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ARTICLE INFO ABSTRACT

Arfic{e history: The origin of third-order eustatic sequences is reviewed by comparing recent sequence stratigraphic data to
Received 27 May 2010 the latest, best-constrained astronomical model. Middle Eocene to Holocene icehouse sequences correspond to
Accepted 22 September 2011 ~1.2 myr obliquity cycles. Constraints from oxygen isotope records highlight the link between “icehouse” sea-

Available online 1 October 2011 level lowerings, sequence boundaries, and ~1.2 myr obliquity nodes. Mesozoic greenhouse sequences show

some relation with the ~2.4 myr eccentricity cycles, suggesting that orbital forcing contribute to sea-level
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~1.2- and ~2.4-myr astronomical cycles We suggest that during the icehouse, large ice sheets associated with significant glacioeustatic changes (>>25 m
Cenozoic up to 120 m changes) were mainly governed by obliquity forcing. During icehouse worlds, obliquity forcing was
Mesozoic the stongest control on global sea-level and depositional sequences. Additionally, during the Middle Eocene,
eustatic sequence hierarchy third-order sequences were glacioeustatically driven in tune with ~1.2 myr obliquity cycle, suggesting that

the presence of significant ice sheets is earlier than previously supposed (i.e., Early Eocene). In contrast, during
greenhouse worlds (e.g., ephemeral, small to medium sized or no ice sheets; 0- ~25 m glacioeustatic changes),
the expression of obliquity in the sedimentary record is weak and intermittent. Instead, the eccentricity signa-
ture, which is the modulator of climatic precession, is documented. Moreover, we presume that greenhouse se-
quences on the myr scale are global and hence cannot be caused by regional tectonism (e.g., intraplate stress or
mantle “hot blobs”). Instead, the eccentricity link implies a weaker glacioeustatic control because thermoeus-
tasy is too small to explain the sea-level changes.
Stratigraphically well-documented fourth-order sequences may be linked to the astronomically stable (stron-
gest amplitude) 405-kyr eccentricity cycle and possibly to ~160-200-kyr obliquity modulation cycles, fifth-
order sequences to the short (~100-kyr) eccentricity cycles, and finally sixth-order sequences to the fundamen-
tal obliquity (~40 kyr) and climatic precession (~20 kyr) cycles. These astronomical cycles could be preserved in
the sedimentary record, and have been demonstrated to control sea-level changes. Accordingly, by placing de-
positional sequence orders into a high-resolution temporal framework (i.e., orbital periodicities), standardiza-
tion of eustatic sequence hierarchy may be possible.

© 2011 Elsevier B.V. All rights reserved.
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1. Introduction

Global sea-level (eustatic) change is one of the major controls on
the sedimentary record (e.g., Sloss, 1963; Vail et al,, 1977; Kominz
et al., 1998; Miller et al., 2005a). The definition of depositional se-
quences by Exxon Production Research Company (Vail et al., 1977;
Haq et al., 1987), and their interpretation of a sea-level control on de-
position, led to debates regarding timing, amplitudes, and mechanism
of these eustatic changes that continue today (e.g., Christie-Blick
et al,, 1990; Miller and Mountain, 1996; Pekar and Miller, 1996; Miller
et al., 1998; Kominz and Pekar, 2001; Pekar et al., 2001, 2002; Miiller
et al., 2008; and many others). Vail et al. (1977) divided these depo-
sitional sequences temporally into six orders ranging from tens of
millions years (first- and second-order) to a few tens of thousands
years (sixth order). One of the outstanding questions of the past
30 years is the origin of third-order eustatic sequences (0.5-3 myr du-
rations, Haq et al., 1987; Vail et al., 1991) in Cenozoic and Mesozoic
strata (e.g., Lourens and Hilgen, 1997; Grant et al.,, 1999; Strasser
et al., 2000; Gale et al., 2002, 2008; Matthews and Frohlich, 2002;
Boulila et al, 2008a, 2010b). The definition of the third-order
sequence at spatial and temporal scales has been hampered by several
constraints such as the potential of (sediment) preservation, which
depends on depositional environments and settings, the lack or absence
of chronostratigraphic control, and difficulties in deciphering sequence
orders. For example, a spatially patchy distribution of sequences on a
given depositional profile is related to variations in accommodation

Table 1

space, which depends in turn on sediment migration and supply, and
differential subsidence (e.g., Christie-Blick et al., 1990). In contrast,
variable durations of third-order sequences (0.5 to 3 myr) could be re-
lated to difficulties in deciphering sequence hierarchy, uncertainties in
age models used to date sequence boundaries, possible undetected
hiatuses, and/or pseudo-periodic variations of the forcing process itself
(Section 2, and Tables 1 and 3).

The amplitude of eustatic oscillation is a critical criterion for se-
quence order determination (e.g., Vail et al., 1977). Whereas studies
have generally shown that the number and age of cycle chart sea-
level falls (Vail et al., 1977; Haq et al., 1987) is generally correct, the
amplitude and shape of their curve is not correct, with amplitudes
typically overestimates by 2-2.5 times (Miller and Mountain, 1996,
Miller et al., 2005a). Even the relative difference between sea level
events in the cycle chart may not be correct, calling into question
their use in identifying sea-level hierarchy (Miller et al., 2011). Like-
wise, geophysical logging proxies in sections with low sedimentation
rates could lead to different sequence stratigraphic interpretation
compared to sections with high sedimentation rates (e.g., Jacquin
et al., 1998 discussed in Boulila et al., 2010b). These significant
problems, related to duration and amplitude of eustatic change,
make it difficult to identify third-order depositional sequences.

New developments in sequence stratigraphic modelling provide
improved quantitative estimates of amplitudes of global sea-level
change (e.g., Kominz and Pekar, 2001). Glacioeustatic fluctuations
cause global seawater 6'%0 changes, which are recorded by benthic

Compiled Oligocene-Miocene sequence stratigraphy of the New Jersey, oxygen isotope data (references below), and La2004 ~1.2-myr obliquity nodes (Laskar et al., 2004). New
Jersey sequence stratigraphy are from Miller et al. (1998), and updated from Kominz et al. (2008), otherwise sources are shown in superscript letters, from left to right, as follows.
First column, V: De Verteuil (1997), Second column, S: Sugarman et al. (2005). Oxygen isotope data are from Miller et al. (1991, 1998), otherwise sources are shown in superscript
letters, from left to right, as follows. Third column: 0i2d is a possible additional event according to Pélike et al. (2006a), Oi2x corresponds to the unnamed event in Miller et al.
(1998). Fourth column: T: Turco et al. (2002), Lir: Lirer et al. (2009), L: Lourens and Hilgen (1997), Wes: Westerhold et al. (2005), B: Billups et al. (2002), P: Pekar and DeConto
(2006). R: Miller et al.'s new revisions (unpublished). * Oligocene timescale is based on the ATS model of Pdlike et al. (2006a). Miocene timescale is rescaled to GTS2004 (Gradstein
et al.,, 2004). NR : not recognized. Oxygen isotope events were attributed to sequence boundaries (i.e., sea-level falls) (e.g., Miller and Mountain, 1996; Miller et al., 1998).

3rd order sequence Basal sequence boundary/Hiatus age (Ma) d180 event d180 maximum age (Ma) La2004 obliquity node age (Ma)
Kw-Ch6V 8.23-8.04S NR 7.94
Kw-Ch5V 8.87-8.66S Mi7 8.7 8.98
Kw-Ch4V 9.75-9.49S Mi6 10.3(10.4T) 10.34
Kw-Ch3V 11.58-10.37 Mi5 11.7(11.4T,11.42Lir) 11.40
Kw-Ch2V 12.75-12.53 Mi4 12.9(12.8L,13.2Wes) 12.77
Kw-Ch1 12.94 Mi3 13.7 13.65
Kw3 15.58-14.67 Mi2a 14.8 14.99
Kw2c 16.48-16.06 Mi2 16.1(16.1B, 16.2R) 16.04
Kw2b 18.07-17.58 Milb 17.7 (17.8B,17.6P, 17.5R) 17.40
Kw2a 19.15-19.06 Milab 18.2 (18.2P, 18.7R) 18.28
Kwilc 19.78 Milaa 19.7 (19.9P, 19.8R) 19.67
Kw1b 20.99-20.61 Mila 20.8 (21.0B,20.6P, 21.15R) 20.72
Kwila 21.99-21.2 unnamed 22.0R 21.92
KwO 23-22.82 Mi1l 23.0 (23.1R) 22.98
07 243 0i2d 243 2433
06 25.5-25.7 Oi2c 25.1 25.39
05 26.9-27.1 0i2b 26.4 26.76
04 27.9-28.3 Oi2a 279 27.64
03 289 0i2x 28.8 28.98
02b 30.1-29.5 0i2 30.0 30.06
02 31.6-32.1 0ilb 31.8 31.58
01 32.9-33.1 Oila 329 32.64
ML 33.8-33.5 0il 33.65 33.99
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and planktonic foraminifera, although these global changes can be
overprinted by temperature. Conjointly used benthic foraminiferal
Mg/Ca ratios and 6'80 provide a means to trace the evolution of
ice sheets and the associated sea-level changes (e.g., Billups and
Schrag, 2002). Interestingly, when used together, sedimentology
and isotopic stratigraphy could constrain the amplitudes of sea-level
change (e.g., Pekar et al., 2002; John et al., 2004, 2011). Durations
of sequences could be constrained if the forcing processes are
known. Particularly, Earth's orbital parameters (climatic precession,
obliquity, and eccentricity) represent one of the main external driving
forces on climate and sea-level changes via insolation intensity (e.g.,
Hays et al., 1976; Imbrie et al., 1984; Strasser et al., 2006; Naish
et al., 2009; and many others). Variations of these parameters have
been calculated with precision for the last 50 million years (Laskar
et al,, 2004, 2011).

Numerous studies of high-resolution 680 records have demon-
strated that climate variations are consistent with the quasi-periodic
orbital parameters: climatic precession, obliquity and eccentricity,
during the later Cenozoic icehouse (younger than 33.8 Ma). Particu-
larly, 41 kyr obliquity forcing appears to be the primary driver of gla-
cial variability in this icehouse world (e.g., Zachos et al.,, 2001a;
Holbourn et al., 2007). More interestingly, the ~1.2-myr obliquity
cycle was demonstrated as a beat in the major glacial episodes
(Zachos et al., 2001b; Wade and Pdlike, 2004; Pdlike et al., 2006a,b).
On the other hand, theoretical modelling of the greenhouse
sequences shows that glacioeustasy may have been controlled by ec-
centricity. Particularly, Matthews and Frohlich (2002) showed that
glacioeustatic changes appear in the 405-kyr and ~2.4-myr eccentricity
bands during Cretaceous and Jurassic intervals. Matthews and col-
leagues generalized their eccentricity-forcing model for the Cenozoic
and Mesozoic eras, i.e., icehouse and greenhouse periods (e.g.,
Mattews and Al-Husseini, 2010). Even if Matthews and colleagues did
not consider the role of obliquity in Cenozoic icehouse modelling,
their efforts are seminal in the study of the connection between orbital
forcing and sea-level change at this important temporal bandwidth
(Al-Husseini and Mattews, 2010; Mattews and Al-Husseini, 2010).

In this study, we show a good correspondence between well-
defined third-order depositional sequences and astronomical cycles.
Specifically, we show that icehouse third-order sequences correlate
to ~1.2-myr obliquity cycles via glacioeustasy, while greenhouse se-
quences correspond, in part, to ~2.4-myr eccentricity cycles associated
with low-amplitude eustatic change ascribed to glacioeustasy and/or
other climatic processes. At the same time, we do not rule out possible
contributions from other drivers of sea-level change (e.g., tectonics),
particularly for relative sea-level variations.

2. Long-period orbital modulation cycles

Due to gravitational planetary motions and their mutual interac-
tion, the elliptical elements of the orbit of the Earth slowly change
through time, resulting in quasi-periodic oscillations in Earth's orbital
parameters (eccentricity, obliquity, and climatic precession). These
changes control variations in the insolation received on the Earth's
surface, which in turn induce climatic variations “fingerprinted” in
the sedimentary record (Hays et al., 1976; Imbrie et al., 1984). The ec-
centricity of the ellipse of the Earth's orbit varies with major periods
of ~100 and 405 kyr. The obliquity of the Earth's axis oscillates with
a main period of about 40 kyr. Finally, climatic precession varies
with an average main periodicity of around 20 kyr.

An important feature of the Earth's orbital parameter variations is
that they display modulations in amplitude and frequency. The mod-
ulation terms arise through the interference of individual cycles to
produce “resultants”, with periods ranging from hundreds of thou-
sands to millions of years. The significance of certain amplitude mod-
ulation cycles was first described by Laskar (Laskar, 1990, 1999;
Laskar et al., 1993), and an extensive review was also given by Hinnov

(2000). The most well known long-period modulation cycles are
those of eccentricity (~2.4 myr) and obliquity (~1.2 myr). The ~1.2-
and ~2.4-myr periods could derive from the interfering terms ~41
kyr (p+s3) and ~39 kyr (p+s4), and ~95 kyr (g4 - g5) and ~99
kyr (g3 - g5), respectively (where p is the Earth's axial precession fre-
quency; s3, s4 are related to the precession of nodes of the Earth and
Mars, g3, g4 and g5 are related to the precession of perihelions of the
Earth, Mars and Jupiter, respectively, for detail see e.g., Laskar et al.,
2004). Thus, the ~1.2- and ~2.4-myr cycles correspond to the funda-
mental secular frequencies (s3 - s4) and (g4 - g3), respectively.

The orbital motion in the solar system has been demonstrated to
be chaotic because of the presence of multiple secular resonances in
the inner solar system (Laskar, 1989, 1990). As a result, the orbits of
planets undergo slow but non-regular variations. Nevertheless, the
405-kyr periodicity was demonstrated to be relatively stable (Laskar
et al.,, 2004) because it is caused by the gravitational interaction of
Jupiter and Venus (i.e., g2 - g5), and Jupiter has an extremely stable
orbit. However, the ~1.2- and ~2.4-myr periodicities are not stable,
because they result from the motions of the inner planets (the Earth
and Mars), which are less regular. An important resonance in this in-
teraction between the motions of perihelions and nodes in the orbital
relation of Mars and the Earth is related to a transition from (s4 -
s3) - 2(g4 - g3) to (s4 - s3) - (g4 - g3) secular resonance (Laskar,
1990), that links the ~1.2-myr obliquity (s4 - s3) to the ~2.4-myr ec-
centricity (g4 - g3) modulation cycles. Thus, the unstable ~1.2- and
~2.4-myr periodicities may be considered to be within the same fre-
quency range for the definition of eustatic hierarchies (Section 5.2).

Interestingly, long-period cyclicities in obliquity (~1.2 myr) and
eccentricity (405 kyr and ~2.4 myr), have been well recognized in
various sedimentary records, and apparently have a significant influ-
ence on global climate (e.g., Beaufort, 1994; Olsen and Kent, 1999;
Zachos et al,, 2001a,b; Palike et al., 2004, 2006a,b; Wade and Pilike,
2004; Mitchell et al.,, 2008) and sea-level change (e.g. Lourens and
Hilgen, 1997; Strasser et al., 2000; Gale et al., 2002; Matthews and
Frohlich, 2002; Boulila et al., 2008a, 2010b; Lirer et al., 2009; Huang
et al., 2010a). In this study, we discuss the impact of long-period or-
bital modulations on global sea level (eustasy) during both Cenozoic
icehouse and Mesozoic greenhouse eras.

3. Long-period (~1.2 myr) obliquity modulations correlate to
third-order eustatic sequences in the Cenozoic icehouse world

The New Jersey passive margin (North America) was selected by
the Ocean Drilling Program (ODP) as an excellent location to investi-
gate the Late Cretaceous to Miocene history of sea-level change be-
cause of its rapid sedimentation, tectonic stability, good
chronostratigraphic control, and abundant seismic well log and bore-
hole data (Miller and Mountain, 1996). The “New Jersey Sea-Level
Transect”, an area sensitive to sea-level fluctuations, was designed
as a series of boreholes from the onshore New Jersey Coastal Plain
across the continental shelf to the slope and rise. In the past decade,
extensive work on the Transect allowed improved sequence strati-
graphic resolution (e.g., Miller et al., 1998; Pekar et al., 2002). Partic-
ularly, the middle Miocene-Oligocene sequences were the subject of
high-resolution studies because of their relatively continuous sedi-
mentation and recovery, with excellent chronostratigraphic and
paleoenvironmental constraints. Paleocene-Eocene sequences were
also studied on the New Jersey margin (Browning et al., 1996; Harris
et al,, 2010), and sequence boundaries correlate with 6'80 increases
in the middle to late Eocene nascent icehouse (Browning et al.,
1996). However, global 630 amplitudes in the early Eocene are low
(i.e., <0.3%0) and are near detection limits; thus, meaningful compar-
isons with sequence boundaries and 5'20 are not possible. A more re-
cent comparison suggests a correlation of sequence boundaries and
deep-sea oxygen isotopic increases during the Paleocene (Harris et
al., 2010). Finally, Pliocene to Pleistocene strata were not studied in
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New Jersey because they are difficult to date, and do not form a con-

tinuous record there (Miller et al., 1998). Thus, for the Pliocene-

Pleistocene we cite studies from equatorial Atlantic and Pacific and

the Mediterranean (Lourens and Hilgen, 1997). Then, we tested

possible link between ~1.2 myr obliquity cycles and long-term

eustatic variations, inferred from 6'80 data (Miller et al., 2005a).
We chose the New Jersey margin for the following reasons:

» The region contains abundant data and rigorous published studies
that led to improvement and well-defined Cenozoic third-order
eustatic sequences (duration and amplitudes).

 Third-order depositional sequence boundaries were well dated in

onshore New Jersey coreholes using biostratigraphy, Sr-isotope

stratigraphy (for the late Eocene-Miocene and Campanian-

Maastrichtian), and limited magnetostratigraphy (primarily early

to middle Eocene). Age resolution is generally better than 1 Myr

(viz., better than 4-0.5 Myr). Intervals with poorer resolution in-

clude the Turonian-Coniacian, middle Campanian, and late middle

to late Miocene, where resolution can be as poor as 4+ 1 Myr (Miller
et al., 2005a). Late Eocene to early Miocene resolution is as good as

0.5 Myr (viz., £0.25 Myr; Pekar and Miller, 1996; Miller et al.,

2005a).

Third-order depositional sequence boundaries were demonstrated

to be global by correlation with other margins (e.g., Browning et

al., 1996; Miller and Mountain, 1996; Pekar and Miller, 1996; Miller
et al., 2004; Mizintseva et al., 2009; Harris et al., 2010) and the se-
quence boundaries of the cycle chart (Vail et al., 1977; Haq et al.,

1987); sequence boundaries were linked to increases in deep-sea

5180 records (inferred glacio-eustatic increases).

The large amount of data collected from this single margin provides

a testable sea-level record that has advantage over compilations

from disparate paleogeographic settings that are susceptible to

larger uncertainties in sequence stratigraphic interpretation and
correlation (e.g., discussed in Boulila et al., 2010b).
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3.1. Pliocene-Pleistocene

Comparison of 6'80 records from ODP sites (equatorial Atlantic
and Pacific and in the Mediterranean) and the cycle chart of Haq et
al. (1987), combined with the analysis of the La90 astronomical
model of Laskar et al. (1993), led Lourens and Hilgen (1997) to sug-
gest a correlation between third-order glacioeustatic sequences and
the ~1.2-myr obliquity cycles. Specifically, Lourens and Hilgen
(1997) suggested that maxima in amplitudes of the ~1.2-myr obliqui-
ty cycles induce glaciation events, which in turn cause sea-level low-
erings (Haq et al., 1987). This hypothesis is inconsistent with the
accepted causal relationship between obliquity variations and climate
change (e.g., Hays et al., 1976; Zachos et al., 2001b; Wade and Pilike,
2004; Pdlike et al., 2006a; and many others). Amplitude minima
(nodes) of obliquity should contribute to the formation of ice-sheets.
In fact, Lourens and Hilgen (1997) used a reversed obliquity time se-
ries inferred from minima of successive ~40-kyr cycles, which led
them to an opposite interpretation. Specifically, their main three age
points (2.8, 1.7 and 0.7 Ma) that correspond to sequence boundaries
of Haq et al. (1987) match weaker obliquity cycles, with the 0.7 and
2.8 Ma ages coincide exactly with minima in the ~1.2-myr obliquity
cycles (see Laskar et al., 2004 for example). In summary, Lourens
and Hilgen (1997) show evidence of a link between ~1.2-myr obliqui-
ty cycles and glacioeustatic third-order sequences in the Pliocene-
Pleistocene interval. To further explore this hypothesis, we applied
statistical tests to the revised eustatic curve (Miller et al., 2005a).
The most constrained interval of sea level estimate (inferred from
5'80) in Miller et al. (2005a) includes the last 9.25 Ma. Because of
the ‘100 kyr Cycle Problem’ of the late Pleistocene (amplitudes of
5180 oscillations are mainly concentrated at 100 kyr band), our anal-
ysis is limited to 1 to 9.25 Ma interval (Fig. 1). Spectral analysis high-
lights obliquity cycle components (Fig. 2A). The 41-39 kyr and ~1.2
myr cycles are highly significant, which are characterized by strong
peaks exceeding 99% confidence level (CL). Other weaker and non

(o3

05| !

40-kyr bandpass filter

1 2 3 4 5 6 7 8 9
Astronomical age (Ma)

Fig. 1. Amplitude modulation of sea level (SL) variations at obliquity cycle band for 1 to 9.25 Ma interval, and correlation with astronomical obliquity time series. (a) Raw SL
estimate inferred from 6'%0 (from Miller et al., 2005a), a third-order polynomial fit is also shown. (b) 40 kyr bandpass filter output and Hilbert transformation of ‘A’. (c) Raw obliq-
uity time series of La2004 astronomical model (Laskar et al., 2004). (d) 40 kyr bandpass filter output and Hilbert transformation of ‘C’. Note that ~ 1.2 myr obliquity cycles correlates
with ~1.2 myr SL minima (see coherency-phase in Fig. 3). As the ~1.2 myr obliquity cycles modulate mainly the ~39 and ~41 kyr cycles (see ‘Section 2’ for discussion), filtering was

performed at 40 kyr band (0.25 +0.05 cycles/kyr).
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Fig. 2. 21-MTM power spectra of 5'%0 inferred sea level (SL) and La2004 obliquity time series for 1 to 9.25 Ma interval, using the SSA-MTM toolkit (Ghil et al., 2002). (a) Spectrum of
detrended SL variations (removed third-order polynomial fit, Fig. 1A). Results of noise modelling (also shown) were estimated using linear fitting and median filtering over 20% of
the Nyquist frequency (0.1 cycles/kyr). (b) Spectrum of extracted envelopes of 40 kyr SL oscillations (i.e., Hilbert transformation output of Fig. 1B). Note that a trend of 16-myr peak
(power of ~4x10%), and another high-power (~2.5 x 10%) peak at the lowest frequency (4.26-myr period) are truncated to emphasize the 1.2-myr peak. (ca) Spectrum of raw oblig-
uity time series (Fig. 1C). (d) Spectrum of extracted envelopes of 40 kyr obliquity time series (i.e., Hilbert transformation output of Fig. 1D). Note a strong peak of a period of ~1.2
myr is present in SL (Figs. 1B and 2B) and obliquity (Figs. 1D and 2D) as the modulator of 39-41 kyr cycles. All peaks are labelled in kyr.

significant peaks are centered on 88.6, 106, and 172 kyr. The latter is
well detected in amplitude modulation (AM) of higher frequency
obliquity cycles (e.g., Shackleton et al., 1999). The 88.6 and 106 kyr
peaks may correspond either to other obliquity modulation cycles
(e.g., Hinnov, 2000) or to weaker eccentricity cycles. Spectrum of
the La2004 raw obliquity time series (Fig. 2C) shows, however, only
higher frequency cycles (29.7, 39.5, 40.7, and 53.3 kyr) since the
lower frequency cycles (e.g., ~1.2 myr) act as modulators (Fig. 1C).
To test possible link between lower frequency eustatic sequences
and ~1.2 myr obliquity cycles, which is the objective of this section,
we performed AM technique on both eustatic and obliquity signals
(Figs. 1B,D, 2B,D, and 3). AM of ~39 and ~41 kyr carrier cycles
(Figs. 1B,D and 2B,D) shows significant ~1.2 myr cyclicity (see
‘Section 2’ for astronomical origin) in both eustatic and astronomical
signals. The ~1.2 myr eustatic and obliquity cyclicities correlate very
well, except in the older part of the studied interval (almost 7.5
to 9.25Ma), where 6'®0 inferred eustatic amplitudes are weak
(Section 3.2). Interestingly, ~1.2 myr obliquity nodes coincide with
minima of eustatic cycles (Figs. 1B,D and 3), hinting at lower-frequency
obliquity pacing of glacioeustatic cycles. These results should, however,
be compared to future sequence stratigraphic studies in order to better
test the hypothesis of a link between the ~1.2-myr obliquity cycles and
third-order sea level during these uni- and bipolar icehouse periods.

3.2. Middle Eocene-Miocene
Comparing onshore and offshore New Jersey sequences with §'80

records shows that sequence boundaries from 42 to 8 Ma correlate
with global 6'80 increases, other sites, and the Haq et al. (1987)

cycle chart, linking them with glacioeustatic sea-level lowerings
(Miller et al., 1998).

Fourteen Miocene third-order sequences were recognized in the
New Jersey margin (Miller et al., 1998, De Verteuil, 1997, Fig. 4 and
Table 1). Similarly, the Miocene deep-sea 6'80 record is punctuated
by fourteen episodes of increased values known as the Mi events
(Miller et al., 1991, 1998, Fig. 4 and Table 1). These oxygen isotopic
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Fig. 3. Coherency and cross-phase spectral analysis of envelopes of 40 kyr sea level (SL)
oscillations (Fig. 1B) versus envelopes of 40 kyr obliquity cycles (Fig. 1D). We used the
cross-MTM method in Matlab routine of Peter Huybers (e.g., Huybers and Denton,
2008). Note that SL and obliquity are very coherent at ~1.2 myr cyclicity, and that
~1.2 myr SL oscillations are in phase with ~1.2 myr obliquity cycles (indicated by ver-
tical grey bar), i.e., nodes in ~1.2 myr obliquity cycles correlate with minima of ~1.2
myr SL cycles (see Fig. 1).
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Fig. 4. Correlation between Oligocene through Miocene (~34 to ~5 Ma) third-order eustatic sequences of the New Jersey margin (North America), and long-period (~1.2 myr) obliquity
modulation cycles. Sequence boundaries correlate to minima of ~ 1.2 myr obliquity cycles. (a) Oligocene-Miocene time scale from GTS2004 (Gradstein et al., 2004). (b) Obliquity variations
from La2004 model (Laskar et al., 2004), along with the ~1.2-myr envelopes of obliquity. (c) 5'80 events of Miller et al. (1991, 1998). (d) New Jersey third-order sequences (see Table 1 for
detail, and references therein). Cross-hatched sequences (Kw-Ch3 to 5) are poorly dated. Vertical bars are located at the long-period (~1.2-myr) obliquity minima (nodes), match most
5'80 event ages (represented by the vertical dashed lines, Table 1) through the Miocene-Oligocene (see text for discussion). Moreover, sequence boundaries correlate well with 5'0
events (e.g., Miller et al., 1998). Phase shifts between ~1.2-myr obliquity nodes and 6'%0 events/sequence boundaries may be due to age uncertainties in either 6'0 events or sequence
boundaries (see text for discussion). Calculated correlation coefficients between sequence boundaries and ~1.2-myr obliquity nodes are also shown.

shifts have been ascribed to a combination of glacioeustatic sea-level 1991). The 680 glacial events were shown to be paced by low insola-
lowering and bottom water cooling of 1-2 °C, but are primarily relat- tion episodes during nodes of long-period (~1.2 myr) obliquity cycles
ed to the waxing and waning of the Antarctic ice-sheet (Miller et al., (e.g., Holbourn et al., 2007, Fig. 5). Except in the latest Miocene where
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Fig. 5. Correlation of Miocene deep-sea stable oxygen isotopes (5'®0) with obliquity variations (modified from Holbourn et al., 2007). (A) Benthic foraminiferal 5'®0 of ODP Site
1146 (Northwestern Pacific), its 40 kyr filtered time series, and benthic foraminiferal 5'0 of ODP Site 1237 (Southeastern Pacific). (B) La2004 obliquity time series (Laskar et
al., 2004). The 6'%0 events (e.g., Miller et al., 1998, Table 1) are shown by shaded area, which coincide with minima (nodes) in the ~1.2 myr obliquity cycles (Holbourn et al., 2007).
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low-amplitude oscillations of 6'80 can not be correlated worldwide
(e.g., Shackleton and Hall, 1997; Anderson and Jansen, 2003, Fig. 1),
sequence boundaries, 6'80 events, and ~1.2-myr obliquity nodes
(minima) show a good correlation (Fig. 4, Discussion below), point-
ing to obliquity pacing of glacioeustatic sea-level change.

The Oligocene (23.03 to 33.9 Ma, GTS2004, Gradstein et al., 2004)
contains eight 5'80 events (Oila, Oilb, 0i2, 0i2x, Oi2a, 0i2b, Oi2c,
and 0i2d, Table 1) and is delimited by two others, the Oi1 and Mil
events at its lower and upper boundaries, respectively (Fig. 6). All of
these 5'%0 events correspond to sea-level lowstands of third-order
sequences (Fig. 4, Pekar and Miller, 1996; Miller et al., 1998; Pekar
et al., 2000, 2002; Pekar and Kominz, 2001), corroborating that base
level changes were forced by glacioeustasy. Throughout the entire Ol-
igocene, we note the same number of §'80 events as nodes of long-
period (~1.2 myr) obliquity cycles (Figs. 1 and 3). The average period-
icity of third-order sequences in this interval is 1.14 myr, which is
similar to the average period of the long-term obliquity cycle. Re-
markably, applying the La2004 astronomical model (Laskar et al.,
2004), the Oligocene time includes nine ~1.2-myr obliquity cycles,
and most of these nodes coincide with sequence boundaries. More-
over, Pdlike et al. (2006a, their Fig. 1) showed that major glacial
events spanning the Oligocene were mainly paced by obliquity in-
duced insolation/climate in tune with ~1.2 myr cycle nodes.

To further explore this hypothesis, we applied filtering and spec-
tral analysis to 6'80 data, and cross-correlated lower frequency 6'%0
variations (those bounded by ‘Oi’ events) to the ~1.2 myr obliquity
cycles (Fig. 6). Lowpass filtering highlights long-term irregular 580
variations that dominate the spectral powers (Spectrum of Fig. 1d),
and a significant shorter cyclicity of a mean periodicity of 1.05 myr

(Fig. 6d). Bandpass filtering further highlights the myr-scale 5'%0 cy-
clicity. When compared to ~1.2 myr obliquity cycles (Fig. 6¢), most of
‘O’ 6'80 events correlate with obliquity minima. ‘0i2d’ and ‘0i2¢’
5180 events do not show correlation with ~1.2 myr obliquity nodes
(‘question marks’ in Fig. 6b) neither in lowpass nor in bandpass filter-
ing. This mismatch may be explained by the fact that the interval ~23
to ~27 Ma, including ‘Oi2d’ and ‘Oi2¢’ events, records a pronounced
multi-myr 6'80 cycle that may mitigate amplitudes of myr-scale cy-
cles (Fig. 6b, lowpass filtering). Nevertheless, the ‘Oi2d’ and ‘Oi2c’
events are visually obvious in the raw 6'80 data (Fig. 6a). Finally,
cross-correlation of envelopes of 40 kyr obliquity cycles and myr-
scale 6'80 cycles shows a good coherency at ~1 myr, instead of ~1.2
myr, where obliquity nodes match well §'®0 maxima (‘Oi’ events,
Fig. 6e). One remark we have to note is that, compared to Pliocene-
Pleistocene (Figs. 1 to 3), cross-correlation does not show flat cross-
phase at the ~1.2 myr band (Fig. 3), and the elevated coherency is
concentrated at ~1 myr period instead of ~1.2 myr. Currently, we
have no explanation for this difference in periodicity between myr-
scale 5'%0 and astronomical obliquity cycles. Such observation
should, however, be considered in future detailed cyclostratigraphic
studies of Oligocene 5'80 data. Then, we correlated sequence bound-
aries and ~1.2 myr obliquity minima of the Oligocene-Miocene inter-
val (Fig. 4). The calculated correlation coefficients ‘r’ are very high. For
example, when ~1.2 myr obliquity minima is correlated to middle hi-
atus ages (Fig. 4), ‘1’ is 0.9990 with lower and upper 95% confidence
limits of 0.9976 and 0.9996 respectively. Such correlation is highly
significant with a very low probability value close to zero when con-
sidering the null-hypothesis (i.e., that r=0). Thus, the close corre-
spondance in number and in timing and the aforhighlighted
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Fig. 6. Correlation of Oligocene deep-sea stable oxygen isotopes (6'%0) with obliquity variations (6'®0 data are from Pilike et al., 2006a). (a) Benthic foraminiferal 5'%0 of ODP Site
1218 (Equatorial Pacific), the '%0 events (e.g., Miller et al., 1998, Table 1) are also shown, which correlate with minima (nodes) in the ~1.2 myr obliquity cycles. Except ‘Oila’ and
‘0i2c’ 6'%0 events, all other events are also shown by Pilike et al. (2006a) in their Fig. 1. (b) Gaussian filter outputs of 6'0 signal in ‘A", upper curve: lowpass filter output (cutoff
frequency 1.25 cycles/myr), lower curves: bandpass filter outputs using two bands (solid curve: cutoff frequencies 0.5618 and 1.3618 cycles/myr, dashed curve: cutoff frequencies
0.7618 and 1.1618 cycles/myr). ‘Question marks’ at ‘0i2d’ and ‘Oi2¢’ indicate that filtering process does not succeed in detection of '%0 maxima, which are visually obvious in the
raw 6'%0 data (see text for discussion). (c) Raw obliquity time series of La2004 astronomical model (Laskar et al., 2004), and Hilbert transformation output of the filtered obliquity
series to 39-41 kyr band (cutoff frequencies 0.023 and 0.027 cycles/kyr). (d) 2pi-MTM power spectrum of lowpass filterd 6'%0 time series in ‘B’. Note that the high-power (~24)
peak at the lowest frequency (5.23-myr period), and other low-frequency peaks (2.52, 2.02, 1.7 myr) are truncated to emphasize the myr-scale peak. (e) Coherency and cross-phase
spectral analysis of lowpass filtered 5'®0 in ‘B’ versus Hilbert transformation output in ‘C’ (i.e., envelopes of 40 kyr obliquity cycles). Vertical dashed line indicates high coherency
at ~1 myr. (f) 2pi-MTM power spectrum of Hilbert transformation output in ‘C’. Note that 5'0 and obliquity are coherent at ~1 myr cyclicity, but not at ~1.2 myr (see text for
discussion), and that 6'20 oscillations and obliquity cycles are antiphased (—180° cross phase at ~1 myr), i.e., nodes of obliquity cycles correlate with maxima of 5'20 cycles
(see ‘B"). For cross-correlation, we used the cross-MTM method in Matlab routine of Peter Huybers (e.g., Huybers and Denton, 2008).
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significant correlation between most of eustatic sequence boundaries,
5180 events, and ~1.2-myr obliquity nodes provides compelling evi-
dence for a link between them.

The Alabama St. Stephens Quarry (southern US) (Miller et al.,
2008) is another site that contains well-constrained third-order se-
quences from the late Eocene to early Oligocene (~30 to ~36 Ma).
These sequences correlate well with the New Jersey E10, E11, ML,
01, and 02 sequences, and with global 630 increases, also suggesting
that glacioeustasy is the primary mechanism responsible for forming
sequence boundaries not only in the Oligocene, but also in the late
Eocene “greenhouse” (discussion below). The average duration of
glacioeustatic sequences of this late Eocene to early Oligocene inter-
val (~30 to ~36 Ma) is ~1.2 myr, which is equal to the average oblig-
uity modulation cycle. Also, we note the same number of sequences
and astronomical cycles. Moreover, four of six sequence boundaries
match the ~1.2 myr obliquity nodes of La2004 model well. We inter-
pret this correspondence between third-order sequences and ~1.2-
myr obliquity cycles to indicate that obliquity forcing is the major
control on glacioeustatic change and sequence boundary formation
for the period between 42 and 8 Ma.

3.3. Paleocene-Eocene

The Paleocene and Eocene New Jersey sequences are less con-
strained than Oligocene and Miocene sequences due to less precise
chronostratigraphy, lower sequence stratigraphic resolution, and
5180 variations of lower amplitudes precluding a possible correlation.
Miller et al. (1998) recognized three third-order sequences for the
entire Paleocene, labelled Pal, Pa2, and Pa3. Ten years later, owing
to new coreholes and improved dating, Kominz et al. (2008) and
Harris et al. (2010) identified seven Paleocene sequences (Table 2).
For the Eocene, Miller et al. (1998) recognized eleven third-order eu-
static sequences in New Jersey. More recently, from South Tasman
Rise coreholes (ODP Leg 189, Site 1171) with well-constrained dating
and through a correlation with the New Jersey sequences, Pekar et al.
(2005) proposed an additional sequence between the E7 and E8 New
Jersey sequences (Table 2). Likewise, in their backstripped sea-level
estimates Kominz et al. (2008) presented an additional sequence

Table 2

Compiled Paleocene-Eocene sequence stratigraphic data from New Jersey and the
South Tasman Rise from Browning et al. (1996), Miller et al. (1998), Pekar et al.
(2005), and Kominz et al. (2008). Alternative data in parentheses are from the South
Tasman Rise (ODP Site 1171, Leg 189, Pekar et al., 2005). Ei10* and Ei12* are 5'80
events that were unnamed in Miller et al. (1998). NR indicates that results were not
recognized in the New Jersey margin. Paleocene-Eocene sequences were rescaled to
GTS2004 (Gradstein et al., 2004).

3rd order Basal sequence bounday/Hiatus d180 d180 maximum
sequence age (Ma) event age (Ma)
E11 34.35 Ei12* 341

E10b 35.54-35.72

E10a 36.32-36.24 NR

E9 39.1-37.0 Ei10* 399
E8(Lu4) 41.93-41.37 Ei9 41.9(42.8)
NR(Lu3) NR(44.5) Ei8 NR(44.2)
E7(Lu2) 45.17-43.72(47.1) Ei7 44.4(46.9)
E6(Lul) 46.54-45.28(47.8-48.5) Ei6 47.5(48.1)
E5(Yp5) 49.16-48.07(49.2) Ei5 48.1(49.4)
E4(Yp4) 50.75-50.51(50.9) Ei4 50.6(50.8)
E3 53.16-52.57 52.4

E2 54.54-54.09 54

E1 55.54-55.32 55.6

PaA 56.44-56.32

PaB 57.91-57.39

PaC 58.72-58.32

PaD 60.47-59.40

PaE 61.82-60.76

PaF 62.83-62.37

PaG 64.9-63.55

between E5 and E6 (E6a, in their Fig. 8). Therefore, compiled data
from Browning et al. (1996), Miller et al. (1998), Pekar et al. (2005),
Kominz et al. (2008), and Harris et al. (2010) present a more
complete Paleocene-Eocene eustatic sequence framework (Table 2).
Paleocene and Eocene sequence boundary ages have approximately
4+ 1-myr and 40.5-myr uncertainties, respectively (Miller et al,
1998). New Jersey Paleocene-Eocene sequences correlate with
several worldwide sequences, indicating a global sea-level control
(Browning et al., 1996; Miller et al., 1998; Pekar et al., 2005; Kominz
et al., 2008).

As mentioned above, New Jersey sequence boundaries from 42 to
8 Ma (late Eocene to Oligocene) correlate to global 880 increases,
linking them with glacioeustatic sea-level lowerings (e.g., Browning
et al.,, 1996; Miller and Mountain, 1996; Miller et al., 1998). More re-
cently, Pekar et al. (2005) extended the correlation (i.e., sequence
boundaries and §'80 increases correlation) to 51 Ma (early to middle
Eocene, 51-42 Ma), suggesting that the development of the Antarctic
ice sheet occurred at ca. 51 Ma, and may mark the beginning of the
‘icehouse’ world.

As the existence of significant ice sheets is uncertain for the Early
Eocene through Paleocene, we compared third-order eustatic se-
quences with both ~1.2- and ~2.4-myr astronomical cycles
(Table 2) for these time intervals. Paleocene and Early Eocene se-
quences in New Jersey do not show an obvious match to either the
obliquity or the eccentricity modulation cycles. Specifically, the Paleo-
cene interval (55 to 64.5 Ma) includes seven third-order sequences
(Harris et al., 2010), this interval corresponds to four ~2.4-myr eccen-
tricity cycles, and eight ~1.2-myr obliquity cycles. However, the New
Jersey Paleocene section has several long hiatuses (Browning et al.,
1996; Harris et al., 2010), which may explain the apparent mismatch.
Also, twelve sequences are observed in the Eocene interval (33 to
55 Ma), while the La2004 model predicts eighteen obliquity cycles
and nine eccentricity cycles. Additionally, several long (1-2 myr) Eo-
cene hiatuses exist that may span sequences that have not been rec-
ognized on this margin.

Focusing on the relatively well-defined sequences from the South
Tasman Rise (Pekar et al., 2005), in comparison with long-period
obliquity modulation cycles yields additional insights (Fig. 7). Pekar
et al. (2005) correlated their South Tasman Rise sequence boundaries
to deep-sea 6'80 increases (Table 2). Four of six sequence durations
(Yp4, Yp5, Lul, Lu3) fall exactly in the long-period obliquity modula-
tion band (1.4, 1.3, 1.3, and 1.4 myr, respectively). Even if the Lu2 se-
quence duration (2.6 myr) falls in the eccentricity band, this sequence
could be divided into two sequences. In fact, variations in the proxies
used for that interpretation (Pekar et al., 2005, their Fig. 3) are below
the resolution of these methods. For example, planktonic/benthic
(P/B) ratios and carbonate content (%CaCOs3) are very low, and
show no significant variations in the middle to upper part of sequence
Lu2 (e.g., zero %CaCOs in the upper part). Moreover, the 580 data
used to support their interpretation present the lowest resolution in
this interval. In sum, we infer that obliquity forcing is the main astro-
nomic driving force of middle-late Eocene eustatic sequences. Addi-
tional evidence of orbital forcing is seen in sequence Lul (Fig. 7).
This sequence was delineated by several proxies (palaeontological,
sedimentological, and physico-chemical proxies, Fig. 7). Its duration
was estimated by biostratigraphy and magnetostratigraphy as 1.4
myr (47.1 to 48.5 Ma), and by correlation with 580 to only 1.2 myr
(46.9 to 48.1 Ma). This duration is equal to the average obliquity
period (i.e., ~1.2 myr), and may correlate to a ~1.2-myr astronomical
cycle in the La2004 model (Fig. 7). Given uncertainties in GTS2004
and the not yet established ATS (astronomical time scale), we consid-
er that this correlation between nodes and sequence boundaries in
Fig. 7 is very preliminary. It corresponds to a floating correlation/
timescale (e.g., Laskar et al., 2004; Hinnov and Ogg, 2007) rather
than an absolute correlation. Interestingly, the photospectrometry
record clearly documents 6 shorter sequences within Lul, with an
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Fig. 7. Upper panel: detailed third-order glacioeustatic sequence (Lul) defined by several approaches: sedimentology, planktic/benthic foraminiferal ratios (P/B), carbonate con-
tent, and rock color at South Tasman Rise, ODP Site 1171, Leg 189, middle Eocene (Pekar et al., 2005). The sequence is bounded by bioturbated surfaces. Two §'%0 events occurring
at 46.9 Ma and 48.1 Ma, closely match sequence boundaries. These latter appear to match the ~1.2-myr obliquidy nodes of the La2004 model (Laskar et al., 2004). Also, the photo-
spectrometry curve exhibits higher frequencies that most likely correspond to obliquity components (see text for discussion). Lower panel: spectral analysis and filtering results of
photospectrometry data. (a) Time-calibrated photospectrometry data by matching sequence boundaries into two age points (46.97 and 48.03 Ma) corresponding to long-term
obliquity cycle minima (see ‘lower panel’ and ‘C’). (b) Lowpass filtering of ‘A’ using Taner filter (Taner, 2000) to isolate 160-200 kyr and 1.2 myr obliquity modulation cycles ((cutoff
frequency 0.008 cycles/kyr). (c) Generated obliquity time series by extraction of maxima values of the 40 kyr cycles. Vertical grey-shaded bars indicate sequence boundaries, higher
frequency (160-200 kyr) obliquity modulation cycles that may correspond to higher frequency photospectrometry cycles are also shown by dashed lines. Note that this correlation
and the tuning in ‘A’ is a simple floating timescale because uncertainties in geological timescale does not presently allow any direct correlation (see text for discussion). (d) 2pi-
MTM power spectrum of the time-calibrated photospectrometry data in ‘A’ using the SSA-MTM toolkit (Ghil et al., 2002). Results of noise modelling (also shown) were estimated
using linear fitting and median filtering over 20% of the Nyquist frequency (0.5 cycles/kyr). Note that the high-power (~14) peak at the lowest frequency (327-kyr period), and
another low-frequency peak (159 kyr) are truncated to emphasize the higher frequency peaks, see the inset zoom in, that corresponds to the original spectrum. (e) 2pi-MTM
power spectrum of ‘C.

average duration of ~160 kyr (Fig. 7). This period corresponds closely follows. Spectral analysis shows evidence of the three main obliquity
to the short obliquity modulation periodicity (i.e., ~160- to ~200-kyr components (56, 40 and the averaged 29 kyr). These cyclicities are
periodicity, Fig. 7, e.g., see Shackleton et al., 1999; Hinnov, 2000). documented with higher powers compared to possible precession
Other shorter oscillations are visible, which may include some corre- cycles (16 and 15 kyr). A 83-kyr peak may correspond either to eccen-
spondence with the ~40-kyr obliquity cycles (Fig. 7). These observa- tricity or obliquity cycle (Fig. 7, lower panel, ‘E’). Interestingly, the
tions are highlighted by filtering and spectral analysis (Fig. 7) as strong 159-kyr peak corresponds most likely to 172 kyr obliquity
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modulation cycle, well detected in the higher frequency (~40 kyr)
obliquity cycle maxima (Fig. 7, lower panel, ‘E’). Finally, the strongest
327-kyr peak may correspond to harmonic of the 159-kyr cycle (see
lowpass filtering in ‘B’). We suggest that within the Lul third-order
sequence of Pekar et al. (2005), obliquity exhibits its frequency
range, hinting at a hierarchy of glacioeustastic control on depositional
sequences. This supports the hypothesis that third-order glacioeu-
static sequences reflect ~1.2-myr obliquity cycles for at least the last
51 Ma, i.e. middle Eocene. Further study of Paleocene to early Eocene
sequences are needed to evaluate their global nature and to better
constrain their ages.

4. Long-period (~2.4 myr) eccentricity modulations correspond to
third-order eustatic sequences in Mesozoic greenhouse world

Several sedimentary records register predominance of precession-
eccentricity versus obliquity forcing of sea-level change throughout
Mesozoic greenhouse intervals. For the Cretaceous, we mainly illus-
trate with the well-studied Late Cretaceous of the New Jersey margin,
North America (e.g., Miller et al., 2003, 2004). For the Jurassic, we cited
three late Jurassic examples from outcrops in Switzerland, Germany,
Spain, and France (Strasser et al., 2000; Boulila et al., 2008a, 2010b).
Finally, for the Triassic we briefly discuss the lacustrine Newark
basin deposits of eastern North America (Olsen and Kent, 1999), and
then give some examples of studies on marine deposits.

4.1. Cretaceous

Relatively rigorous and complete Late Cretaceous (65.5 to 99.6 Ma,
GTS2004) sea level reconstructions come from studies of the New
Jersey record (Miller et al., 2003, 2004, 2005b; Van Sickel et al.,
2004; Browning et al., 2008; Kominz et al., 2008; Mizintseva et al.,
2009). Fifteen third-order sequences were identified in the New Jersey
coastal plain for the interval ~64 to ~99 Ma (Table 3). Sequence
boundaries show a strong correlation with sea-level falls of the Haq
et al. (1987) cycle chart, northwest European sections, and Russian
platform outcrops (Miller et al., 2003, 2004). This correlation points
to a global control on the deposition of New Jersey third-order se-
quences i.e., eustatic control (Miller et al., 2003, 2004). Eustatic

Table 3

Comparison of ages of Late Cretaceous third-order eustatic sequences of New Jersey,
North America (Miller et al., 2003, 2004; Kominz et al., 2008), with long-period (~2.4
myr) eccentricity cycles of the La2004 and La2010d models (Laskar et al., 2004,
2011). Note that we have as much ~2.4 myr cycles as third-order sequences (see text
for discussion). LC: Late Cretaceous. Pal: Paleocene. The ~2.4 myr eccentricity minima
are inferred from lowpass filtering of the raw eccentricity curves (Fig. 8). Late
Cretaceous sequences were rescaled to GTS2004 (Gradstein et al., 2004).

3rd order Basal sequence  2.4-myr La2004/La2010d La2004/La2010d
sequence boundary/ astron. Minimum age Astron. cycle
Hiatus age (Ma) cycle (Ma) duration (Ma)
Paleocene 64.9-63.55 Pall 64.347/63.206
Navesink II 67.14-66.24 LC15 66.722/65.089  2.375/1.883
Navesink I 71.09-69.94 LC14 69.074/68.418  2.352/3.329
Marshalltown 75.96-75.85 LC13 71.397/70424  2.323/2.006
Englishtown 78.04 LC12 73.318/72.766  1.921/2.342
Merchantville Ill  83.1-82.2 LC11 75.629/75.106  2.311/2.340
Merchantville [ 84-83.9 LC10 78.449/77.318  2.820/2.212
MerchantvilleI ~ 84.8-84.5 LC9 80.710/79.598  2.261/2.280
Cheesequake 85.2 LC8 82.968/81.624 2.258/2.026
Magothy III 88.3-87.8 LC7 85.230/84.550  2.262/2.926
Magothy II 90-89.8 LC6 87.330/86.600  2.100/2.050
Magothy I 92.1-91.3 LC5 89.683/89.002  2.353/2.402
Bass River III 93.5 LC4 91.707/91.139  2.024/2.137
Bass River I 95.3-95 LC3 94.027/93.246  2.320/2.107
Bass River [ 97.5-96.7 LC2 96.286/96.208  2.259/2.962
Potomac 99.6-? LC1 98.577/98.313  2.291/2.105

estimates were obtained by backstripping, accounting for paleodepth
variations, sediment loading, compaction, and basin subsidence
(Miller et al., 2004; Kominz et al., 2008). This approach indicates
large (>25m) and rapid (<1 myr) sea-level variations during the
Late Cretaceous greenhouse world. Although Late Cretaceous benthic
foraminiferal 5'%0 records have not attained the resolution needed to
test their relationship with sequence boundaries, as has been done for
the Oligocene-Miocene, three significant 820 increases (71.2, 92-93,
and 96 Ma), matching three sequence boundaries (basal Navesink I,
basal Bass River III, and basal Bass River I, respectively, Table 3), suggest
ephemeral ice sheets in Antarctica, hinting at a glacioeustatic contol of
third-order sequences (Miller et al., 1999, 2003, 2004).

The same number of third-order sequences are observed in New
Jersey as are seen in the long-period (~2.4 myr) eccentricity cycles
of La2004 and La2010d models (Laskar et al., 2004, 2011; Fig. 8).
The fifteen third-order sequences of New Jersey span ~64 to ~99 Ma
(Miller et al., 2003, Fig. 8 and Table 3). For the same interval, astro-
nomical models predict fifteen long-period (~2.4-myr) eccentricity
cycles (Fig. 8 and Table 3). This correspondence in number suggests
a possible link. A direct correlation between the two series is not
seen, however (Fig. 8). Instead, there is a large difference in the dura-
tions of the sequences as compared to the durations of the ~2.4-myr
astronomical cycles (Table 3). Moreover, astronomical models are
not well constrained in this interval (i.e., ~64 to ~99 Ma, Laskar et
al., 2004, 2011), as indicated by the phase shift between La2004 and
La2010d orbital eccentricity curves (Fig. 8b,c), and well demonstrated
by several astronomical modelling tests (Laskar et al., 2011). The
La2004 model was demonstrated as precise for the last 40 Ma (Laskar
et al,, 2004). La2010d model extends the precision to the last 50 Ma
(Laskar et al., 2011).

In New Jersey, these sequence boundary ages (Table 3) were de-
rived from integrating Sr-isotopic and biostratigraphic approaches,
with an age error of 4+ 1 myr (Miller et al., 2003). Given these uncer-
tainties and adding uncertainties regarding under- or overestimated
hiatus durations, and considering the lack of accuracy in astronomical
models beyond 40 to 50 Ma (Laskar et al., 2004, 2011), we suggest
that any correspondence between third-order sequences and ~2.4-
myr eccentricity cycles (Fig. 8) may suggest a link between the two.
This hypothesis is, in fact, supported by several other examples of Me-
sozoic greenhouse sequences in Jurassic and Triassic (Section 4.2),
and in the Aptian cyclostratigraphy. In this latter example, Huang et
al. (2010b) showed evidence of strong lower frequency eccentricity
cycles from high-resolution grayscale data of the Italian Aptian
(Piobbico core, central Italy). Specifically, they showed prominent
405-kyr and ~2-myr eccentricity cycles (their Fig. 2, see Section 5.2),
which were correlated to carbonate content variations. These astro-
climatic cycles likely reflect sea-level variations (e.g., Fischer, 1986).
The ~2.4-myr astronomical cycles could control ‘weaker’ glacioeu-
static change, and/or other drivers of sea-level change (Section 5.1).
We suggest that low insolation episodes of amplitude minima in the
~2.4 myr eccentricity cycles induced Antarctic ice sheets, which in
turn, caused global sea-level drops, and the formation of sequence
boundaries (e.g., Matthews and Frohlich, 2002; DeConto and Pollard,
2003). A preliminary astronomical correlation of New Jersey third-
order sequences is possible, within the age uncertainties and astro-
nomical model limitations (Fig. 8). In fact, several boundaries may
correspond to minima of ~2.4 myr eccentricity cycles. On the other
hand, the mismatch may be due alternate sea-level drivers (e.g.,
non-orbital climatic processes, tectonics, etc.; e,g., Lovell, 2010, see
discussion below).

4.2. Jurassic -Triassic
High-resolution magnetic susceptibility (MS) variations has been

studied in exceptionally exposed sections of Oxfordian and Kimmer-
idgian outcrops in southeastern France (Boulila, 2008; Boulila et al.,



65 70 75 80 85 90 95 100
AgeMa) o o 1000 1 L L
(GTS2004) Late Cretaceous
a 0 i © f 0 S.ant0-°°. Conia- ‘°.| i © : ©
g Maastrichtian o Campanian Slnian 9| gond 2 Turonian @ Cenomanian 2

0.012
b

0.009

0.006

0.012
0.003:

“La2004" 2.4 myr filter output

0.009

0.006

d

“La2010d" 2.4 myr filter output

L~
e
Potomac. / |

Magothy II./
Magothy I.
/

31 order =z = S < = =— 9 = = = =
- £ k= z g o 223 > 5 & @
eustatic b a = =] = 5232 % 4 > T
sequence Q > S 2 € €50 > o L @
i © (] S () © [ 8 © %) %] %]
[l scdiment = z S c £ £ 6 s 73 17} ]
: & : 3 § 4 8
. . (]
[ JHiatus Unconformity = ==0°
PSS S S S S S S S S S SR S S S S S RS Ly
65 70 75 80 85 90 95 100

Fig. 8. Comparison of the Late Cretaceous (~64 to ~99 Ma) third-order eustatic sequences of New Jersey (North America) with ~2.4 myr orbital eccentricity cycles extracted by lowpass filtering (Taner, 2000) of the raw eccentricity time
series (frequency cutoff 0.7 cycles/myr). Some sequence boundaries may correspond to minima of the long-period (~2.4 myr) eccentricity modulations. (a) Late Cretaceous time scale from GTS2004 (Gradstein et al., 2004). (b) ~2.4 myr
eccentricity cycles of the La2004 astronomical model (Laskar et al., 2004). (c) ~2.4 myr eccentricity cycles of the most recent and constrained La2010d astronomical model (Laskar et al., 2011); LC: Late Cretaceous, LC1 to LC15: ~2.4
myr eccentricity cycles. Minima in the ~2.4 myr La2010d eccentricity cycles are indicated by vertical bars, and a possible correspondance with sequence boundaries is shown (see text for discussion). (d) New Jersey third-order eustatic
sequences (Miller et al., 2003, 2004; Kominz et al., 2008); hiatuse/unconformity ages are given in table 3. Question mark indicates no equivalent sequence boundary can correspond to the ~2.4 myr eccentricity minimum or vice versa.

0oL

ZLI-#6 (110Z) 601 SM3lAay 2oUaldS-Y3vg / ‘b 32 Dynog °s



S. Boulila et al. / Earth-Science Reviews 109 (2011) 94-112

2008a,b,c, 2010b). The Oxfordian Terres Noires Formation exhibits
high sedimentation rates (~150 m/myr) of ammonite-rich marine
marls (Boulila et al., 2010b). Time-series analysis of early to middle
Oxfordian MS variations in the marls highlighted sub-Milankovitch
to Milankovitch climate variations (Boulila et al., 2008c, 2010b). Pre-
dominant oscillations related to 405-kyr and ~2-myr orbital eccentric-
ity modulations were demonstrated (Fig. 9). When compared to third-
order eustatic sequences as defined in the reference European chart of
Hardenbol et al. (1998), the lower ~2-myr MS cycle (labelled S1) cor-
responds to the Ox0-Ox1 sequence; however the 405-kyr MS cycles
(labelled C6 to C9) correlate with third-order sequences (Ox1-0x2,
0x2-0x3, 0x3-0x4, 0x4-0x5). Thus, third-order sequences sometimes
match the ~2-myr, and sometimes correlate with the 405-kyr eccen-
tricity cycles. This confusion in sequence orders was discussed in

105

Boulila et al. (2010b), as deriving from the quality of sections having
low sedimentation rates, which were used to establish this portion
(Late Jurassic) of the reference chart (Hardenbol et al., 1998). Our
results are also supported by Saudi Arabia outcrops (Al-Husseini et
al., 2006; Al-Husseini, 2009) as follows. Terres Noires sequence S1 bios-
tratigraphically correlates with the early Oxfordian Hawtah sequence
in Saudi Arabia. Importantly, the Hawtah sequence consists of five
sea-level cycles, which are correlative to the Terres Noires C1-C5 cy-
cles, and were interpreted as 405 kyr cycles.

MS variations of alternating marl-limestone successions of the
French Kimmeridgian exhibit precession index cycles strongly modu-
lated by 405-kyr eccentricity cycles (Fig. 10). The latter correlate well
with third-order eustatic sequences of the European reference chart
of Hardenbol et al. (1998). An additional sequence boundary between
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Fig. 9. Comparison of astroclimatic cycles inferred from magnetic susceptibility (MS) variations (Boulila et al., 2010b) with eustatic sequences of the European reference chart
(Hardenbol et al., 1998) of early to middle Oxfordian. (a) Stratigraphy and high-resolution MS variations of the outcropping Terres Noires Formation (SE France), C1-C10: inter-
preted 405-kyr eccentricity cycles, S1-S2: interpreted ~2-myr eccentricity cycles (Boulila et al., 2008c, 2010b). (b) Eustatic sequence interpretation of Jacquin et al. (1998) (in
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Kim1 and Kim3 of the chart was suggested (Boulila et al., 2008b).
According to MS cycles, it is placed between Min3 and Min4, i.e.
at the top lowstand of Kim2-Kim3 sequence of Hardenbol et al.
(1998) (Fig. 10). Our MS time series is too short to cover long-period
(~2-myr) eccentricity modulations. However in the Kimmeridge Clay
Formation (Dorset, UK), a strong, ~2-myr cyclicity modulating the
405-kyr cycles was detected in physical proxies, and interpreted as
drivers of sea-level change (Huang et al., 2010a).

The upper Oxfordian Jura outcrops of Germany, Spain, and
Switzerland provide an additional example of astronomical forcing
(Fig. 11 ; Strasser et al., 2000). Most sections represent shallow
carbonate-dominated platform environments, but deeper-water
sections were also studied to allow platform-to-basin correlations (e.g.,
Strasser et al., 2005). Microfacies analysis highlighted distinct hierarchi-
cal stacking patterns and facies evolution, which allowed identification
of depositional sequences related to sea-level change. The observed
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Fig. 11. Correlation between astroclimatic cycles inferred from facies analysis (Strasser et al., 2000) and eustatic sequences of the European reference chart (Jacquin et al., 1998 in
Hardenbol et al., 1998) of late Oxfordian (in Strasser et al., 2000). (a) Court section (Switzerland). (b) Balingen-Tieringen section (Germany). This example among many others of
Strasser et al. shows precession/eccentricity control of sea-level depositional sequences during Jurassic greenhouse periods. Here, third-order eustatic sequences are attributed to
405-kyr eccentricity cycles (see text for discussion).

hierarchy of sea-level sequences (elementary, small-scale, and medium- to correspond to third-order sequences of the European eustatic chart
scale sequences) were attributed to orbital frequencies (precession, of Hardenbol et al. (1998) (Strasser et al., 2000).
~100- and 405-kyr eccentricity, respectively) (Strasser et al., 1999). In These Jurassic sedimentary records suggest that eccentricity-

particular, the medium-scale (405-kyr) sequences were demonstrated modulation cycles control third-order eustatic sequences. However,
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we note that when compared with cyclostratigraphy, third-order
sequences of the European eustatic chart (Hardenbol et al., 1998)
sometimes match the 405-kyr cycles (Strasser et al., 2000; Boulila et
al., 2008a), and sometimes correlate with ~2.4-myr cycles even
within the same geological interval (e.g., Oxfordian stage, Boulila et
al.,, 2010b). This confusion highlights the difficulties in deciphering
depositional sequences in the absence of a temporal framework for
sea-level variations. In this study, we use orbital frequencies to try to
provide a temporal hierarchy of eustatic sequences. Constrains from
theoretical modelling (Matthews and Frohlich, 2002), and well defined
Late Cretaceous sequence stratigraphy (Section 4.1) indicate that the
long-period (~2.4-myr) eccentricity cycles correspond to third-order
eustatic sequences. Thus, most of the third-order sequences of the
European eustatic chart of Hardenbol et al. (1998) may correspond to
fourth-order cycles, reflecting the 405-kyr eccentricity cycles (e.g.,
Strasser et al., 2000; Boulila et al.,, 2008a, 2010b).

A composite cored section in the Newark basin (eastern North
America) represents an almost 5-km thick sequence of lacustrine de-
posits, spanning a nearly 30-myr interval of the Late Triassic-earliest
Jurassic (Olsen and Kent, 1999). Integrated cyclo-magnetostratigraphic
studies allowed the recognization of precession and a rich series of
eccentricity modulation cycles. In particular, 405-kyr, ~1.75-myr,
and ~3.5-myr astroclimatic cycles were detected in sedimentary
structures and sediment color proxies (Olsen and Kent, 1999;
Olsen, 2001), which correspond respectively to the present 405-kyr,
~24-myr, and ~4.6-myr eccentricity cycles (Laskar et al., 2004).
These sedimentary cycles reflect lake-level oscillations, which were
demonstrated to respond to global climate drivers (Kemp and Coe,
2007). Triassic marine sections also show evidence of precession-
eccentricity forcing (e.g., Preto and Hinnov, 2003; Maurer et al.,
2004; Gang et al., 2007; Vollmer et al., 2008). Numerous Mesozoic
sedimentary records from different depositional environments docu-
ment the predominance of precession-eccentricity forcing of sea-
level change (discussed in part in Fischer et al., 2009). We infer that
astroclimatic forcing and the resulting base level variations were
mainly connected with significant precession-eccentricity forcing
during the Mesozoic greenhouse period.

5. Discussion
5.1. Mechanisms generating sea-level change

A clear relationship between sequence boundaries and glacioeu-
static sea-level lowerings has been demonstrated for the “icehouse
world” of the past 33.5 Ma and the nascent icehouse world of 33.5-
51 Ma (Miller et al., 1998; Pekar et al., 2005). Comparison of the
New Jersey-based eustatic estimates with published ice-sheet models
and Milankovitch predictions suggests that small (5-10 x 10® km?),
ephemeral, and aerially restricted Antarctic ice sheets paced the
Late Cretaceous to middle Eocene global sea-level change (Miller et
al., 2003, 2005b).

Large (25 to 40 m) and rapid (<1 myr) sea-level drops are known
from diverse locations in the Cenomanian, Turonian, and Campanian/
Maastrichtian transition of North America (New Jersey), northern Eu-
rope, and the Russian Platform (Sahagian et al., 1996; Gale et al.,
2002, 2008; Miller et al., 2005b). This demonstrates that these events
are global and cannot be ascribed to regional tectonism. Mechanisms
for regional tectonism have been invoked to explain sequence bound-
aries, including: 1) variations in intraplate stress (e.g., Cloetingh,
1988; Karner et al., 1993); 2) density-driven mantle processes related
to the interaction of cratons with the subducted slab (e.g., Moucha et
al., 2008; Miiller et al., 2008), though this mechanism to slow for the
myr scale changes discussed here ; and 3) a related mechanism of
mantle "hot blobs”, areas of vertical motion in the mantle on time
scales potentially shorter than 1 myr with amplitudes of tens of
meter (Lovell, 2010). We argue that the global nature of major

Cenomanian, Turonian, and Campanian/Maastrichtian
boundaries excludes these regional tectonic mechanisms.

These greenhouse eustatic oscillations were postulated to be related
to the waxing and waning of ephemeral ice sheets in Antarctica
(e.g., Miller et al., 2005b). More recent studies by Bornemann et al.
(2008) support this idea through evidence of a significant 620
increase at ~91.2 Ma in the equatorial Atlantic at Demerara Rise
(ODP, Site 1259), which corresponds to Miller et al.'s 0 middle
Cenomanian (ca. 92-93 Ma) increase. Additionally, Galeotti et al.
(2009) found two Cenomanian and Turonian and one Coniacian ice
sheet episodes in a study of the bulk carbonate 5'80 record in Italy.
Interestingly, they correlated these §'%0 events with well-developed
regional sequence boundaries observed on the shallow carbonate
platform.

The expression of obliquity modulation frequencies during the Ce-
nozoic “icehouse world” versus eccentricity modulation during the
Mesozoic “greenhouse world” may be an indirect indicator of gla-
cioeustatic intensity. Obliquity has a major effect on polar ice sheets,
though the poor expression/lack of precessional forcing on ice sheets
prior to the last 1 Ma is a mystery that has not been explained (see
discussion in Raymo and Huybers, 2008). Thus, during epochs of per-
sistent glaciations (i.e., “icehouse world”), the obliquity signature is
strongly expressed in depositional sequences as the major control of
the waning and waxing of polar ice sheets (i.e., glacioeustatic con-
trol). In contrast, during “greenhouse world” with small ephemeral
or no ice sheets, high latitude forcing associated with obliquity may
not be the only global mechanism that drives depositional sequences.
Precession has been demonstrated as a primary control on green-
house sea-level oscillations (Section 4). Therefore, obliquity would
be less influential, and eccentricity would be the stronger control
over sea level and depositional sequences due to its modulation of
the precession index (Fig. 10). Intermittent ice sheets were likely pre-
sent throughout much of the Jurassic to the early Eocene, and could
have contributed to sea-level change via a relatively weak glacioeu-
static signal (Frakes et al., 1992; Stoll and Schrag, 1996; Miller et al.,
1999, 2003, 2005b; Price, 1999; Dromart et al., 2001; Bornemann et
al., 2008, Harris et al., 2010). Recent studies have even argued that bi-
polar icehouse could have existed in Paeocene-Eocene (Tripati et al.,
2005, 2008; Eldrett et al., 2007; Spielhagen and Tripati, 2009). During
Mesozoic-Cenozoic greenhouse epochs (Triassic to middle Eocene),
eustatic change could have been driven by several mechanisms. For
example, Milankovitch-scale base-level change during Late Triassic
has been attributed to variations in storage of groundwater and
lakes. This mechanism could generate at most 5 m of sea-level change
(Jacobs and Sahagian, 1993; Sahagian et al., 1996). Likewise, thermal
expansion and contraction of seawater column i.e., thermoeustasy
could generate only few meters of sea-level oscillation (Gornitz et
al., 1992; Schulz and Schdfer-Neth, 1998). Yet, it is clear that the
larger events of the Late Cretaceous are far too large to be explained
by these mechanisms. Therefore, we speculate that the driver, during
the greenhouse, is the eccentricity modulation of precessional forcing
of the presence/absence of small continental ice sheets.

sequence

5.2. Third-order sequence - eustatic sequence hierarchy

As sea-level change is a major control of depositional sequences
via glacioeustasy, thermoeustasy, and/or tectonoeustasy (e.g., Vail et
al, 1977, 1991; Haq et al, 1987), the hierarchy of sedimentary
sequences were based mainly on amplitude and timing of sea-level
oscillations. Eustatic amplitudes could be constrained by isotopic
stratigraphy (e.g., 6'%0, Miller et al., 1991) or by coupled forami-
niferal 6'80 and Mg/Ca (Billups and Schrag, 2002; Lear et al., 2004),
and/or sedimentological approaches (e.g., continental onlaps, Vail et
al., 1977; backstripping, Kominz and Pekar, 2001). The estimation of
sequence durations have often been hampered by several problems
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such as sequence identification, sediment preservation, and age
models used for sequence duration estimates.

The depositional sequence terminology (hierarchy) that is com-
monly in use in sedimentology is as follows. First- and second-order
sequences are attributed to tectono-eustatic changes (mantle convec-
tion and plate tectonics). Fourth, fifth, and sixth orders were linked to
climato-eustatic changes driven by Earth's orbital parameters. Third-
order sequences were often related to both tectonic and climatic in-
fluences (e.g., Vail et al.,, 1991). Many studies have suggested tecton-
ics as the major driver of third-order sequences (e.g., Cloetingh, 1988;
Miall, 1990 ; Karner et al,, 1993; Dewey and Pitman, 1998; Lovell,
2010), though these mechanisms fail to explain global sea-level
changes. Recent studies have argued that orbitally forced climate is
the main control of third-order eustatic sequences via glacioeustasy,
thermoeustasy, and/or other processes (Section 5.1).

Even at higher orders, sea-level sequences have been demonstrated
to be controlled (so preserved) by precession-eccentricity in Mesozoic
greenhouse (e.g., Strasser et al., 1999, 2006) and obliquity in Cenozoic
icehouse (e.g., Hays et al., 1976; Zachos et al., 2001a,b ; Huybers and
Waunsch, 2005; Naish et al., 2009). The record of orbital cycles in several
paleoclimatic proxies and sea-level depositional sequences does not,
however, exclude the chaotic behavior of Earth's climate and sedimen-
tary system response to orbital forcing (e.g., Kominz and Pisias, 1979;
Huybers, 2009; Meyers and Hinnov, 2010). In this study, we show
some evidence of third-order eustatic oscillations in tune with orbital
periodicities. Considering this link, we propose a possible view of
eustatic sequence hierarchy.

On the basis of orbital frequencies, and assuming that climatic
controls played an important role on deposition of third- and
higher-order sequences (when preserved) was orbital forcing, we
link eustatic hierarchy to orbital frequencies as follows. Third-order
sequences may correspond to long-period (~2.4 myr) eccentricity
(Mesozoic greenhouse climate), long-period (~1.2 myr) obliquity
(Cenozoic icehouse climate) and/or both (transitional climate, earli-
est Cenozoic). Theoretical modeling studies (Matthews and Frohlich,
2002; DeConto and Pollard, 2003) predicted glacioeustatic falls due
to orbital forcing in tune with 405-kyr and ~2.4-myr eccentricity min-
ima. Interestingly, Matthews and Frohlich (2002) predicted glacioeu-
static falls that are similar to those obtained from the Late Cretaceous
New Jersey margin (Miller et al., 2005b, their Fig. 6). They suggested
that the 405-kyr cycles correspond to fourth-order, and the ~2.4-myr
cycles to third-order glacioeustatic sequences. Thus, both geological
and theoretical data reveal eccentricity forcing of Mesozoic green-
house sequences.

Long-period orbital modulations in eccentricity and obliquity (ie.,
~24- and ~1.2-myr, respectively) are linked through the astronomical
resonance between the Earth and Mars (Laskar, 1990). The critical reso-
nant argument (Section 2) is in mode 1:2 (i.e., (s4 —s3) —2(gd—g3)=
0) from the Present to approximately 40 Ma (Laskar et al., 2004, Pdlike
et al,, 2004). Beyond this time, the resonance could cross the 1:1 mode
(i.e., (s4—s3)— (g4 —g3)=0). Thus, the ~2.4- and ~1.2-myr periodic-
ities could significantly vary in deep times. This means that the ~2.4
myr cycle discussed earlier for the Late Cretaceous for e.g. (Fig. 8) and
for the Mesozoic in general cannot be predicted (Laskar et al., 2004).
Due to resonances, It can deviate to ~1.2 myr and back. This is the same
behavior exhibited by the ~1.2 myr cycle beyond 40 Ma, which can
switch to ~2.4 myr and back. Olsen and Kent (1999) showed the impor-
tant control of the long eccentricity cycle on Triassic lake levels, but clearly
documented that the periods were closer to 1.75 myr vs. the ~2.4 myr as-
tronomically predicted (Laskar et al., 2004) and that stratigraphically
detected (Hilgen et al., 2003) in the Cenozoic. Similarly, the ~1.2 myr
tilt cycle is predicatable from astronomical parameters and visible in cli-
mate records over the past 40 Ma, but there may be shifts in its true peri-
od beyond 40 Ma. Therefore, we use the terms “~2.4 myr” and “~1.2 myr”
beyond 40 Ma to simply designate the astronomical origins on the
order of 1 and 2 myr periods (i.e., related to g3, g4, s3, and s4), rather

than precisely determined periods of the cycles. Accordingly and because
of the expression of ~1.2 myr in icehouse sequences and ~2.4 myr in
greenhouse sequences, we suggest that these unstable ~1.2- and ~2.4-
myr periodicities may be placed within the same eustatic order (i.e.,
third order).

Stratigraphically ~well-documented fourth-order sequences
(Buonocunto et al., 1999; Grant et al., 1999; Strasser et al., 2000;
Gale et al., 2002, 2008; Boulila et al., 2008a, 2010b) could reflect the
astronomically stable 405-kyr eccentricity cycle (Laskar et al., 2004)
and possibly the ~160- to ~200-kyr short obliquity modulation.
Fifth-order sequences would reflect the short (~100-kyr) eccentricity
cycle, and finally sixth-order sequences would be linked to the funda-
mental precession (~20 kyr) and/or obliquity (~40 kyr) cycles. This
hierarchy should take into account the evolution of orbital frequen-
cies through geological time. For example, the ~1.2- and ~2.4-myr
cycles may have varied beyond the past 40 Ma because of the chaotic
motion of the inner planets (Laskar, 1989, 1990; see above). Also,
precession and obliquity components were shorter in deep times
because of tidal dissipation (Berger et al., 1992; Laskar et al., 2004).
Finally, we have to note that this simple link between astronomical
and eustatic hierarchies does not rule out several stochastic processes
and feedbacks interfering in climate and sea level changes, such as
intrinsic ice dynamics, greenhouse gases effects, tectonics, etc.

6. Conclusions

One of the outstanding questions of the past 30 years is the origin
(i.e., tectonic or climate) of third-order depositional (eustatic) se-
quences. Using several Cenozoic and Mesozoic sedimentary records,
we note a correspondence between long-period astronomical cycles
and third-order sequences hinting at a possible link between the
two. At the same time, we do not rule out possible contributions
from additional sea-level drivers in our illustrating sedimentary re-
cords (e.g., tectonics). Still, most of the third-order sea-level cycles
appear to be global, ruling out most of the proposed tectonic mecha-
nisms (e.g., intraplate stress, mantle slab, mantle hot blobs).

Through a correlation between Cenozoic icehouse sequences and
astronomical cycles, we demonstrate a close correspondence in num-
ber and timing between ~1.2-myr obliquity modulation cycles and
third-order sequences, suggesting that there could be a causal link be-
tween the two. In contrast, Mesozoic greenhouse sequences seem to
be related to ~2.4-myr eccentricity modulation cycles. This differen-
tial expression of obliquity in icehouse versus precession-eccentricity
in greenhouse worlds may be related to the sensitivity of large polar
ice sheets to obliquity forcing. Thus, the major driving process of
third-order sequences in an icehouse world is glacioeustasy, while
in a greenhouse world, ‘weaker’ glacioeustasy and/or other climati-
cally driven processes (e.g., thermoeustasy) may have dominated
the sea-level record.

Finally, we propose the use of eustatic sequence hierarchy based on
the dominant frequencies of orbital controls. Third-order sequences
correspond to the astronomically linked ~1.2-myr obliquity and ~2.4-
myr eccentricity cycles. The stratigraphically well-recognized fourth-
order cycles could be linked to 405-kyr eccentricity and possibly
~160- to ~200-kyr obliquity cycles, fifth-order to ~100-kyr eccentricity,
and finally sixth-order to the fundamental obliquity (~40 kyr) and pre-
cession (~20 kyr) cycles. This hierarchy should take into account the
evolution of orbital frequencies through time. For example, the ~1.2-
and ~2.4-myr cycles would vary past to 40 Ma because of the chaotic
motion of the inner planets, while, precession and obliquity compo-
nents decrease in deep times because of the tidal dissipation.
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