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B Abstract This survey of the current status of research into Earth’'s orbitally
forced paleoclimatic record summarizes recent developments in the theory of Earth’s
orbital parameters, and reviews how various techniques of data collection and analysis
have fared in the search and recovery of orbital signalsin ancient stratigraphy. The
emerging significance of the quasi-periodicity of Earth’s orbital variations as a prin-
cipal tool in the analysis of orbitally forced stratigraphy is discussed in detail. Five
case studies are presented that illustrate new directions in research: (a) time series
analysis of discontinuous strata; (b) measurement of ultra-high resol ution stratigraphic
signals; (c) new perspectives on the 100 kyr Pleistocene glaciation problem; (d) strati-
graphic evidence for solar system resonance modes; and (e) evaluating Phanerozoic
length of day from orbitally forced stratigraphy.

1. INTRODUCTION

1.1 New Perspectives

The study of how Earth’s orbital parameters came to be recorded in ancient stra-
tigraphy has recently moved into a new phase of scientific inquiry and discovery.
Notable advances in celestial mechanics and in the analysis of stratigraphic data
have given rise to new ways of solving old problems, and have uncovered new
problems for the first time. New tools have facilitated the recovery of extended,
high-resolution orbital signals from stratigraphy. Advanced analytical techniques
have now been fully incorporated into the field. An updated theory of Earth’s
orbital parameters provides an accurate ephemeris for the past 16 million years,
for precision correlation between Earth’s orbital parameters and orbitally forced
stratigraphy. Some orbital eccentricity modes can be used for orbital-stratal cal-
ibrations to several hundred million years ago.

These breakthroughs have transformed the study of orbitally forced stratigra-
phy into an applied field that addresses long-standing problems in disciplines as
far-ranging as geochronology, geodynamics, and astrodynamics. Orbital signals
provide the framework for a high-resolution orbital chronostratigraphy asfar back
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asthe Miocene (Berggren et al 1995, Hilgen et al 1999). The recognition of orbital
frequencies in Mesozoic sections has led to the construction of high-resolution
“floating” time scales for entire geologic epochs (e.g. Herbert et al 1995, Shack-
leton et al 1999a). The state of Earth’s dynamical ellipticity can be evaluated
through geophysical modeling of high-fidelity stratigraphy (e.g. Thomson 1991,
Lourens et a 1996). Exploration of solar system resonance is now possible with
the collection of multimillion year—{ong stratigraphic sequences extending into
more remote geological times (Beaufort 1994, Lourens & Hilgen 1997, Shack-
leton et a 1999b, Olsen & Kent 1999). These achievements, together with many
others, form the vanguard of a new generation of studies that has outpaced the
expectations of the scientific community.

This paper reviews the current status of the theory of orbital variations and its
application to estimating Earth’s orbitally forced solar radiation (Section 2), and
describes and applies new techniquesfor probing the geol ogic record for evidence
of orbital signals (Section 3). Emphasis is placed on the nature of the orbital
input, observations of stratigraphic output, and analytical tools that have been
developed to link them. The five case studies in Section 3 illustrate some of the
pure and applied problemsthat have been addressed recently, and showcase exem-
plary cyclic stratigraphy from the Cenozoic, Mesozoic, and Paleozoic eras. Sec-
tion 3.1 discusses typical problems faced by researchers investigating ancient
cyclic strata, and applies strategies that have been recently developed to handle
these problems to the Jurassic Domaro Limestone. Section 3.2 exploresthe limits
of stratigraphic sampling and orbital to sub-orbital signal imaging of bathyal
carbonates from the Cretaceous Piobbico core. Section 3.3 describes the recent
methodology shift from the analysis of orbital signals to the analysis of long-
period modulations in orbital signals, and how this has shed new light on the
origin of the Late Pleistocene 100 kyr glaciations. In Section 3.4, the theme of
long-period modulations in Earth’s obliquity and precession index is explored in
the context of resonance modes between the orbits of Earth and Mars. Findly,
Section 3.5 examines the still somewhat schematic subject of tidal dissipationin
the Earth-Moon system and the geological evolution of Earth’s precession rate k.

1.2 Recent Accomplishments

1.2.1 Developments in Orbital Theory During the late 1980s and throughout
the 1990s, innovations in celestial mechanics revolutionized our understanding
of the Solar System (for a historical account, see Peterson 1993). New compu-
tational approaches to the general problem of secular planetary motion have led
to new insights into the long-term evolution of the Solar System, and to the
discovery of mgjor interactions (* resonances’) among the planets and of ahistory
of chaotic motions (e.g. Laskar 1988, 1989, 1990, 1992; Quinn et al 1991; Suss-
mann & Wisdom 1992; Murray & Holman 1999). Astrogeodynamical factors,
including a visco-elastic Earth, Earth-Moon interactions, and relativistic effects,
arenow al included in the new theory (Laskar et al 1993). Sensitivity experiments
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have supplied quantitative information on model time validity; this is important
for understanding the theoretical limitsfor precision-calibration of orbitally forced
stratigraphy through geologic time (Laskar 1999). Stratigraphers need to be aware
of these new developments as they formulate hypothesis tests for their data;
aspects of the updated theory that are most likely to pertain to orbitally forced
stratigraphy are reviewed in Section 2.1.

1.2.2 Earth’sOrbitally Forced Insolation At every point on Earth, theincoming
solar radiation (insolation) varies at diurnal and annual time scales, and is
weighted and modulated by Earth’s orbital parameters (e.g. Berger et a 1993).
Rubincam (1994) recast the classical insolation equation as a spherical harmonic
expansion to facilitate the computation of insolation over any time scale at any
geographical location. Orbital-scale variations in insolation take on different
amplitudes and frequencies depending on geographical latitude, season, and time
of day (Berger et a 1993). Some of these variations are relatively unexplored,
yet are extremely important; these are reviewed in Section 2.2. With its passage
through the atmosphere, insolation experiences heavy ‘‘filtering”” upon encoun-
tering land-sea-ice variations in albedo and emissivity, along with global heat
transport (e.g. North et al 1981). This, and the cascade of environmental responses
that transforms this filtered insolation into stratigraphic signal, has been the sub-
ject of dozens of studies (see summaries in Crowley & North 1991, Allen et a
1993, Bradley 1999, and references therein).

1.2.3 Orbitally Forced Stratigraphy Since the seminal study of the Late Pleis-
tocene by Hays et a (1976), stratigraphers have been searching for evidence of
orbitally forced climate throughout Earth’s history. The sedimentological and
stratigraphic literature of the 1980s and 1990s s filled with countless publications
that conclude that orbital forcing was probably a principal mechanism in the
accumulation of many thin-bedded (dm-m scale) cyclic stratigraphic formations
of al geologic ages. These formations represent a wide variety of climatically
sensitive (usually biogenic carbonate-rich) facies, indicating a broad range of
responsive behaviors of sedimentary environments to orbitally forced climate.
Although the majority of data are from marine-based strata, high-quality conti-
nental records have now also been recovered: e.g. the 500 kyr-long Devil’'s Hole
vein calcite series (Winograd et al 1992), the ca. 1.0 Myr-long Pleistocene pal-
ynological series from former Lake Bogota, Colombia (e.g. Hooghiemstra et al
1993) and Macedonia, Greece (Mommersteeg et al 1995), the 2.4 Myr-long Chi-
nese loess records (e.g. Kukla et a 1990, Kukla & Cilek 1996), the 5 Myr-long
Lake Baika biogenic silica record (Williams et a 1997), the spectacular ca. 40
Myr-long Late Triassic—Early Jurassic Newark Basin series of eastern North
America (Olsen 1997), and the Late Pleistocene ice cores from both poles (e.g.
Jouzel et a 1987, Grootes et a 1993, Petit et a 1999) as well as from middle
latitude continental interiors (e.g. Thompson et a 1997). Now, near-continuous
coverage of orbitally forced stratigraphy is provided as far back as the Oligocene
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Epoch. For earlier, pre-Cenozoic times, the recovered record is still fragmentary,
although some measured sections span entire geologic stages representing many
millions of years of apparently continuous, orbitally forced stratigraphy. Because
the accuracy of the orbital theory does not permit direct calibration between pre-
Cenozoic stratigraphy and orbital signals, interpretation of these older sequences
is restricted to general statistical comparisons between data and orbital theory.
Thereishope, however, that stratal-orbital calibrations can be accomplished using
certain eccentricity modes (Shackleton et a 1999a).

1.2.4 New Tools A number of geophysical logging tools have been enlisted in
the effort to recover affordable, long, continuous, and high-resolution strati-
graphic signals—among these are sonic velocity, resistivity, natural gamma ray,
neutron density, infrared and near-ultraviolet spectroscopy, wet bulk-density,
gammaray attenuation porosity evaluation (GRAPE), magnetic susceptibility, and
optical densitometry (e.g. Jarrard & Arthur 1989; Herbert & Mayer 1991;
DeMenocal et al 1991; Herbert et al 1992; Melnyk et al 1994; Yang et a 1995;
Weedon et a 1997; Grippo et a 1998, 1999). The outputs from these tools are
statistically correlated to physical and chemical properties in sediment. This
standsin contrast to the detailed experimental knowledge of the physico-chemical
behavior of oxygen isotopes culled from foraminifera in connection with the
Pleistocene deep sea coring project. On the other hand, the cost of producing
detailed stable isotope seriesis high, and is of limited valuein older stratigraphies
where diagenesis has wiped out primary isotopic signals. In this respect, one
logging tool that has proved successful in recovering extraordinarily high-reso-
[ution stratigraphic information is optical densitometry (Herbert & Fischer 1986;
Bond et a 1992; D’Argenio et a 1998; Grippo et al 1998, 1999; Section 3.2).
Another simple and highly effective strategy for quantifying cyclic stratigraphy
relies on the recognition and documentation of two or more depositional facies
that occur in arepetitive stratigraphic pattern. Each faciesis *‘ranked” by anum-
ber and recorded as a function of stratigraphic position. This technique wasintro-
duced by Olsen (1984) as a means to quantify the famous Van Houten cyclesin
the Triassic Newark Basin series. Similarly, Weedon (1989) recorded Jurassic
pelagic limestone/shale cycles with ranks of 0 and 1. These digitized represen-
tations can be submitted to time series analysis, although rank series disconti-
nuities are not always compatible with Fourier-based analysis (Weedon 1989),
and facies-dependent accumulation rates can obscure underlying orbital signals
(Hinnov & Park 1998; see also Section 3.1.3).

1.3 Outstanding Problems

1.3.1 Time Scale Recovery The most difficult problem in the analysis of orhit-
ally forced stratigraphy is depth-to-timetransformation. Accurate and precisegeo-
chronology is essentiadl for a meaningful determination of stratigraphic
time-periodicity. Ideally, high-precision geochronometers should be collected
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from specific levels within the stratigraphy. Magnetostratigraphy has been essen-
tia for correlations to the high-precision polarity chrons of the Cenozoic geo-
magnetic polarity time scale. For stratigraphy older than Late Cretaceous, reliance
on standard biozonations is crucial for correlations usually to a sparsely sampled
and imprecise geochronometric database. Also, an emerging Mesozoic global
chemostratigraphy may soon prove to be useful as a high-resolution correlation
device in cases of ambiguous or missing fossil evidence (e.g. Jenkyns 1988,
Bartolini et al 1996, Zempolich & Erba 2000).

For Mesozoic and older sections, a number of radioisotope geochronometers
can define stratigraphic intervals that are only a few million years in duration.
For example, the *Ar/*Ar laser fusion approach determined sanidine ages to
within +0.5 Myr in the bentonites of the Cretaceous Western Interior Seaway
(Obradovich 1993). The single zircon crystal U/Pb isotope dilution dating method
yields similarly high precision dates (e.g. Bowring et a 1993); however, special
care must be taken in screening the crystals for hidden inheritance or other com-
positional zoning features (Hanchar & Miller 1993, Hanchar & Rudnick 1995,
Miller et al 1998), or for evidence of Pb loss (e.g. Mezger & Krogstad 1997).
These problems could explain, for example, the conflict between single zircon
datesindicating that the Triassic Latemar cyclic carbonate platform was deposited
in 2—4 Myrs (Brack et a 1996, 1997; Mundil et al 1996), as opposed to cyclo-
stratigraphic and sedimentol ogic analysisindicating an orbitally forced deposition
of the limestone over a ca. 10-12 Myr period (Goldhammer et al 1987, Hinnov
et a 1997, Hardie & Hinnov 1997, Kerr 1999).

1.3.2 Sampling and Stratigraphic Completeness A chronic problem in strati-
graphic signal recovery involves the choice of sampling interval. The statistical
(Nyquist) rule that a cycle needs to be sampled at least twice can be inadequate
when one is first assessing stratigraphy. Estimating an average or median thick-
ness of the principal cycle of interest and applying the Nyquist rule to set up a
sampling grid guarantees that at least half of the cycles will be undersampled.
The obvious remedy is alwaysto sample at an extremely high rate. In thisregard,
tools with high-resolution capability, such as optical densitometry (see Section
3.2), may prove to be most useful and affordable for the highest-resolution col-
lection of long stratigraphic series. Also, auniform sampling grid may not always
be the best data-gathering procedure in the presence of unstable accumulation.
This can be overcome, for example, by constructing facies ““‘rank’ series, where
exact facies thickness measurements can be made and preserved through high-
resolution interpolation (see example in Section 3.1.3).

Empirical observation that stratigraphic accumulation rate estimates decrease
over increasingly longer time scales raises the old question (Barrell 1917) of
“stratigraphic completeness”’ (Sadler 1981, 1993, 1999). This occurs because
lengthening the stratigraphic window increases the chances for capturing larger
(rarer) hiatuses, greater compaction, etc. The data further indicate that the effect
is strongest in nearshore facies and weakest in deeper-water facies—evidencethat
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the latter provide superior continuity over most stratigraphic time scales. Sadler
(1994) aso noted an anomaly in the trend in peritidal carbonate stratigraphy at
the 10* year scale, which he interpreted as evidence for increased incidence of
hiatuses at this time scale. Stratigraphic signals that contain hiatuses, depending
on their durations and numbers, exhibit split spectral peaks (Weedon 1989). If
the hiatuses are distributed non-randomly, as may be the case in many peritidal
transgressive cycles—e.g. where discontinuities occur preferentially between
supratidal mud-cracked laminites and overlying subtidal grainstones (e.g. Koer-
schner & Read 1989)—they are less likely to interfere with the time represented
by the strata, and underlying time-periodic signals may still be legible (e.g. Bond
et al 1991).

1.3.3 Autocycles vs. Allocycles  Sedimentologists have long debated the origins
of high-frequency stratigraphic cycles and have settled on two general concepts
to explain them. The concept of autocyclicity recognizes that physical limitsin
certain sedimentary environments can result in repeated buildup, shutdown, and
recovery of sedimentary accumulation over the long term, resulting in cyclic
stratigraphy. Sedimentary facies that are prone to autocyclic depositional mech-
anisms include peritidal carbonates, turbidites, switching delta lobes, and tem-
pestites (see review in Einsele et a 1991, pp. 5-13). In peritidal carbonates, a
preferred time-periodic mode of stratigraphic cyclicity may develop without
external cyclic forcing (Demicco 1998). Thisis because the peritidal environment
can be filled in by lateral accumulation of sediment (progradation); the time it
takes to fill the available platform or shelf to sea level will determine the value
of thisintrinsic time-periodicity. The lateral dimension of the depositional system
isamajor controlling factor of the periodicity, which is expected to overlap the
orbital frequencies. For 40 km-wide shelves, autocycle periods are on the order
of 20 kyrs, and for 100 km-wide platforms, 100 kyrs (Bazykin et a 1997, Bazykin
1997). It has also been demonstrated that a certain degree of self-organizationin
the stratigraphy of cyclic bedding thicknesses can be expected in the outcome
(e.g. Drummond & Wilkinson 1993).

Allocyclicity refersto sedimentation that has responded to cyclically operating
mechanisms external to the depositional system. Allocyclic stratigraphy should
therefore reflect in some measure the cyclicity of the mechanism that forced it.
If orbital forcing is involved, evidence for the presence of the multiple compo-
nents that characterize orbital forcing would establish an allocyclic origin of the
stratigraphy. When a depositional system is autocyclic and forced by alocyclic
mechanisms, the output stratigraphy can become quite complicated—e.g. the
increased turbidite recurrence in the Late Pleistocene Bahamian periplatform
seguences in response to orbitally forced eustatic highstands vs. lowstands (Drox-
ler & Schlager 1985).

1.3.4 Orbital Tuning Unstable accumulation, bioturbation, diagenesis, defor-
mation, measurement error, and so on significantly distort and complicate the
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recovery of orbital signals from stratigraphy. The removal of this stratigraphic
noise, especially when the objectiveisto search for orbital signals, usually comes
toinvolve someform of ** orbital tuning.” Orbital tuning isthe practice of aligning
a stratigraphic signal thought to contain an orbital signal with a target orbital
curve. The obvious problem with this practice is that power can be shifted from
nearby uncorrelated frequencies into orbital frequencies (Neeman 1993, Shack-
leton et al 1995). Interpretations of orbitally tuned stratigraphy are thus always
somewhat suspect. Judicious procedures can minimize the circular logic inherent
to orbital tuning. It would be less objectionable, for example, to tuneto one orbital
parameter, e.g. obliquity; if a precession signal becomes aligned in the process,
then orbital forcing can be argued as likely.

Other strategies develop time scales without fine-scale orbital tuning. The y-
method tests the hypothesis that different facies within stratigraphic cycles have
unique accumulation rates, that their thicknesses are linearly related to times of
development, and that the cycles were deposited on average over the same time
period (Kominz & Bond 1990; see aso Section 3.1). Accumulation ratesfor each
facies are estimated by generalized linear inversion; these rates are used to
develop an incremental time scale aong the cyclic sequence. The crucia stepin
the process is deciding the time scale of the basic stratigraphic cycle, to make the
final depth-to-time conversion. This usually involves testing to determine which
of the orbital parameters scalesto the basic stratigraphic cycle. Another technique
compares amplitude and frequency modul ations of stratigraphic cycle successions
with those of orbital signals. Depth-to-time conversion is achieved indirectly by
mapping the independent variables of the data (depth) and theoretical orbital
signals (time) into a third independent variable that is common to both (cycle
number). The superior capability of this procedure to suppress stratigraphic noise
and uncover hidden signalsis demonstrated in Section 2.3.4, Section 3.1, Section
3.4, and Section 3.5.

1.3.5 Sedimentological Tuning There is one underutilized sedimentological
method for estimating high-frequency accumulation ratesthat isindependent from
a priori assumptions of orbital forcing. The method assumes that a specific sed-
imentary component—e.g. weight percent Al or TiO,—accumulated at a constant
rate. Therefore, fluctuations in its content along the section indicate dilution or
concentration of the component from avariable influx of the remaining sediment.
Early work on this method is summarized by Kominz et a (1979), who devel oped
their own ““aluminum time scale’” for the Pleistocene V28-238 §¢0 record. This
time scale significantly sharpened the data spectrum at the obliquity frequency,
providing independent evidence for orbital control of 620 free from any starting
assumption of orbital forcing. Similarly, Herterich & Sarnthein (1984) assumed
that the accumulation rate of noncarbonate was constant in their Brunhes stratig-
raphy. Correcting the fluctuations of the concentration of noncarbonate along the
series to a constant rate both increased spectral coherence in the obliquity and
precession bands and resolved 23 and 19 kyr peaks within the precession band.
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While thereislittle guarantee that any given sedimentary component accumul ates
at atruly constant rate, selecting one that represents a very small fraction of the
total sediment influx, for which most of the variability in concentration is likely
the conseguence of fluctuations from the rest of the sediment, can do much to
significantly advance the process of true time scale recovery. This should be
explored wherever possible to free interpretations from the orbital tuning circu-
larity problem.

1.3.6 Methods of Signal Analysis Numerous methods are now used in the time
series analysis of stratigraphic and orbital signals (see recent review of well-
known agorithms in Ghil & Taricco 1997). The most enduring and useful of
these have been Fourier-based spectral estimators, although there are bias prob-
lems with some—e.g. the ever popular Blackman-Tukey estimator (Thomson
1990). Maximum entropy spectral analysis is not recommended (Kunzel 1989).
Bispectral analysis has been used to assess nonlinear climatic signal responsesto
orbital forcing (e.g. Hagelberg et al 1991, King 1996). For signal cross-correlation
studies, the spectral coherency estimator based on the Fourier transform remains
the principal statistical tool (e.g. Pisias & Moore 1981, Thomson 1982).

Nonstationarity affects most long stratigraphic series, so time-frequency anal-
ysis (or evolutionary spectral analysis) is an important means for its character-
ization. It is used to detect amplitude and frequency variations resulting from
changesin sedimentation and/or other primary responsesto orbital forcing. Wave-
let analysis has rapidly become a popular time-frequency method (e.g. Bolton et
al 1995, Prokoph & Barthelmes 1996, Liu & Chao 1998). Empirical estimates
for the probability distribution of wavelet power—hence the confidence limits
and significance levels—can be made through Monte Carlo modeling (Torrence
& Compo 1998). Other useful time-frequency methods include complex demod-
ulation (e.g. Kominz et al 1979), envelope inversion (Park & Maasch 1993),
complex signa analysis (e.g. Liu 1995; see also Section 2.3.1), and cycle mod-
ulation analysis (see Section 2.3).

“Signa” in the context of orbital forcing is premised on the presence of one
or more sinusoidal frequencies that arise from persistent autocorrelation of the
forcing process through time. Evaluation of the presence and significance of these
process frequenciesis accomplished through harmonic or power spectral analysis,
statistical significance is determined by hypothesis testing against alternative
‘““noise” models of the series. Traditionally, this has been done by comparing the
lower 99% or 95% confidence limit of the estimated spectral power of the series
to the power of an equivalent **white”” (i.e. uncorrelated at al frequencies) or
“red” (i.e. partiadly correlated at the lowest frequencies) noise spectral model
estimated from the autocorrelation lags 0 and 1 of the series (e.g. Jenkins & Watts
1968). However, these models overestimate the true noise of the series because
they retain all of the signal as well as the noise. To minimize this bias, Mann &
Lees (1996) developed a procedure of fitting a red noise model to a median-
smoothed background estimate of the series spectrum. This ““robust” approach
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suppresses anomalously large contributions from high-power, narrow-band (or
single-frequency) componentsin the series spectrum that clearly constitutesignal.
This bias problem implies that a lot of past work that relied on the traditional
autoregressive models may have rejected significant spectra.

2. THEORY: ORBITALLY FORCED SOLAR RADIATION

2.1 Status of the Theory of Earth’s Orbital Parameters

2.1.1 Overview The theory addressing the general problem of planetary motion
has recently been revised and improved through the introduction of new numerical
techniques, the inclusion of new high order terms, and the incorporation of lunar
and relativistic effects in the computation of orbital elements. The chief motiva-
tion in developing a new planetary solution was for exploration of the long-term
stability of the Solar System, long suspected to be chaotic (Peterson 1993). The
new solution for Earth’s orbital parameters has proved to be a highly precise
template for evaluating the connection between orbitally forced incoming solar
radiation (insolation) and Earth’'s climatic responses, especialy in the high-
resolution calibration of Late Cenozoic stratigraphy. Finally, Earth’s rotational
history and Earth-Moon dynamics through time have been shown to have asig-
nificant effect on Earth’s precession rate and obliquity (Berger et al 1989, 1992;
Berger & Loutre 1994). Consequently, today’s orbital models now explicitly
define parameters for the effects of tidal dissipation and Earth’s dynamical ellip-
ticity (see Section 2.1.3).

2.1.2 The Orbital Elements Knowledge of the planetary motions and orbits
forms the basis for estimating the Earth’s orbital parametersthat affect insolation.
Two complex variables, zand {, are used to describe orbital motion; each encap-
sulates two fundamental orbital elements: (a) orbital eccentricity (e) and longitude
of perihelion (IT), z = e exp[iIl]; and (b) orbital inclination (1) and longitude of
the ascending node (Q2), £ = sin(1/2) exp[iQ?], wherei = (\/— 1). Traditionally, z
and ( are expressed as Poisson series with fundamental contributions from each
of the eight planets; the series for the Earth are summarized in Table 1. A full
description of the orbital elements and the origin and determination of the series
arguments appears in Berger & Loutre (1990, 1991).

Early orbital models were valid to only a few million years b.p. (e.g. Berger
& Loutre 1991). It was not until sensitivity experiments and an analysis of the
uncertainties in the initial conditions were conducted that specific limits were
placed on the model’s time validity (Laskar 1999). Presently, Laskar’sfull orbital
model is accurate to about 16 million years b.p.; the limiting source of uncertainty
originates from the current state of knowledge of the oblateness of the Sun. If
this uncertainty can be reduced by 2 orders of magnitude from its current value,
then the validity of the orbital model can be extended to 30-35 million years b.p.
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TABLE 1 Earth'sfundamental amplitude, frequency, and phase terms®

20

Az=(hK) = e eplill] = 3 A epli(t + B)]

=1

j composition of A X 108 y; ("Iyr) B, (degrees)
1 Os 18913 4.2487910 30.597
2 o 16047 7.4559199 200.630
3 O 13159 17.9155811 155.568
4 O3 9406 17.3646123 304.902
5 O1 4248 5.5964883 112.565
6 g;—6 2238 17.0830020 351.000
7 gs+6 1956 17.6287061 7.770
8 g;— 20 1722 16.8132568 94.866

293— 04
Oat03—Sy
9 unknown 1598 6.9349219 169.028
10 Os 1506 28.22066002 128.008

20
B. { = (pd) = sn(2expliQ] = 2 A expli(yt + B)]
j=1

1 S 13773 0.0000000 107.586
2 S3 8760 —18.8511680 240.034
3 S 4960 —5.6176875 348.307
4 Sy 4024 —17.7482549 303.928
5 S, 3431 —7.0797568 93.267
6 S3+20 2846 —18.2999619 270.439
=031+ 0,
St 03— 04
S,+20 1736 —6.8410195 286.932
8 s,+0o 1736 —6.9609463 277.682
9 S,—C 1610 —7.1949375 285.060
10 S3—20 1607 —19.4022773 29.348
S+t03— 0

3For (A) orbital eccentricity and longitude of perihelion variable z, and (B) orbital inclination and longitude of node
variable { (from Laskar 1990, Tables Il and I, results of a 20 Myr analysis). The first 10 terms are listed out of a total of
the 20 that were computed for the Earth. Fundamental secular frequencies g,,, and s, identify orbital eccentricity and
inclination contributions, respectively, from the eight planets, where m = 1 refers to Mercury, m = 2 to Venus, etc. The
terms @ = 0.28"'/yr and ¢ = 0.12''/yr are libration frequencies identified with important secular resonances involving
Earth-Mars and Mercury-Venus-Jupiter orbital interactions (Laskar 1990). N.B.: In earlier publications (e.g. Bretagnon
1974, 1984; Berger 1977) Earth’s fundamental frequencies were designated g;; Laskar instead specified the planetary
origins of the frequencies, and so reassigned them as v;, and identified the composition of v; in terms of g, and s,
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Secular frequencies of the (dlightly) more stable outer planets may provide
specific orbital modes that are valid over much longer time scales. The most
promising of these mentioned by Laskar (1999) are g, and g., where g, — g5
appears as the dominant 404 kyr component of the Earth’'s orbital eccentricity
(see Section 2.1.3), where g was determined to be nearly constant over the past
200 Myrs (Laskar 1990, his Figure 8). However, recognition of this mode in
stratigraphy from very remote geological times may be problematic. This is
because geological evolution of the precession index, which carries the eccen-
tricity mode in the insolation variations, also depends on the evolution of k (see
Section 2.1.4 and Section 3.5).

2.1.3 Earth’s Orbital Parameters The fundamental frequenciesg,, and s,, of the
secular planetary system appear in the solution for Earth’s orbital eccentricity (e),
obliquity (&), and precession index (esinw) (Table 2). Although only thefirst few
highest amplitude terms are listed, the full perturbation series solution, for exam-
ple, in Berger & Loutre (1991) for e has 11,479 terms, ¢ has 6480 terms, and
esinw has 12,880 terms. Laskar et a (1993), however, indicate that since the
orbital solution is not truly quasiperiodic, trigonometric approximations should
be avoided, and numerical integrations should be performed for highest accuracy.
For this purpose, FORTRAN routines may be downloaded from Laskar’sInternet
site at ftp://ftp.bdl.fr/pub/ephem/sun/la93. The nominal solution La93(0,1) is
given; other solutions, such as La93(CMAR, FGAM), where CMAR isthe input
for thetidal effect of the Moon and FGAM istheinput for the dynamical dlipticity
of the Earth, are computed from this nominal one.

A plot of the three orbital parameters and their spectra for the past 10 million
years appears in Figure 1. All three parameters exhibit clusters of *‘multiplets”’
that attest to their complicated origins (cf Table 2). Within this particular 10-Myr
observation window, these components modulate in frequency and in amplitude;
thus, they have unique phasing properties that are an important key to unravelling
climatic responsesto orbital forcing (Berger et al 1998). The relationships among
these modulations allow for the development of additional correlation tests that
can be used to link orbital signals and stratigraphic data. These topicsare explored
more fully in Section 2.3 and Section 3.4.

2.1.4 Orbital Parameters Through Time The Earth’s precession rate k plays a
central role in the obliquity and precession index. It appears as a constant of
integration in the solution for Earth’s general precession in longitude (see e.g.
Berger & Loutre 1991). Its computed value thus depends on the model assumed
for the general precession, the initia conditions, and the limits of integration in
the model solution. This explains the different values of k that appear in the
literature, e.g. 50.”439273/yr (Berger 1978a), 50."417262/yr (Berger & Loutre
1991, denoted as k), and 50."4712/yr (Laskar et a 1993, denoted as p). Also, k
is dependent on the Earth’s rotation rate, dynamical €ellipticity, and the Earth-
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TABLE 2 Principal terms for Earth’s orbital parameters®

Ne

A. Eccentricity: e = & + 2, E, cos(At + &p)
n=1

n E, An ("lyr) ¢, (degrees) period (yr) origin of 4, ("yr)
1 0.010851 3.1906 168.02 406193 g — O
2 0.009208 13.6665 121.71 94830 O — O
3 0.007078 10.4615 -36.79 123882 0 — 0
4 0.005925 13.1430 -86.17 98607 0; — O
5 0.005295 9.9677 115.55 130019 0; — O
efc . : . . .

Nx»:
B. Obliquity: ¢ = & + >, A, cos(f,t + 3,), €& = 0.4006657, k = 50.4576 "/yr

n=1
n A, f, ("lyr) d,, (degrees) period (yr) origin of f, ("/yr)
1 0.011168 31.6132 86.26 40996 k+ s5
2 0.004401 32.6799 89.28 39657 k+s,
3 0.003010 32.1827 103.74 40270 K+ s+ 0s— 0;
4 0.002912 24.1277 —46.03 53714 k + s
5 0.002625 31.0981 117.31 41674 K+ s—0as+ 0;
6 0.001452 44.8609 -175.78 28889 k+ s
etc . . . . .

N
C. Precession index: e sin @ = >, P, sin(at + w,), k = 50.4576 "/yr
n=1

n P, a, ("lyr) v, (degrees) period (yr) origin of a, ("lyr)
1 0.018839 54.7064 -52.51 23690 k+ gs
2 0.016981 57.8949 113.26 22385 k+ g
3 0.014792 68.3691 71.29 18956 k + g,
4 0.010121 67.8626 -131.00 19097 k + g3
5 0.004252 56.0707 -3.96 23114 K+ g
etc . . . . .

3From a4 Myr analysisin Laskar 1999. Only the first few terms are listed. Berger & Loutre (1990) give a full
mathematical account for the origin of the modes 4, f,, and «,,, summarized here in Column 6 of each table, where g,,,
and s,, are the fundamental secular frequencies as in Table 1. Values for g, and s, differ slightly from those given in

Table 1 as a result of the shorter 4 Myr analysis.

Moon distance, all of which are thought to have varied significantly through
geologic time (Berger et al 1992; see also stratigraphic evidence in Section 3.5).
Table 3 gives one estimate by Berger & Loutre (1994) of the long-term evolution
of k for the past hillion years, indicating significant increases and conseguently a
shortening effect on the principal modes of the obliquity and precession index.
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Figurel Earth’sorbital parameters over the past 10 Myrs calculated using Analyseries
(Paillard et a 1996) and the La90(0,1) solution. The time series are displayed on the left
panel; 4n multi-tapered power spectra (Thomson 1982) are on the panels to the right. The
labeled peaks identify periodicity in kyrs. Note that the spectral averaging does not reveal
that most of the peaks displayed are composed of several harmonic components, e.g. in
the eccentricity spectrum; the depicted 127 kyr peak is composed of two components at
124 kyr and 130 kyr (cf Table 2A).

Thomson (1991) detected an apparent shorter-term decreaseinkin the Late Pleis-
tocene 620 record that was attributed to an elipticity response of the Earth to
large ice sheets in the Northern Hemisphere.

Long-term changes in k might be detected in stratigraphy by examining the
frequency ratios between measured obliquity and precession index frequencies
and those of the more stable eccentricity. Faster k in remote geological times
would trandlate into higher ratios of eccentricity vs. obliquity or eccentricity vs.
precession index frequencies, as well as obliquity vs. precession index frequen-
cies, aslong as the perturbing secular frequencies g, and s,, remained stable (see
examples of stratigraphic evidence in Section 3.5).

2.2 Orbitally Forced Solar Radiation on Earth

2.2.1 Thelnsolation Equation The eguation describing the instantaneous inso-
lation on a horizontal surface at any geographical point on Earth is (e.g. Berger
et a 1993):

W = S p~2 cosZ, (@0}

where S = §(1-€?)°5; § isthe solar constant, e is Earth’s orbital eccentricity, and
the normalized Earth-Sun distance p =r/a, wherer is the Earth-Sun distance and
a isthe semi-mgjor axis of the Earth’s orbit. The vertical component of the inso-
lation relative to the Earth’'s surface is defined by:
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TABLE 3 Schematic model of changes in the periods of the principal modes of (A) Earth’'s

obliquity variation and (B) Earth’s precession index.*

A. Changein principal modes f,, of the Earth’s obliquity

Time k f,7t f,71 fa7t f,7t fs~1 fg~t
(Myr B.P) (‘lyr) (yrs) (yrs) (yrs) (yrs) (yrs) (yrs)

0.0000 50.431631 41057 39663 40353 53805 41786 28929

72.000 51.800236 39333 38052 38687 50883 40002 28062
270.00 56.070946 34820 33812 34312 43577 35343 25687
298.00 56.742065 34203 33231 33713 42615 34708 25350
380.00 58.818901 32426 31550 31985 39891 32879 24360
440.00 60.432739 31168 30358 30760 38003 31586 23643
500.00 62.173118 29916 29169 29540 36158 30301 22916
1000.0 69.585861 25545 29498 25270 29961 25825 20260
B. Changein principal modes «,, of the Earth’s precession index

Time at a; st a7t ag™?
(Myr B.P) ("lyr) (yrs) (yrs) (yrs) (yrs) (yrs)

0.0000 50.431631 23708 22394 18966 19120 23137

72.000 51.800236 23123 21871 18590 18738 22580
270.00 56.070946 21485 20401 17517 17648 21016
298.00 56.742065 21249 20188 17359 17488 20790
380.00 58.818901 20549 19555 16889 17012 20119
440.00 60.432739 20037 19090 16542 16659 19628
500.00 62.173118 19512 18613 16182 16294 19124
1000.0 69.585861 17553 16822 14811 14905 17238

®These simplified estimates were computed using Column 6 of Table 2B and 2C, g, and s,, from Table 1, and the value of
k through geologic time, which takes into account the variation of Earth-Moon distance, change in length of day, and
Earth’s dynamical ellipticity (Berger & Loutre 1994, their Table 2, Model 2).

cosZ = singsind + cos¢$cosicosH,

@

where at geographical latitude ¢ the Sun in thelocal sky is at angle Z from zenith
at hour angle H; 9 is the Sun’s declination, the angle between the Sun and the
Celestial Equator along the meridian.

The Sun’s declination 9 varies during the Earth’s annua orbital circuit, i.e.
over the Earth’s true longitude A in the heliocentric reference frame, according
to sind= sinisine. 9 aso depends on g, so Equation 2 varies interannually with

the Earth’s obliquity.

The normalized Earth-Sun distance in W appears as.
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p-2 =1+ ecos( — Q)AL — €2, A3)

where A is Earth’s true (heliocentric) longitude as above, and w is the moving
longitude of perihelion. Thus the precession index variation occurs in W with a
phasing set by A and ¢. Consequently, the variation is not strictly esinw at all
times and locations. In the tropics, |&|<<d, and the Sun passes through minimain
Z twice a year; this results in two insolation maxima per annum. If climate
responds to both maxima, the result over the long term will be a half-precession
response (Berger & Loutre 1997).

The contribution from eccentricity e to W averaged over a year is (1-€?)°5;
for Earth’s orbital eccentricity values over [0.005, 0.060] this represents changes
on the order of 10~ or less in the total insolation. This small theoretical contri-
bution has caused considerable difficulty in connecting W to major ~100 kyr
variations commonly observed in cyclic stratigraphy (e.g. Imbrie et a 1993).
However, e is aso present as a modulator in the precession index, which appears
to account for much of the variability in paleoclimatic responses to W.

2.2.2 Rubincam’s Insolation Rubincam (1994) proposed an aternative for-
mulation of W based on a spherical harmonic expansion of Equation 2 in a geo-
centric reference frame, after Kaula (1966). Adapting the above notation of W to
Rubincam’s Equation 6 gives:

e ol

. -
S E @8, )" ™p (sin¢)
i—o - (I'+m)! (4

: 20 :E Fl,m,p(’g)vvl - 2p,q(e)

| —m,even
-[CF’S] [(1 - 2p)0+ (I —2p+ M +m(Q— H— A)],
sin | —m,odd

where 1, is a reference Earth-Sun distance,  is the argument of perigee (0 =
o + 180°), ¢, A areterrestrial latitude and longitude, and Q is the longitude of
the ascending node of the Sun. The coefficients d, are given in Rubincam (1994,
Table 1), the P, ,(sind) are associated L egendre functions; F,, () areinclination
functions used in geodetic applications, given in Rubincam (1994, Table 2);
Wi_,,(€) are modified eccentricity functions, given in Rubincam [1994, Table 3;
Rubincam (personal communication) notes that for (I-2p=+1, q=+1) and
(I-2p=-1, q=-1), the term e* should be €*]. Although cumbersome in its deri-
vation, Equation 4 iseasy to useto calculate diurnal (H), seasonal (M), and longer-
term insolation time series at any geographical location ¢, A. Discontinuitiesin
the classical insolation equation at latitudes experiencing polar night (e.g. Berger
19784) are fully absorbed in the expansion; reference to the Sun’s declination 9
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appears in the argument €. The only difference between Equation 4 and Equation
1isthat Equation 4 uses M (mean anomaly) in the place of true longitude A. (The
relation between M and A is given in Berger 1978b).

Equation 4 shows that W contains high frequency components involving H
and M; the argument © acts to modulate these frequencies, which prompted Rub-
incam to clarify the role played by the precession index in the insolation varia-
tions. This led to a controversy (Berger 1996, Rubincam 1996) in which Berger
maintained that the precession index isintrinsic to insolation and observablewhen
computing W at specific times—i.e. sampling insolation for selected values of H
and M. Rubincam argued that selective sampling of W was tantamount to assum-
ing a climate model, and was a manipulation of the high-frequency insolation
signal to obtain kyr periods. In light of the widespread presence of precession
index-like variations in the stratigraphic record, esinw remains meaningful as a
generic indicator of interannual seasonal insolation. At the sametime, itisimpor-
tant to recognize that precession index-like variations arise only in filtered outputs
of orbitally forced insolation, and that to fully understand the insolation response
by Earth’s climate requires first and foremost an appreciation of the fundamental
high-frequency nature of W. Therefore, W that is sampled interannualy, inte-
grated, or otherwise filtered, will be referred to as W.

2.2.3 Earth’s Insolation Response The relative contributions of the obliquity
and precession index in insolation that come to affect Earth’s climate depend on
time(s) of year, geographical latitude, and the Sun’s elevation (time of day). Basic
scenarios exploring these factors were analyzed by Cerveny (1991) and again by
Berger et a (1993), who concluded that variations in W are dominated by the
precession index, although high latitudes experiencing conditions of perpetua
day or night during non-equinoctial times also have a strong obliquity component.
For agiven ““local” season, these precession-dominated insolation signals are out
of phase between the Northern and Southern Hemispheres. On the other hand, at
the solstices, insolation that occurs at high solar elevations (low Z)—e.g. to which
ice surfaces are most sensitive—reveals that W that is time-integrated over near-
noon values of Z has a dominant obliquity component at all latitudes. As noted
by Cerveny (1991), this “‘solar noon elevation angle class’ or ‘‘noon zenith-
class’ (Berger et a 1993) amplification of the obliquity, which is in phase
between the Northern and Southern Hemispheres, could explain the interhemi-
spheric synchroneity of the last deglaciation (Broecker & Denton 1989, Lowell
et a 1995); this synchronous deglaciation cannot be explained by the daily, pre-
cession-dominated (i.e. anti-phased) summer insolation. The surface integrations
of insolation in the energy balance models of Short et al (1991) further underscore
the range of potential climatic responses to insolation at orbital scales that are
possible, and also explain the climatic transfer of orbital power from the preces-
sion index into the eccentricity (producing the famous 100 kyr variations com-
monly observed in the stratigraphic record) and half-precession bands in the
intertropical zone.
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2.3 The Emerging Significance of Orbital Signal
Modulations

2.3.1 Background Over 50 years ago, in astudy of the Lofer cyclothems of the
Late Triassic Dachstein Formation (Northern Calcareous Alps), Schwarzacher
(1947) observed that the meter-scal e cyclothem thicknesseswere bundled in a5:1
stratigraphic pattern. Facies analysis of the cyclothems suggested that eustatic
oscillations had caused cyclothem formation; geochronology indicated an average
cyclothem formation time of 21.1 kyr (Fischer 1964). These facts established the
basis for interpretation of the Lofer succession as a depositional response to
repeated sea level oscillations under orbital control (Schwarzacher 1993). Sub-
sequently, there have been numerous reports of similar 5:1 cycle bundling pat-
terns, primarily in other Mesozoic carbonates (Fischer 1991); it is now widely
believed that the cycles were generated by mechanisms driven by the precession
index esinw, and that the bundles were modulations originating from the 100-
kyr component of the eccentricity modulator e. Schwarzacher & Fischer (1982)
discovered a second, lower frequency indicating a 20:1 bundling pattern super-
imposed on the 5:1 bundles in the cycles of the Lower Cretaceous Maiolica
Limestone (Italy); this was interpreted as evidence for the 400 kyr component of
the eccentricity modulator. Herbert (1992) considered the more complete hypoth-
esis that the variable Maiolica cycle thicknesses were related to the modulating
durations and/or amplitudes of precession index cycles, thereby leading cyclic
stratigraphy and the analysis of orbital signals into a new quantitative field—
namely, amplitude modulation (AM) and frequency modulation (FM) analysis.

In an independent application, Liu (1995, 1998) used complex signal analysis,
a classical technique in the study of nonstationary time series (e.g. Gabor 1946,
Bracewell 1965, Rowe 1965), to study the frequency variation (or frequency
modulation) of Earth’s obliquity parameter. The technique treats the real orbital
signal f(t) as the complex variable:

FO) = () + it = A® exp[ib(®)], ©)

where the quadrature signal f*(t) is obtained by Hilbert transformation of f(t) (see
Taner et al 1979 for processing information). The amplitude modulation of the
signd is thus:

A = [f21) + f1°° (6)

and its frequency modulation is:

d., o 4
oy fO 7O - 0O 4 fO
Codt f2(t) + f*2(1)

n() (7

Equations 6 and 7 may be used to calculate the amplitude and frequency modu-
lation series of the precession index and obliquity, such asthose shown in Figures
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2 and 3. Liu observed that the frequency modulation of the obliquity has a major
100 kyr periodicity, which he suspects is a major player in the Late Pleistocene
glaciations (Liu 1998; Section 3.3).

2.3.2 Modulations of the Precession Index The precession index (Figure 1a)
tracks the normalized Sun-Earth distance as the equinoxes precess around the
Earth’s (revolving) eccentric orbit. As discussed in Section 2.2.1, the index
appears in W as p2, where it has an average value of 1 and ranges between
[0.9,1.1] (Berger et a 1993, their Figure 3). The index thus experiences modu-
lations from the orbital eccentricity e in both amplitude and frequency, as shown
in AM and FM series calculated from esinw for the past 10 million years (Figure
2a). The power spectra of these series (Figure 2b) exhibit the principal modes of
the eccentricity, with the curious exception of the 97 kyr component in the FM
spectrum, which is greatly suppressed. (This is the 100 kyr spectral ‘‘hole”
described in Herbert 1992, p. 25). The components centered at 404 kyr, 127 kyr,
and 97 kyr are directly associated with the first five eccentricity components (cf
Table 2A). The low power components at 2.5 Myr, 1.0 Myr, and 670 kyr are
related to the g,— 0., 9, — 05, and g, — g, contributions to the eccentricity (Olsen
& Kent 1999, their Table 3).The component at 204 kyr is a transient signal that
appears during times when the 404 kyr and 19 kyr components pass through
maxima (Figure 2a, vertical arrows labeled **204'"). The components at 77 kyr
and 63 kyr likewise arise as transients when the 404 kyr and 19 kyr components
are at a minimum (Figure 2a, vertical arrows labeled “77'"). These transient
components can also be seen in Berger et a (1998, their Figure 3). The relation-
ship between the AM and FM componentsis fully revealed using spectral coher-
ency analysis. The aforementioned components are all highly coherent between
the AM and FM series, but the cross-phase spectrum reveals some surprises (Fig-
ure 2c): the 404 kyr and 204 kyr AM and FM components are in phase (0°), but
the 127 kyr and 97 kyr components are 180° out of phase, as are the components
at 2.5 Myr. In other words, at these frequencies, when precession cycle amplitudes
are relatively high, their periods are relatively short, and vice versa.

2.3.3 Modulations of the Obliquity The AM and FM series of the obliquity
appear in Figure 3a. The modulation patterns are quite dissimilar to those of the
precession index (cf Figure 2a) owing to their largely separate origins. The pre-
cession index modulations are caused by perturbations in k from the secular fre-
guencies g,,, whereas the obliquity modulations originate from perturbationsin k
froms,, (see Tables 2B and 2C). The obliquity modulations, unlikethe eccentricity
modulations of the precession index, cannot be related to a single physical mech-
anism. Thus, the AM and FM obliquity series record *‘beat” freguencies (i.e.
difference tones) produced by the s,. The power spectra (Figure 3b) exhibit a
suite of modulation frequencies that is clearly distinguishable from that of the
precession modulations (cf Figure 2b). Again, the relative power of the compo-
nents differs between the AM and FM spectra. The coherency and cross-phase



Annu. Rev. Earth. Planet. Sci. 2000.28:419-475. Downloaded from arjournals.annualreviews.org
by University of British Columbia Library on 12/19/05. For personal use only

ORBITALLY FORCED STRATIGRAPHY 437

(@)
06 T T T T T T T T T v T T T T T T
% 1 A717VI 77 77 77
204 fig) I I I
E I
Em |
: i AL
= FM 204 204
230
5 25 I
=
5 20
a
" n 1 1 L L L 1 " L L [ } L L 1 L L 1
10 8 6 4 2 0
Millions of years b.p.
(b) ()
1000 00 ' 1.0 2300 400 204 '
- AM 10 08t 1000 7127 77 4
k5 670/ J |
= § 1 lom 0 6 N \
< (97)
E2 2
S 7 15 = 04
: P
0k & 0.2F
aidd, 0 0.0 u .
0 0.005 0.010 0.015 0 0.005 0.010 0.015
cycles/kyr cycles/kyr
800 j " out of phase
< L - 180 i
N5 23 124 oLe i 1
= i % i
E é 11000 166 lll 5 §0 r’Lm ‘ ( l.|/y\rA‘\/’\/“
9] K l 111 77 = o0 w i i phas d‘ lIB
= il = = LVJ \J
z b
0 1 &
0 @ -180 __out of phase
0 0.005 0.010 0.015 0 0.005 0.010 0.015
cycles/kyr cycles/kyr

Figure2 Amplitude and frequency modulations of the precession index signal depicted
in Figure 1. (a) The AM seriesrecords the peak amplitudes of successive precession cycles
and records the results at the times at which the peak amplitudes occur. The FM series
measures durations between cycle maxima, and records the result at a time halfway
between the maxima. The arrows labeled “204” and 77" refer to intermittent power
contributions to the averaged spectra (see text). (b) 4n multi-tapered power spectra of the
AM and FM series (power axis on the left). Also shown are the results of a4r multi-taper
harmonic analysis (amplitude axis on the right); labeled components are in kyrs and iden-
tify harmonic components that passed F-tests at the 99.5% significance level (except those
in parentheses). (¢) 4r multi-tapered squared-coherency and cross-phase spectral analysis
of the AM vs. FM series. The estimates have an average of at least 12 degrees of freedom,
for which the 95% significance level for true zero coherenceis 0.394 (after Priestley 1981).
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Figure3 Amplitude and frequency modulations of the obliquity signal depicted in Figure
1. All labels identify periodicity in kyrs (those in parentheses do not pass the 99.5%
significance level). (a), (b) and (c) are otherwise asin Figure 2.

spectra (Figure 3c) show asomewhat complicated rel ationship between the ampli-
tude and frequency modulations: The 174 kyr components are phase shifted, with
cycle period increases leading cycle amplitude increases by 45°, i.e. ~174 kyr/8
= 22 kyr, or by half an obliquity cycle. The 110 kyr and 98 kyr components
register a cross phase of about 90°—i.e. cycle amplitude increases lead cycle
duration increases, also by haf an obliquity cycle. The 1.1 Myr AM and FM
components are 180° out of phase.
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2.3.4 Stratigraphic vs. Metronomic Analysis Cycle modulation analysisis best
suited for stratigraphic sections with hundreds of cycles that span millions of
years. For example, identification of the important 404 kyr modulation of the
precession index requires a time span of at least 808 kyrs (two completions of
the cycle). At the same time, over such long time intervals, accumulation rates
are prone to vary substantially; the reconstruction of AM and FM signals from
such stratigraphy will suffer the same distortions as all other stratigraphic series.
To illustrate, Figure 4a shows the AM series resulting from a 10 Myr-long pre-
cession series that has been transformed into two stratigraphic sections—one has
accumulated at a constant rate of 1 cm/kyr, for a stratigraphic section 100 meters
thick (Series A), and the other has accumulated with rates increasing from 1 cm/
kyr to 2 cm/kyr over the same 10 Myr period, yielding asection nearly 200 meters
thick (Series B). The Series A spectrum, now with a frequency scale in cycles/
cm, isotherwiseidentical to that in Figure 2b. The spectrum of Series B, however,
shows a dramatic distortion and mixing of modes that have resulted from the
stretching of the cycleswith accel erated accumulation. The effect onthe FM series
(Figure 4b) is similar in shifting the principal FM modes to lower frequencies; in
addition, the thicknesses and the variations in thicknesses increase in amplitude
up the section (thisisregistered as higher power, i.e. variance, in the FM spectrum
of Series B).

These problems are minimized when the AM and FM modulation series are
instead recorded as a function of cycle number (Figure 5). This *“ metronomic”
(Herbert 1994) representation of stratigraphic cycle modulationsis directly com-
parable to metronomic AM and FM compilations of the orbital parameters
because they now share the same independent variable (cycle number). The AM
Series A and B and their spectra (Figure 5a) now are identical; effects from the
accumulation rate change have been removed entirely by the cycle number scale.
Similarly, the FM Series A and B show stable spectra (Figure 5b); the only dif-
ferenceisin theincreased power in the Series B spectrum (from increasing thick-
nesses and thickness variations upsection). Figure 6 and Table 4 identify the
principal metronomic AM and FM frequency components of the precession index
and obliquity. It should be noted that over different time windows and window
lengths, the relative power of these modulation components can vary significantly,
as can their frequencies (see Hinnov & Park 1998 for examples).

In many respects, metronomic AM/FM analysis parallels the philosophy of
orbital tuning. Orbital tuning assumes that an orbital signal is present in the data,
and within the limits of the geochronologic controls, the data is adjusted until its
correlation with respect to a (somewhat arbitrarily chosen) target orbital curveis
maximized (e.g. Martinson et a 1982, Briiggemann 1992). This correlation then
becomes the basis for interpretation of the data. Metronomic analysis setsup AM/
FM models of orbital parameters with respect to an independent variable based
on cycle number, and compares the models to stratigraphic data recorded also as
afunction of cycle number. No further steps are taken to adjust the datarelative
to this independent variable; in this way, metronomic analysis differs fundamen-
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Figure4 Stratigraphic measurement of 10 Myrs of two modeled precession index-forced
(after Figure 1) stratigraphic series: one that accumulated at a constant rate, and the other
with amonotonically increasing rate. (a) Left panel: amplitude modulations (AM) recorded
as afunction of stratigraphic position (in meters) of a stratigraphic model accumulating at
1 cm/kyr (SERIES A), and of a model subjected to accumulation accelerating from 1 to
2 cm/kyr (SERIES B); Right panels: 4n multi-tapered AM power spectra of SERIES A
and B, showing freguency distortion in the SERIES B spectrum as a result of the pro-
gressive shift in the series to thicker cycles (longer wavelengths). (b) Left panel: frequency
modulations (FM) of SERIES A and B, recorded asin (a); Right panels: 4n multi-tapered
FM power spectraof SERIES A and B, showing frequency distortion and increased power
in the SERIES B spectrum as a combined result of the progressive shift in the series to
thicker cycle and greater thickness variations.
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Figure 5 Metronomic measurement of the precession index-forced SERIES A and B
presented in Figure 4. (a) Left panel: amplitude modulations (AM) of SERIES A and B,
recorded as a function of cycle (“‘unit’”) number; Right panels: 4n multi-tapered power
spectra of these series. (b) Left panel: frequency modulations (FM) of SERIES A and B
recorded as a function of cycle (“‘unit’”) number; Right panels: 4 multi-tapered power
spectra of SERIES A and B, showing containment of the increased accumulation ratesin
power only in the SERIES B spectrum. The change in independent variable has standard-
ized the two series, revealing that they were forced by the same signal.

tally from orbital tuning. In fact, the metronomic approach absorbs random devi-
ationsin accumulation rate, within the cycle number increment, that orbital tuning
seeks to quantify and remove through small time adjustments. In practice, these
tuning adjustments never exceed the time scale of the basic target orbital cycle.
Therefore, while the metronomic approach is appealing because it works only
with the raw data, orbital tuning, as it is normally practiced, is nearly as benign
(see example in Section 3.4).
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Figure 6 4m multi-tapered power spectra and harmonic analysis of metronomic AM and
FM series of the precession index and obliquity series calculated over the past 10 Myrs.
Power spectra are shown as curves (power axis on the left), and harmonic line amplitudes
are shown as black lines (amplitude axis on the right). Labels identify harmonic lines that
pass the F-test at the 99% significance level. Refer to Table 4 for summary of significant
lines and their origins.

2.3.5 The Significance of Orbital Modulations The significance of AM and
FM orbital patterns as they apply to stratigraphy is as follows. Changing ampli-
tudes of precession-forced insolation cyclesmay be directly recorded asamplitude
changes in the stratigraphic parameter under consideration, e.g. in the oxygen
isotope temperature proxy. FM analysis of the proxy can be used to further assess
the behavior of the underlying accumulation processes: If accumulation is stable
(i.e. constant), the proxy will have AM and FM precession modes with a spectral
coherency relationship that is comparable to that depicted in Figure 2c. If, on the
other hand, accumulation rates respond linearly to precession cycle amplitude
(which is high when precession cycle periods are short), then, for example, the
inverse relationship between the AM and FM modes in the 100 kyr band may be
diminished, or even reversed. Thus, differences in the AM/FM relationship of
stratigraphic cycles from the predicted relationship of the targeted orbital signal
can reveal hidden information about the stratification process (e.g. Section 3.3.2
and Section 3.4.3).
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TABLE 4 Summary of metronomic frequency modulation tones of (A) the precession index
and (B) the obliquity®

AM Modes FM Modes

Period Mode Period Mode

(kyr) Origin (cycled/unit)  (kyr) Origin (cycles/unit)
A. The precession index
2311 04 — Us 0.0094 2311 04 — Os 0.0094
1027 0 — Os 0.0211 973 0 — Os 0.0223
711 0 — O 0.0305 - - -
420 0 — Os 0.0516 420 9, — Os 0.0516
250 ? 0.0869 250 ? 0.0869
226 ? 0.0962 - - -
199 ? 0.1092 199 ? 0.1092
134 O — O 0.1620 — - -
- - - 126.6 O — O 0.1714
101.6 O: — Os 0.2136 - - -
93.8 04— Os 0.2312 - — .
- - - 76.7 O, + 94 — 2057 0.2829
- - - 63.2 ? 0.3439
56.9 Os — Us 0.3815 - - -
48.8 ? 0.4448 49.8 ? 0.4436
B. Obliquity
1204 Sy — S 0.0340 (1204) Sy — S 0.0340
812 St — S35+ Os — O3 0.0505 - - -
205.5 ? 0.1995 (205.5) ? 0.1995
187.8 Ss—0;+ 03— S 0.2183 - - -
174.7 S3 — S 0.2347 174.7 S3 — S 0.2347
1525 S — Ss 0.2688 - - -
(111) S — S 0.3697 (111) S — S 0.3697
93.7 S — S 0.4378 93.7 S — S 0.4378
- - - (86.8) ? 0.4722

#Periods in kyr were estimated by dividing the estimated mode values into 21.7 kyr for the precession index, and into 41
kyr for the obliquity. The g, and s, are as in Table 1.
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3. THE EVIDENCE: ORBITALLY FORCED
STRATIGRAPHY

3.1 CASE 1: Time Series Analysis of Discontinuous Cyclic
Strata

3.1.1 Time and Cycles A first-order estimate of the timing (or accumulation
rate) of abasic sedimentary cycle in a sequence can be approached several ways:
(a) Divide the total time represented by the cyclic sequence by the total number
of cycles; or (b) estimate the average accumulation rate for the entire sequence
by dividing its total thickness by the total time. This means that if, for example,
the cycles become progressively thicker upsection, (a) will predict that accumu-
lation rates for cycle deposition must be increasing, whereas (b) will infer that
the time of formation of individual cycles is increasing. Which of the two
approaches is the correct one is open to debate. One could argue that cyclic
processes tend to be time-invariant, in which case (a) would give theright answer.
On the other hand, natural processes operating within acomplex system of driving
forces may drift and come to interact with different forces, thus raising the pos-
sibility that the cycles can experience timing changes. This has been observed in
stratigraphy, for example, when the Pleistocene glaciations changed from 41 kyr
to 100 kyr timescales (see Section 3.3). One remedy isto apply metronomic AM/
FM analysis to determine whether an orbital signal is associated with the cyclic
sequence. If the timing (accumulation rate) of the basic sedimentary cycle can be
established as the product of orbital forcing, then an incremental time scale can
be developed within the cycles through application of other accumulation rate
models (see example in Section 3.1.3).

3.1.2 y-Analysis When confronted by cyclic stratigraphy composed of a repeat-
ing sequence of facies, it isreasonableto hypothesize that each faciesaccumul ated
a a unique rate within the cycle, and that each facies accumulated at the same
rate in each of the cycles in the sequence. The y-method proposed by Kominz &
Bond (1990) tests this hypothesis by application of the time model:

N
Ty = 2 VaXemnmM=1,...,M. (8
n=1

T, isthetimeit takesto deposit acomplete stratigraphic cycle, X, ,isthethickness
of the n-th faciesin the m-th cycle, and v, is the (inverse) unknown accumulation
of the n-th facies. They,, may be solved for M cycles =N facies, using generalized
linear inversion methods (e.g. Menke 1989, Hjelt 1992).

A number of assumptions need to be taken into account when applying v-
analysis. The principal assumptions are (a) the basic stratigraphic cycle is depos-
ited over a constant period T, (b) proportionate thicknesses of the facies within
the stratigraphic cycles are consistent from cycle to cycle; and (c) faciesthickness
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isdirectly proportional to time. Regarding (a), stratigraphic cyclesthat wereorbit-
ally forced by the obliquity or precession index only will have experienced cycle
period variations of + 7% and + 15%, respectively, so one question is whether
the y-method is robust to such variations. To test this, Woronow (1992) applied
y-analysis to synthetic data with a coefficient of variation of +15% in T, and
for N=3 and M =4 was unable to recover reasonable estimates of the true facies
accumulation rates. Kominz & Bond (1992), however, argued that the method
needs to be tested over M>>N cycles and that the results should be examined
as an ensemble by spectral analysis averaged over al of the cycles. They found
that a coefficient of variation as high as 40% in T, would result in a y-corrected
time series that is till significantly improved over one based on a uniform (aver-
age) accumulation rate for all of the facies. Thisimplies that the method can be
applied successfully even to stratigraphy with mixed obliquity-precession index
cycles. For (b) to hold, the facies must have unique accumulation rates and/or
similar (environmental) conditions that consistently lead to facies preservation
from cycle to cycle. This means that secular driftsin rates over the long term is
not permitted. Finally, (c) tends to assign thicker facies more time than thinner
ones. This can lead to problemsif, for example, arelatively thin compacted facies
represents the same amount of time as another, thicker uncompacted facieswithin
acycle.

3.1.3 The Jurassic Domaro Limestone A recent example illustrating the prac-
tical pros and cons of y-analysis comes from an Upper Pliensbachian sequence
of basinal limestone/shale couplets from the Domaro Limestone in the Lombardy
Pre-Alps, northern Italy (Hinnov & Park 1998). Metronomic FM analysis (as
discussed in Section 2.3.2) of a sequence of 160 couplets from the formation
reveaed that the couplet thicknesses modulated with frequencies consistent with
metronomic FM precession (Hinnov & Park 1998; compare their Figures 7 and
11). This led to an attempt to extract the original precession index signal by
reconstructing the incremental time scale along the sequence. The a priori infor-
mation for precession index forcing supplied by the FM analysis was a sufficient
criterion for application of y-analysis and setting T,, = average Early Jurassic
precession cycle duration (19.4 kyr was assumed in their model). Advanced FM
modeling in Hinnov & Park (1998) suggested that limestone had been deposited
during one half of each precession cycle and shales during the other half, which
invites the hypothesis that the limestones and shales each on average represent
the same amount of time (9.7 kyr).

These models are summarized in Figure 7. The origina stratigraphic series
(Figure 7a) has a 10:1 thickness contrast between the limestones and (highly
compacted) shales; its power spectrum (Figure 7b) exhibits a multitude of peaks
with comparable power, a condition symptomatic of the discontinuous nature and
extreme deviation from sinuosity of the input series. The y-estimated time model
(Figure 7c¢) stretches the shales relative to the limestones, by assigning them 1/3
of the total cycle time. Its power spectrum (Figure 7d) reveals that the y-model
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Figure 7 Anaysis of the Pliensbachian Domaro Limestone limestone/shale couplet
sequence, from Hinnov & Park (1998, 1999) and Hinnov et a (2000). The sequence was
analyzed as alithologic rank series, with limestones recorded with the value 1 and shales
with the value 0. (a) The raw rank series of Couplet nos. 24-51, recorded as a function of
stratigraphic position and interpolated to a 0.01 cm spacing. (b) 2rn multi-tapered power
spectrum of the interpolated data, Couplet nos. 24—-74. (c) The coupletsin (a) recorded as
a time series at 200-year spacings, using accumulation rates estimated by the y-method
(Kominz & Bond 1990); (d) 2r multi-tapered power spectrum of the y-model applied to
Couplet nos. 24-74. (e) Couplets in (a) recorded as a time series at 200-year spacings,
using accumulation rates according to the FM model (Hinnov & Park 1998). (f) 2r multi-
tapered power spectrum of the FM-model applied to Couplet nos. 24-54. The shaded
spectrum is that of a 1 Myr—{ong precession index signal with values truncated to 0 and
1 to simulate the discontinuous nature of the data. Labelsin (b) arein cm; labelsin (d) and
(f) areiin kyrs.

has significantly reduced spectral variability. The dominant spectral peak coin-
cides with that of a boxcar precession index model; however, numerous other
peaks are present that are not obviously related to a precession index spectrum.
Finaly, the FM time model (Figure 7€) balances the amount of time spent in the
limestones and shales; time variations along the series are the result of the thick-
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ness variations of the lithologies that occur from couplet to couplet. The power
spectrum (Figure 7f) shows sharpening of the spectrum into two major peaksthat
ismore consistent with the precession index spectrum. Evolutionary spectral anal-
ysis of thismodel in Hinnov et a (2000) shows that these frequencies are slightly
unstable within the analyzed 1 Myr window, and shift to slightly higher frequen-
ciesin the latter half of the interval. This probably accounts for the displacement
of the two peaks relative to those of the precession index spectrum.

The FM evidence for precession index forcing of the Domaro couplets formed
the basis for the development of both time models. However, the y-model’slinear
solution apportions thickness linearly with time, with the result that the lime-
stones, on average 10 times thicker than the shales, are assigned the bulk of the
total cycle time. In fact, pandpass tests (Hinnov & Park 1998) indicate that the
covariant contrast between limestone and shal e thicknesses within cyclesiscloser
to ca. 3:1; this is reflected in the y-estimated accumulation rates for the two
lithologiesin Figure 7c. The ability of y-analysisto recover true time scaleswithin
cyclic strata may prove to be one of its weaker attributes because of unexpected
facies behavior, long-term accumulation rate change, and so on, that may be
difficult to anticipate. However, the method rapidly assesseslinear proportionality
among cyclic facies, and thus can serve as a general statistical test for nonran-
domness within cyclic strata.

3.2 CASE 2: High Resolution Optical Densitometry

3.2.1 The Cretaceous Piobbico Core A remarkable example of cyclic stratig-
raphy that istoo old to yield primary marine isotope climate proxies, and that has
proved too expensive to sample in detail in its entirety, comes from the Middle
Cretaceous Piobbico core. This 80 meter—ong core was drilled in 1979 through
the pelagic Fucoid Marls in the northern Apennines (central Italy), an Aptian-
Albian succession of cm-dm scale marly carbonate/shale cycles. In outcrops close
to the drill site, the formation shows striking cyclicity and continuity, with well-
defined lighter (carbonate-rich) and darker (carbonate-poor) alternating sediments
(De Boer 1982) indicating strong redox variations superimposed on a basic car-
bonate productivity cycle. The principal objective for drilling was to obtain supe-
rior vertica control of the formation and perform precision sampling and
stratigraphic analysis. A summary of the core's biostratigraphy, magnetostratig-
raphy, and cyclostratigraphy is given in Larson et a (1993), who subsequently
expanded sampling to another site at Cismon (Bellanca et a 1996).

3.2.2TheAmadeusinterval Detailed study of sedimentary cyclicity inthe core
was confined largely to the Upper Albian (Herbert et a 1986, Herbert & Fischer
1986, Park & Herbert 1987, Ripepe & Fischer 1991, Fischer et al 1991, Erba &
Premoli Silva 1994), a ca. 1.6 Myr—{ong segment that later came to be known as
the Amadeus Interval (Coccioni & Galeotti 1991). The high-frequency cyclicity
was documented from Meters 9.6-16.8 (stratigraphic depth) by cm-scale sam-
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pling for elemental analysis; spectral analysis of the weight percent carbonate
series (Park & Herbert 1987) and aluminum series (Herbert 1994) was applied to
search for orbital signals. Both in nearby outcrops and within the core, black/
white color variations clearly define individual coupletsthat are grouped into sets
of five to six, which is suggestive of precession index-forced sedimentation. Sur-
prisingly, however, neither the sampled series nor a high-resolution densitometric
scan of the clearly visible color variations recovered prima facie evidence for the
precession-scale cycles (Park & Herbert 1987, their Figure 2; see also Section
3.2.4).

3.2.3 High-Resolution Optical Densitometry The precession cycle detection
problem was recently revisited by Grippo et a (1998, 1999), who scanned for
grey-scale variations at a 0.8 mm spacing along asingle pixel transect of digitized
photographic images of the original polished Amadeus core segments. The pro-
cedure is described in detail in Grippo et a (in review). Figure 8 displays the
Grippo grey-scale scan along with the original weight percent carbonate series
assembled by Herbert et a (1986), who also produced a high-resolution densi-
tometric scan of the series from the same photographs (al so shown). The Herbert
scan, though performed at a 0.2 mm resolution, represents the average (stack) of
25 adjacent scans of the photographs. Despite its much higher resolution, the
Herbert scan appears to be much smoother than the Grippo single scan. Thisis
because the stacking effectively ““mixed” lateral color variations within strata
from incidental burrows, fractures, photo blemishes, etc. This horizontal mixing
blurs and diminishes the amplitude of the cycle transitions—in particular, from
the white carbonate units to succeeding thinner, well-defined black shales, which
are readily picked up by the Grippo single scan.

3.2.4 The Milankovitch Band In Figure9, the carbonate power spectrum shows
clear symptoms of undersampling with reduced power levels in the precession
band. The choice for a ca. 2-cm sampling rate had been premised on the expec-
tation that the precession-scale couplets, the highest frequency of interest, were
ca. 8 cm thick; 4 samples per couplet should have been adequate to recover good
statistics for the basic couplets. (The sampling rate was aso narrowed consider-
ably within shalier intervalsto ensure that all of the couplets were fully sampled.)
However, Park & Herbert (1987) noted that the longer ca. 50 cm-thick cycle
bundles, interpreted as an expression of 100 kyr eccentricity, show substantial
changes in thickness within the Amadeus Interval. These were interpreted as the
results of accumulation rate fluctuationsranging over afactor of 2 (Park & Herbert
1987, their Figure 9). This can be observed in the Grippo power spectrum, where
the suite O, P1 and P2 occur also at higher frequencies with lower power (see
dashed arrows, small 1abels).

This wide range in accumulation rates guarantees that a certain number of the
high frequency cycles will be undersampled by Ad = 1.9 + 1.1 cm, which has
a variable Nyquist frequency ranging as low as 1/(2 - 4.1 cm) = 0.122 cycled
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Figure 8 Paleoclimatic series collected from the Amadeus Interval of the Middle Cre-
taceous Fucoid Marls (Ticinella praeticinensis zone, Upper Albian) cored at Piobbico,
northern Apennines, Italy. From top to bottom: CARBONATE SERIES—collected at vari-
ableAd = 1.9 + 1.1 cmintervalsand analyzed by Herbert et a (1986), Herbert & Fischer
(1986), Park & Herbert (1987), and Herbert (1994). HERBERT STACKED SCAN—the
average of 25 adjacent light transmission scans taken at 0.2-mm spacings of core segment
photograph diapositives, and analyzed by the same authors. GRIPPO SINGLE SCAN—
the results of a new single pixel—wide scan taken at 0.8-mm spacings of digitally imaged
versions of the same core photographs (Grippo et a 1998, 1999). The box labeled A
indicates the segment analyzed in Figure 10. RESAMPLED GRIPPO SCAN—the
GRIPPO SINGLE SCAN resampled at Herbert's variable carbonate series sampling grid,
to study the effect of the sampling on the high frequencies. From Grippo et al (in review).

cm (lower 95% confidence limit). If the Grippo scan represents more fully the
“true” cyclic variationsin the Amadeus Interval, then applying the Herbert sam-
pling grid to the Grippo scan should provide details about the sampling effects
of the grid. The resampled Grippo scan (Figures 8 and 9) was sampled only at
the stratigraphic positions where Herbert collected samples. To simulate the ca.
1-cm diameters of the collected samples, the recorded pixel valueswere averaged
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Figure9 Multi-tapered power spectra of the paleoclimatic series in Figure 8. 4n multi-
tapers were applied to all series except the HERBERT STACKED SCAN, to which 3r
multi-tapers were applied. Calibrating the spectral pesk labeled O at a 41 kyr period
resultsin P1 = 23 kyrs, P2 = 19 kyrs, and E = 111 kyrs. The smaller labels indicate a
drift of the main peaks to higher frequencies as a result of lowered accumulation rates
over part of the Amadeus Interval (Herbert et al 1986, Park & Herbert 1987), during which
time component E has anomalously low power. From Grippo et a (in review).

over 1-cm lengths centered on the sampled locations. The results show a marked
diminution inthe definition of the P1 and P2 peaks; this confirmsthat the sampling
grid significantly undersampled precession components within the interval, with
deterioration occurring even at peak ‘0" at 0.08 cycles/cm. A full simulation of
the sampling effect would have involved calculating the average pixel value over
a 0.5 cm radius around each sampled location, but this was too time-consuming
to perform with the available imaging software. (In this respect, the Herbert
stacked scan comes closer to reproducing Herbert's sampling grid.)
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3.2.5 The Sub-Milankovitch Band The Grippo scan, with its 0.8-mm resolu-
tion, far below the 8-10 cm precession-scal e cycle wavelengths, providesaunique
opportunity to examine the sub-Milankovitch band. Figure 10 documents a curi-
ous multiplet variation that characterizes portions of the scan at the 1- and 2-cm
scale. Figure 10a shows a full ca. 100 kyr eccentricity cycle from Meters 13.52—
13.94, inwhichindividual precessionindex cyclesand obliquity cyclesareclearly
visible; superimposed on these is another order of much lower-amplitude, high-
frequency variations. High-resolution harmonic analysis of the segment (Figure
10b) indicates that these high frequencies are dominated by two stable harmonic
linesat f = 0.52 and 0.94 cycles/cm. Closer examination (Figure 10c) confirms
the presence of pervasive 1-cm cycles grouped into 2-cm *“ doublets’ throughout
the segment. The doublet arises in several (relatively carbonate rich) segmentsin
the Grippo scan, although the example in Figure 10 depicts its most striking
appearance. The amplitude of the doublet variation is only about 25% of the
average amplitude of the precession cycles. Its high degree of regularity isunusual
for stratigraphy, and indicates the presence of millennial-scale 5.0 kyr and 2.5
kyr pulses in the stratification process (Grippo €t a, in review).

Millennial-scale periodicity was first reported in the North American Permian
Castile Formation, a climatically driven evaporite sequence in which anhydrite-
calcite carving was interpreted to represent the annual cycle (e.g. Anderson 1982,
Anderson & Dean 1995). Over measurements of 200,000 varves, anhydrite
laminae thicknesses revealed a major oscillation with an average 2.7 kyr period
riding on a clearly discernible lower-amplitude precession index/eccentricity
background—the response of a high-frequency variation in the hydrologic cycle.
The Late Pleistocene Estancia L ake in the same region shows sedimentary cycling
at the same scale (Allen & Anderson 1993). The high-resolution Pleistocene deep-
searecord has also revealed high-amplitude millennial-scale climatic modes (e.g.
Pestiaux et a 1987, Hagelberg et al 1994, Bond et a 1997), as has the Greenland
ice core GISP2 (Dansgaard et al 1993), whichisin turn correlated with millennial-
scale anoxia cycles in the Santa Barbara Basin sediments (e.g. Behl & Kennett
1996, Hendy & Kennett 1999, Cannariato & Kennett 1999). Thisscale of climatic
variability seems to be age-independent: Pronounced millennial-scale basina
rhythmites have also been reported in a number of Paleozoic formations in west-
ern North America (Elrick et al 1991, Elrick & Hinnov 1996).

3.3 CASE 3: The Hundred Thousand Year Problem

3.3.1 The Late Pleistocene Ice Age The Late Pleistocene 100 kyr glaciation
cycles are undoubtedly the most scrutinized phenomenon in paleoclimatology.
Literally dozens of models have been proposed to explain these cycles; a short
list isgiven in Imbrie et al (1993, their Table 3). Many of these models embrace
the idea that the 100 kyr timing of the cycles is fundamentally a response that
can be traced to Earth’s orbital eccentricity. The remarkable amplification of the
glaciations of the minute insolation forcing power provided by the eccentricity
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Figure 10 High frequencies recorded in the Grippo Single Scan. (a) A segment from
Meters 13.52-13.94 (see Figure 8 for position within the scan), interpreted as afull eccen-
tricity cycle, with five precession index oscillations and two obliquity cyclesclearly visible.
(b) 2 multi-tapered harmonic analysis of the interval, with results of F-tests for harmonic
lines shown at the top. The precession cycles occur within this segment at an average 7.7-
cm wavelength just exceeding 95% significance level; two highly significant lines occur
at average wavelengths of 1.95 cm and 1.07 cm at less than a third of the amplitude of
the precession. (c) Detail of the segment reveals that the source of the harmonic linesin
(b) is 1-cm cycles grouped into 2-cm cycles (see arrows). From Grippo et a (in review).
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has been explained variously as the combined response to a variety of positive
feedbacks, to development of free ca. 100 kyr oscillations in large ice sheets
unrelated to eccentricity, and to other (non)linear interactionsinvolving the atmo-
sphere, oceans, cryosphere, and solid Earth. Among these, simple models that
couple the large scale dynamics of ice sheets, tectonics, atmospheric CO,, and
ocean thermal state produceinternal 100 kyr scale oscillations (Saltzman & Sutera
1987) that come to be entrained by external orbital forcing (Saltzman & Maasch
1990). More recently, 100 kyr climatic responses were obtained by direct orbital
forcing of a 2.5-dimensional model of the Northern Hemisphere linking atmo-
spheric circulation and CO,, seaice, land-based ice sheets, and other continental
surface conditions (e.g. Berger et a 1999).

3.3.2 Other Recent Work A number of other studies have approached the Pleis-
tocene problem through examination of intrinsic time-periodic properties of the
orbital parameters (Figure 11). Although eccentricity has long been targeted as a
likely cause of the 100 kyr cycles, the difficulties in assigning physical mecha
nisms to generate the necessary gain to power the cyclesled Liu (1992) to exam-
ine frequency resonance phenomena among the orbital parameters as an
alternative source for the variation. Liu observed that the Earth’s obliquity cycle
modulates in frequency with a major 100 kyr periodicity that is intermittently
phase-locked with de/dt. Liu showed that this locking is the result of libration
between Earth’s obliquity and variable solar torquing produced by changes in
orbital eccentricity. Liu (1995) speculated that the 100 kyr glaciations were there-
fore the product of nonstationary synchronization between the obliquity and
eccentricity, with sustained synchrony triggering 100 kyr-scale pulsations in
Earth’s climatic response during the Late Pleistocene. Independently, Rial (1995)
noted that the 5180 signal evolvesasthefirst derivative of the orbital eccentricity,
de/dt. This explained both the sawtooth pattern of the glaciation signal and the
absence of the 400 kyr eccentricity cycle. Rial’s interpretation was that rapid
switches from cooling to warming occur as orbital eccentricity passes through
minima (near-circular orbits), when warming rates kick in at maximum value.
The likely power source of the forcing would be the high-frequency precession
index, which carries the eccentricity variation. Subsequently, Liu (1998) explored
the effect of a bipolar pulse-modulated insolation forcing on a zero-dimensional
energy balance model and was able to reproduce all major trends in the Pleisto-
cene 80 record in an output temperature time series (Figure 11, bottom two
series). The pulse modulation model infers a two-sided threshold response of the
global climate to conditions involving a cooperation between instantaneous inso-
lation amplitude and frequency. Prior to 1.2 Myrs b.p., the dominant orbital com-
ponent in both the model and data is the 41 kyr obliquity cycle. From 1.2-0.9
Myrs b.p., a component with an ~80 kyr periodicity briefly dominates the model
signal; this subsequently evolves into a 100 kyr signal that dominates the signal
from 0.9 Myrs b.p. to the present, the result of intensification of time-pulsation
effects from a continuously improving synchronization between de/dt and FM
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Figure11 Summary of 100 kyr orbital phenomena thought to be related to the forcing
of the Late Pleistocene glaciation cycles, for 0 to 2 Myrs b.p. (a) Eccentricity e from the
La90(0,1) orbital model. (b) First time derivative of the eccentricity, de/dt, showing a
sawtooth pattern and suppression of the 400 kyr component (after Rial 1995). (c) Fre-
quency modulation of the obliquity. (d) Zero-dimensional energy balance model of Liu
(1998). (e) Oxygen isotope record of ODP 659 from Tiedemann et a (1994).

obliquity. In addition, the modeled 100 kyr cycles slowly modulate with a 400
kyr periodicity (Liu 1998, his Plate 1), as do the 100 kyr cyclesin the 520 record
over the same time interval (Rial 1999, his Figure 1).

Liu's model shows that a 100 kyr resonance phenomenon has developed
between Earth’s obliquity and eccentricity over the past million years. The appar-
ent phase lock of this resonance with the marine isotope record (as illustrated in
Figure 11) may point to the origin of the long-noted misfit between the data and
orbital eccentricity. It may also be that other orbitally forced Pleistocene models
capture elements of this resonance in their 100 kyr outputs. Of additional noteis
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that successful replications of the stepwise evolution of the Pleistocene 100 kyr
glaciations by these models are possible only with the aid of a second external
agent—i.e. a secularly decreasing atmospheric CO,. In thisrespect, Liu’'s scheme
offers an important alternative solution to the 100 kyr problem should it come to
pass that the CO, proxy data—yet to be collected—do not corroborate the pos-
tulated Late Cenozoic CO, decline (see Pagani et al 1999 for data controverting
a postulated decline during Miocene times).

3.3.3 Orbhital Inclination Muller & McDonald (1995, 1997a,b) proposed yet
another hypothesis: Earth’s variable orbital inclination 1—not eccentricity—
caused the 100 kyr glaciations. These researchers argued that the 620 record
showed no evidence for the triple 404 kyr, 127 kyr, and 95 kyr components that
characterize eccentricity, but exhibitsasingle, narrow-band 100 kyr spectral peak.
This spectral structure is more consistent with I, which has a dominant 98 kyr
cycle (Quinn et al 1991). Muller & McDonald hypothesized that during times of
low I, the Earth’s orbit intersects an interplanetary cloud of dust and meteoroids;
the proposed climatic effects of extraterrestrial dust on the atmosphere remains
highly speculative, however. Objections arose against Muller & McDonald’s con-
clusions about the 6**0 spectrum: Rial (1999) showed that the 100 kyr component
of the 80 record is frequency-modulated by a 400 kyr cycle, which is consistent
with anonlinear response of climateto eccentricity. Ridgwell et al (1999) likewise
supported a Milankovitch origin, pointing to recent climate modelsthat transform
orbitally forced insolation into a predominantly single component 100 kyr gla-
ciation response. They speculated that a superposition of obliquity and eccentric-
ity effects was involved. This, of course, was independently proposed and
modeled by Liu. In addition, Liu (1999) has shown that the frequency modulation
of the obliquity, which he favors as a major player in the 100 kyr glaciations, is
caused by 1.

3.4 CASE 4: Solar System Resonance in Stratigraphy

3.4.1 Earth-Mars Resonance The fundamental frequencies g,, define the sec-
ular rates of revolution of the orbital perihelia of the planets, i.e. the major axes
of their eccentric orbits, relative to afixed sidereal referenceframe. Quasiperiodic
alignments between orbital perihelia are indicated by **beat” frequencies among
the g,,; these directly affect Earth’s orbital eccentricity (Table 2A, column 6). The
fundamental frequenciess,, indicate the rates of revolution of the ascending nodes
(i.e. the lines of intersection) of orbital planes relative to a fixed ecliptic. This
motion is caused by changes in the orbits’ inclinations relative to this fixed eclip-
tic. Quasiperiodic alignments between ascending nodes induce the modulations
in Earth’s obliquity (Table 4B).

Laskar (1990, 1992) showed that long-term resonance exists between the
motions of Earth and Mars such that (s,—s;) —2(g,—gs) = 0. A second libra-
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tional mode also exists at (s,—S;)—<(9,—g.) = 0. Transitions between these two
modes are associated with chaotic motions of the planets. The mode g,—g, is
present in Earth’s orbital eccentricity asaca. 2.45 Myr period component (Table
2A), and should appear in stratigraphy as a modulation component in precession
index-forced stratigraphy; s, — s,, which has a period of ca. 1.25 Myrs, should be
detectable in the modulation envelope of obliquity forced stratigraphy. Laskar
(1999) urged the stratigraphic community to look for these resonance modes in
the geologic past—in particular, for the most recent transition from 1:1 to 1:2
resonance. Information on when this occurred would provide important con-
straints on the orbital solution parameters that could significantly improve the
model’s validity. Laskar’s calculations suggest that this transition occurred some-
time before 20 Myrs b.p. (Laskar 1990, his Figure 2), so an obvious place to start
the search is in the Miocene-Oligocene.

3.4.2 The Oligocene-Miocene The recent recovery of millions of years of Oli-
gocene-Miocene orbital-scale chalk cycles from the Ceara Rise in the western
equatorial Atlantic provides a unique opportunity to seek evidence for theg,— g,
and s,—s, modes in obliquity and precession index-forced stratigraphy. Shack-
leton et a (1999b) performed complex demodulation on a 10 Myr-long, spliced,
orbitally tuned record of magnetic susceptibility to examine the amplitude mod-
ulations of 21 kyr and 41 kyr components in the record. Magnetic susceptibility
correlates inversely with weight percent carbonate (e.g. Weedon et a 1997). The
resultsin Figures 6 and 7 of Shackleton et al (1999b) reveal that these AM series
contain the major AM components of both the precession index and the obliquity
(compare their Figure 7 with Figures 2 and 3 in this article). Although the AM
series of the 21 kyr component does not reveal a 2.45 Myr periodicity indicative
of g,—0,, the 41 kyr AM series contains a strong 1.25 Myr component—i.e.
evidence of 5,—s,.

Shackleton et a used a multiple-step orbital tuning strategy to obtain their
spliced time series. First, they matched the amplitude modul ations of the dominant
lithologic cycles in the series with those of obliquity cal culated above and below
23.8 Myrs b.p., the currently accepted date for the Oligocene/Miocene boundary
(last appearance of S delphix). A substantial downward shift of this date along
the core was required to align the modulations, which resulted in an adjustment
of Oligocene/Miocene boundary to a date some 0.9 Myrs younger than the cur-
rently accepted date of Berggren et a (1995). They then tuned this shifted data
to an obliquity-dominated orbital target curve * equivaent to the pattern of vary-
ing insolation at 65°N integrated over seven months centered on midsummer’
(Shackleton et al 1999b, p. 1918).

3.4.3Metronomic Modes Metronomic AM/FM analysis can help settletheissue
of whether or not the orbital tuning procedures could have biased these results.
The ODP Site 926B core data used in Shackleton et al’s spliced record provides
the most complete raw depth series for analysis (Figure 12a). Eight interruptions
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Figure 12 (&) Magnetic susceptibility series of the ODP Site 926B core across the Oli-
gocene/Miocene boundary (from Shackleton et al 1999b). Depth scale is in meters. Eight
gaps are shown, none of which are larger than 1-2 obliquity cycles; a few other minor
breaks also occur (not shown). The Oligocene/Miocene boundary is drawn at the last
occurrence (LO) of the nannofossil Sphenolithus delphix. (b) The 4 power spectrum of
the seriesin (a), showing many peaks outlining two broad bands. Accumulation rates for
the core are ca. 24 cm/kyr, placing the obliquity and precession index bands as shown.
The center and cutoff frequencies of the bandpass filters are noted; the roll-off parameters
are 10* dB/octave for the obliquity filter and 10® dB/octave for the precession filter; both
filters have near-perfect zero-phase responses at al frequencies within the cutoff frequen-
cies, ensuring that passed cycles will suffer no time shift biases.

occur within the series; these are irregularly spaced, and the longest is only 2
meters long (ca. 2 obliquity cycles). The spectrum of this series (Figure 12b)
exhibits two broad power bands calibrating roughly to the obliquity and preces-
sionindex. The numerous peaks within these bandsindicate the presence of unsta-
ble accumulation, with rates varying up to 40%. To obtain AM and FM series of
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the obliquity and precession, the bandpass filters indicated in Figure 12b were
applied to the raw depth series separately; AM and FM metronomic series were
estimated from these filtered series, and are displayed in Figures 13 and 14.

The AM obliquity data series (Figure 13a) has a strong component at 1.2 Myrs
that is coherent and in phase with the AM series of the obliquity. Its spectrum
also shares a prominent 174 kyr component with the model, although statistical
coherence between data and model is low. The inference is that at the 1.2 Myr
scale, lithologic cycle amplitudes on average follow those of the obliquity (high
obliquity = high magnetic susceptibility value = low carbonate). In light of the
prominent 174 kyr components in both data and model, the concave shape of the
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Figure 13 Metronomic AM and FM analysis of the obliquity-filtered magnetic suscep-
tibility series of the ODP Site 926B core from Meters 415.05-595.0, compared with AM
and FM series of the obliquity calculated from 20.14 Myrs b.p. (the time assigned to Meter
415.05 by Shackleton et al 1999b) to 26.7 Myrs. b.p., over atotal of 164 obliquity cycles.
(a) Top panel: AM series of the data and model. Bottom panel: 4n multi-tapered spectra
of the data and model, and squared coherency and cross phase of data vs. model (negative
phase indicates that data leads model). (b) Same as (&), but for the FM series of the data
and model.
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Figure 14 Metronomic AM and FM analysis of the precession-filtered magnetic suscep-
tibility series of the ODP Site 926B core from Meters 415.05-595.0, compared with AM
and FM series of the precession index calculated from 20.14-26.7 Myrs. b.p. (asin Figure
13), or atotal of 322 precession cycles. (a) and (b) are asin Figure 13.

coherence curve within the 174 kyr band, along with the corresponding phase
(—180° to —90°), suggest that the components are shifting continuously relativeto
each other throughout the series—an effect that would be expected from the
progressive addition of gaps from top to bottom (see Figure 12a). At the same
time, coherency is high between the FM components of data and model at the
174 kyr period, which indicates that cycle durations remain closely coordinated
throughout the series, with a dlight lead of the data over the model back through
time (Figure 13b). Finaly, the 100 kyr AM and FM obliquity modes lack coher-
ence between data and model, although the FM data series has significant power
in the 100 kyr band coinciding roughly with that of the model.

The AM precession index data series (Figure 14a) has a well-defined 400 kyr
spectral peak that is aligned with the AM precession model; however, the pair
registers low coherence. Further examination (not shown) reveals that this is
because the data’s 400 kyr component is progressively delayed as it encounters
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additional gaps; at the base of the series, it is more than 180° out of phase with
the model’s 400 kyr component. This indicates a total missing time of over 200
kyrs (the eight gaps in Figure 12a, each about 1 obliquity cycle long, imply that
328 kyrs are missing). Two peaks are present in the AM data spectrum in the 100
kyr band, although they are shifted to slightly higher frequencies compared with
AM precession spectrum—another manifestation of *“missed beats” from gaps.
At least eight 100 kyr cycles will be affected by gaps, each on the order of 40
kyrs long, or a 40% shortening of over 10% of the 100 kyr cycles in the series.
High coherence occurs at a 92 kyr period between data and model, which is
dlightly shorter than their individual spectra, and the cross-phaseis slightly unsta-
ble, once again a symptom of progressive drifting. The FM precession series for
the data and model (Figure 14b) shows that the data has little evidence for FM
precession forcing. FM orbital variations in stratigraphic cycles indicate a linear
response of accumulation rates to orbital forcing. AM components can still be
preserved in the event that the FM components become distorted from unstable
accumulation not coupled with orbital forcing. The absence of FM precession
components at ODP Site 926B indicates that accumulation rates were not coupled
to precession index forcing.

In sum, metronomic analysis of the Ceara chalk recoversthe sameinformation
presented by Shackleton et a, but without fine-scale orbital tuning. As is clear
from Figure 12b, specific orbital components cannot be inferred from the raw
data series, but they can be inferred from their AM and FM metronomic spectra
(Figures 13 and 14). Skeptics of orbital tuning can look to this alternative tech-
nique for analysis of data; the technique also can justify the application of orbital
tuning by providing a priori evidence for orbital signal in stratigraphy. It should
be emphasized that the careful, cycle-by-cycle correlations performed by Shack-
leton et al among the various Leg 154 cores to assemble a continuous, spliced
series help to infer from the outset the durations of the gaps at ODP Site 926B.
Tuning to their specific orbital target curve preserves the AM and FM relation-
ships discussed previously, athough the precession index variations may have
been shifted relative to those of the obliquity as aresult of choice of latitude and
season (Section 2.2.1) in their target curve.

The evidence for Earth-Mars resonance is restricted to observation of an s;-s,
mode from the 1.2 Myr component in the AM obliquity data spectrum (Figure
13a). The g, — g, mode, which should occur inthe AM and FM precession spectra
with a ~2.4 Myr period (cf Figure 2b), is not visible (see Figures 14a and b).
The predicted strength of this modulation is very low, however. Alternatively,
detection of the two AM precession components at 130 kyr and 124 kyr (Table
2A, n = 3and 5), theoretically possible over a 6.56 Myr-long series, may supply
the necessary evidence, although the repeated gaps along the series may obscure
resolution of these two components. The only other strategy would be to select
the longest interval between gaps, tune this to a target obliquity-only curve, and
seek evidence for separate 18.9 kyr and 19.0 kyr components in the precession
index band (Table 2C, n = 3 and 4).
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3.5 CASE 5: Earth’s Paleoprecession

3.5.1 Tidal Dissipation Earth’s rotation rate has been decel erating through time
as a consequence of drag caused by the offset between Earth’s tide raised by the
lunar potential and the Moon’s lagged position relative to thistide. This perpetual
offset is caused by the fact that Earth spins faster than the Moon orbits Earth.
The drag is also causing a slow recession of the Moon from Earth. Both Earth’'s
deceleration and the lunar recession have been observed directly (e.g. Morrison
& Stephenson 1991, Dickey et al 1994), athough their geological evolution
remains|largely hypothetical (Touma& Wisdom 1994). However, there have been
observations for length-of-month, taken from sedimentary tidalites and coral and
shell growth rings, that appear to confirm the general concept of faster spin rates
and a closer Moon in remote times (e.g. Lambeck 1980).

A principal effect of tidal dissipation on Earth’s orbital parametersisthe short-
ening of k, as postulated in Table 3. With stable mode g, and moderately stable
0, (Laskar 1990), changes in k may be observable in the frequency and/or ampli-
tude modulations of ancient precession index-forced stratigraphy involving the
modes g, — g., 9, — J- and g, — g., and to alesser extent, g,— g, and g, — g,. Table
5 shows that if the evolution of k follows the model in Table 3, the modulations
of the precession index will occur at lower metronomic frequenciesin the remote
geologica past.

3.5.2 Orbital Evidence Stratigraphy appears to confirm increased k for remote
times. Figure 15 shows cycle modulation spectra of three multimillion year long,
precession index-forced stratigraphic segquences, from the Oligocene-Miocene
(~23 Myrs b.p.), Late Triassic (~210 Myrs b.p.), and Cambrian-Ordovician
(~500 Myrs. b.p.). Table 5 provides predictions for the expected frequency shifts
inthe major AM precession componentsfor these geological epochs. Asdiscussed
in Section 3.4.3, the AM precession spectrum of ODP 926B suffers from effects

TABLE 5 Predicted values of modulation frequencies of the precession index at the
Oligocene/Miocene, Triassic/Jurassic, and Cambrian/Ordovician boundary times®

Myrs k o (0] o o o o
b.p. ("fyr) (kyr)  (2—09s) (04— (03—0%) (Ga—%) (U~
0 50.431631 217 0.053 0.229 0.220 0.175 0.167
23 50.868824 215 0.053 0.226 0.218 0.174 0.165
210 54776791  19.8 0.049 0.209 0.201 0.160 0.152
500 62.173118  18.0 0.044 0.189 0.183 0.145 0.138

a/alues of k are from Table 3 (interpolated at 23 Myrs and 210 Myrs). o was estimated by calculating using the
FORTRAN program of Berger (1978a) with updated tables from Berger & Loutre (1988), and substituting input k with the
values in Column 2. The total number of cycle completions of » over a 500 kyr test run was taken to represent its
average periodicity, which is recorded in Column 3. In Columns 4-8, the modes g, — gs, 94— 0s, 95— s, 94— 0, and

gs— 9, arein kyr™, calculated from Column 6 in Table 2A.
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Figure15 Metronomic cycle modulation analysis of three cyclic sequences representing
the Cenozoic, Mesozoic and Paleozoic eras. The Oligocene/Miocene AM series is from
the Ceara chalks (see Figure 14a); the Late Triassic AM series was computed from the
composite rank depth series of the Newark Basin series (e.g. Olsen 1997, Olsen & Kent
1999); and the Cambro-Ordovician FM series comes from alittle-known and poorly dated
peritidal cyclic carbonate sequence from the Malyi-Karatau region in Kazakstan (Bazykin
1997, Bazykin & Hinnov 2000).

of small gapsinterspersed throughout the series; this causesamild ** missed beats”
problem and a shift of the AM components to frequencies slightly higher than
predicted. The Late Triassic Newark AM spectrum computed from the composite
rank depth series has three high-power, narrow peaksthat align perfectly with all
three AM precession components predicted from Late Triassic k = 54.776791"/
yr, but there are other, lower-power components that require further study. The
Cambro-Ordovician Ooshbas peritidal cycle thickness series is only 125 cycles
long, but shows evidence for bundling: I1ts FM spectrum shows two peaks close
to the predicted 400 kyr and 124/130 kyr components. Becauseit isan FM series,
no peak would be expected at 95/99 kyr (the ** 100 kyr hole;”” see Figure 2). Only
afew other reports of apparent orbital shifts are consistent with ancient faster k;
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this includes the Middle Cretaceous Piobbico core, in which the obliquity com-
ponent occurs at a dightly shortened period of 38 kyr (Park & Herbert 1987),
and the Cambrian Trippe platform carbonate cycles, which contain obliquity and
precession band frequencies systematically shifted to the right from interpreted
eccentricity components (Bond et al 1991).

4. CONCLUDING REMARKS

This review has surveyed some of the promising new avenues of research that
have recently developed in the study of Earth’s orbitally forced stratigraphy. Dis-
cussion centered on cycle pattern recognition as a principal means for identifying
orbital signals in stratigraphy. Obviously, this only scratches the surface of the
much larger task of linking Earth’s orbital parameters to stratigraphic responses.
Inevitably, to describe and explain asignal asfully as possible, the processesthat
led to its appearance must be identified and studied. Therefore, greater challenges
still lie ahead, such as the intensive analysis of the cascade of environmental
processes and their responsesto orbital forcing. Thisappliesto al of the examples
discussed here, including Late Pleistocene stratigraphy, which has already been
measured, parameterized, and modeled more exhaustively than that of any other
epoch. Focus on potentia ** sub-Milankovitch™ carriers may bring fresh insights
into the field (e.g. Clement et al 1999).

Each set of data presents unique problems that require a creative and flexible
approach. As demonstrated herejust in grappling with signal search and recovery,
no single technique is capable of leading directly to afull answer. A study design
that appears to work in one case may fail when applied to another. In Section
3.1, the Jurassic Domaro limestone and shale lithol ogies caused havoc with con-
ventional spectral analysis; when they were viewed as a metronomic FM series,
however, an orbital signal sprang into focus. The same wastrue with the Cenozoic
Cearachalks (Section 3.4). Thus, an arsenal of analytical and modeling techniques
is required in this discipline, and researchers should not hesitate to apply any
number of them to their stratigraphic data. Finally, there are many cyclic strati-
graphic sequences that will never yield their orbital signals, and there may even
be a class of (auto)cyclic sequences with orbital-like spectral features that were
not orbitally forced. The state of the science is not yet at the point where such
non-orbital categories can be readily identified, although they have been postu-
lated in some detail (e.g. Wilkinson et a 1998) and need to be considered as an
integral part of the modeling and analysis process.

The stratigraphies protrayed in Section 3 represent a variety of climaticaly
sensitive depositional environments: pelagic (the Cretaceous Fucoid Marls, and
Plio-Pleistocene marine isotopes), hemipelagic (the Jurassic Domaro Limestone
and the Oligocene-Miocene Ceara chalks), shalow marine (the Cambro-
Ordovician Aisha-Bibi seamount), and lacustrine (the Newark Series). In general,
strong signals would be expected to occur preferentially in long-lived lacustrine
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environments, because of the extreme climatic contrasts that tend to characterize
continents. However, the deep-sea records show that marine environments have
also been very responsive to orbital forcing, particularly those rich in organisms
producing carbonate in the tropical and paratropical zones. By far the weakest
evidence for orbital forcing comes from the shallow marine carbonate record. The
Cambro-Ordovician Aishu-Bibi section (see Section 3.5) typifies al of the usual
problems associated with these facies. Beautifully preserved shallowing upward
peritidal cycles provide a sensitive record of relative sealevel change; onewould
expect that orbitally forced sealevel oscillations would have left a strong imprint
on their accumulation. However, competing forces from changes in subsidence,
long-term eustasy, tidal flat progradation (autocyclicity), and prolonged intervals
of non-deposition can overwhelm any nominal high-frequency component in sea
level change. This can result in *“missed beats” in the final stratigraphy, as well
asirretrievable loss of signal (e.g. Goldhammer et al 1990). The Aishu-Bibi sea-
mount was apparently no exception, and appears to have been subjected to an
uneven, long-term sealevel rise throughout much of its buildup (Bazykin 1997),
which may have contributed to its somewhat weak record of cycle modulation.
If the ultimate objective of the stratigraphic community is to calibrate high-
frequency cyclic stratigraphy with Earth’s orbital parameters throughout the geo-
logic record, then the special problems of the shallow marine carbonate record
need to be studied in detail. More than half of the Phanerozoic Eon lacks a
substantial pelagic marine carbonate record; carbonate-rich nannoplanktonic and
microplankonic life forms did not evolve into significant (rock-forming) numbers
until post-Middle Jurassic times. Therefore, the stratigraphy of carbonate plat-
forms and of hemipelagic products shed from them into the basins are a principal
resource for seeking orbitally forced signals in the Paleozoic and Early Mesozoic
eras. Cyclic platform stratigraphy can be understood only through detailed mod-
eling of the response of sedimentation dynamics of the shallow marine environ-
ment to external forcing. Modeling initiatives should be no less intensive than
those that have been carried out by the glaciology and paleoclimatology com-
munities in an attempt to explain the Late Pleistocene marine isotope signal.
Today, only ahandful of models are designed to study the high-frequency dynam-
ics of carbonate platform buildups (see list in Demicco 1998). None of these
models has been subjected to external forcing conditions that could be imposed
from the broadband orbitally forced insolation described in Section 2, so the high
frequency responses of carbonate platforms to orbital forcing remains unknown.
Finally, the focus of this review was on the Earth’s precession index and oblig-
uity, the principal parameters that control the interannual insolation. The preces-
sion index, or ‘‘precession-eccentricity syndrome’ (Fischer et a 1991), is
modulated by the eccentricity, which, as the result of climatic and stratigraphic
filtering, frequently comesto be the dominant mode recorded in precession-forced
stratigraphy. As demonstrated for the Oligocene-Miocene chalks (Section 3.4),
analogous long-period modulations from the obliquity can also be expressed in
cyclic sequences (see Hinnov & Park 1999 for a Jurassic example). It makes
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sense, then, that the exploration of very long cyclic sequences—10 Myrs or
longer—should consider examination of the long-period modulations of the
eccentricity and FM obliquity. This may be useful, for example, in the assessment
of cores that have been wirelogged over great depths at a resolution too coarse
to resolve basic orbital modes, but that are clearly recording quasi-periodic mod-
ulations at the 10°-107 year time scales. At the same time, however, these very
low-frequency modes overlap tectonic time scales, and great care must be taken
in separating these effects from the ** orbital continuum.”
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