


What, exactly, are the clues that betray the presence of extensive conti-
nental ice sheets in our planet’s recent past? Some have already been
described in previous chapters, and if you live north of about 40 degrees
latitude in North America, or a bit further north than that in Europe, or
in a mountainous region almost anywhere, you have probably seen some
of the effects of glaciers for yourself—although you may not have real-
ized it. Today many more features are recognized as having originated
in the glacial-interglacial cycles of the Pleistocene Ice Age than was the
case in Agassiz’s day—everything from dead coral reefs in Indonesia
now on dry land well above sea level to the rich soils of the central
United States, developed on wind-blown silt called loess. The bios-
phere—the world of living things—was also strongly affected, although
not to the degree that Agassiz thought. Careful examination and analy-
sis of glacial effects, especially over the past few decades, has provided a
remarkably detailed picture of how our planet has operated during the
current ice age. As we shall see later in this book, there is even good (but
circumstantial) evidence that the development of modern humans was
influenced by the fluctuating climate of the glacial cycles.

In the decades after the concept of an ice age was first introduced,
much of the debate about its validity centered around interpretation of

45

c h a p t e r  f o u r

The Evidence



purported glacial features in places like Scandinavia, Scotland, or the
northern United States, far from the Alpine glaciers that Agassiz had
studied. Opponents of the ice age theory searched for alternative expla-
nations, but for those who were convinced early on that an ice age had
occurred, this was a period of intense exploration and discovery. By the
late 1800s, there were credible glacial maps that showed the former
extent of ice in Europe and North America. The makers of those maps
also quickly came to the conclusion that there had been a series of ice
advances and retreats, rather than a single period in which glaciers
grew to a maximum extent and then declined.

Both the initial proposal that there had been an ice age and the sub-
sequent discovery that there had been multiple ice advances and retreats
rested heavily on the significance of two types of glacial deposits: one
that we have already encountered, erratic boulders, often referred to
simply as erratics, and a second, glacial drift—a general term for the
loose, rocky debris distributed across the countryside by glaciers. Erratic
boulders are spread over large regions in Europe and North America;
the most remarkable ones are very large and they are often quite dif-
ferent in makeup from the local bedrock. Large granite boulders like
the one in figure 4 sit enigmatically on the local limestone in the Jura
mountains of Switzerland and western France, not far from where
Louis Agassiz was born. How they got there was unknown before the
glacial theory was developed—the nearest outcrops of granite are a
hundred kilometers or more away. Some of them are so massive that
they are difficult or impossible to move, and farmers clearing their land
left them where they lay—great rocky sentinels sitting mutely in the
middle of fertile fields, dispassionately surveying their surroundings.
Similar features are common in the farmlands of the northern United
States and Canada. In the northeastern United States, where there are
outcrops of very distinctive rock varieties, trails of erratics of a specific
type can often be traced for hundreds of kilometers, fanning out over
the countryside “downstream” of their sources. Careful mapping of
these erratic trails can provide an accurate picture of how the glaciers
that carried the boulders moved across the land. 
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Before the ice age theory was generally accepted, most geologists and
naturalists argued that the erratics had been transported by water to
their current resting places. They realized that even fairly small boul-
ders would sink instantly in normal streams, but they also understood
enough about rare natural phenomena such as tsunamis (“tidal waves”)
and great storms to know that water could transport heavy objects
under extreme conditions. In the late eighteenth and early nineteenth
centuries, memory of the great Lisbon earthquake of 1755 was strong.
It had actually occurred off the coast of Portugal, not in Lisbon itself,
but it had generated large tsunamis that scattered heavy objects far
inland as though they were matchsticks. It was also well known that a
raging mountain stream could carry very large rocks, especially when
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Figure 4. A large erratic boulder in a field near Örebro, Sweden. Boulders like this
one, very different in makeup from other rocks in the vicinity and much too heavy to
have been carried by water, convinced Louis Agassiz that large tracts of Europe had
once been covered by thick, flowing ice that carried the boulders far from their place
of origin. Note the woman to the right of the erratic for scale. A boulder of this size
probably weighs close to ten thousand metric tons. Photograph copyright Dr. John
Shelton.



swollen with the downpour of a violent storm. But even such extreme
events could not easily explain the massive granite erratics in the Jura
Mountains, especially the ones that were perched high on valley walls,
far above the streams below. Nor could they account for the presence in
northern England of erratic boulders that appeared (based on their
mineral makeup) to have originated across the North Sea in Norway, or
those in the German lowlands that were hundreds of kilometers from
their source. Compounding the problem of interpreting these deposits,
however, was the fact that at a few localities in Britain, where much of
the most detailed research into the ice age controversy was being con-
ducted, the fine-grained drift that accompanied the erratic boulders
contained seashells. Critics of the ice transport hypothesis seized on this;
they claimed it was conclusive evidence that the ocean was involved.
They argued that the erratics must have been transported by great, vio-
lent floods coursing over the land, and they said that there were simply
no modern-day counterparts. They knew that the sea had covered parts
of the continents in the past, because fossilized fish were found through-
out Europe. The marine shells in “glacial” drift, they asserted, were
proof that the sea had invaded the land yet again and left the drift
behind when it receded. Actually, until about the 1820s, there was wide-
spread belief that all of the loose sand and boulders strewn across the
land surface had been deposited there by one or more floods, probably
by the one described in the Bible. It was not until much later that the
true origin of the seashells in drift was realized. James Croll, a Scottish
scientist whom we shall encounter later in this book, deduced that they
too had been transported by glaciers, scraped up by the ice along with
sediments from the shallow seas around Britain and carried inland.
However, before their origin was understood, the shells were a serious
difficulty for those who argued that drift and erratics were ice age
deposits.

Still, notwithstanding the seashell argument, even some of the
opponents of the glacial theory had to admit that it would be difficult,
if not impossible, to transport large erratic boulders in water over long
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distances, no matter how violent the storm or flood. It could be shown
by simple physics that it couldn’t be done. So they came up with the
ingenious solution mentioned in chapter 2: the erratics might indeed
have been carried by ice, but ice that was floating on formerly more
extensive seas, transporting boulders from a northerly source. If parts of
the continents had been submerged in the past, they reasoned, the ice-
bergs could have floated over the sunken land, dropping their rocky
burden as they melted. That would explain the presence of ocean shells
in the drift. It was the idea of drifting icebergs that first led to use of the
term “drift” for the characteristically chaotic sediments left behind by
glaciers—sediments that have neither the well-defined layers nor the
uniformity of grain sizes that characterize those deposited in water. The
term is still in use today. Geologists also refer to such material as being
unsorted, because it encompasses materials ranging in size from grains
of sand and occasional shells to the erratic boulders themselves.

Drift and erratic boulders were not the only glacial features studied
by early ice age researchers, but because essentially identical materials
could be observed directly associated with glaciers in the Alps, these
deposits were among the most persuasive evidence of past glaciation.
Every existing mountain glacier carries a large amount of rock debris
that will eventually become glacial drift. Some of it falls onto the glacier
surface from the surrounding valley walls, and some is actually plucked
from the bedrock below by the ice itself. Beginning with Agassiz’s sys-
tematic studies at his glacier observatory, a series of investigations also
showed that glaciers flow, and do so at significant rates. The rock debris
is carried along with the flowing ice, and, at the snout of the glacier,
dumped in a chaotic pile of large and small boulders, gravel, sand, and
silt—a feature known as a moraine. Actually, glaciologists distinguish
many types of moraines, but in its most general sense, the term—like
the term “glacial drift”—just refers to the debris carried by a glacier.
Terminal moraines mark the farthest extent of a glacier, lateral moraines
form along the sides of mountain glaciers, and medial moraines in
their middles, the result of tributary glaciers entering the main ice
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flow. Figures 5 and 6 illustrate a few varieties of moraines. Some
types—for example, medial moraines—may exist on the ice of an active
glacier, but can also be distinguished long after the glacier has melted
away, because they form a longitudinal ridge in the middle of a glacial
valley. 

Ice in a glacier, like water in a stream, flows under the influence of
gravity. A mountain glacier accumulates snow at its upper end, where
the average temperature is low, and loses ice by melting at its snout. In
places like Greenland and Alaska, some glaciers flow directly into the
sea, where gigantic chunks break off and form icebergs. If snow accu-
mulation and melting are more or less in balance over a significant
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Figure 5. That glaciers flow is particularly apparent from the air. This glacier in
Greenland flows toward the observer, carrying on its surface ribbons of rocky mate-
rial that have fallen onto its surface from the valley walls, forming moraines. Because
many tributaries join the main glacier, it becomes more and more banded with
moraines downstream as each tributary adds its contribution of debris. Photograph
courtesy Professor Michael Hambrey, Liverpool John Moores University.



length of time, the size of a glacier and the location of its lower end will
remain approximately constant, in spite of the fact that the ice is flow-
ing and transporting rock debris all the while. When this occurs, the
glacier is in a steady state, and very large terminal moraines can be built
up. If the climate warms and the glacier melts away, the moraine
remains as a distinctive landform—a great ridge composed of pebbles
and boulders, marking the previous terminus of the glacier. Sometimes
there is a whole series of these features, tracing out positions where the
glacier front remained stationary for varying lengths of time before
melting back further.
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Figure 6. A cross section through a lateral moraine in Switzerland illustrates the
great range of sizes of material it contains. Someone has sorted out piles of sand and
boulders of various sizes near the bottom of the picture. Notice that a forest and a
layer of soil has developed on the moraine. Glacial deposits from each cycle of the
Pleistocene Ice Age have such soils developed on them, indicating that the ice
advances were separated by long and relatively warm interglacial periods. This partic-
ular moraine can be traced for many kilometers. Photograph copyright Dr. John
Shelton.



Once the nature of moraines formed by contemporary glaciers was
understood, it became clear that much of the enigmatic “drift” so com-
mon in northern Europe and North America must have an analogous
origin in the now-vanished glaciers of the ice age. The moraines left
behind by continental-scale ice sheets are really not much different from
those of alpine glaciers, except that they exist on a much grander scale. In
places they can be traced for hundreds of kilometers, winding through
the countryside and marking an ancient glacial boundary. But the ice
sheets of the Pleistocene Ice Age didn’t deposit their rubbly burden only
as terminal moraines, easily recognized by their ridgelike shape. Some of
that material was simply scattered across the landscape as a layer of gravel
and boulders without any particular form. Sometimes the drift was
shaped by the moving ice into features such as strange teardrop-shaped
hills called drumlins, which usually occur in swarms, lined up parallel
with one another. Exactly how drumlins form is unclear, but they appar-
ently take shape beneath the flowing ice, their orientation reflecting the
direction of ice movement. In other places, drift occurs as long, sinuous
ridges of sand and gravel called eskers, which have occasionally been put
to use as beds for railway lines in low-lying marshy areas. Eskers are
thought to be essentially “negative streams”—rocky material built up in
a confined stream that flowed beneath a glacier. When the glacier finally
melted away, they were left standing above the surrounding countryside.

Starting soon after Agassiz published his Études sur les glaciers, geol-
ogists began to map out these features wherever they existed. A primary
goal of this mapping was to determine the extent of the ice age glaciers,
another to discover how they had flowed. Even now, details are being
added to the general picture, which emerged quite quickly. It has
become clear that the ice age glaciers did not form a single, gigantic ice
sheet that extended southward from the North Pole, as Agassiz and his
supporters had initially assumed. Instead, there were centers of ice
accumulation, located where temperatures were low and the snow sup-
ply was ample. In North America alone, there were several centers of
thick ice accumulation, with ice flowing out in all directions and in
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places coalescing with the glaciers of other centers. But some parts of
the far north—for example, parts of Alaska—had no glaciers at all,
even during the coldest part of the ice age, because of low snowfall.

It was the mapping that revealed the multiple glacial episodes of the
Pleistocene Ice Age. There is an exceedingly simple but very powerful
concept in geology, first formalized in the 1600s and still taught to
beginning students in the earth sciences: any geological feature that cuts
into or across another is younger than the one it cuts across, and any
material deposited on top of something else is younger than the under-
lying material. To beginning geologists, it often seems silly to formalize
such a common-sense principle, yet even quite complex sequences of
geological events can often be unraveled by applying this concept. It has
been used for everything from exploration for oil to working out the
cratering history of the moon. When it was applied to the moraines and
other deposits left by glaciers of the Pleistocene Ice Age, it showed that
there had been several distinct glacial episodes, separated from one
another by significant amounts of time.

The principle of superposition, as the concept just described is some-
times called, provides information about relative time—one deposit is
older than another, or some process occurred before another—but not
absolute time in years. That only became possible more than a century
after the ice age theory was proposed, after the discovery of radioactiv-
ity and the development of techniques that used radioactivity for dat-
ing. But even in the nineteenth century, geologists were able to deter-
mine that there had been at least three and perhaps as many as five
separate expansions of ice far south into Europe and North America
during the Pleistocene Ice Age, and that these had been separated by
long periods of time with much warmer climates. European and North
American scientists gave these episodes different names, and it was not
possible to correlate them precisely between continents; however, it was
generally agreed that on each continent, the glacial deposits recorded
the same series of cold and warm episodes. The changes in ice age
climate had been global, or at least they had affected widely separated
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parts of the Northern Hemisphere similarly. We now know that the
glacial periods identified by mapping their deposits were only the last
few of a long string of cold and warm cycles stretching back several mil-
lion years. This knowledge comes not from studies on land, but rather
from evidence of a quite different type contained in deep-sea sediment
cores. On land, the evidence for the earlier glacial cycles has been almost
completely obliterated by the more recent ones, but in the oceans each
layer of sediment buries and preserves the ones that preceded it.

How did the early investigators, without the help of radioactive dat-
ing methods, conclude that long time intervals separated the glacial
periods? It was a task that required a certain amount of ingenuity. In
many localities, it was fairly straightforward to use the principle of
superposition to determine that there had been several different glacial
advances. In places, younger drift could be observed deposited on top of
earlier glacier debris, and in other localities, older moraines had been
broken through and partly scoured away by more recent glaciers, which
had deposited their own debris far beyond. However, determining just
how much time had elapsed between these various events was a difficult
problem. An important clue was that between successive glacial
advances, soil had developed on the moraines and drift deposits. Soil
forms anywhere rocks are exposed to rain—water is an effective sol-
vent, and it also promotes chemical reactions with the minerals con-
tained in rocks. The result is that solid rock dissolves and crumbles and
is transformed into the soft clay of soil. Plants, insects, and microbes
appear, churning the soil, facilitating even more chemical reactions and
adding organic matter. In tropical climates with heavy rainfall, soils
have been observed to form on fresh volcanic lava flows within a few
hundred years or even less. But in the colder regions from which the ice
age glaciers retreated, soils formed much more slowly. Soil layers that
developed on moraines and drift between glacial advances indicate that
the cycles were separated by relatively long periods of moderate cli-
mate. Fossils of plants and animals in the soil paint a similar picture.
The interglacial periods were long enough for there to be a complete
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change of fauna and flora, and the new species were characteristic of
temperate rather than arctic regions. When radioactive dating methods
became available, it was discovered that through the last six or seven
glacial cycles, the times of maximum ice advance were separated by
roughly one hundred thousand years, and the warmer periods, with
temperatures similar to today’s, lasted ten to twenty thousand years.

When temperatures rise above freezing, large amounts of meltwater
flow across the surfaces of glaciers, along their edges, at their bases, and
even through the ice itself. During one of his field sessions on an Alpine
glacier, the ever-curious Louis Agassiz had himself lowered down an
almost vertical tunnel that had been cut by summer meltwater. It was
one of his more foolhardy experiments; the tunnel got narrower and
narrower, and eventually bifurcated, and Agassiz lost voice contact with
his colleagues on the surface. They kept lowering him, right into an icy
torrent deep in the glacier. Fortunately for Agassiz, the glacier-bound
stream wasn’t very deep, and eventually his friends became concerned
and hauled him up. But it could have been much worse—the amounts
of water coursing through melting glaciers can sometimes be huge.

The meltwater flowing away from a glacier carries with it grains and
fragments of rock that were originally embedded in the ice. Ice is indis-
criminate about what it carries, but the running water is quite efficient
at sorting out the chaotic jumble of particles according to size and
weight. It winnows the unsorted glacial drift, dumping the largest pieces
at the base of the glacier or close to its boundary, and carrying the small-
est grains in suspension over long distances. The meltwater streams
build up sand bars in some places, gravel bars in others, and when they
are flowing at full force, they sometimes carry quite large boulders along
with them. In the northern United States and in Canada, in Scandinavia
and northern Europe, man has taken advantage of this combined pro-
duction and sorting process that is a relic of past glacial action. The sand
and gravel deposits of the meltwater streams are scooped up by the
truckload and used as construction materials. In overall economic
importance, these deposits overshadow all other kinds of mining activity.
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In these same regions, the action of ice and meltwater has left an aes-
thetic legacy in addition to a practical one: the undulating topography
(and the sand traps) of many a well-groomed golf course.

The very finest particles of rock carried by the meltwater streams,
much smaller than sand grains, are sometimes called rock flour. They
are produced by the scouring action of the ice on underlying bedrock,
and they are so fine that they remain suspended for very long periods of
time and give glacial lakes their characteristic brilliant blue-green color.
The scraping and scratching and polishing that produces rock flour
leaves very distinctive telltale marks on the underlying bedrock. But it
is not the ice itself that does the grinding; even hard, brittle ice at tem-
peratures well below freezing cannot gouge out scratches and grooves
in solid rock—it is simply not hard enough. Yet Agassiz and other care-
ful observers of the Swiss glaciers found such features on rocks near the
edges of glaciers. They noticed that the scratches were most prominent
in areas where the ice had recently retreated, but, like the erratics and
drift, could also be found far from any contemporary glaciers. They
soon realized that it was actually the rock debris carried by the ice that
was producing the scratches. Rocks and pebbles embedded in the ice
were being dragged across the underlying surface; the glaciers were
like gigantic sheets of sandpaper smoothing out the rocks beneath. In
the process they produced the rock equivalent of sawdust: glacial rock
flour. When scientists were eventually able to map out the movement of
ice within glaciers, they discovered that the base of a glacier is continu-
ally being renewed with ice from above, complete with its embedded
grit. The natural sandpaper is constantly being refreshed.

In most places that were glaciated during the Pleistocene Ice Age,
scratches and grooves and polished rock surfaces are very abundant.
Once you know what to look for, they seem to pop up everywhere.
Recently, I walked along the wonderful meandering stone wall built by
the artist Andy Goldsworthy at Storm King, an art park not far from
New York City. The wall was made from local stones, with those in the
top layer chosen for their flat surfaces. It was the Pleistocene glaciers
that left them with these surfaces—most show the characteristic scores
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Figure 7. A cartoon sketch of Professor William Buckland by the
mining engineer Thomas Sopwith titled “Costume of the Glaciers,”
showing Buckland dressed for fieldwork. The numerous captions are
difficult to read, even in the original, but the lines at Buckland’s feet are
noted to be “Prodigious Glacial Scratches” produced by “the motions of
an IMMENSE BODY.” Other captions are summarized in the text. From
Mrs. E.O Gordon, The Life and Correspondence of William Buckland
(London: John Murray, 1894).



and scratches of glacial scouring. They are a reminder that just twenty
thousand years ago the region was thick with ice.

In Britain, when the debate over the ice age theory was raging in the
middle of the nineteenth century, a well-known mining engineer
named Thomas Sopwith gently poked fun at the subject of glacial
scratches. He sketched the Reverend William Buckland, professor of
geology at Oxford, equipped for a field expedition, nattily attired in
long coat and high boots, with scratched and grooved rocks at his feet
(see figure 7). A caption indicates that one set of scratches had been pro-
duced by glaciers thousands of years ago. Another set, the label says,
had been made by the wheel of a passing cart “the day before yester-
day.” Sopwith signed his cartoon with the words “Scratched by T.
Sopwith.” Buckland was something of an eccentric, a larger-than-life
figure, well known to the public and also a highly respected scientist.
He was impressed by his friend Agassiz’s work on fossil fish, but ini-
tially unconvinced about ice ages. However, after Agassiz personally
showed him glacial features in the Alps, and a few years later accompa-
nied him to study moraines, erratics, and glacial scratches in Scotland
and England, Buckland was won over and became one of Agassiz’s
allies in the ongoing controversy. The public, too, were following the
debate—and perhaps chuckling over the seriousness with which
learned men treated these little scratches on the rocks.

The scratching and grinding that produces these marks is also the
process ultimately responsible for a peculiar type of sedimentary deposit
that was not known in Agassiz’s day to be related to glaciers, but which
is now recognized as a key indicator of past ice ages. Characteristically,
the sediments of glacial lakes contain what are called varves, a term
derived from a Swedish word for periodic repetition. The distinguish-
ing feature of these sediments is a repeated pattern of layers. In detail,
in a typical case, the layers are fairly uniform in thickness and sharply
separated from one another. They consist of a lower layer of relatively
coarse, silty material, overlain by a layer of much finer-grained particles,
and then the pattern repeats itself. Each coarse-fine pair constitutes a
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single varve, which may be a few millimeters to a few centimeters thick.
It is now known that each varve represents one year of sediment accu-
mulation. There are some rare circumstances in which similar deposits
can be formed in nonglaciated areas, but the vast majority of varves are
the product of deposition in a glacial lake. In summer, when meltwater
is abundant, streams carry the products of glacial scratching and grind-
ing into the lake, where the coarsest particles sink to the bottom fairly
quickly. The finest material—the rock flour—mostly remains sus-
pended, in part because winds keep the water stirred up in summer,
and in part because the particles are so small that they settle only very
slowly. As winter approaches and the temperature drops, the streams of
meltwater coming from the glacier gradually dwindle and eventually
stop. There is no longer a supply of new sediment, but over the winter,
with a frozen surface to keep the water still, the fine suspended particles
slowly sink to the bottom to form the fine-grained part of a varve cou-
plet. A giveaway that the varves are indeed of glacial origin is the pres-
ence of dropstones, occasional large pebbles or rocks that are embedded
in the fine-grained varves. A bit like erratic boulders on land, they
seem, because of their size, to have nothing to do with the varved sedi-
ments in which they are found. They are, in fact, quite literally dropped
in. Carried out into the glacial lake on pieces of ice, they fall into the
fine-grained sediments when their transport melts. If the sediments of
a glacial lake harden into solid rock, they can survive long after
moraines, drift, and other surface deposits have vanished. Often pre-
served varves are among the few remaining indicators of past ice ages,
as is the case for one of the Earth’s earliest, dating from about 2.2 billion
years ago. Varved sediments containing dropstones still survive from
this episode at several places around the globe.

Even during the depths of the last glacial maximum of the Pleistocene
Ice Age, summer melting occurred along the southern margins of the
Northern Hemisphere ice sheets, generating streams, rivers, ponds, and
small lakes with varved sediments. Vast regions along these ice margins
were similar to the present-day arctic tundra, with little vegetation and
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huge amounts of rock debris. Some of the moraines and drift from
those times remain intact—they are the same features that have been
mapped to determine the extent of the ice sheets—but large amounts of
debris were also carried away from the glaciers by meltwater streams,
which sorted and winnowed the grains and pebbles. During dry peri-
ods, the smallest of these grains were also moved around by the wind,
sometimes over very great distances. Much of the central United States,
from the Rocky Mountains east to Ohio and Pennsylvania, is still blan-
keted by such wind-blown dust of glacial origin. This material is called
loess, from the German word for loose, and in the Great Plains and
elsewhere, it forms rich soils. Similar deposits, although smaller in
extent, occur across Europe. In Asia, too, there are thick loess accumu-
lations, and in a few places, caves have been excavated in loess cliffs to
serve as dwellings.

Most of the North American and European loess can be traced
directly to the outwash of glaciers. Not only does it occur roughly in a
band along the southern margins of the former ice sheets, but its
makeup matches that of the material in the moraines and drift that
remain. However, the source of the thick accumulations of loess in
China has been traced to the arid deserts of north China and central
Asia, and the deposits seem to have nothing to do, directly, with gla-
ciers. Nevertheless, they were formed the Pleistocene Ice Age at the
same time as loess of glacial origin was accumulating in other parts of
the world. The Chinese loess deposits have become especially important
for understanding the ice age climate, because they accumulated over
several million years and many glacial-interglacial cycles. Drill cores
through these deposits indicate that during the glacial intervals of the
Pleistocene Ice Age, climates worldwide were cold, dry, and windy—
hence the widespread transport of dust. During the interglacial periods,
climates warmed, and it became wetter and less windy. Loess accumu-
lation slowed down, or stopped altogether, and in many places, soils
developed on the deposits. When temperatures dropped and the
glaciers expanded again, the cycle was repeated. Most mathematical
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simulations of glacial climates predict more intense wind systems than
today, especially close to the margins of the ice sheets. The Chinese loess
indicates that the influence of ice sheets was also felt even very far away
from the main centers of ice accumulation.

It is fairly easy to envision how the fine-grained particles of loess and
the coarser material in moraines and other glacial deposits are scraped
and gouged out of the bedrock as grit-laden ice sheets move over them.
It is less easy to imagine the cumulative effects of this glacial erosion on
a large scale. The results can be quite spectacular. During glacial times,
ice filled many valleys that are now occupied by quiet streams. The
flowing glaciers effectively sandpapered these valleys on a grand scale,
smoothing them out into a U shape in cross section, with steep walls and
a flat bottom. To some extent glacial erosion also tends to straighten out
minor twists and turns in the ice-filled valleys. In contrast, where gla-
ciers have never been present, valleys typically have a V shape, the result
of erosion by flowing water in a fairly narrow valley bottom. The beau-
tiful, steep-walled fjords of Norway, British Columbia, and Chile all
owe their existence to glacial erosion during the ice age. Yosemite
Valley in California, a national park visited by millions of tourists, is
another classic U-shaped valley gouged out by glaciers. Its spectacular
waterfalls, cascading down the steep valley walls, are also products of
glaciation. Glaciers, like streams, often have tributaries, but when the
main glacier fills a valley, the tributaries can only join it at the level of
the ice surface, far above the present valley floor. When the glaciers
eventually melt away, the tributary valleys are literally left hanging—
and the streams that run in them spill over the main valley walls, creat-
ing waterfalls. Like varves and drumlins and glacially polished bedrock,
the features of glacier-cut valleys are unique and provide long-lasting
record of past glacial episodes.

Not all of the effects of the Pleistocene Ice Age are as obvious as fjords
or glacial drift, however. One of the most important of these is something
that is difficult to observe visually but is quite predictable if you think
about it a bit. It is the fact that there was a massive transfer of water from
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the oceans to the land during the glacial periods. It has been estimated
that at the maximum of the most recent glacial period, about twenty
thousand years ago, sea level was approximately 120 meters lower than it
is at present. Along most shorelines, dry land extended far out into what
is now quite deep ocean water. A map of the world as it was then would
look quite different from the one we are familiar with today.

One hundred and twenty meters over the entire ocean adds up to a
very large amount of water, about 3 percent of the present ocean vol-
ume. All of this water, evaporated from the sea, was transported to the
continents as water vapor in the atmosphere, fell as snow, and accumu-
lated as the glaciers of the ice age. Where the ice was thick, as in parts
of Canada and Scandinavia, for example, an enormous weight was
placed on a relatively small area of the continental crust. Slowly but
steadily, the crust actually sank down into the yielding rocks of the
underlying mantle in response to this burden. When the ice melted,
these same areas began to rebound, and they have been slowly rising for
the past ten thousand years or more. Along some rising sea coasts, this
uplift is chronicled by a series of “raised beaches,” which look like bath-
tub rings, except that they record the uplift of the land, rather than the
falling level of water.

Just how do we know that the accumulation of ice age glaciers low-
ered sea level by 120 meters? Well, it would be possible to calculate the
amount of ocean surface lowering if you knew exactly how much ice
was on the land, but that too is a difficult question to answer. You would
need to estimate how thick the ice was, and what area of the land it cov-
ered. What seems a simple problem suddenly looks quite complicated,
and to solve it required a great deal of ingenuity. Evidence began to
accumulate when oceanographers, studying the nature of the seafloor
close to the continents, found that many river channels continue under
water, uninterrupted, far beyond the present-day shoreline. A classic
example is the Hudson River, which has a deep channel extending far
across the continental shelf. However, it is well known that rivers can
no longer erode a valley once they enter the sea—instead, they typically
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deposit sediments and build up a delta. It was immediately clear that
the now-submerged channels had once been above sea level. But exactly
when this erosion occurred was not known, and the precise amount of
sea-level lowering was also difficult to determine with certainty.

Enter Richard Fairbanks, a geochemist at Columbia University, who
developed a program to recover drill cores from the coral reef platform
surrounding the island of Barbados. The species of coral that Fairbanks
was interested in grows only right at the sea surface, and as ice age gla-
ciers melted and sea level rose, the coral had added new growth upward
to keep pace. A piece of coral recovered from 50 meters down the drill
core must have been at sea level when it grew, so by dating such a sam-
ple, Fairbanks could determine quite accurately the time when sea level
was 50 meters lower than at present. Repeated analyses of this sort
throughout the cores allowed him to plot the change in sea level over
time. Twenty-thousand-year-old corals, he found, grew near an ocean
surface that was almost 120 meters below present-day sea level.
Fairbanks also found that the rate of sea-level rise since the time of
maximum glaciation has been quite variable. Bursts of rapid increase
alternated with periods of slower change, reflecting fluctuations in the
amount of melting of the ice sheet, probably the result of irregular
warming of the climate over the past twenty thousand years.

The corals that Fairbanks analyzed are currently under water, but
there are a few places in the world where now-dead coral reefs are found
on dry land, well above the present sea level. These corals, too, grew very
close to sea level. Many have been dated to near 120,000 years ago, and
this age is believed to mark the time of the last interglacial episode, the
most recent time in the Pleistocene Ice Age when the climate—and the
sea level—was similar to today’s. Because land is not fixed—geological
forces can cause it to move vertically independent of sea level change—
there is some debate about exactly how high the sea level was during the
120,000-year-ago interglacial period. But it seems to have been at least as
high as today, suggesting that something close to the present-day ice vol-
ume was the minimum reached during that warm period, before the ice
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began to advance again. Even if the exact ice volume is uncertain, one of
the most important results from studies of these now-stranded corals is
accurate dating of the last interglacial period.

The rising and falling sea levels of the Pleistocene Ice Age have had
some interesting and perhaps unexpected consequences. Consider
Alaska about fifteen thousand years ago. The maximum cold of the gla-
cial cycle had passed, but the climate was still dismal. However, unlike
much of North America, the lowlands of Alaska were free of thick gla-
ciers, because there was not enough precipitation to sustain an ice cap.
Small bands of nomadic hunters roamed the land, following the big
game that thrived in the damp, cold tundra. Woolly mammoths were
their prize target, and the hunters often tracked them over long dis-
tances before attempting a kill. It was dangerous business—the beasts
had thick hair, thick skin, and a very thick and protective layer of fat.
The hunters, armed only with primitive weapons, were no real match
for an angry mammoth. Many were probably killed or severely injured
in the close encounters that were necessary to slay one of these gigantic
animals. But the rewards were great when one was brought down. A
single mammoth could feed, clothe, and supply a band for a long time.

The hunters had followed the mammoths and other large animals
eastward from Asia across what is now the Bering Sea. Some of them
may have traveled by small boat along the coast, but many walked.
Twenty thousand years ago, at the height of the last glacial period, sea
level was so low that dry land joined what are now separate continents.
Slowly, imperceptibly, and probably unconsciously, hunters had moved
across the land bridge and become the first immigrants to the new land.
Without the ice age, North America might have remained unpopu-
lated for thousands of years more.

It is obvious that the Pleistocene Ice Age has affected the Earth in a
multitude of ways, some quite apparent and others much more subtle.
Only a few of the more important ones have been touched on in this
chapter. Once scientists had accepted the reality of the ice age and the
most obvious features of glaciation had been deciphered, they faced an
important question: What causes ice ages?
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