
Welcome to the Cyclostratigraphy Lecture Series about the Astronomical Theory of 
Climate Change of which this is the Introductory Lecture. The Theory can be divided in 
three parts, Astronomy, Paleoclimate and Stratigraphy, which form the cornerstones of 
the Triangle of the Theory and our Lecture Series. An essential fourth part is shown in 
the middle and consists of our Toolbox. The Astronomy handles the Earth’s orbital and 
inclination cycles of precession, obliquity and eccentricity and how these affect the 
incoming solar radiation. The Paleoclimate focuses on how the ensuing insolation 
changes affect Earth’s climate system and how the resultant climate changes are 
recorded in our archives. To reconstruct these climate changes both climate models and 
proxies can be used. The Stratigraphy includes the study of the cycles in our archives in 
order to reconstruct their origin in terms of the underlying climate changes (through 
climate proxy studies) and their astronomical control (through integrated stratigraphy 
and time series analysis). In addition, the Strati-graphy part focuses on how these cycles 
can be used to construct high-resolution astrono-mical age models that nowadays 
underlie part of our standard Geological Time Scale. It also includes the feed-back to 
Astronomy. The Toolbox contains the field- and laboratory work, time-series analysis and 
visual approach to cyclostratigraphy. Our lecture series will follow the same basic 
structure with the three cornerstones and toolbox. Today’s lecture is just the 
Introductory Lecture to the Astronomical Theory of Climate Change and thus to the 
Lecture Series. This lecture can also be used as a stand alone lecture independent of the 
subsequent lecture series which delve much deeper into the various aspects of the 

1



theory. 
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The introductory lecture will follow the triangle structure diagram shown in this figure 
and thus the three fundamental parts or cornerstones of the theory. The tools in the 
toolbox of the fourth part are partly spread over the three other parts depending on 
how they are used. This Introductory lecture will start with the Astronomy part as one 
can state that this is where it all begins. In fact, this is also the reason that it occupies the 
top cornerstone of the triangle.
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The Astronomy part deals with the Earth’s orbital and inclination cycles of eccentricity, 
obliquity and precession also called Milankovitch cycles (after the famous Serbian 
scientist Milutin Milankovitch who was the first to calculate insolation curves from the 
astronomical solution), and how these control the insolation that is received at the top 
of the atmosphere of our planet before it starts to interact with Earth’s climate system. 
This figure shows the three orbital and inclination parameters and the calculated peak 
summer insolation curve for 65°Nlat that played such an important role in the 
astronomical origin of the Pleistocene Ice Ages as advocated by Milankovitch. 
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But how are these changes in the Earth’s orbital and inclination cycles, and in insolation 
calculated. This is done with the help of astronomical solutions for the Solar System, 
which currently include all planets and their satellites, the main asteroids and also 
general relativity. The main factor which controls the changes in precession, obliquity 
and eccentricity of planet Earth and thus also in solation are the gravitational 
interactions with the other planets and the Moon. This figure shows the eccentricity, 
obliquity and (climatic) precession time series computed for the last 800.000 years with 
the help of such an astronomical solution. It also shows on the right the frequency 
spectra of the same time series, which represent their conversion or transformation into 
the frequency domain with the peaks marking the frequencies, or their inverse, the 
periods, of the cycles that are present in the time series. Thus eccentricity contains two 
main cycles with periods of 400.000 and 100.000 years, obliquity has a single dominant 
cycle with a period of ~41.000 year and precession has two dominant cycles with 
periods of 19.000 and 23.000 years. Such spectra are calculated with the help of spectral 
analysis that is part of our toolbox. 



Looking at Earth’s orbital and inclination cycles, we will start with eccentricity. This figure 
shows the change from a circular to an elliptical orbit of a planet. As you can see, the 
Sun is located in one of the two foci of the ellipse following the first empirical law of 
Kepler (1609), which states that a planetary orbit is an ellipse, and not a circle, with the 
Sun being located in one of its two foci, the other one being empty. The length of the 
semi-major axis (half of the long axis) is kept constant following Kepler’s 3rd law, which 
relates the size of the semi-major axis to the orbital period. The figure also introduces 
two very important terms, namely aphelion, the point on the orbit furthest away from 
the Sun, and perihelion, the point closest to the Sun. These play a crucial role when we 
are going to look into the influence of the precession cycle on insolation.  
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The figure shows the present-day elliptical orbit of Earth around the Sun. The Earth 
rotates around the Sun counter-clockwise, as indicated by the red arrow, and reaches 
perihelion, the point on the elliptical orbit closest to the Sun on January 3, when it is 
located approximately 147 million kilometres from the Sun. Aphelion, the point furthest 
away from the Sun is reached half a year later on July 4 when the Earth is 
approximately 152 million kilometres from the Sun. Note that the eccentricity of 
Earth’s orbit, which today is only 0.0167, is strongly exaggerated in this figure. Over 
long geological time scales, the eccentricity of Earth’s orbit varies between 
approximately 0 (which means a circular orbit) and 0.06 in a cyclic way with main 
periods of 100.000 and 400.000 years as discussed in the previous slide. 
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An important question is how these changes in eccentricity affect insolation. In fact 
eccentricity is the only parameter of the three that influences the annual global 
insolation received by our planet as precession and obliquity do not influence this 
insolation. However, that change is very small, in the order of 0.25%, and it is difficult to 
imagine that such small changes in insolation will significantly affect climate. However, 
eccentricity plays a crucial role in the precession cycle, as we will see. 
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We will now continue with the precession cycle, as its influence its tightly linked to the 
eccentricity of Earth’s orbit. This cycle refers to the precessional (rotational) motion of 
the Earth’s axis. The cause of this precession motion of the axis lies in the tilt and the 
daily rotation of the Earth around its axis. Due to this daily rotation, the Earth is slightly 
flattened which results in the so-called equatorial bulge. The gravitational effect of the 
Moon and Sun on this bulge causes the Earth axis to precess slowly. This motion is very 
similar to that of a spinning top, the axis of which starts to gyre (rotate) when you give it 
a slight nudge. This precessional motion takes 26.000 years to complete relative to the 
stars, as indicated in this figure. This cycle is called astronomical precession (in terms of 
physics the gravitational tidal forces of the Moon and Sun apply a torque to the 
equator, attempting to pull the equatorial bulge into the plane of the ecliptic, but 
instead causing it to precess).



Before going into more detail, we first have to introduce the solstices and 
equinoxes, which divide the four seasons and play an important role in the 
precession cycle. Solstices occur when the Sun appears to reach its most 
northerly or southerly position relative to our planet. Two solstices occur 
annually around June 21 and December 21. June 21 is called the summer solstice 
for the Northern Hemisphere and the winter solstice for the Southern 
Hemisphere. The opposite is the case for December 21. The day of a solstice of a 
hemisphere has thus either the most sunlight of the year (summer solstice) or 
the least sunlight of the year (winter solstice). The equinoxes refer to the days 
that the Sun is overhead the equator at noon (it is overhead the tropics at the 
solstices). As a result, day and night are approximately of equal length all over the 
Earth, lasting 12 hours (equinox means equal night). In the Northern Hemisphere, 
the March equinox is called the vernal or spring equinox while the September 
equinox is called the autumnal or fall equinox. In the Southern Hemisphere, the 
reverse is the case. 
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We can now have a look at the consequences of the precessional motion of Earth’s axis. 
This figure shows the present-day location of the so-called four cardinal points, the 
equinoxes and  solstices, on Earth’s orbit. The Earth is rotating around the Sun in a 
counter-clockwise direction as mentioned before and indicated by the black arrow. But 
what happens when the Earth’s axis starts to precess (rotate)? As you can probably 
imagine, the cardinal points start to rotate (move) on the orbit and this motion is 
clockwise as indicated by the red arrow, as the precessional rotation of the axis is 
clockwise. One would thus expect that it would take 26.000 years before the cardinal 
points reach again the same position on the orbit. However, this is not the case as the 
elliptical orbit itself also rotates and it rotates in the opposite direction as the cardinal 
points (as indicated by the blue arrow). These opposite motions are the reason that it 
takes on average only 21.000 years before the cardinal points reach again the same 
position on the orbit. It is this precession cycle with the motion of the cardinal points 
relative to the orbit (and not the stars as in astronomical precession) which is the cycle 
that we are interested in. It is called the climatic precession cycle.
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We can now look at this climatic precession cycle and try to understand how it 
influences insolation. For this purpose we will have a look at the two precession 
extremes that are rather arbitrarily named precession minimum and precession 
maximum. During a precession minimum, the summer solstice for the Northern 
Hemisphere is reached in perihelion while our (NH) winter solstice is reached in 
aphelion. As a result, the Northern Hemisphere will experience warm summers, as more 
insolation is received, due to the reduced Earth-Sun distance, and cold winters. Hence, 
the NH experiences a maximum seasonal contrast related to climatic precession. 
However, for the Southern Hemisphere, winter solstice is reached in perihelion and 
summer solstice in aphelion, resulting in a reduced or minimum seasonal contrast. This 
effect on seasonal contrast is opposite for a precession maximum when the summer 
solstice for the Souterhn Hemisphere (and the Northern Hemisphere winter solstice) is 
reached in perihelion. Thus we can state that the climatic precession cycle has an 
opposite effect on seasonal contrast for both hemispheres. However, realize that these 
are the precession extremes, and that the solstices and equinoxes rotate around the 
elliptical orbit in ~21.000 years. It further becomes clear from this figure that this effect 
of climatic precession on insolation is enhanced with increasing eccentricity, as the 
Earth-Sun distance at perihelion is further reduced with increasing eccentricity, while 
this distance increases at aphelion. This explains why eccentricity is said to determine 
the amplitude of climatic precession, as we will see in the next slide. 
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The curve of climatic precession calculated for the last 1.2 million years (red curve). If 
you plot eccentricity in addition (in blue) you see that it follows the envelop of the 
precession maxima reaching maximum values of 0.06. Thus eccentricity is said to 
determine the amplitude of precession, explaining why the effect of the precession 
extremes becomes stronger with increasing eccentricity. As a matter of fact, eccentricity 
is included in the formula of climatic precession as its amplitude.



This slide provides a summary of the climatic precession cycle and its affect on 
insolation. Climatic precession describes the precessional motion of Earth’s axis and the 
accompanying rotation of the cardinal points relative to the elliptical orbit. It varies in a 
cyclic way with an average period of ~21.000 years. As mentioned before, precession 
does not influence the annual global insolation received by Earth, but determines the 
latitudinal and seasonal distribution of solar insolation, having an opposite effect on 
both hemispheres. Finally, the amplitude of climatic precession is determined by the 
eccentricity of Earth’s orbit. 
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Finally, we have the obliquity cycle describing the cyclic variations in the tilt of Earth’s 
axis varying between 22.1 and 24.5 degrees with a main period of 41.000 years.
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This figure shows the influence of the obliquity cycle on summer and winter insolation, 
going from an obliquity minimum to an obliquity maximum. Due to the larger tilt, the 
insolation increases during summer and decreases during winter for the Northern 
Hemisphere. As a consequence this hemisphere experiences a maximum seasonal 
contrast between summer and winter during obliquity maxima. However, in this case 
and in contrast to precession, the same is true for the Southern Hemisphere. Note that 
the influence of obliquity on insolation is larger at high latitudes while precession has a 
more similar effect on all latitudes, and that obliquity has a relative stronger effect 
relative to precession on winter insolation.



This slides provide a summary of the obliquity cycle and its affect on insolation. The 
obliquity angle varies between 22 and 24.5 degrees in a cyclic way with a dominant 
period of ~41.000 years. Obliquity does not affect the annual global insolation received 
by Earth, but it has a strong affect on the seasonal and latitudinal distribution of 
insolation. In contrast to precession, the effect on seasonal insolation changes is the 
same for both hemispheres with a maximum seasonal contrast during obliquity maxima 
and a minimum seasonal contrast during obliquity minima. Compared to precession, it 
has a stronger effect on higher latitudes and in winter.
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We will now switch to the insolation as received at the top of Earth’s atmosphere. This 
insolation depends on the following parameters, which include the three Earth’s orbital 
and inclination cycles of eccentricity, obliquity and precession, as these determine the 
amount of and changes in insolation received at different latitudes and for different 
times of the year (seasons). In fact, in the astronomical (Milankovitch) Theory of Climate 
Change, we suppose that the Solar Constant and the size of the major axis are constant. 
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This figure shows again the computed precession, obliquity and eccentricity, but this 
time for the last one million years. However, in this figure also the classical summer 
insolation curve for 65° Nlat (in yellow), computed with the help of the same solution, is 
shown. This curve, although presented in a different way, was also calculated with much 
effort by Milankovitch, because, together with Vladimir Köppen, he had the idea that it 
was this summer insolation curve that controlled the occurrence of the Ice Ages with 
high summer insolation resulting in rapid ice melting and deglaciation. Note that the 
variations in this particular insolation curve amount up to 25%, which should be 
sufficient to have a significant effect on climate, also because most climate systems are 
seasonally controlled. 



We will now switch to the next cornerstone of our triangle namely that of Paleoclimate. 
This is a logical order as it are the changes in the climate system that result from the 
insolation forcing and that are ultimately recorded in the geological archives. 
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We will focus especially on the Ice Ages, Hyperthermals and Monsoons and see how 
these are controlled by the Earth’s orbital and inclination parameters, and insolation.
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But first we have to introduce the tools of our toolbox that we use to reconstruct the 
astronomical forcing of climate in the geological past. Basically there are two 
fundamentally different ways to do this, one is with the help of climate models and the 
other with the help of climate proxies. The models in our triangular diagram are shown 
in the direction of the Astronomy, as they try to model the effect of the astronomically 
induced changes in insolation on Earth’s climate system. On the other hand, the proxies 
are shown in the direction of the Stratigraphy as they represent variables measured from 
our climate archives that are somehow related to specific parameters in the climate 
system. These proxies, for instance for ice volume or water temperature or salinity, can 
be biological, physical or chemical in nature. Nowadays, in particular, chemical proxies 
play an important role. These proxies are measured in samples from our geological 
archives in which the astronomical induced climate changes are recorded. Many 
different archives exist, with deep-sea and ice cores being the most important. 
Importantly, the use of both models and proxies at the same time allow for what is 
called data-model comparison. Such a comparison is critical for advancing our 
understanding of paleoclimate change.
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This photo shows Wallowa Lake in Oregon, USA, which is a lake surrounded by end 
moraines formed by a succession of Pleistocene glaciers, with the most recent one 
dating back to the Last Glacial Maximum at 22.000 years ago. The photo is appropriate 
here as the scientific research into the astronomical forcing of climate started with the 
Ice Ages. In fact, the Astronomical Theory of the Ice Ages goes back to the 19th century 
and started soon after Louis Agazziz published his ideas about the Ice Age as an 
alternative for the biblical flood in 1837. However, the sedimentary archives used to 
reconstruct the history of the Pleistocene Ice Ages, such as moraines and river terraces, 
were far from complete and problematical to date. As a consequence, the theory was 
never generally accepted, although especially James Croll (1821-1890) and Milutin 
Milankovitch (1879-1958) made important contributions in this direction. 
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However, this all changed with the recovery of long and continuous deep-sea 
cores (using piston coring techniques) and the development of suitable climate 
proxies, such as stable isotopes, and independent dating techniques, such as 
radiocarbon and magnetostratigraphic dating. The cores provided long and 
continuous records necessary to reconstruct the history of the Ice Ages and 
demonstrate that astronomical forcing played a key role. The final breakthrough 
came with the milestone publication by Hays, Imbrie and Shackleton (1976) 
entitled “Variations in the Earth’s orbit: Pacemaker of the Ice Ages”. This study 
provided unambiguous evidence for the influence of the Earth’s orbital and 
inclination on the occurrence of the Ice Ages.



One proxy in particular proved invaluable in this breakthrough of the Astronomical 
(Milankovitch) Theory of the Ice Ages and that was the oxygen isotope composition of 
benthic (=bottom living) foraminiferal (single cellular marine organisms often with a 
carbonate skeleton) carbonate from deep-sea cores, expressed as the ratio between the 
two isotopes, O18 and O16, per mill (18O). This very important proxy is related both to 
(deep-sea) temperature as well as to ice volume. Initially the records only covered the 
last hundreds of thousands of years and dating was problematical. However, these 
records have now been extended and cover the entire Cenozoic or last 66 million of 
Earth history as we will see at the end of this lecture. This figure shows the well-known 
oxygen isotope record, called LR04, of the Plio-Pleistocene or last 5.33 million years. You 
can easily recognize the very strong ~100.000 year eccentricity related glacial cycles of 
the last one million years. These are preceded by less strong and very regular glacial 
cycles that are controlled by obliquity and cover the interval between 0.8 and 2.8 million 
years ago. In fact, such an obliquity dominance is in better agreement with the 
predictions of Milankovitch, The older Pliocene is warmer and the amplitude of the 
glacial cycles is further reduced although individual cycles are still well visible. Note that 
all these cycles occur superimposed on an overall cooling trend.  
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The other very important archive for studying the major ~100-kyr glacial cycles of the 
late Pleistocene are the ice cores drilled from the Antarctic ice sheet.
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The great advantage of the ice cores is evident from this figure. It shows the 
atmospheric CO2 concentration and local Antarctic temperature changes in the Epica
core over the last 800.000 years. The CO2 concentration (in ppmv) is directly measured 
from air bubbles that are preserved in the ice, varying between glacial values of 180 and 
interglacial values of 280 ppmv over the last 400.000 years. Note that is figure has been 
made several years ago as the current concentration is already above 410 ppmv. The 
Antarctic temperature is based on the deuterium proxy D which measures the ratio 
between deuterium, the heavy isotope of hydrogen, and protium, the normal light 
hydrogen isotope. It is proxy for the local temperature on Antarctica. Note that these 
temperature changes are twice as large as the estimated change in global temperature 
(5-6°C). Antarctic temperature and pCO2 further vary in close harmony, indicative of the 
close relationship between the two.
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This figure shows the vegetation map of the last glacial maximum 18.000 years ago, 
based on plant remains and especially fossil pollen. Note the areal coverage by the ice, 
the expansion of the Sahara desert (in brown) and the reduction in the areal extent of 
the tropical rainforest (in dark green).
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However, the precession, obliquity and eccentricity cycles are not only responsible for 
the occurrence of the Ice Ages during the so-called Icehouse world of the last 34 million 
years, but also for hyperthermals during the preceding Greenhouse world. The latter are 
short intervals of extreme warmth at times that background temperatures were already 
much higher than today. 
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This slide shows the hyperthermals for the interval between 52 and 59 million years ago, 
crossing the Paleocene-Eocene and Thanetian-Ypresian boundaries. Above these 
chronostratigraphic unit names, core photographs are shown with the lighter colours 
representing the normal calcareous deep-sea ooze. The thin darker brownish layers have 
a reduced carbonate content and thus contain relatively more clay as a consequence of 
carbonate dissolution due to a rise in the carbonate compensation depth (CCD). These 
thin layers, which represent the hyperthermals, correspond to distinct minima in the 
13C records of the deep-sea cores (c: bulk carbonate, d: benthic foraminifera), 
representing major changes in the global carbon cycle. The hyperthermals are marked by 
the vertical grey bands. Research has revealed that they correspond to maxima in the 
eccentricity time series related to short ~100.000 and long 405.000 year eccentricity (b) 
to which the proxy records have been correlated or tuned (we will come back to this 
tuning later in the lecture). Finally the atmospheric CO2 concentration is shown at the 
top (a), based on various proxies used to reconstruct pCO2. The hyperthermals 
correspond to intervals with elevated pCO2 compared to background values. The most 
extreme is the so-called PETM (Paleocene-Eocene Thermal Maximum) at 56 Ma, which 
corresponds to an increase in global temperature of 5-6°C, in fact rather similar to the 
difference in global temperature between the extreme glacials and much warmer 
interglacials of the last 0.5 million years that we have seen before. In conclusion, we see, 
like in the case of the glacial cycles, a strong imprint of astronomical climate forcing 
dominated in this case by eccentricity of the hyperthermals. And again there is strong 
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relationship between global temperature and pCO2, with the hyperthermals in addition 
being accompanied by a rise in the CCD, similar to what is happening today. Finally, the 
hyperthermals are likely controlled by the climatic precession cycle with eccentricity as its 
amplitude modulator rather than by eccentricity itself.
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An interesting question to address is whether Milankovitch cycles not only control 
ice ages and hyperthermals, but also influence low-latitude climate systems such
as the monsoon. Such changes in the intensity of the monsoon, often expressed
as dry-wet oscillations, may have a pronounced influence on circulation and/or 
productivity in both continental as well as marine basins. In particular they are 
known to have resulted in the deposition of dark, organic-rich and often well 
laminated layers termed sapropels in the Mediterranean Neogene and
Quaternary and Black Shales in Cretaceous deep marine successions. This
photo shows the sapropels with their very regular and characteristic pattern in the
Miocene Gibliscemi section on Sicily that are generally attributed to variations in 
the North African Monsoon. The question that remains is how these monsoonal
variations originate and end up as organic-rich layers deposited on the bottom of 
the Mediterranean Sea.  



To explain this we have to start with the basics of summer monsoonal circulation. The 
stronger insolation received during summer warms the air at the surface that starts to 
rise as it becomes less dense, creating a low pressure area in its wake. This low pressure 
area draws moist air from the high pressure area that develops at the same time over 
the ocean. Monsoonal rains will develop when this moist air arrives and starts to cool 
when it rises. 
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Low latitude summer insolation is dominantly controlled by precession. When summer 
insolation increases due to precession, the summer monsoonal circulation will be 
intensified resulting in an increase in precipitation. Principally this will happen during a 
precession minimum on the Northern Hemisphere and during a precession maximum on 
the Southern Hemisphere, as these configurations result in an increase in insolation, 
which occurs alternatingly and opposite on both hemispheres. Due to the associated 
increase in seasonal contrast, also the winter monsoonal circulation is intensified, but 
this does not lead to more precipitation on land (rather less, but this effect is less 
important).
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Looking at North Africa, the summer monsoon will thus be intensified during a 
precession minimum resulting in a northward shift of the Intertropical Convergence 
Zone (ITCZ) and an increase in precipitation also reaching further North. During extreme 
precession minima such as 120.000 years ago, this led to a greening of the Sahara and 
an almost complete disappearance of the desert as we will see shortly. 



The strong increase in precipitation results in enhanced river run-off among others by 
the river Nile to the North and into the Mediterranean. The much stronger run-off will 
have a pronounced effect on Mediterranean circulation. Today, this circulation is anti-
estuarine (upper figure) as evaporation exceeds precipitation and run-off. The strong 
evaporation in the east results in high surface water salinities and as these surface 
waters cool in winter, deep water formation takes place transporting oxygen-rich surface 
waters to the deep parts of the Mediterranean. But today we are living in a weak 
precession maximum. During a strong precession minimum, Nile run-off (and potentially 
other rivers) will increase significantly essentially resulting in a low salinity lid on top that 
is less dense and prevent deep water formation. In extreme cases, it may reverse the 
anti-estuarine into an estuarine circulation, although it is not clear whether this has 
really happened in the past. Irrespectively, the deep water formation is shut down and 
oxygen poor or even anoxic bottom water conditions develop, resulting in the deposition 
of a sapropel. In addition, the enhanced run-off may transport more nutrients into the 
basin leading to a higher surface water productivity. This increase in productivity will 
result in more organic material raining down from the surface waters that will be 
oxidized at depth resulting in a further reduction of the oxygen content. In reality, this 
conceptual model is of course much more complicated for instance because of the very 
localized deep water formation in the Mediterranean. 
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This conceptual model for sapropel formation has been independently tested with the 
help of climate models. This figure shows the results from climate modelling of orbital 
extremes, using the EC-Earth model. EC-Earth is a sophisticated full General Circulation 
Model (GCM) that is also used but at a much higher resolution to predict the devastating 
effects of current Global Warming. The model was run for 4 different scenarios, namely 
for an extreme precession maximum and minimum (with fixed obliquity) and for an 
extreme obliquity maximum and minimum (with a circular orbit). The figures shown 
here are difference plots of precipitation. The left figure shows the difference in 
precipitation during summer (JJA: June, July, and August) for the extreme precession 
minimum minus the extreme precession maximum. The blue colours indicate where the 
precipitation increased during the precession minimum relative to the maximum (colour 
scale in mm of rain per day). The blue colours in North Africa thus reveal the enhanced 
precipitation that results from the enhanced summer warming and the resultant 
intensification of the North African monsoon during an extreme precession minimum. 
Over the entire area, the increase in monsoonal precipitation may reach 50%! The right 
figure shows the same difference plot but now for the extreme obliquity maximum 
minus the obliquity minimum. Maybe to our surprise, we also see that obliquity has an 
effect on the intensity of the North African monsoon. However, this is not a direct 
consequence of enhanced summer insolation on the North Africa continent, but comes 
from low southern latitudes on the Atlantic where the moisture is picked up (the red 
colours). At this time of the year (JJA), it is winter on the Southern Hemisphere and 
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winter insolation shows a stronger influence of obliquity. In fact it is the insolation 
gradient from low latitude North to low latitude South that determines the enhanced 
precipitation of the North African summer monsoon during JJA at times of a minimum 
precession and maximum obliquity. The effect of obliquity is further enhanced in this 
gradient as the effect of precession (i.e. mild Southern Hemisphere winters) is weakened 
and that of obliquity (i.e. cold Southern Hemisphere winters) enhanced. This outcome of 
the climate modelling is thus partly consistent with the conceptual model for sapropel 
formation in the Mediterranean that we discussed before. However, the climate 
modelling results also neatly explains the additional obliquity control consistently seen in 
the sapropel patterns. To make the sapropel story even more complicated, enhanced 
winter precipitation over and around the Mediterranean may play a role as well. This 
example of the use of climate models to understand sapropel formation stresses the 
importance of data-model comparison.
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This increase in monsoonal precipitation may have far-reaching consequences for North 
Africa and humankind. This figure shows the reconstruction of North Africa at 125.000 
years ago during an extreme precession minimum with the effect being enhanced by an 
obliquity maximum, and also by the interglacial that occurred at that time. This cyclic 
greening of the Sahara and surrounding areas may have favoured human migration out 
of Africa with successive waves 20.000 years apart!

36



Finally, we switch to the 3rd and last cornerstone of our triangle, the Stratigraphy.
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Up to now, we have seen how Earth’s orbital and inclination cycles of precession, 
obliquity and eccentricity control the solar insolation received at the top of the 
atmosphere and how the resultant insolation changes result in cyclic climate variations 
that underlie ice ages, hyperthermals and sapropels/black shales. We have seen how 
these oscillations in paleoclimate can be reconstructed with the help of both climate 
proxies and climate models. But how do we know that the observed changes in our 
proxy records are cyclic and related to astronomical climate forcing? And how can these 
cycles, if astronomically controlled, be used to build high-resolution astrochronological
age models that underlie our standard Geological Time Scale (GTS).
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However, we will start again with some of the tools from our toolbox that we apply to 
investigate whether astronomically induced cycles are indeed present in our records. 
The classical method to investigate the cyclicity is by Fourier or spectral analysis. This 
method determines the fit between sine waves with different periods, amplitude and 
phase and the variations observed in our record. This “fit” is then transferred from the 
time domain (i.e. with time on the x-axis) to the frequency domain with frequency / 
period on the x-axis. The result is a spectrum with spectral peaks suggesting that a cycle 
with that specific frequency or period is recorded in our record. An example of a normal 
spectrum is shown on the left (a) which is taken from the Imbrie and Imbrie (1979) 
popular science book “Ice Ages: Solving the mystery”. It is based on the Hays, Imbrie and 
Shackleton (1976) Science paper considered to be the breakthrough of the Astronomical 
or Milankovitch Theory of the Ice Ages. It shows the spectrum of the stable oxygen 
isotope record, as a proxy for ice volume, for the last 0.5 million years. The peaks reveal 
the clear influence of the orbital and inclination cycles of eccentricity, obliquity and 
precession with periods (cycle length) of 100.000, 43.000 and 24.000 and 19.000 years. 
However, a disadvantages of classical spectral analysis is that it is difficult to tell where a 
certain cycle indicated by a peak in the spectrum is present in the record. Therefore 
other techniques such as Wavelet Analysis have been developed. An example is 
presented on the right showing a detailed and very regular lithological column with 
associated magnetic susceptibility record (b, record in blue) and, finally, the very 
colourful wavelet spectrum of that record (c). The red to yellow colours in the wavelet 
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spectrum denote the spectral power and the vertical bands of these colours the cycles 
that are present at specific intervals of the record. Another way to avoid this problem of 
locating the position of cycles in a record is by applying bandpass filtering. Such a filter 
isolates cyclic variations with specific frequencies defined by the bandwidth and 
eliminates cycles with frequencies that are outside the range of the bandwidth (i.e., both 
higher and lower frequencies). The results of the bandpass filtering are shown left of the 
wavelet spectrum. Three different filters have been applied to reconstruct the three 
cycles that are present in the magnetic susceptibility record (see filter outputs). These 
three cycles are the same as evidenced by the narrow vertical yellow and orange bands in 
the wavelet spectrum labelled E, e and P, which stand for long (405.000) and short 
(~100.000) eccentricity and precession (21.000 year). However, note that in this last 
example, all the statistical analysis have actually been carried out in the stratigraphic 
domain (the y-axis is in meters), thus before transferring it into the time domain with the 
help of an age model. This is possible but the real problem we are confronted with is the 
distortion that occurs when a climate signal in the time domain is recorded in our 
archives in the stratigraphic domain. This distortion is often caused by changes in 
sedimentation rate that will result in different thicknesses for the same cycle. But even 
more sophisticated techniques have been developed to overcome such naughty problems 
and these will be dealt with in detail in the separate in-depth lecture about time series 
analysis.
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Traditionally age models used to convert a stratigraphic depth series of a proxy into a 
time series for the same proxy were based on magnetostratigraphy and/or 
biostratigraphy. Such age models consisted of known ages for the magneto- and/or 
biostratigraphic events recorded in the section or core; these can then be used as age
calibration points to convert a stratigraphic depth series of a proxy record into a time 
series. However, the identification of astronomically induced cycles in proxy records 
from our archives led the construction of a completely new type of age models with a 
much higher accurary, precision and resolution than the conventional
magnetobiostratigraphic age models. Such astronomical age models are established by
correlating the cycles in our proxy records to astronomical target curves of precession, 
obliquity and eccentricity or insolation. This correlation or tuning not only provides
highly accurate and precise numerical (absolute) ages for the cycles in the tuned section
or core, but also for the recorded magnetic reversals and bio-events. Surprisingly, the
development of such astronomical age models already goes back to the 19th century, 
although in a basic rudimentary form. However, astronomical tuning really started to
develop after the first long and continuous deep-sea cores had been recovered from the
bottom of the ocean and the stable oxygen isotope method had been developed. This
figure shows the correlation of the marine oxygen isotope record developed during the
international SPECMAP and CLIMAP projects to the June 65°Nlat summer insolation
curve. Major deglaciations (shifts to minimum ice) are tuned to the first strong insolation
maximum following an interval with low amplitude variations in insolation that



correspond to minima in the 100.000 year eccentricity cycle. Such a tuning provides very 
accurate and precise ages for the deglaciations and other characteristic features in the 
oxygen isotope record, if of course the tuning is correct. But very encouraging this tuning 
of the oxygen isotope record of the last 600.000 years has not undergone fundamental 
since the end of the nineteen seventies!
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But can we also use for instance sedimentary cycles such as the Mediterranean
sapropels for astronomical calibration or tuning. This slide shows the sapropels as 
exposed in the uplifted deep marine section of Gibliscemi on Sicily with an age of 
approximately 10 million years. But before you can tune these sapropels you first have to
understand the pattern (do you already have an idea?) and the phase relation between
the sapropel cycles with Earth’s orbital and inclination cycles of precession, obliquity and
eccentricity.
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This can be done by looking at the youngest sapropels in the Mediterranean of the last 
0.5 million years and compare them with the astronomical curves. The sapropel
chronology in piston core BC9-181 shown in this figure has been established by using the
oxygen isotope record of the same core and correlating it to the tuned standard isotope
reference curve. Now we can compare these youngest sapropels with eccentricity, 
precession, obliquity and insolation (by the way the slide is in dutch). This comparison
shows that small groups of sapropels containing up to 4 individual sapropels correspond
to 100.000 year eccentricity maxima, while a large group (sapropels S2 to S10 
correspond to a 400.000 year eccentricity maximum. Individual sapropels correspond to
precession minima, which result in summer insolation maxima (right curve for 65°Nlat). 
This is expected as Nlat summer insolation maxima at lower latitudes result in an
intensification of the North African summer monsoon held responsible for sapropel
formation in the Mediterranean. Finally some sapropels are markedly thicker and
correspond to extreme insolation maxima which result from the additional effect of 
obliquity. This marks the uninterrupted influence of obliquity on the sapropels that we 
discussed when we looked at the outcome of the climate modeling of orbital extremes
to better understand their formation.
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You can now use these phase relations to astronomically calibrate older Miocene
sapropels. This correlation or tuning is shown here for the interval between 6.6 
and 9.6 million years ago. For this purpose, several sections were selected to
check whether the sapropel pattern is identical in order to exclude problems with
the continuity of the successions (i.e. hiatuses, etc.). Such a tuning will start from
an initial magnetobiostratigraphic age model. The known phase relations between
the sapropel and astronomical cycles are then used to establish the tuning. This
tuning starts from the largest scale 400.000 cycle to allow larger uncertainties in 
the initial age model by correlating successive large sapropels groups, indicated
by roman numerals, to successive 400.000-year eccentricity maxima. This is 
proceeded with the tuning on the 100.000-year eccentricity scale and only at the
end individual sapropels are tuned to their correlative precession minuimum or 
summer insolation maximum. Note the excellent fit between the sapropel pattern
and the astronomical curves. The tuning provides accurate and precise
astronomical ages not only for the sapropels but also for all magnetic reversals
and bio-events used to establish the initial age model. It can thus be used to build
an integrated astrochronology and time scale with an unprecedented accuracy, 
precision and resolution. 



Such astrochronologies now underlie the youngest part of our standard Geological Time 
Scale. It might not come as a surprise that a photo of Punta di Maiata, one of the partial 
sections of the classical Rossello Composite located on southern Sicily and used to 
astronomically calibrate the Pliocene decorates the front cover of the standard 
Geological Time Scale 2012, as the age calibration of almost the entire Neogene and 
Quaternary, or the last 23 million years of Earth history, was by that time underlain by 
astronomical dating. 

44



45

This astronomical time scale has since then be extended further back in time. 
This slide shows the detailed lithological column of the Danian Limestone
Formation as exposed in the classical Zumaia section in Northern Spain on the
left. The photo shows the upper part of these limestones and the
cyclostratigraphic interpretation of the cycles that visually be seen in the section. 
Note that the cycle patterns are in fact very similar to the sapropel patterns in the
Miocene Gibliscemi section on Sicily, although the additional influence of obliquity
is lacking.



At present the astronomical time scale has already been extended to the 
Cretaceous/Paleogene (C/Pg) boundary, using land-based marine sections such as 
Zumaia and deep-sea cores. This photo shows the marked expression of the K/Pg
boundary and the regular cyclicity in the lower part of the Danian Limestones at Zumaia, 
while the figure on the right shows the tuning of the cycles in this section to the 
eccentricity time series (the red curve is the 400.000 year eccentricity cycle shown 
separately). Tuning started again on the long 405.000 year eccentricity scale, while the 
magnetobiostratigraphy in combination with radio-isotopic age constraints were used to 
develop an initial age model that served as starting point for the tuning. The tuning 
arrives at an age of very close to 66 million years for the K/Pg boundary. Nowadays also 
large parts of the Mesozoic have already been astronomically tuned and/or their 
duration has been constrained through cyclostratigraphy. However, this is beyond the 
scope of the present introductory lecture as in that case we have to delve into the 
details of the accuracy of astronomical solutions and the chaotic behaviour of the Solar 
System, and the comparison between astronomical and radio-isotopic, in particular 
Ar/Ar and U/Pb, dating in detail. But, these issues will be dealt with in the pertinent in-
depth lecture. However, at this time, it is important to realize that such accurate and 
precise high-resolution astronomical time scales are crucial to solve fundamental 
research problems in Earth history. Such problems are not only associated with the 
detailed understanding of the astronomical climate forcing of ice ages, hyperthermals 
and monsoons, but also deal for instance with the evolution and migration of species, 
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including our own, with the potential climate control on fluvial systems and with critical 
events like the Messinian Salinity Crisis. Also these examples will be included as case 
histories in the in-depth lecture series that will follow this Introductory lecture.
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Importantly, the imprint of Earth’s orbital and inclination parameters is also critical for 
our understanding of future climate change. This figure is slightly modified from Imbrie
and Imbrie (1979) showing a predicted carbon dioxide induced super-interglacial 
following the Holocene with an average global temperature that is 1.5-2.0 degrees 
warmer than today (the dashed line with the arrowhead marks the expected natural 
climate change). The name now proposed for this time interval is the Anthropocene, i.e. 
when the influence of mankind on Earth’s climate system becomes evident. The idea is 
that slow geological processes related for instance to weathering will at the end remove 
the extra CO2 and result in climate cooling. But to understand what we can expect in the 
near future, the study of partial analogues in the past is crucial. One of these analogues 
is the last interglacial 125.000 years ago when temperatures were higher than today 
(largely due to the astronomically induced stronger NH summer insolation) and global 
sea-level stood 6-10 meters higher. Studies show that melting of the Antarctic ice cap 
must have contributed to this rise, indicating that this ice cap is more sensitive to global 
warming than previously thought. This is in line with studies of the present-day Antarctic 
ice cap. Other important partial analogues are Marine Isotope Stage 11, the mid-
Pliocene Warm Period and Eocene hyperthermals, the warm equivalent of ice ages 
during Greenhouse times of Earth history.
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This figure shows the climate stripes of the reconstructed global surface temperature of 
our planet for the Cenozoic or last 66 million years of Earth history as derived from the 
high-resolution and fully tuned benthic oxygen isotope record. Note the colour 
temperature scale on the right. This history is compared with modelling predictions of 
Global Warming up to 2300 according to the different IPCC scenario’s. This figure 
together with what we know from Earth’s climate history makes it clear that we should 
avoid entering any warmhouse or hothouse worlds of the past, especially because we 
come out of a Icehouse world. Important for this lecture, most if not all of the thin 
stripes in this figure are related to astronomical (Milankovitch) climate forcing.     
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And, finally, please be careful, do not think that all regular alternations that you see are linked to
Milankovitch and fall in the trap of the reinforcement syndrome!!! Nevertheless, it is also clear
that astronomical forcing plays a critical and dominant role in Earth’s climate history and that this
silent revolution in Earth Sciences should not only be included more in the curriculum of our
universities, but also strengthened in climate lessons at high schools. 
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