

4.1. Two distinct frequency bands of tens of Myr in the geological data 

Geologically detected cyclicities of tens of Myr, ranging from ca. 25 
to ca. 38 Myr, have long been thought to be within the same frequency 
band, and differences in the detected mean periodicity are related to the 
quality of geological data, especially to the different timescales 
employed, and to the methods used for time-series analysis. However, by 
employing a consistent timescale for the past 240 Myr we show here that 
subduction data encode the 35 Myr cycle, while mid-ocean spreading 
data capture the 26 Myr cycle. Thus, there are two distinct frequency 
bands in the geological data. The mean periods of these two cyclicities 
could vary, depending on the analyzed time interval (see for e.g., 
Fig. 2B) – the mean values of these two cyclicities, over the past 200 
Myr, are within the narrow ranges of ~25–26 Myr and ~ 33–35 Myr, 

Fig. 5. Time-series analysis of crustal production and crustal destruction data of Müller et al.’s (2019) model. (A) Raw data, in green crustal production and in red 
crustal destruction, along with weighted average (wa) smoothed data (grey curve) showing the long-term trends. (B) Detrended data by removal of the trends shown 
in ‘A’, and 35 Myr bandpass filters (0.029 ± 0.006 cycles/Myr) using similar colour codes as in ‘A’. (C) Amplitude spectrum of crustal production data. (D) Spectral 
coherence between crustal-production and crustal-destruction data. The higher frequency (< 20 Myr) part of the spectrum is not significant, hence we indicated it by 
the light colour. (E) Amplitude spectrum of crustal destruction data. (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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respectively. For textural simplification, we hereafter refer to the former 
as the 26 Myr cycle, and to the latter as the 35 Myr cycle. 

The 35 Myr cyclicity in subduction data correlates with its time 
equivalents in sea level, stable oxygen isotopes and Earth’s orbital ec
centricity (Section 4.2, Fig. 13). This cyclicity has been well documented 
in the geological record (reviewed in Sections 4.2 and 4.3). Also, the 26 
Myr cyclicity in seafloor spreading data has previously been detected 
(Cogné and Humler, 2006; Müller and Dutkiewicz, 2018), and supported 
by our study. Indeed, the 26 Myr cyclicity has been studied since 1980s, 
especially in the biodiversity data of the extinction of marine families for 
the past 260 Myr (e.g., Raup and Sepkoski, 1984, 1988), albeit its reg
ularity and statistical significance have been the subject of a long debate 
(e.g., Stigler and Wagner, 1987, 1988; Bailer-Jones, 2009). Later studies 
using updated biodiversity data and more recent geological timescales 
have further supported the existence of the 26 Myr cycle (Lieberman and 
Melott, 2007; Melott and Bambach, 2010, 2014; Rampino and Caldeira, 
2015). 

At the 26 Myr frequency band, studies have suggested a link between 
biomass extinction events, crater impacts and/or Earth’s interior dy
namics (e.g., Rampino and Stothers, 1984, 1988; Rich et al., 1986; 
Napier, 1988; Rampino and Caldeira, 1993; Courtillot and Renne, 
2003). More recently, the 26 Myr cycle has been recorded in updated 
impact-cratering data, and correlated to biological extinction events 
over the past 260 Myr (Rampino and Caldeira, 2015). From these 
studies, it would seem that the 26 Myr periodicity is statistically 

significant, and characteristic of mid-ocean seafloor spreading processes 
and the resulting flood basalt provinces, biomass extinction, and 
potentially also impact cratering (Rampino and Caldeira, 1993, 2015; 
Cogné and Humler, 2006; Rampino, 2010; Müller and Dutkiewicz, 
2018). Strong evidence of flood basalt volcanism control of biomass 
extinctions comes from a striking correlation between CAMP eruptions 
and bioextinction of the end-Triassic Extinction Event (Whiteside et al., 
2010). It is quite likely that the astronomical and geological events (e.g., 
crater impacts, bioevents, eustatic lows and highs, etc) that have been 
employed to look for such cyclicities of 26 and 35 Myr bands (e.g., 
Rampino and Caldeira, 2015) correspond to amplitude extremes of these 
cycles. Boulila (2019) showed that the major known climate-ocean 
events of the past 115 Ma strikingly match the 35 Myr extreme 
cycling. Further studies need to focus on time-series analysis of these 
cyclicities in both discrete geological events and continuous geological 
datasets. 

4.2. The 35 Myr eustatic cycle: An historical overview 

The 35 Myr cyclicity is a striking feature of the reference Phanerozoic 
eustatic sea-level curve based on data in Haq et al. (Haq et al., 1987; Haq 
and Al-Qahtani, 2005; Haq and Schutter, 2008, Fig. 1). A comparable 
cyclicity was already recognized in sea-level data a long time ago by 
Grabau (1936), who noticed several pervasive 32 Myr scale major 
transgressive phases during the Paleozoic (Fig. 12), which he extended 

Fig. 6. Amplitude modulation analysis of the astronomical 
data and correlations with sea-level data at the ~10 and ~ 35 
Myr cycle bands. (A) 9.5 Myr extracted cycles from bandpass 
filtered 400 kyr amplitude modulation envelopes in the 
La2004 model. (B) 9.5 Myr extracted cycles from bandpass 
filtered 400 kyr amplitude modulation envelopes in the 
La2010d model. (C) Correlation at the 10 Myr cycle band 
between sea-level, and La2004 and La2010d astronomical 
data. (D) Amplitude modulation envelopes of the 10 Myr band 
in La2004 and La2010d astronomical models. (E) Correlation 
at the 35 Myr cycle band between sea-level and La2004 as
tronomical data. (F) Correlation at the 35 Myr cycle band 
between sea-level and La2010d astronomical data. See Fig. 7 
for the spectra of 9.5 Myr amplitude modulation envelopes in 
the astronomical models, and compare with spectra of sea- 
level data in Fig. 1G,H for the same time interval (0–250 
Ma). Note the intriguing correlation between sea-level and 
La2004 astronomical data till nearly 150 Ma. The inverted 
phase of the 10 Myr cycle from 400 kyr amplitude modulation 
band is explained in Section 3.3.   
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to the Phanerozoic, calling them as transgressive pulses (Grabau, 1940). 
Dorman (1968) suggested a 30 Myr cycle in global temperatures inferred 
from δ18O proxy data of Cenozoic mollusks. Damon (1971) found a 
periodicity of about 36 Myr in Phanerozoic tectonic (magmatism) data, 
and correlated it to major marine transgressive-regressive phases. Wise 
(1974) constructed sea-level curves for the Phanerozoic, suggesting a 36 
Myr periodicity for regression phases, which is identical to the period 
determined by Damon (1971), albeit using different sea-level datasets. 

A similar 32 Myr cycle spanning the Meso-Cenozoic had then been 
extensively reviewed by Fischer and Arthur (1977) on the basis of 
sedimentological proxy data (e.g., biogenic silica, deep-sea carbonates, 
black shales, etc), pelagic biodiversity, and paleotemperatures and 
carbon-cycle derived from δ18O and δ13C of benthic and planktonic 
foraminifera. The main conclusion of these authors was that several 
geological processes were climatically linked to the 32 Myr cyclicity, 
especially the vertical and latitudinal temperature gradient (and 

oxygenation) in the ocean, sea-level fluctuations, and marine biomass 
evolution. All these processes are sensitive to fluctuations in influx of 
solar energy, which modulates climate changes. Fischer and Arthur 
(1977) evoked two mechanisms for the 32 Myr cycle, the incident solar 
energy and Earth’s interior processes. 

The finding of the 32 Myr cycle of Fischer and Arthur (1977) in 
multiple geological proxy datasets is the precursor for several later 
studies since 1980’s, that have suggested similar periodicity in the rate 
of extinction (Raup and Sepkoski, 1984; Kitchell and Pena, 1984) or in 
the occurrence of comet showers (Davis et al., 1984; Rampino and 
Stothers, 1984). Rampino and Stothers (1984) inspired by the Fischer 
and Arthur went on to demonstrate a 33 ± 1 Myr periodicity in the Meso- 
Cenozoic sea-level data of Vail et al. (1977). Baker and Flood (2015) 
found a cyclicity of 31 Myr in Late Cretaceous to Miocene sea-level data 
of Kominz et al. (2008). Boulila et al. (2018) demonstrated a mean 
cyclicity of 36 to 37 Myr over the Phanerozoic eon based on sea-level 
data of Haq et al. (1987), Haq and Al-Qahtani (2005) and Haq and 
Schutter (2008). They have also shown that this cyclicity is shorter in the 
Mesozoic and Cenozoic eras, thus supporting previous estimates (e.g., 
Fischer and Arthur, 1977; Rampino and Stothers, 1984). They have also 
tested the impact of evolving geological timescales on the record of such 
cyclicity, and concluded the persistence of such cyclicity in global sea- 
level data. 

In parallel, increasing stratigraphic resolution has allowed the record 
with high fidelity of the 35 Myr cyclicity in δ18O data (Shackleton and 
Imbrie, 1990; Kaiho and Saito, 1994; Svensmark, 2006; Boulila et al., 
2018; Boulila, 2019). The record of similar 35 Myr scale cyclicity in sea- 
level and δ18O data (Dorman, 1968; Fischer and Arthur, 1977) reveals 
the climatic control of sea-level change (Fischer and Arthur, 1977; 
Boulila et al., 2018). However, tectonic processes are also able to force 
climate and sea-level changes at this timescale (e.g., Raymo et al., 1988; 
Lamb and Davis, 2003; Lagabrielle et al., 2009; Whipple, 2009), thus the 
35 Myr δ18O cyclicity also reflects tectonically-driven climatic changes 
(Shackleton and Imbrie, 1990; Kaiho and Saito, 1994; Zachos et al., 
2001). 

In summary, since 1980’s a number of studies have focused on the 
25–40 Myr geological cyclicity and its causal mechanism in biomass 
extinctions, comet impacts, orogenic events, ocean anoxic events and 
sea-level changes. Regarding the potential drivers the views are split 
between the tectonic forcing hypothesis (e.g., Damon, 1971; Shackleton 
and Imbrie, 1990; Kaiho and Saito, 1994; Abreu et al., 1998; Bond and 
Grasby, 2017), and external galactic cosmic-ray or comet showers from 
the vertical motion of the solar system in the Milky Way galaxy (e.g., 
Rampino and Stothers, 1984; Rampino and Caldeira, 1993, 2015; 
Stothers, 1998; Svensmark, 2006, 2007; Medvedev and Melott, 2007; 
Randal and Reece, 2014; Baker and Flood, 2015; Rampino, 2015; Bou
lila et al., 2018). In Section 4.5, we propose a model that reconciles the 
tectonic and astroclimate (Milankovitch) hypotheses but without 
invoking the galactic impact (Boulila et al., 2018), unless Milankovitch 
(insolation) and galactic (cosmic ray) drivers are coupled (Boulila, 
2019). 

4.3. Evidence for the 10 and 35 Myr cyclicities in astroclimate and 
tectonic archives 

Amplitude and frequency modulation analysis of the 10 Myr cycle 
band in the reference sea-level data indicates a main cyclicity of a period 
close to 35 Myr. This result is supported by independent data from the 
Canadian High Arctic Basin (Fig. 13C, Section 3.1), that record global 
sedimentray sequences (Embry et al., 2019, Supplementary Fig. S2). 
Collectively, these results provide a compelling evidence for the mod
ulation of the 10 Myr band by the 35 Myr cyclicity in sea-level data 
(Figs. 13 and 14). 

A number of studies have shown the existence of ~10 Myr period
icity in Milankovitch orbital variations (Boulila et al., 2012, 2020; 
Sprovieri et al., 2013; Boulila, 2019). The ~10 Myr orbital cyclicity can 

Fig. 7. Amplitude and power spectra of 10 Myr amplitude modulation enve
lopes in Earth’s orbital eccentricity variations. (A) Power spectra. (B) Ampli
tude spectra. Note the high variability of the 35 Myr mean periodicity, resulting 
in a broad spectral peak, which is splitted into two peaks in the amplitude 
spectrum of La2010d model, of periods of 29.4 and 45.4 Myr averaging the 33.5 
to 35.6 Myr period. 
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be retrived either from the precession of perihelia or from the precession 
of nodes (Boulila et al., 2012, 2020; Boulila, 2019), i.e., it exists in the 
eccentricity and obliquity time series. Here we further support the 
presence of such cyclicity in Earth’s orbital eccentrcity, and in particular 
we demonstrate that it is modulated by a longer cyclicity of ~35 Myr. 
These orbitally related ~10 and ~ 35 Myr cyclicities have been noticed 
in paleoclimate proxy data, in deep-sea δ18O record (Boulila, 2019). 

The 35 Myr cyclicity is dominant in the subduction data (Section 
3.2). However, the dominant cyclicity in spreading data is 25–26 Myr 
(Cogné and Humler, 2006; Müller and Dutkiewicz, 2018). The 10 Myr 
cyclicity is expressed in both subduction and mid-ocean spreading data 
(Section 3.2). Although such cyclicity should be considered with 
caution, our current knowledge seems to indicate that it is modulated by 
the 25–26 Myr cycle. 

The 10 Myr cyclicity has previously also been reported from highly 
resolved geodynamic modeling data. A dominant 10 Myr cyclicity was 
detected in global intra-plate volcanism during the Cenozoic (Mjelde 
et al., 2010). In addition, a secondary 5 Myr cyclicity was detected in 
these data (Mjelde et al., 2010), which is close and potentially equiva
lent to the 4.7 Myr orbital cyclicity (Boulila et al., 2020). The 10 and 5 
Myr tectonic cycles were attributed to global fluctuations in core-mantle 
interaction, involving periodic heating of the core and subsequent heat 
release to the mantle and increased global plume activity from the edges 
of the lower-mantle anomalies (Mjelde et al., 2010). A 10–15 Myr 
cyclicity has more recently been recorded in continental back-arc pro
cess (Wolfram et al., 2019). An extensive review of variations in global 
magmatic systems brought out cyclicities ranging from 5 to 10 Myr 
(Mitchell et al., 2019), further supporting tectonic fluctuations at these 

timescales. 
The 35 Myr is generally well preserved in geodynamic data because 

of its stronger amplitude and fewer errors on its estimate from modeling 
resolution and temporal uncertainties. A prominent cyclicity of 25–50 
Myr has also been recognized in the western American Cordilleras 
(DeCelles et al., 2009). The record of 25–26 Myr in mantle convection 
and 35 Myr in subduction remains unresolved. We tentatively hypoth
esize that the interference of these two cyclicities may result in the 92 
Myr cycle (1/26–1/36) seen in sea-level data (Fig. 2). The 92 Myr cycle 
has equally been recorded in other very long geological datasets 
including tectonics (Puetz and Borchardt, 2015; Puetz et al., 2018; 
Wiemer et al., 2018). 

4.4. Driving mechanisms of Myr to multi-Myr eustatic cycles 

The well-known driving mechanism of sea-level changes is gla
cioeustasy in icehouse periods, i.e. change in seawater volume by 
waxing and waning of continental ice sheets. Such mechanism would 
generate larger sea-level oscillations of magnitude reaching 120 to 130 
m below present-day sea-level as during the Last Glacial Maximum, ca. 
27 to 20 ka (e.g., Peltier and Fairbanks, 2006; Austermann et al., 2013; 
Miller et al., 2020). The 100 kyr Quaternary glacial cycles have an 
amplitude of 100–150 m of glacioeustatic change (e.g., Miller et al., 
2005a; Siddall et al., 2010). Estimates from deep-sea δ18Obenthic and 
backstripping suggest Myr-scale variations of 20 to 50 m driven by ice- 
volume variations during pre-Pliocene Cenozoic icehouses (John et al., 
2004; Miller et al., 2005a, 2020). 

The Earth during the Phanerozoic witnessed long-lasting greenhouse 

Fig. 8. Amplitude modulation analysis of the astronomical data (details on reference sources of La2004, La2010d and La2011 astronomical models are provided in 
Section 2.2). (A) Amplitude modulation of the 2.4 Myr cycle band, 0.43 ± 0.15 cycles/Myr (as in Boulila et al., 2012). (B) Amplitude modulation of the 400 kyr cycle 
band (2.465 ± 0.4 cycles/Myr). (C) Bandpass filtered 9.5 cycle band (0.11 ± 0.05 cycles/Myr) from 400 kyr amplitude modulation envelopes in ‘B’. Green-dashed 
area roughly indicates the validity interval of astronomical data. (D) Amplitude spectra of 400 kyr amplitude modulation envelopes. (E) Amplitude and power spectra 
of 2.4 Myr amplitude modulation envelopes. (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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periods without ice sheets or with ephemeral continental ice sheets 
(Miller et al., 2004, 2005b; Haq and Al-Qahtani, 2005; Royer et al., 
2004; Bornemann et al., 2008; Galeotti et al., 2009; Boulila et al., 2011), 
against shorter icehouse periods with extended, well-developed ice 
sheets (Fig. 1). Glacial conditions have been episodically recorded over 
the Phanerozoic eon, in the Late Ordovician–Early Silurian, the Late 
Devonian, through much of the Carboniferous and Permian, the Late 
Paleogene–Neogene (e.g., Fischer, 1984; Frakes et al., 1992; Deynoux 
et al., 1994; Zachos et al., 2001; Haq and Schutter, 2008), and 

potentially in the Late Cretaceous during the ephemeral Antarctic ice 
phases (Matthews, 1984; Stoll and Schrag, 1996, 2000; Miller et al., 
2003, 2005b; Bornemann et al., 2008, among others). During the Meso- 
Cenozoic, Myr-scale sea-level cycles of a few to several tens of meters 
(Miller et al., 2005a; Kominz et al., 2008) have been argued to be paced 
by Milankovitch orbital forcing via glacioeustasy (Boulila et al., 2011). 
During the Paleozoic, the magnitude of shorter (Myr-scale, Boulila et al., 
2011) sea-level cycles were assessed at a few tens of meters up to 125 m, 
the most prominent ones were related to glacioeustasy (Haq and 

Fig. 9. 2.4 Myr eccentricity phasing. (A) La2004 raw eccentricity time series (Laskar et al., 2004). (B) 400 kyr eccentricity bandpass filtering (indicated frequency 
bands are in Myr− 1). (C) Amplitude modulation envelopes of the 400 kyr bandpass filterd time series. (D) Comparison of 2.4 Myr filtered eccentricity cyclicity (0.43 
± 0.06 Myr− 1) from 400 kyr amplitude modulation envelopes in ‘C’ and that from the original eccentricity data in ‘A’. 

Fig. 10. 1.2 Myr obliquity phasing. (A) La2004 raw obliquity time series (Laskar et al., 2004). (B) 40 kyr bandpass filtering (24.8 ± 4 Myr− 1) and amplitude 
modulation envelopes (red curve). (C) Comparison of 1.4 Myr filtered obliquity cyclicity (0.85 ± 2 Myr− 1) from 40 kyr amplitude modulation envelopes in ‘B’ and 
that from the original obliquity data in ‘A’. Note: a larger band in ‘C’ of, for example, 0.85 ± 0.4 Myr− 1 would integrate other longer obliquity periods, such as the 
799 kyr and 2.4 Myr components. Therefore, an appropriate band of 0.85 ± 0.2 Myr− 1 is more conservative to restore the actual phase of the 1.2 Myr cyclicity. (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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Schutter, 2008). Although the Paleozoic sea-level sequences are in 
generally less precisely dated, when compared to the Ceno-Mesozoic 
sequences (Haq and Schutter, 2008), careful examination of several 
glacio-eustatic sequences points to Myr-scale sea-level sequences 
matching Milankovitch orbital band (Fig. 15, Boulila et al., 2011, see 
Supplementary information for detailed comments on Fig. 15). Some 
lines of evidence for icehouse conditions throughout the Earth’s history 
have been reported, suggesting that sea-level oscillations were largely 
glacio-eustatically driven (Matthews, 1984; Stoll and Schrag, 1996, 
2000; Abreu et al., 1998; Immenhauser, 2005; Miller et al., 2003, 2005b; 
Bornemann et al., 2008; Matthews and Al-Husseini, 2010; Boulila et al., 
2011, among others). 

The other alternative mechanism for sea-level fluctuations at Myr to 
multi-Myr timescales is tectono-eustasy from Earth’s interior processes 
and plate tectonic motions. It is considered as the main candidate to 
explain the high-amplitude eustatic variations, especially during the so- 
called greenhouse periods when there were no extensive ice sheets on 
Earth (e.g., Vail et al., 1977; Haq et al., 1987). Tectonic processes 
driving sea-level and their operating timescales were recently reviewed 
by Conrad (2013). The main process is the change in the volume of 
global ridge system via mantle convection (e.g., Pitman, 1978; Harrison, 
1990; Miller et al., 2005a; Cogné et al., 2006; Cogné and Humler, 2008; 
Müller et al., 2008; Cloetingh and Haq, 2015), which involves the cre
ation of new ridges within the ocean basins as well as spreading rates 
which when accelerates tends to flatten the ridge system, raises the 
depth of the seafloor and elevates global sea level (Pitman, 1978; Gaffin, 
1987). Global ridge-system process could account for several meters of 
sea-level changes in only a few Myr, to ~50 m in approximately 20 to 30 
Myr, and to ~200 m at 100 to 200 Myr timescales (Conrad, 2013). At 
similar timescales, the production of seafloor should be compensated by 
subduction process, where older lithospheric plates tend to subduct to 
satisfy solid Earth’s mass conservation – however, the average age and 
depth of subducting seafloor changes through time, while the age and 
depth of newly produced seafloor does not change. The fluctuations in 
the age of subducting seafloor are a reflection of the changing age-area 
distribution of seafloor through time (Wright et al., 2020) resulting in 
long-term sea level fluctuations. In addition, seawater gain from con
vection and seawater loss in subduction (Conrad, 2013) contributes to 
this process. At very long timescales (Gyr), convection and subduction 
processes result in an imbalance of the ocean’s water exchange with the 
deep mantle (Conrad, 2013). 

Mantle flow and the resulting upwellings and downwellings generate 
so-called dynamic topography at relatively long wavelengths (Gurnis, 
1993; Conrad and Gurnis, 2003). This process would generate lateral 
and vertical motions on lands and seas, deflecting seafloor bathymetry 
and modifying the volume of the ocean basins (Gurnis, 1993; Conrad 
et al., 2004; Spasojevic and Gurnis, 2012; Flament et al., 2013; Cloe
tingh and Haq, 2015). The impact of dynamic topography on sea-level 
change is estimated to be in the range of 100–200 m since the Late 
Cretaceous (Conrad, 2013), and may have also played an important role 
in high-frequency (third- and higher orders) sea-level cycles, of up to 50 
m (Lovell, 2010; Petersen et al., 2010). The vertical motions associated 
to the dynamic topography could also generate local uplift and subsi
dence patterns (e.g., Gurnis, 1993; Moucha et al., 2008; Braun, 2010; 

(caption on next column) 

Fig. 11. Amplitude modulation of the orbital eccentricity. (A) La2004 raw 
eccentricity. (B) Amplitude modulation of the short eccentricity (bandpass: 
0.009 ± 0.003 cycles/kyr). (C) Amplitude modulation of the 400 kyr eccen
tricity (bandpass: 0.00247 ± 0.001 cycles/kyr, applied to amplitude modula
tion envelopes in ‘B’). (D) Bandpass (0.0004256 ± 0.002 cycles/kyr) filtered g4- 
g3 from amplitude modulation envelopes in ‘C’ (green curve) and from the raw 
eccentricity in ‘A’ (blue curve). (E) Amplitude spectrum of amplitude modu
lation of short eccentricity band (green curve in ‘B’). (E) Amplitude spectrum of 
amplitude modulation of 400 kyr eccentricity band (red curve in ‘C’). (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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Lovell, 2010), including those along continental margins (Müller et al., 
2018), which were suggested as the main driver of second-order (10 
Myr) sea-level sequences (e.g., Embry et al., 2019). 

Spectral analysis of subduction data from most a recent plate tectonic 
models (Müller et al., 2016, 2019) shows evidence of 33 to 35 Myr 
cyclicity over the past 200 Myr (Fig. 13I and Supplementary File). A 
close cyclicity is also detected in sea-level, δ18O and Milankovitch var
iations (Fig. 13F-J). Interestingly, cross-spectral analysis highlights a 
strong correlation between the subduction, sea-level, δ18O and eccen
tricity variations at the 35 Myr cycle band (Fig. 14), suggesting a link 
between Earth’s interior and surface processes, mediated by external 
Milankovitch forcing (Section 4.5). Subduction lags sea-level change by 
only ~0.5 Myr (phase = − 175◦ at 34 Myr, coherence = 0.96, Fig. 14). 
Thus, higher subduction leads to lower sea levels. This would imply that 
the episodicity in slab advance would generate a loss in seawater 
(Conrad, 2013; Karlsen et al., 2019), inducing minima in the 35 Myr sea- 
level cycle. A potential scenario to link tectono-eustatically driven sea- 
level to external (Milankovitch) climate forcing of Earth’s suface pro
cesses is provided below in Section 4.5. Other, relatively minor contri
butions to sea-level change during icehouse and greenhouse climates 
also need to be considered, such as the thermal expansion of seawaters 

(thermo-eustasy), and terrestrial water storage and groundwater-driven 
eustasy called aquifer-eustasy (e.g., Jacobs and Sahagian, 1993, 1995; 
Lombard et al., 2005; Föllmi, 2012; Wagreich et al., 2014; Sames et al., 
2016, 2020; Wendler et al., 2016; Wendler and Wendler, 2016; Ray 
et al., 2019; Davies et al., 2020). For instance, the impact of aquifer- 
eustasy on short-term (400 kyr to 3 Myr) sea-level change is increas
ingly advocated, especially during the Cretaceous greenhouse period (e. 
g., Föllmi, 2012; Sames et al., 2016; Wendler et al., 2016; Wendler and 
Wendler, 2016; Sames et al., 2020). Nevertheless, the larger magntitude 
sea-level cycles of up to 65 m assessed for the Cretaceous challenge the 
aquifer-eustasy hypothesis, and favor the glacio-eustasy hypothesis even 
during greenhouses (e.g., Miller et al., 2005b; Boulila et al., 2011; Ray 
et al., 2019; Davies et al., 2020; Simmons et al., 2020). The interplay of 
the above processes, aquifer-, glacio-, thermo-, and tectono-eustasy to 
sea-level change is likely (e.g., Simmons et al., 2020) at shorter and 
longer timescales (Section 4.5). 

4.5. A coupled climate-tectonic model for the 10 and 35 Myr eustatic 
cycles 

Astronomically forced sea-level hierarchy spans a large temporal 

Fig. 12. Paleozoic 35 Myr eustatic cycle. (A) Major global transgressions recognized by Grabau (1936) (modified after Simmons, 2012). (B) Detrended (Wilson 
Magacycle removed) Plaleozoic eustatic data of Haq and Schutter (2008) along with 35 Myr bandpass filtering (0.032 ± 0.01 cycles/Myr in green and 0.032 ± 0.02 
cycles/Myr in red) and potential correlation with 35 Myr equivalent cycles of Grabau (1936). (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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band from millennial precession period to multi-Myr orbital modula
tions (Table 1). Strong evidence of a 20 kyr precession to 1.2 and 2.4 Myr 
orbital modulation of sea-level changes has been found throughout the 
Phanerozoic (Strasser et al., 2006; Boulila et al., 2011; Fang et al., 2015; 
Liu et al., 2019). Longer orbital periods of 4.7 and 10 Myr have also been 
suggested to pace long-term geological processes including sea-level 
(Boulila et al., 2012; Sprovieri et al., 2013; Boulila, 2019; Boulila 
et al., 2020). Our finding of 35 Myr modulation of the 10 Myr cycles in 
eccentricity and sea-level data further extends such a hierarchical link 

between Milankovitch and sea-level cycles (Table 1). The 10 and 35 Myr 
periodicities have similarly been detected in tectonic data (Sections 3.2 
and 4.3). 

The most likely phenomenon that may link insolation-climate to 
Earth’s interior processes is climatically driven mass changes on Earth’s 
surface (e.g., Métivier et al., 2010; Rietbroek et al., 2012). Thus, the 
potential link between external and Earth’s interior processes would 
manifest as interactions and feedbacks (Boulila, 2019), rather than a 
direct orbital forcing of the solid Earth. 

Fig. 13. Time-series analysis of four geological datasets of the past ~200 Ma to highlight the 35 Myr cyclicity. ‘A’, ‘B’, ‘F’ and ‘G’ are from Boulila et al. (2018). (A) 
Detrended eustatic reference data (Wilson megacycle removed), along with 35 Myr bandpass filtering. (B) Detrended oxygen isotope data (δ18O) (Wilson megacycle 
removed) along with 35 Myr bandpass filtering. (C) Duration of major sequence boundaries through time (black curve), from the Canadian High Arctic Basin (Embry 
et al., 2019, see Fig. S1), and 35 Myr bandpass filtering (bold black curve). (D) Detrended convergence data of Müller et al. (2019) (blue, RC1, w = 25 Myr, step = 1 
Myr) and 35 Myr bandpass filtering (pink, 0.0295 ± 0.015 cycles/Myr). (E) La2004 eccentricity amplitude modulation data (see Methods), along with a 35 Myr 
bandpass filtering (0.0295 ± 0.015 cycles/Myr, light green curve). (F) Power spectrum of data in ‘A’ (detrended). (G) Power spectrum of data in ‘B’. (H) Power 
spectra of data in ‘C’. (I) Power spectra of data in ‘D’ (see raw spectra in Fig. 4A and detail in Supplementary Fig. S15). (J) Power spectra of data in ‘E’ (see raw 
spectra in Supplementary Fig. S3). (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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It has long been argued that the change in the shape of Earth’s sur
face via the redistribution of Earth’s water masses would distort the 
entire Earth system by deplacing its barycenter (e.g., Haskell, 1935; 
Mitrovica and Peltier, 1993; Conrad and Hager, 1997; Nerem and Wahr, 
2011; Roy and Peltier, 2011). Redistribution of water mass on Earth’s 
surface would induce elastic and viscous deformations of the solid Earth, 
and these two modes of deformation deflect the seafloor as well as the 
gravitational equipotential (geoid) surface that defines sea-level; both 
processes affect relative and global sea-level, but at different timescales 
(Haskell, 1935; Farrell, 1972; Walcott, 1972; Farrell and Clark, 1976). 
Elastic deformation operates at 1 to 100 years timescales, while the 
viscous deformation acts at longer timescales of 1 to 100 kyr (see Con
rad, 2013 for a review). Although the mechanically deformed Earth’s 
surface due to glaciation/deglaciation could be local and over shorter 
timescales, such elongation is susceptible to propagate outside the 
deformation site, thus affecting sea-level at larger scale (Farrell and 
Clark, 1976; Mitrovica and Peltier, 1991; Conrad, 2013), and its low- 
frequency modulation via the hydrological cycle (e.g., Mason et al., 
2004) is very likely (see below). It has even been demonstrated that 
seawater ocean loading causes a similar viscous response along coast
lines that leads to changes in the global eustatic sea level (Mitrovica and 
Milne, 2002). Such a mechanism has long been recognized (Walcott, 
1972; Clark et al., 1978; Nakada and Lambeck, 1989; Mitrovica and 
Peltier, 1991). 

These perturbations of Earth’s surface from ice-mass and seawater 
ocean loading/unloading could be transferred to the deep solid Earth 
system. Observations of the match between orbitally paced Quaternary 
glacial cycles and global volcanic eruption has led to linkage between 
Earth’s surface and interior processes at the orbital timescale (e.g., 

Rampino et al., 1979; McGuire et al., 1997; Huybers and Langmuir, 
2009, 2017; Lund and Asimow, 2011; Schindlbeck et al., 2018). Large 
eruptions have been correlated to 100 kyr glacial cycles at Mount 
Mazama (Bacon and Lanphere, 2006), Western Europe (Nowell et al., 
2006), and the South Eastern United Sates (Jellinek et al., 2004). It is 
thus suggested as a causal link between loading and removal of ice on 
and from continents and the resulting general perturbations of the 
lithosphere and upper mantle (e.g., Nowell et al., 2006; Huybers and 
Langmuir, 2009). Orbitally-paced glacial cycles could modify the pres
sure exerted on the upper mantle, causing in turn the change in magma 
production and thus the global volcanic activity (e.g., Maclennan et al., 
2002; Jellinek et al., 2004; Huybers and Langmuir, 2009; Kutterolf et al., 
2012; Crowley et al., 2015; Tolstoy, 2015; Conrad, 2015; Schindlbeck 
et al., 2018). In particular, Crowley et al. (2015) highlighted a correla
tion between abyssal hill fabrics along mid-ocean ridges and the glacial 
cycles, suggesting cyclic magmatic response to changes in sea level. In 
addition, at Milankovitch time scales and longer, it was postulated that 
magmatic variation could cause climate change via volcanic emissions 
of greenhouse gases, impacting in turn Earth’s surface processes 
including sea-level changes (Sternai et al., 2020). The interplay between 
tectonics, climate and Earth’s surface processes was also suggested to 
explain the evolution of mountain building (Pesek et al., 2020). 

Likewise, it has been hypothesized that annual, seasonal and tidal 
cycles are fingerprinted in seafloor volcanic variations, suggesting that 
tidal to annual changes in sea-level and environments (tides) would 
govern deformation of Earth’s surface, and thus pace the global volcanic 
activity (e.g., Emter, 1997; Mason et al., 2004; Jupp et al., 2004). 
Milankovitch periodic parameters (precession, obliquity and eccentric
ity) modulate the annual and seasonal cycles (e.g., Berger et al., 2006; 

Fig. 14. Cross spectral analysis of sea-level, δ18O, La2004 eccentricity envelopes (La2004 Ecc.), and subduction data at the 34 Myr cycle. Coherence and phase values 
for each cross spectrum are given between brackets. 
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Huybers and Curry, 2006; Hinnov, 2013). In other words, any change in 
the amplitude/frequency of the shorter cycles (seasonal/annual) would 
be transferred to the longer cycles (Milankovitch band and its modula
tions) in the volcanic record (e.g., Mason et al., 2004; Jupp et al., 2004; 
Crowley et al., 2015; Tolstoy, 2015). 

The above studies collectively suggest a potential connection be
tween astro-climatically paced sea-level and Earth’s interior and surface 
processes, depending on the presence or absence of icehouse conditions 
(i.e., via the annual hydrological cycle, Mason et al., 2004). Such 
connection may operate via a direct or indirect control of sea-level in 

tune with seasonal/annual to Milankovitch scale variations. A direct 
control may be exerted by glacio-eustasy, acquifer-eustasy and/or 
thermo-eustasy (see Section 4.4). However, these mechanisms cannot 
explain the larger amplitudes of sea-level (hundred to several hundreds 
of meters), documented for the greenhouse periods. An indirect control 
may operate as feedbacks of Earth’s interior to sea-level and Earth’s 
surface perturbations from astronomical forcing. Earth’s interior may 
resonate to these superficial perturbations in a similar fashion, as that 
suggested for the 100 kyr climate-glacial Quaternary cycles (Crowley 
et al., 2015; Tolstoy, 2015). 

Fig. 15. Time-series analysis of some Paleozoic glaciated and partially glaciated intervals to highlight the 1 Myr scale sea-level cyclicity (third-order sequences, Haq 
and Schutter, 2008). (A) Pennsylvanian to Early Permian p.p. interval. Raw data (bleu) along with smoothing weighted average (wa), and bandpass filtering of two 
intervals (indicated by horizontal grey double-arrows) showing regular 1.2 Myr scale cyclicity (see spectra in ‘C’). The grey horizontal bar indicates that all the 
interval is glaciated. (B) Silurian to Devonian p.p. interval. Raw data (bleu) along with smoothing weighted average (wa) and polynomial 6th order (Poly6), and 
bandpass filtering of one interval (indicated by horizontal grey double-arrow) showing regular 1.5 Myr scale cyclicity (see spectra in ‘D’). The ligh-grey horizontal bar 
indicates the glaciated interval, and the dark-grey horizontal bar indicates the anoxic interval. (C) Spectrum of the interval from 296.7 to 314 Ma and the significance 
F-test (upper and lower panels, respectively). Inset in the upper panel: spectra of a short interval from 299.5 to 309.5 Ma showing a very regular cyclicity, depicted by 
a single strong peak centered on the period of 1.2 Myr. (D) Spectrum of the interval from 410 to 432 Ma and the significance F-test (upper and lower panels, 
respectively). All values of periods indicated on spectral peaks are labelled in Myr. 
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Although we shed light on a continuum of astro-tectonically linked 
sea-level, from annual to 35 Myr cycle bands, with the available data it is 
hard to collectively envision the shorter, annual, and the longer, Myr to 
tens of Myr, timescales either in terms of sea-level magntitude or in 
terms of operating, forcing processes (e.g., Conrad, 2013). However, the 
Phanerozoic data allows the suggestion that magnitude of sea-level 
changes could be enhanced from higher to lower frequencies (energy- 
transfer process, Boulila et al., 2012), i.e., the longer climate-tectonic 
cycle the larger the sea-level magntitude is (Fig. 1). Therefore, low- 
frequency tectonic cycles and processes (Section 4.4), in response to 
climatically-driven mass changes on Earth’s surface including rock 
accumulation and erosion (e.g., Calais et al., 2010; Sternai et al., 2016; 
Pesek et al., 2020), have the potential to explain larger sea-level mag
nitudes during greenhouse periods (e.g., Vail et al., 1977; Haq et al., 
1987; Haq and Schutter, 2008; Müller et al., 2008; Conrad, 2013). 

The 10 and 35 Myr cycles are common in Milankovitch, sea-level and 
subduction data. However, a dominant 25–26 Myr cyclicity has been 
detected in mid-ocean spreading data (Figs. 4 and 5, Cogné and Humler, 
2006; Müller and Dutkiewicz, 2018). The 25–26 Myr cyclicity modulates 
the 10 Myr band in spreading and subduction data (Supplementary In
formation, Section 3.2). The present review points to a coupling between 
spreading and subduction at the 10 Myr band, but not at tens of Myr 
(Section 3.2). Such result should be further investigated in future geo
dynamic modeling efforts. Otherwise, one would expect that sea level 
oscillates in tune with mid-ocean spreading, given the potential link 
between them (e.g., Müller et al., 2008; see Conrad, 2013 for a review). 
However, subduction data also strongly correlate with sea level change 
(Figs. 13 and 14). We thus suggest that the long-term sea-level change is 
predominantly paced by the subduction processes. Recent studies of 
Earth’s interior water cycling implies that the amount of water entering 
Earth’s interior via subduction (Cai et al., 2018) greatly exceeds esti
mates of the amount being emitted by volcanoes including mid-ocean 
seafloor spreading (Parai and Mukhopadhyay, 2012), thus enhancing 
the importance of the subduction processes in the global water budget 

(Shillington, 2018). Nevertheless, changes to sea-level from both the 
spreading and subduction processes, which respond in turn to long-term 
(tens of Myr) perturbations in Earth’s surface systems, is likely (Section 
4.4). Reciprocally, substantial release of carbon dioxide (CO2) from mid- 
ocean ridges (Müller and Dutkiewicz, 2018) and from subduction zones 
(Van Der Meer et al., 2014) could equally influence climate change at 
tens of Myr time scales. 

5. Conclusions 

Superimposed on the tectono-eustatic Wilson megacycle (250–300 
Myr in duration) are several long-term global sea level cyclicities of 
different amplitudes and origins. The most prominent ones are the ~10 
and ~ 35 Myr cycles. Increasing evidence for Milankovitch orbital 
pacing of the ~10 Myr cyclicity has been demonstrated from various 
geological datasets and in the modulation of Milankovitch astronomical 
cycles. However, the origin of ~35 Myr eustatic cyclicity has been 
controversial, which has been ascribed either to tectonics or climate 
from the solar system motion in the Galaxy. 

Here we have reviewed the origin of ~10 and ~ 35 Myr sea-level 
cycles based on amplitude modulation analysis of the compiled Phan
erozoic sea-level data, together with additional geological datasets. We 
show that the 10 cycle band may be modulated by the ~35 Myr cyclicity 
in the sea-level record. We have tested the ~10 and ~ 35 Myr sea-level 
cyclicities for potential Milankovitch-forcing hypothesis since the 10 
Myr cycle arises from amplitude modulation of Milankovitch cycle band. 
Amplitude modulation analysis of Earth’s orbital eccentricity variations 
indicates the modulation of the ~10 Myr cycles by the ~35 Myr cyclicity 
in different astronomical models. A correlation between sea-level and 
astronomical (insolation) variations at these two cyclicities provides a 
compelling evidence for a link between the two. 

Additionally, the sea-level data support theoretical modeling that 
predicts the validity of astronomical models as far back as 45 Ma. We 
also show that the La2004 astronomical model provides the best fit with 
sea-level record compared to the more recent La2010d model. In 
particular, a good correlation between sea-level and La2004 astronom
ical data was established up to 50 Ma at the 10 Myr cycle, and even 
almost up to 150 Ma for the 35 Myr cycle, pointing to the robustness of 
La2004 model. 

Our review suggests that it is unnecessary to invoke astronomically 
paced 35 Myr cycle via cosmic ray flux from the vertical motion of solar 
system, unless insolation and cosmic ray are coupled through planetary 
and solar-system motions. 

Finally, time-series analysis of subduction data from recent plate 
tectonic models also captures the 10 and 35 Myr cyclicities. These tec
tonic cyclicities, especially the 35 Myr cycle, correlated to sea-level and 
Milankovitch cycles. However, seafloor spreading data show a dominant 
cyclicity of 25–26 Myr. The interference of the 25–26 and 36 Myr 
(Phanerozoic mean period) tectonic cyclicities may explain a resulting 
third Phanerozoic sea-level cyclicity of a period that spans close to 91 
Myr (1/26–1/35). 

The record of similar cyclicities in sea-level, δ18O, Milankovitch and 
tectonic variations, and the correlations between them, especially at the 
35 Myr band, suggest a coupling between Earth’s surface and interior 
processes. We thus hypothesize that Earth’s interior processes resonate 
with astro-climatically (Milankovitch) driven perturbations of Earth’s 
surface that include sea-level fluctuations. Our review augments the 
broad conclusion is that sea-level changes can respond directly to 
Milankovitch orbital forcing via glacio-eustasy, thermo-eustasy and/or 
aquifer-eustasy or indirectly through feedbacks from tectonically-paced 
ocean-basin volume changes. 
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Table 1 
Hierarchy of sea-level sequences and their potential causal mechanisms 
(modified after Boulila et al., 2011, 2018, 2020).* Phanerozoic mean period
icity. Bold text indicates the updates. The ~35 Myr cyclicity has a very likely 
Milankovitch origin, which manifests as the modulator of the 10 Myr orbital 
band (present study). Precise secular frequencies of the 4.7 Myr orbital cycle are 
provided in Boulila (2019) and Boulila et al. (2020). The 9.5 Myr cycle originates 
from both the inclination and the eccentricity (Boulila, 2019) as well as the 4.7 
Myr cycle (Boulila et al., 2012, 2020). Milankovitch forcing (eccentricity and 
inclination) by the 4.7, 9.5, 18 and 35 Myr orbital cycles induce perturbations in 
Earth’s surface processes, transferred to the deep solid Earth, and the latter 
resonates in turn to such superficial perturbations, thus explaining the conjoint 
astronomical-tectonic forcing on sea-level change.  

Order Suborder Mean period 
(Myr) 

Causal mechanism Astronomy 

First Longer 250–300* Tectonic, galactic? Radial motion? 
Shorter 91* Tectonic, galactic?  

Second Longer 36* Milankovitch, 
tectonic 

Eccentricity- 
Obliquity 

Medium- 
2 

18 Milankovitch, 
tectonic 

Eccentricity- 
Obliquity 

Medium- 
1 

9.5* Milankovitch, 
tectonic 

Eccentricity- 
Obliquity 

Shorter 4.7 Milankovitch, 
tectonic? 

Eccentricity- 
Obliquity 

Third Longer 2.4 Milankovitch Eccentricity (g4- 
g3) 

Shorter 1.2 Milankovitch Obliquity (s4-s3) 
Fourth  0.405 Milankovitch Eccentricity (g2- 

g5) 
Fifth Longer 0.173 Milankovitch Obliquity 

Shorter 0.1 Milankovitch Eccentricity 
Sixth Longer 0.04 Milankovitch Obliquity 

Shorter 0.020 Milankovitch Precession  
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the work reported in this paper. 
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