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PRE-QUATERNARY MILANKOVITCH CYCLES AND 
CLIMATE VARIABILITY 

Introduction 
Cyclic variations in insolation, caused by the precession and 
obliquity of Earth's spin axis and variations in the eccentricity 
of Earth's orbit, have been stressed as a driver of Quaternary cli
mate since Hays et al. (1976). The Quaternary, however, com
prises only 0.4% of Earth history, and is characterized by 
unusual "ice house" conditions. In addition, neither the mechan
ism through which ice house conditions were initiated, nor the 
mechanism whereby the 100 kyr cycle has come to dominate 
glacial oscillations are understood (see Muller and MacDonald, 
2000). Analysis of pre-Quaternary Milankovitch cycles provides 
a more synoptic view of the role of astronomically controlled cli
mate change, a context for understanding the present state of the 
Earth system and anthropogenic modifications, a mechanism for 
producing high-resolution timescales, and data for calibrating the 
dynamic evolution of the solar system (see -reviews by Berger 
et aI., 1989; Fischer et aI., 1991; Schwarzacher, 1993; Weedon, 
1993, 2003; Hinnov, 2000, 2005). 

Methods 
Two fundamentally different, although mutually illuminating, 
approaches to the analysis of pre-Quaternary Milankovitch 
cyclicity have been developed. The first, cycle counting, pre
dates acceptance of the Milankovitch theory for Quaternary 
climate change by nearly a century (e.g., Gilbert, 1895) 

(Figure P88). Cycle counting is an inherently typological 
approach requiring both identification of each sedimentary or 
proxy cycle and its boundaries within a section and a timescale 
to determine cycle duration. Bundles of cycles of variable thick
ness allow recognition of the characteristic Milankovitch cycle 
hierarchy based on the thickness ratio of short to long cycles, 
assuming the highest frequency cycles have been correctly iden
tified. A variant of the cycle counting approach is named for 
Fischer's (1964) analysis of the Triassic asymmetric carbonate 
Lofer cycles (Figure P89). These so-called Fischer plots are 
graphs of cumulative departure from average cycle thickness 
plotted against cycle number, assuming a uniform period for 
each cycle and modified for assumed constant subsidence during 
each cycle (see Sadler et aI., 1993; Boss and Rasmussen, 1995 
for criticism). While the typological cycle counting method 
allows easy visualization of sedimentological patterns and cycle 
identification in the field, the numerous ad hoc assumptions that 
must be made about the variability of the cyclicity makes its 
practical use treacherous unless there is a known target pattern 
for correlation, such as an age-appropriate and accurate insola
tion curve. Additionally, often used as a measure of relative 
sea-level change, Fischer plots appear to be a poor predictor 
for Quaternary examples where sea-level change is well under
stood (e.g., Boss and Rasmussen, 1995). 

The second approach, time series analysis, is commonly 
used in Quaternary analyses and was inspired by the pivotal 
paper by Hays et al. (1976) that established Milankovitch cycli
city as the "Pacemaker of the Ice Ages," although there were 
earlier applications. Here, a variable (lithological or climate 
proxy) is plotted against thickness or time, and Fourier or other 
quantitative methods are used to determine the frequency prop
erties of the data that can then be compared to a hypothesis of 
orbital forcing (Figure P90). This method dispenses with the 
need to identify the cycle type, has the advantage of not requir
ing variability in the data to be discarded, and thus does not 
presume the mode of cyclicity (i.e., precession vs. obliquity). 
The disadvantage is that the variable must have a unimodal 
relationship to climate or a precise timescale must be available; 
these become progressively much less common in more ancient 
deposits. Sequences have typically been analyzed by Fourier 
methods with the data transformed from the depth or time 
domain to the frequency domain. The results are usually 
expressed as a periodogram (a graph of frequency against a 
measure of the importance of that frequency, such as power). 
This method, however, presumes little variation in accumula
tion rate; that is, the frequencies are stationary with respect to 
the depth scale. This assumption can be considerably relaxed 
with use of evolutive or depth-frequency analysis. Here, the 
frequency properties of the section are analyzed by use of 
a moving window and are plotted with respect to depth 
(Figure P91). A plethora of techniques is available in which 
accumulation rate changes can be determined directly from 
the internal frequency properties of the data. 

Timescales 
Both cycle counting and time series methods require a time
scale to help assess accumulation rates. Accumulation rates 
are quantified by relying largely on direct dating by annual 
rhythms (varves) and radiometric methods, indirect dating by 
correlation to other well established timescales, such as 15 180 
curves or magnetic polarity transitions, and tuning to insolation 
curves based on celestial mechanics. In older stratigraphic 
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Figure P88 Cycle counting and matching to an astronomical record; left: marine Pliocene-Miocene example with astronomical calibration from 
Sicily modified from Hilgen (1991 b); right: lacustrine Triassic example, modified from Van Houten (1964) with 400 kyr cycle added. 

records, it becomes progressively harder to apply these proxies 
and dating methods successfully and other, more inferential, 
methods must be used. 

Varves are annual rhythms that can be marine or non-marine 
and generally consist of couplets or, more rarely, of triplets 
of heterogeneous laminae (see review by Anderson, 1964; 
Anderson and Dean, 1988). It is usually assumed that a single 
couplet or lamina series represents one year, corresponding to 
summer and winter or wet and dry seasons, although some 
lacustrine environments could theoretically possess two cou
plets of laminae series per year, and there can be confusion 
with tidal banding. Although varve calibration provides direct 
and very high-resolution records of accumulation rates, varved 
sequences are rare and when present often constitute only a 
small part of the sedimentary column. 

Radiometric dates provide another direct way to calibrate 
accumulation rates and a basis for a timescale. To be useful, 
there must be several dates in a section separated in time 
sufficiently to exceed error limits, and they must be geologically 
accurate. Very few sections meet these criteria. It is possible 
to obtain paleontological or other time-correlative means to 
tie radiometric dates to sections under analysis. Possible difficul
ties are exemplified by debates on the Triassic Latemar and 
the Eocene Green River Formation (Hinnov and Goldhammer, 
1991; Brack et aI., 1996; Pietras et aI., 2003; Machlus 
et aI., 2004, 2008). 

As is true for Quaternary records, the relatively well-estab
lished marine b180 record provides a powerful tie to published 
times cales for older Neogene marine sections (e.g., Miller et aI. , 
1987). The temporal accuracy, however, of correlations to the 
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Figure P89 Fischer plot of Fischer's example of Triassic Lofer cycles in marine Triassic carbonates of Austria (modified from Fischer, 1964) with a 
modern Milankovitch cycle interpretation overlain. 

(5 180 record can be no better than the accuracy of the (5 180 
record itself, which is undergoing significant modifications. 
Using this technique for accumulation rate calibration, only 
open marine sections can be meaningfully correlated, and the 
section being correlated needs sufficient temporal scope to 
encompass enough of the character of the (5 180 curve. 

Correlation and tuning to insolation curves has been exten
sively used in strata of Neogene age, but less commonly in 
the Paleogene (e.g., Hilgen, 1991a,b; Shackleton et ai., 2000), 
and not at all in the Mesozoic and older strata (Figure P88). 
The production of insolation curves to which ancient proxy 
curves can be matched is limited by uncertainties in observa
tions, chaotic behavior of the planets, lack of knowledge of the 
evolution of the Earth-Moon system, and dynamic aspects of 
mass distribution within the Earth. Insolation curves for the 
higher frequency climatic precession and obliquity cycles are 
accurate to 40-50. Ma, and the 405 kyr cycle to 250 Ma. The 
variations of the 405 kyr cycle beyond 250 Ma are relatively 
small, and could be used, recognizing the larger uncertainties, 
back to the age of the Earth (see Laskar, 1990, 1999; Berger 
et ai. , 1992; Laskar et ai., 1993, 2004; Palike et ai., 2004). If 
the 405 kyr cycle can be identified, it can be used to calibrate 
average accumulation rate and hence provide a mechanism to 
establish the period of higher frequency cycles independent of 
their drift through deep time (e.g., Olsen and Kent, 1999). 

For the late Jurassic through Neogene, the well-established 
marine magnetic anomaly timescale (Cande and Kent, 1995) 
establishes broad constraints for sections with internal polarity 
data. Although the average duration of a chron is ~0.25 million 
years (Lowrie and Kent, 2004), correlation to the marine mag
netic anomaly timescale is useful only for sections involving 
millions of years. As there is no marine magnetic anomaly 
timescale for strata older than late Jurassic, Milankovitch 
cycles have proved more useful for calibrating the magnetic 
polarity record than vice versa (e.g., Kent and Olsen, 1999). 

One of the most powerful methods of calibrating accumula
tion rate is via the internal frequency structure of the data series 
itself, and this takes two basic forms. First, the celestial 
mechanical theory predicts a very specific relationship between 
the higher and lower frequencies present in data. The lower fre
quencies are beat cycles of the higher frequencies within the 
precession-related bands or the obliquity-related bands. The 
frequencies of the ~ 100 kyr eccentricity cycles are equal to 
the differences between the frequencies of the climatic preces
sion cycles because these cycles result from the interaction of 
the Earth's precession and the gravitational attraction of the 
planets and the eccentricity cycles result from the gravitational 
interaction of the very same planets. At present, the main peri
ods that can be recognized in climatic precession are about 19, 
23 , and 24 kyr. The periods of the linear combinations of dif
ferences of the frequencies of these periods are about 93 , 
125, and 405 kyr (calculated using appropriate precision). This 
is a mathematical relationship. that holds regardless of changes 
in the value of the precession constant in the deep past (due 
to the Earth-Moon system evolution or mass distribution within 
the Earth), or chaotic changes in planetary orbits. The same 
relationship is maintained for the obliquity-related cycles. 
However, only the most high-fidelity records (e.g., Triassic 
Lockatong Formation; Olsen and Kent, 1996; Hinnov, 2005) 
have this level of detail (Figure P89). The second, more widely 
used concept is that the ratio of the shorter to the longer periods 
within the Milankovitch bands, such as precession to eccentri
city, changes very slowly through Earth history, presently there 
is a 1:5 :20 ratio of precession (~20 kyr) to short (~ 100 kyr) and 
long (~400 kyr) eccentricity cycles. This change is theoretically 
a steady decrease in the precession period due to tidal friction 
that should increase the ratio of climatic precession to eccentri
city cycles (Figure P92). The same effect is seen in obliquity. 
The actual change in precession, however, may be more com
plicated due to other factors, especially the changing dynamic 
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Figure P90 Power spectra of pre-Quaternary paleoclimate proxy time 
series. Top: Thompson multitaper spectral estimate of 3 million year of 
Triassic lake level data (depth ranks) from New Jersey, USA, modified 
from Olsen and Kent (1996), shaded area is 90% confidence limits; 
middle: discrete Fourier transform power spectrum of 1.7 million year of 
wt% CaC03 data from the marine Belemnite Marls, England (modified 
from Weedon et aI., 1999); bottom: linear Blackman Tukey spectral 
analysis of grey scale reflectance of a 720 kyr section of Cretaceous 
marine strata from the Crimea, Ukraine (from Gale et al., 1999). 

ellipticity of the Earth caused by movement of continents, 
mantle, or ice sheets. There should be little measurable change 
caused by the chaotic diffusion of the planetary orbits for the 
typically cited 405 kyr and 100 kyr eccentricity periods, and 
thus the main observable secular change in orbital frequencies 
should be in precession. 

Many authors have used the canonical 1:5 :20 ratio of the 
shorter to longer cycles as strong evidence of the Milankovitch 
origin of pre-Quaternary cycles, despite uncertainty in the actual 
ratio, especially in strata hundreds of millions of years old. In 
the absence of any other time constraints, these ratios may not 

be unique (e.g., Latemar controversy, see below). Presuming that 
the average ratios are broadly consistent with available con
straints, and the section covers millions of years, evolutive 
depth-frequency analysis (as opposed to time-frequency) can 
reveal shifts in the absolute values of frequencies through a 
section, while maintaining the ratios of the higher to lower 
frequencies. Only Milankovitch theory predicts constancy of 
those frequencies independent of actual accumulation rate. The 
advantage to this analysis is that the changes in accumulation 
rate can be derived directly from the spectrogram. At present, 
only a few sections have been examined this way (e.g., see 
Olsen and Kent, 1999; Preto et aI., 2001; Weedon, 2003). 

The interaction of climatic and sedimentological processes 
should produce a distortion of accumulation rates, resulting in 
periodograms and time- or depth-frequency spectrograms that 
are noisy or distorted beyond interpretation. Two techniques, 
gamma analysis (Kominz and Bond, 1990) and frequency mod
ulation (FM) analysis (Hinnov and Park, 1998) were developed 
to deal with a 'situation in which accumulation rate may be a 
function of Milankovitch cycles themselves. Both involve a 
version of cycle counting. In gamma analysis, an approximate 
solution to the relationship between time and facies is found 
for a succession of sedimentary cycles. Individual facies speci
fic to certain environments are identified within a section and 
measured in thickness. Assuming that each cycle is of constant 
duration and each facies is characterized by a specific effective 
accumulation rate (y), an approximation of the accumulation 
rate of each facies can be found by solving a series of simulta
neous equations representing the cumulative time of the differ
ent facies within each cycle. The fit of these approximations is 
assessed by an inverse method using the accumulation rates 
derived from the measured section and Fourier analysis of the 
resulting time series. If the accumulation rates are identified 
correctly and the sequence is of Milankovitch origin, the F our
ier spectrum should reflect a better fit to the expectations of 
Milankovitch theory than the original data. Although this 
method incorrectly assumes a constant duration for the preces
sional cycles, it might reveal the presence of another cycle to 
which the section could be tuned, such as the 40 kyr obliquity 
cycle of relatively constant frequency. This method has been 
applied to Cambrian marine, and Triassic and Jurassic lacus
trine sequences, significantly improving the spectral properties 
of the data. 

FM analysis begins with the identification of the presumed 
geological expression of precessional (or obliquity) cycles 
and estimation of the length of each cycle, creating a new time 
series of depth against cycle thickness. Fourier analysis of this 
new time series reveals the FM modulating cycles. Since the 
precession cycle is frequency modulated by the "eccentricity" 
cycles, FM analysis of a real insolation curve reveals the 
eccentricity cycles (see Hinnov, 2000). FM analysis of the data 
curve also has this characteristic shape if it is the result of 
Milankovitch processes. A tacit assumption of this method is 
that there is a strong and amplified link between the frequency 
modulators of accumulation rate and the eccentricity cycles 
themselves. A major disadvantage to this method is that the 
higher frequency cycles must be identified, which is nearly 
impossible in noisy, low amplitude, or clipped records. In addi
tion, the Fourier FM spectral pattern may not be unique to 
the frequency band characterized by the "usual" Milankovitch 
frequencies; it may be shared with sub-Milankovitch, yet still 
quasiperiodic, climatic processes. 
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Figure P91 Evolutive spectral analysis of 22 million year of lake level (depth rank) data from the continuously cored Late Triassic age lacustrine 
Lockatong and Passaic formations of the Newark Rift basin, New Jersey, USA. Above: continuous wavelet transform of lake level data (wavelet 
provided by C. Torrence and G. Compo; http://paos.colorado.edu/research/wavelets/run by M. Machlus); bottom: depth rank data in depth domain 
(from Olsen and Kent, 1996). 

Proxies 
Since climate parameters cannot be measured in sedimentary 
strata, a reasonably direct recorder of a response to climate 
change, or climate proxy, is necessary. For Quaternary sequen
ces, a vast array of possible climate proxies can be reasonably 
calibrated because neither the tectonic plate configuration nor 
species composition has changed much over the last 2 million 
years. These proxies include b180, a proxy mostly for ice 
volume (e.g., Hays et aI., 1976), eolian dust, a proxy mainly 
for aridity and wind intensity, and pollen and spores, a reflection 
of climate-related changes in plant species distributions. Deeper 
in time these proxies can be affected by diagenesis, lithification, 
and lack of extant taxa that can be calibrated. Proxies less 
prone to time-related processes range from sedimentary facies 
classifications sensitive to water depth (e.g., Olsen, 1986) to 
geochemical proxies such as b l3C of organic matter, carbonate 
sensitive to climate-related oceanographic processes, and oil
shale yield, related to water depth (e.g., Bradley, 1929). 

- Examples of pre-Quaternary Milankovitch cycles 
Neogene 
Largely circum-Mediterranean and deep sea core sections are the 
basis of a high resolution Miocene to Quaternary Milankovitch
cycle-calibrated timescale (Shackleton et aI., 1990; Hilgen, 
1991b; Hilgen et aI., 1995, 1997). The Mediterranean marine 
sections exhibit the marl-sapropel cyclicity originally described 
from Mediterranean cores. The largest-scale bundles of cycles 
visible are matched to the 400 kyr of a precession-dominated 
isolation curve, in a portion of the section that is already well 
dated. Progressively smaller bundles are matched to the insola
tion curve, followed by precession-related individual marl
sapropel cycles (Figure P88). Older sections are then spliced. 
The hierarchical nature of both the bundling and the insolation 
curve limits potential miscorrelations. Radiometric dates have 
been used to test the timescale. The astronomical calibration is 
so robust that it has allowed for a recalibration of the 4°K decay 
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Figure P92 Change in the period of the Earth's axial precession due to 
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Derived from Berger et al. (1992). 

constant, itself (Hilgen et aI., 1999) now widely adopted. 
Hilgen's method has also been extended to non-marine strata, 
particularly in the Miocene (Aziz et aI., 2003). 

Shackleton et al. (1999, 2000), Palike et al. (2004), and 
Billups et al. (2004) have used marine cores showing strong 
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obliquity forcing to produce an astronomical calibration of the 
Oligocene, Miocene and Neogene. These cores exhibit the 
usual Milankovitch frequencies and modulation by longer 
cycles, notably the 1.2 million year cycle of obliquity modula
tion, and show that the resonance of the orbits of Earth and 
Mars has not changed state for the last 30 million years. 

Paleogene 
The description by Bradley (1929) of lacustrine cycles in the 
Eocene Green River Formation in Colorado and Utah is the 
classic example of pre-Quaternary Milankovitch cycles. 
Assuming the relationship between oil shale yield and accumu
lation rate within each facies to be constant, Bradley used oil 
shale yield as a proxy for accumulation rate within several sec
tions of a few cycles each. The duration of each cycle was esti
mated at an average -21 kyr using the accumulation rates 
derived from varve calibration. Recently, 40 Ar j39 Ar dates from 
tuffs within the Green River Formation and cycle counting 
(without quantitative time-series analysis) have been used to 
argue that the accumulation rate of the strata was too slow for 
the individual cycles to average 21 kyr (e.g., Pietras et aI., 
2003; countered by Machlus et aI., 2004, 2008). 

Cretaceous 
One of the first quantitative applications of the astronomical 
theory of climate change was by Gilbert (1895) who hypothe
sized that the marine limestone-shale bedding rhythms of the 
late Cretaceous of Colorado were of precessional origin. Based 
on extrapolation from admittedly very limited outcrops, he esti
mated the duration of the late Cretaceous to be between 20 and 
40 million year, favoring 20 million year. Current estimates 
place the duration of that epoch to be -34 million year. More 
recent analysis shows that Gilbert's hypothesis is largely cor
rect and that obliquity and eccentricity cycles are also impor
tant (Figure P90). There are many other modem treatments of 
Cretaceous marine cyclicity (see Hinnov, 2005). Herbert and 
D'Hondt (1990) used the Milankovitch cyclicity of the latest 
Cretaceous and earliest Cenozoic (Mastrictian and Danian) 
cores from the South Atlantic to estimate accumulation rates 
across the Cretaceous-Tertiary boundary and found an essen
tially stepwise decrease in accumulation rates consistent with 
an abrupt boundary event. 

Jurassic 
Among the first to recognize cyclicity attributable to Milankovitch 
processes, Schwarzacher (1964) recognized that the Alpine 
Jurassic carbonate cycles attributed to -20 kyr precession were 
bundling into -100 kyr eccentricity cycles. According to Weedon 
(2003), the European Tethyian marine sequences are dominated 
by obliquity-forced cycles in the Hettangian and Sinemurian 
age parts of the sections, precession in the Pliensbachian 
(Figure P90), and a mixture of precession and obliquity in the 
Kimmerigian (see Hinnov, 2005 for additional references). In 
eastern North America, Olsen et al. (1996) and Whiteside et al. 
(2007) described lacustrine cyclicity ascribed to precession and 
eccentricity forcing, and used it to constrain the duration of 
the Central Atlantic Magmatic Province (-600 kyr), the most 
geographically-extensive continental flood basalt province on 
Earth. Olsen et al. (2002) also used the Milankovitch cyclostrati
graphy ofthe latest Triassic and earliest Jurassic to determine the 
duration of the Triassic-Jurassic boundary events. 

Triassic 
Schwarzacher (1948, 1954) and Fischer (1964, 1991) recognized 
a hierarchy of cycles, termed Lofer cycles, within late Triassic 
age carbonates of the Italian Alps (Norian-Rhaetian), attributing 
them to the precession and the -100 and 405 kyr eccentricity 
cycles (Figure P89). Van Houten (1964) likewise recognized a 
hierarchy of lake level cycles within the continental late Triassic 
Newark Supergroup of the Newark rift basin of New York, New 
Jersey and Pennsylvania using varve calibration and constraints 
imposed by the duration of the late Triassic itself (Figure P88). 
This work has been fully supported by later work (e.g., 
Figure P90), and led to the Newark Basin Coring Project that 
continuously cored virtually the entire Newark basin sedimentary 
record (Figure P93). The lacustrine portion of the core record 
spans 25 million years (Norian-Hettangian) and is characterized 
by a continuous Milankovitch pattern of lacustrine cycles reveal
ing the full spectrum of precessional and eccentricity frequencies 
including the longest frequency cycle with periods of 1.75 and 
3.5 million year, corresponding to today's 2.4 and 4.8 million 
year eccentricity cycles (Figure P91). The difference is attributed 
to chaotic drift in the fundamental orbital frequencies of Earth 
and Mars (g3 and g4 of Laskar, 1990; Olsen and Kent, 1999). 
The 405 kyr eccentricity cycle is very clear in this record and 
provides the basis for an astronomically tuned geomagnetic 
polarity timescale (Kent and Olsen, \999, 2000) for the late 
Triassic that has been recently correlated in detail with Tethyan 
marine. records at the sub-stage level (e.g., Muttoni et aI., 2004) 
(Figure P93). 

One of the most contentious debates in pre-Quaternary 
Milankovitch cyclicity is the Latemar controversy. Middle Trias
sic age cyclical marine carbonate cycles are well exposed in the 
northern Italian Alps. Originally, Fischer-plot analysis of this 
section by Goldhammer et al. (1987) suggested a Milankovitch 
origin of the cyclicity. Buttressed in their interpretation by 
Fourier and other numerical analyses, Hinnov and Goldhammer 
(1991) counted -600 cycles in -470 m of section that they attrib
uted to precession cycle forcing of sea level over a period of 
12 million year (Hinnov, 2000; Preto et aI., 2001). This inter
pretation is directly challenged by radiometric age data from inter
bedded and correlative tuffs that imply a duration of 0.5-2 million 
year for this same interval and by the presence of only two mag
netic polarity zones (Brack et aI., 1996; Kent et aI., 2004). This 
led to the alternative, perhaps in some ways more interesting, 
interpretation that what were thought to be precessional cycles 
are in fact very short, sub-Milankovitch cycles imbedded within 
much thicker precessional cycles (Kent et aI., 2004), highlighting 
the non-uniqueness of the frequency ratios when order of magni
tude differences in the possible timescale are involved. 

Paleozoic 
There are far fewer convincing examples of Milankovitch cycli
city in Paleozoic records because they tend to be shorter and 
more poorly temporally constrained (see Hinnov, 2005). Using 
varves in evaporites, Anderson et al. (1972) calibrated accumula
tion rates of the Permian Castile Formation of New Mexico and 
recognized the cycle of climatic precession, sub-Milankovitch 
cycles that he attributed to sun spot cycles, and other periodici
ties. Rampino et al. (2000) used evolutive Fourier analysis to 
determine the duration of Permo-Triassic boundary events. 

Carboniferous age, often coal-bearing cycles, termed 
cyclothems, may have a Milankovitch origin (Fischer, 1986). 
The Carboniferous was a glacial period and glacio-eustatic 
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Figure P93 Opposite. Late Triassic and earliest Jurassic astronomically calibrated geomagnetic polarity time scale based on lacustrine strata 
from the Newark basin and correlation with marine stages and substages (derived from Kent and Olsen, 1999; Olsen and Kent, 1999; 
Muttoni et aI., 2004). 

cycles paced in some way by orbital cycles were presumably 
present. As yet, neither detailed evolutionary techniques nor 
robust dating techniques have been available to determine 
the periodicity of these cycles. A similar problem exists for 
Devonian marine carbonate cycles that have been described 
in abundance (e.g., Goodwin and Anderson, 1985; Goldham
mer et al., 1991; Maynard and Leeder, 1992; Wilkinson et al., 
1998; Miller and Eriksson, 1999). 

Cyclical lacustrine strata very similar to those present in 
the Triassic and Jurassic of eastern North America crop out in the 
Orcadian basin, Scotland (Donovan et al., 1974; Donovan, 1980). 
Astin (1990) has demonstrated that these strata appear to possess a 
hierarchy of cycles compatible with a Milankovitch origin. 

Older documented Paleozoic examples of Milankovitch 
cyclicity are much less common, but some convincing exam
ples include the Cambro-Ordovician Aisha-Bibi carbonate sea
mount (Kazakstan; Hinnov, 2005) and Cambrian limestones of 
the Wah Wah range of Utah (Bond et aI., 1991). These studies 
show that the cyclicity is consistent with the estimate of Berger 
et al. (1989) for the Cambrian precessional frequency. 

Precambrian 
Precambrian examples of Milankovitch forcing are even less well 
documented. The best-known example is the 2.2 billion year of 
cyclicity in the Proterozoic Rocknest Formation of the Wopmay 
Orogen, N.W.T., Canada (Grotzinger, 1986). The sequence 
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consists of asymmetrical carbonate cycles analyzed using Fischer 
plots. Hofmann et al. (2004) used Markov chain analysis and 
Fischer plots to examine Archean carbonate cyclicity in the 
Belingwe Greenstone Belt of Zimbabwe. They pointed out a 
strong correspondence between the bundling of 7 -11 short cycles 
per long cycle and the predicted ratio by Berger et al. (1989) 
between precession and short eccentricity cycles. 

Challenges 
Milankovitch cycles result from the combined gravitational 
effects of the other bodies in the solar system upon the Earth's 
spin axis and orbit, and similar effects are thought to be pre
sent on other planets (e.g. , Kieffer and Zent, 1992; Correia 
and Laskar, 2001). It is not surprising that orbital cycles 
have affected the climate and the resulting sedimentary record 
through Earth's history, and thus the discovery of past 
Milankovitch cyclicity is less interesting for itself than for 
its possible uses. Four main challenges facing future work 
on pre-Quaternary Milankovitch cyclicity can be identified: 
(a) continued documentation of the orbital cyclicity into older 
strata with sufficient precession to discriminate deviations 
from the existing simple models of the secular evolution of 
the Earth's axial and orbital dynamics, (b) analysis of very 
long records (10s of millions of years) from various parts of 
Earth's history to calibrate the chaotic drift in the fundamental 
frequencies of the solar system (e.g., Olsen and Kent, 1999; 
Pal ike et aI., 2004) with the ultimate goal of producing , 
insolation curves for any arbitrary time in Earth history, 
(c) using Milankovitch cycles as a tool for high-resolution 
correlation and the calibration of other processes in truly 
ancient sequences, and (d) understanding the mechanisms by 
which insolation changes result in changes in Earth system 
processes and the resulting geological record. 

Paul E. Olsen and Jessica H. Whiteside 
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