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Preface

The typical description of the past 800,000 years would be that the Earth has experienced
about nine major periods of glaciation (“Ice Ages”) spaced at various intervals ranging
from 0.9 my to 1.1 my (see Fig. 8.23). This presupposes that Ice Ages are unusual
departures from normalcy. Actually, it appears as if the natural state of the Earth during
this period was an Ice Age, but there were about nine interruptions of the glacial state,
during which the Arctic climate was much warmer for time periods of the order of 10,000
years or so. Each Ice Age required many tens of thousands of years to develop to its
maximum state of glaciation.

During the last glacial maximum, some 20,000 years ago, Canada and the northern
USA were blanketed by huge ice sheets, up to 4 km in thickness. In addition, there was a
large ice sheet covering Scandinavia that reached down into Northern Europe. The
Antarctic ice sheet was somewhat more extensive than today. Local glaciations existed in
mountainous regions of North America, Europe, South America and Africa, driving the
tree line down by up to 700–800 m. The temperature of Greenland was lower by up to 20 °C,
but the climate was probably only a few degrees colder than normal in the tropics.
Conditions were very harsh 20,000 years ago at the last glacial maximum (LGM).

These ice sheets tied up so much of the Earth’s water that more than 150 m of ocean
was removed. As a result, the shorelines of the continents moved outward by a consid-
erable distance. The Beringia land bridge from Siberia to Alaska was created, allowing
animals and humans to cross from one continent to the other. In the upper-mid latitudes,
the climates were semi-arctic and the flora shifted to tundra. Humidity was reduced, and
many lands dried out. At the LGM, the CO2 concentration dropped below 200 ppm, and
this combined with cold, led to plant starvation and desertification of marginal areas. The
sharp temperature discontinuity at the edges of the ice sheets generated violent winds that
swept up dust and dirt from dry regions, filling the atmosphere with dust. Dust deposited
on the ice sheets preceded each termination of an Ice Age, allowing much greater solar
absorption and the demise of the ice sheets. This last Ice Age began to wane around
17,000 years ago and dissipated through a series of gyrating climate oscillations, ending in
a comparatively benign period that has lasted for the past *10,000 years, called the
Holocene.
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A few geologists of the nineteenth century were perceptive enough to read the signs in
the rocks and geological formations, and concluded that the Earth must have once (or
more) been heavily glaciated with massive ice sheets that generated the markings and rock
depositions that they observed. They eventually overcame the initial resistance to this new
(and shocking) concept in the geological community. But it was not until the 1970s that
extensive studies of marine sediments (followed by polar ice core studies in the 1980s and
1990s) demonstrated the existence, amplitude and recurrent chronology of multiple Ice
Ages.

During the nineteenth century, several scientists proposed that Ice Ages could have
resulted from semi-periodic variability in the Earth’s orbital parameters, which change the
relative solar energy input to higher latitudes. As the theory goes, when summer solar
energy input to higher northern latitudes drops below a critical threshold range, ice and
snow can better survive the summer. Data acquired in the twentieth century suggests that
ice sheets slowly begin to form over many millennia at latitudes roughly in the range 60°N
to 70°N. As the ice cover spreads, the albedo (reflectivity) of the region increases, further
adding to the cooling effect. More and more water leaves the oceans and gets deposited
into the building ice sheets, lowering the oceans and extending shorelines outward. Since
land has a higher albedo than oceans, this provides further cooling. In the regions adjacent
to the ice sheets, vegetation is inhibited, adding still further to increased Earth albedo. As
the northerly regions cool, the concentrations of key greenhouse gases, water vapor, CO2

and CH4, decrease, adding to a worldwide cooling effect that makes the budding Ice Age a
global phenomenon. Other effects such as widespread dust storms and expansion of sea
ice and mountain glaciers also contributed. Thus, a runaway expansion of ice sheets
develops over many millennia. James Croll formulated the concept of the solar trigger for
Ice Ages based on variations of the Earth’s orbit in 1875. In the first several decades of the
twentieth century, M. Milankovitch quantified this theory by carrying out extensive cal-
culations by hand in the pre-computer age. Nevertheless, in the absence of long-term data
over many Ice Ages, the astronomical theory remained an abstract concept. Furthermore,
there were no credible mechanistic models that described how changing solar energy
inputs to higher latitudes led specifically to alternating Ice Ages and deglaciations.

With the advent of marine sediment data in the 1970s, it became possible to compare
the astronomical theory with data over many glacial cycles. John Imbrie was a pioneer in
this regard. He created the SPECMAP “stack” of ocean sediment data from several sites to
reduce noise and devised models with which to compare ice sheet volume (v) to solar
variations. Lacking an absolute dating methodology for the sediment data, he “tuned” the
chronology of the SPECMAP to the variations in solar input to high altitudes. He also
used spectral analysis to show that some of the prominent frequency components of the
SPECMAP variability were in consonance with known frequencies of solar variation.
From this, he concluded that the astronomical model explained much of the Ice Age
record—at least for the past *650,000 years. However, there is circular reasoning
involved, and one could construe his procedure to involve curve fitting as well as physics.
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It seems clear that the solar input to high latitudes is involved in setting the timing of
transitions between periods of glaciation, but there is no quantitative theory that predicts a
priori when these transitions take place.

As ocean sediment data was extended backward in time, it became apparent that the
glacial cycles were evidently controlled by the Sun, but the details were difficult to work
out. Of greatest importance was the fact that the period from about 2.7 mya to about 800
kya was characterized by relatively rapid, smaller amplitude climate cycles, whereas since
about 800 kya, climate cycles have consistently increased in period and amplitude. By
contrast, the astronomical theory would not have predicted any such major shift in fre-
quency and amplitude since there is no reason to believe that solar forcing to higher
latitudes changed qualitatively during this time period. However, Raymo et al.
(2006) proposed an explanation for this that makes good sense. There were other prob-
lems with astronomical theory as well; at some prominent occurrences of climate change,
there were no corresponding variations in solar input (e.g., 400 kya). Since the 1990s, a
number of studies have attempted to resolve the differences between the data and the
astronomical theory. Some of these studies had an obvious and pervasive bias in favor
of the astronomical theory—in some cases seemingly an attempt to preserve the simple
interpretation of the theory against all odds.

Yet despite the problems with the astronomical theory, there are several tantalizing
similarities between the climate data and the historical solar record. These include the
correlation of several important frequencies in spectral analyses and certain undeniable
rough similarities in the timing of climate and solar records over some periods during the
past several hundred thousand years.

The main problem with astronomical theory is that it is not at all clear just what the
theory is! What seems to be most glaringly absent from the astronomical theory is a clear
quantitative mechanism by which variations in solar input to higher latitudes produce
changes in climate. The theory seems to revolve about the notion that when solar input to
high northern latitudes is high, the climate tends to be interglacial, and when solar input to
high northern latitudes is low, the climate tends to be glacial. The cycles prior to about 800
kya follow a period of about 41 ky. Subsequent to about 800 kya, as the Earth grew
colder, the ice sheets thickened considerably and the spacing of glacial cycles more than
doubled. The evidence suggests that in this later regime, the natural state of the Earth was
what we call an Ice Age. Lacking any other perturbation, the energy balance of the Earth
(prior to modern industrial times) favored growth of ice sheets at high northern latitudes.
Starting at any arbitrary time, the ice sheets grew for several tens of thousands of years.
During this period of growth of the ice sheets, the peak midsummer solar input to high
latitudes oscillated with its *22,000-year period due to precession. Up-lobes in solar
slowed down expansion of the ice sheets, and down-lobes increased the rate of expansion
of the ice sheets, but the Ice Age would persist through several of these 22,000-year
precessional cycles. After perhaps four precessional cycles, when the ice sheets became
very extensive and the global CO2 concentration dropped below 200 ppm, a precessional
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solar up-lobe led to a rapid termination of the ice sheets. They disintegrated in a mere
5500 years or so. This led to an interglacial, which was eventually followed by gradual
evolution of yet another Ice Age. Evidently, solar input to high northern latitudes is involved,
because all terminations occur at up-lobes in the solar oscillation. Yet, many up-lobes during
an evolving Ice Age do not produce terminations. Only for a very mature Ice Age, after
perhaps four or five precessional cycles, does a solar up-lobe lead to a termination. Therefore,
there must be some X-factor that is necessary to induce a rapid termination, in consonance
with the up-lobe in solar input. The X-factor only occurs in a very mature Ice Age.

Ellis and Palmer (2016) noted that dust levels in ice cores reached sharp peaks in
mature Ice Ages, just prior to advent of terminations. They proposed that the X-factor is
dust deposited on the ice sheets, driving up solar absorption, leading to rapid disinte-
gration of the ice sheets. The dust was generated by desertification of distant marginal
regions due to CO2 starvation and cold, and transported by winds to the ice sheets.

Terminations take place typically in about 5500 years—about half an up-lobe of solar
input. An interglacial follows termination. During an interglacial, dust levels are nil and
the solar precession curve is on the back half of the up-lobe. After about 5500 years of the
interglacial, the solar curve turns downward. Ice begins to slowly accumulate at high
latitudes. But sea level remains high until sufficient ice accumulates to reduce sea level. If
the duration of an interglacial is measured in terms of when dv/dt turns positive, it might
be about 5500 years. But if the duration is measured by a significant drop in sea level, it
might be about 20,000 years.

It is interesting to speculate when the next Ice Age might occur in the future. Since it is
theorized that deposition of dust produces terminations, the current heavy deposition of
soot, ash, dirt and dust on Greenland and other northern sites insures that there will not be
another Ice Age in the near future. Increased CO2 will amplify this conclusion.

South Pasadena, USA Donald Rapp
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1History and Description of Ice Ages

Abstract
The existence of past ice ages was discovered by several 19th century geologists from
scratch marks on rocks, erratic boulders, moraines, and other physical observations. As
early as 1920, Chamberlain provided a map of the North American and Greenland ice
sheets at the last glacial maximum that remain quite accurate even today. Two massive
ice sheets dominated the northern hemisphere. Nearly a quarter of the earth’s surface
lay under the weight of a mountain of ice. The Laurentide ice sheet is believed to have
reached a height of 12,500 ft. Ice covered nearly 5 million square miles of North
America. As the glaciers grew, they drew so much water that the ocean levels dropped
more than 100 m. The expansion of the glaciers dramatically affected the distribution
and composition of vegetation. Global flora was impacted, by both CO2 starvation than
cold. Deserts expanded and wind-blown dust became prevalent at the last glacial
maximum.

1.1 Discovery of Ice Ages

The history of the discovery of the existence of ice ages is summarized nicely in the small
book by Woodward (2014). Imbrie and Imbrie (1979) also described this history in their
classic book. In addition, Berger (2012) also presented an excellent history.

In the early 1800s, evidence began to emerge of an unusual past. This included the
presence of so-called “erratic boulders”—large rounded rocks seemingly placed in inac-
cessible locations by a giant hand, as well as a multitude of geological evidence of past
glacier evidence. However, two factors inhibited the proper interpretation of this as evi-
dence of past ice ages. One was the overhanging influence of the Biblical description of
Noah’s great flood, which suggested that a great flood might have caused such phe-
nomena. The other was the fact that in geology, there was a debate between advocates of
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slow, gradual evolution of geologic formations versus change via catastrophic events, and
at that time the so-called uniformitarian held sway in geology. Other ideas included the
rather fantastic notion of transport of large boulders trapped in drift ice.

The Swiss were well positioned to observe the effects of past Ice Ages in the mountains
of the Alps. In the 1820s, a Swiss named Venetz showed that the glaciers of the Alps were
once far larger than they were at that time. Another Swiss (Charpentier) joined with
Venetz in putting forth the proposition that the valleys were once occupied by enormous
glaciers, as evidenced by scratch marks on rocks, erratic boulders, moraines, and other
observations. A Norwegian (Esmark) found similar evidence in the Fjords. By the early
1830s, these three field investigators had found ample proof of former large-scale
glaciation. Nevertheless, the scientific establishment did not give much credence to these
findings.

Yet another Swiss, Louis Agassiz, under tutelage of Venetz and Charpentier, became
an enthusiast for the glacial theory, and used his high position in Swiss science to
promulgate these ideas. Starting in 1840 Agassiz became the main promoter of the glacial
theory. In the 1840s he worked with a Scottish geologist (Buckland) to examine the
geological evidence in Scotland. As the 1840s began, the glacial theory was still regarded
as speculative. It was not until the 1870s that the glacial theory became widely accepted.

In the early 1800s, evidence began to emerge of an unusual past. This included the
presence of so-called “erratic boulders”—large rounded rocks seemingly placed in inac-
cessible locations by a giant hand, as well as a multitude of geological evidence of past
glacier evidence. A few geologists of the 19th century noted the presence of large boulders
with characteristic scratch marks in the Swiss Alps, as well as scratch marks on the walls
of rock in mountains, and suggested that these may have been generated by huge ancient
glaciers that covered the mountains. The three main sources of evidence were: (1) grooves
and scratches on rocks in place, and on boulders shoved along under the ice, (2) extensive
unstratified deposits known as “till” traceable to glacier action, and (3) transported
material (boulders) that could only have been delivered by ice (not water).

Prior to the implementation of ice core drilling and use of ocean and lake sediments to
infer historical temperatures tens or hundreds of thousands of years ago, geologists had to
rely on their observations of rocks and strata for guidance. Three books written around the
end of the 19th century provide good insights into what was known prior to modern
techniques for estimating historical temperatures. One of these books, Geike (1894)
provided Figs. 1.1 and 1.2.

“Bubble Rock” in Maine is a favorite subject for photographers (see Fig. 1.3).
According to another early book, Wright (1920) showed that rocks with scratches and

striations longitudinally along their longest diameters are evidence of glacial action:

It is easy to see that the stones of all sizes, while being dragged along underneath the ice,
would be held in a comparatively firm grasp as to be polished and striated and scratched in a
peculiar manner. On the shores of bays and lakes and in bottoms of streams we find that the
stones are polished and rounded in a symmetrical manner, but are never scratched. The
mobility of water is such that the edges and corners of the stones are rubbed together by
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forces acting successively in every possible direction. But in and under the ice the firm grasp
of the stiff semi-fluid causes the stony fragments to move in a nearly uniform direction, so that
they grate over the underlying rocks like a rasp …. From the stability of the motion of such a

Fig. 1.1 Erratic stone (Geike
1894)

Fig. 1.2 Scratched stone
(Geike 1894)

Fig. 1.3 Bubble rock, Acadia,
Maine (http://flickr.com/
photos/iamtonyang/29259194/)
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substance as ice there would … result grooves and striation both on the rocks beneath and on
the boulders and pebbles that, like iron plowshares, are forced over them. Scratched surfaces
of rock and scratched stones are therefore, in ordinary cases, most trustworthy indications of
glacial action. The direction of the scratches upon these glaciated boulders and pebbles is,
also worthy of notice. The scratches upon the loose pebbles are mainly in the direction of
their longest diameter—a result that follows from a mechanical principle, that bodies forced
to move through a resisting medium most swing around so as to proceed in the line of least
resistance. Hence the longest diameter of such moving bodies will tend to come in line with
the direction of the motion.

However, Wright (1920) cautioned:

A scratched surface is, however, not an infallible proof of the former presence of a glacier
where such a surface is found, or, indeed, of glacial action at all. A stone scratched by glacial
forces may float away upon an iceberg and be deposited at a great distance from its home.
Indeed, icebergs and shore-ice may produce, in limited degree, the phenomena of striation
that we have just described.

Wright (1920) went on to say that although longitudinal striations can be caused by
factors other than moving ice, these can by identified by the informed observer:

Stones are also striated by other agencies than moving ice. Extensive avalanches and land-
slides furnish conditions analogous to those of a glacier, and might in limited and favorable
localities simulate its results. In those larger geological movements, also, where the crust of
the earth is broken and the edges of successive strata are shoved over each other, a species of
striation is produced. Occasionally this deceives the inexperienced or incautious observer. But
by due pains all these resemblances may be detected and eliminated from the problem,
leaving a sufficient number of unquestionable phenomena due to true glacial action.

Wright (1920) also made the point that deposits left by moving water are always
stratified:

A second indubitable mark of glacial motion is found in the character of the deposit left after
the retreat of the ice. Ice and water differ so much from each other in the extent of their fluidity,
that there is ordinarily little danger of confusing the deposits made by them. A simple water
deposit is inevitably stratified. The coarse and fine material cannot be deposited simultaneously
in the same place by water alone. Along the shores of large bodies of water the deposits of solid
material are arranged in successive parallel lines, the material growing finer and finer as the
lines recede from the shore. The force of the waves is such in shallow water that they move
pebbles of considerable size. Indeed, where the waves strike against the shore itself, vast
masses of rock are often moved by the surf. But, as deeper water is reached, the force of the
waves becomes less and less at the bottom, and so the transported material is correspondingly
fine, until, at the depth of about seventy feet, the force of the waves is entirely lost; and beyond
that line nothing will be deposited but fine mud, the particles of which are for a long while held
in suspension before they settle.
In the deltas of rivers, also, the sifting power of water may be observed. Where a
mountain-stream first debouches upon a plain, the force of its current is such as to move large
pebbles, or boulders even, two or three feet in diameter. But, as the current is checked, the
particles moved by it become smaller and smaller until in the head of the bay, or in the broad
current of the river which it enters, only the finest sediment is transported. The difference
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between the size of material transported by the same stream when in flood find when at low
water is very great, and is the main agent in producing the familiar phenomena of stratification.
During the time of a flood, vast bodies of pebbles, gravel, and sand are pushed out by the
torrent over the head of the bay or delta into which it pours; while during the lower stages of
water only fine material is transported to the same distance; and this is deposited as a thin film
over the previous coarse deposit. Upon the repetition of the flood another layer of coarser
material is spread over the surface; And so, in successive stages, is built up in all the deltas of
our great rivers a series of stratified deposits. In ordinary circumstances, it is impossible that
coarse and fine material should he intermingled in a water deposit without stratification. Water
moving with various degrees of velocity is the most perfect sieve imaginable; so that a water
deposit is of necessity stratified.

By contrast, deposits left by moving ice are not stratified:

It is evident that ice is so nearly solid that the earthy material deposited by it must be
unassorted. The mud, sand, gravel, pebbles, and boulders, dragged along underneath a
moving stream of ice, must be left in an unstratified condition—the coarse and the fine being
indiscriminately mingled together. This is the character of the extensive deposits of loose
material that cover what we designate as a glaciated region …. [In such an] unstratified
deposit, a variety of materials is mingled that were derived from rocks both of the locality and
from far-distant regions. Moreover, the pebbles in this deposit are the most of them polished
and scratched after the manner of those which we know to have been subjected to glacial
action.

Finally, Wright (1920) discussed the fact that the southern margin of the region where
unstratified deposits containing striated stones and transported material was exceedingly
irregular in two respects. The southern edge of these deposits does not follow a straight
east-and-west line, but in places withdraws to the north (crenate character), and in other
places extends lobe-shaped projections far to the south (serrate character). According to
Wright, it was the crenate character of its southern border that was of most significance.
Wright emphasized that the southern border, with its indentation, and projections was not
determined by any natural barrier based on the geography of the region, but instead was
determined by “the irregular losses in momentum such as would take place in a semi-fluid
moving in the line of least resistance from various central points of accumulation.”

In the late 19th century, Thomas C. Chamberlain (as reported by Geike 1894) reviewed
the geological evidence for glacial phenomena on the Earth’s surface, that existed prior to
acquisition of ice core and benthic data on past Ice Ages. In North America, it was found
that a tract of about 4,000,000 square miles had been overspread by glaciers, and nearly
one-half of North America was covered with drift deposits. He mentioned concerns of the
doubters but concluded: “the uncompromising evidence of the deposits themselves and by
the ice-grooved rock floor on which these rest, seems to compel acceptance of the glacial
theory.” Chamberlain concluded that the extent of the ice sheet was roughly as shown in
Fig. 1.4. Note the three epicenters for ice sheet formation.

These descriptions represent only a fraction of the ample evidence available to late 19th
century geologists that there was a previous Ice Age, although the possible existence of
multiple historical Ice Ages could only be conjectured.
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The University of Washington Earth and Space Sciences Department (UWESS) pro-
duced a number of excellent presentations on Ice Ages that are very descriptive and
instructive. The entire structure of the great valley in Yosemite National Park is presented
as an example of a classic alpine glaciated landscape.

Glacial erosion occurs by abrasion, crushing and fracturing, and quarrying of joint
blocks. Ice is not hard enough to abrade rocks, but rock fragments imbedded in the base of
the glacier can abrade rocky terrain below, leaving characteristic striations (see Fig. 1.5).

The UWESS described how glacier action can pluck large blocks leaving characteristic
scalloped terrain. In addition, the UWESS provided many more examples and illustrations
of past glacial action.

Fig. 1.4 Extent of the most recent ice age in North America (Geike 1894)
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1.2 Description of Ice Sheets

Carroll et al. (2001) reported:

… during the late glacial period, the Wisconsin, two large ice caps, the Laurentide glacier in the
East and Cordellian Glacier in the West, dominated northern North America. Nearly all of
Canada lay under the two massive glaciers, which extended into the northern regions of the
United States and into the southern one-third of Alaska.

These two massive ice sheets were part of an even larger system of ice that dominated the
northern hemisphere. Nearly a quarter of the earth’s surface lay under the weight of a mountain
of ice. The Laurentide ice sheet is believed to have reached a height of 12,500 ft (Hughes
1987). Ice covered nearly 5 million square miles of North America. As the glaciers grew, they
drew more than 50% of the Earth’s available water, affecting precipitation …. The ocean levels
dropped, exposing what we call the Continental Shelfs. The expansion of the glaciers dra-
matically affected the distribution and composition of vegetation.

The leading edge of the glacier in the United States is believed to have been over a mile high
(Hughes 1987). Nothing could stand in the way of this massive ice field as it pushed south,
grinding over mountains and depressing the land under its massive weight. Over the ice caps, a
huge high-pressure system pushed the polar jet stream southward, dominating weather patterns
over much of the northern hemisphere …. The ice sheets influenced temperatures far to the
south, and both vegetation and wildlife retreated in its front.

Fig. 1.5 Glacial striations (UWESS)
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Carroll et al. (2001) provided Figs. 1.6, 1.7, 1.8 and 1.9. Figure 1.6 shows the extent of
the North American ice sheets at the Last Glacial Maximum (LGM). Note that the ice
sheets covered all of the land above 50°N except for Alaska, and penetrated down to 40°N
in the Northeastern United States. Alaska was cold enough to support ice sheets but did
not receive enough precipitation. Figures 1.7, 1.8 and 1.9 show the successive depletion
of the ice sheets during termination.

Hughes et al. (2015) presented a new time-slice reconstruction of the Eurasian ice
sheets documenting the spatial evolution of these interconnected ice sheets every
1000 years from 25 to 10 thousand years ago (kya), and at four selected time periods back
to 40 kya. At the height of the last glacial period ice sheets extended over (1) all of
Greenland including the margins, out to small areas of the surrounding ocean, (2) the
Barents Sea extending from Svalbard to the Kara Sea, (3) over all of Ireland and Scotland
and the surrounding seas, and (4) over all of Norway, Sweden, Finland, and down to
Lithuania.

Fig. 1.6 Extent of the ice sheets 18,000 ya (Carroll et al. 2001)
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