EELCO J.
ROHLING




e

R4

“In this compelling book, prominent paleoceanographer Eelco 'Rahling pro-
vides the perspective needed to understand the current and sﬁ_lyture health of
our oceans and their role in our rapidly evolving new world.”

—~PAUL ANDREW MAYEWSKI

director of the Climate Change institute, University of Maine

“Oceans are the vehicle of climate change—on land and sea. Rohling’s
presentation of the ocean’s history—and thus our climate’s history—is eru-
dite yet accessible to a broad audience interested in the future of our planet.”

—JAMES E. HANSEN

Earth Institute, Columbia University

“In relating the long history of the oceans in the context of climate, Rohling
brings together the important idea that climate control on long timescales
is a mix of tectonics, ocean circulation, and carbon storage—with carbon
storage being a euphemism for ‘How much CO, is in the atmosphere?””
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CHAPTER 1

INTRODUCTION

You may have been told that we know more about the Moon than
about the oceans. It is a claim that | often hear from public relations
staff, teachers, schoolchildren, and many others in casual chat at par-
ties or receptions. But [ work on ocean science for a living, and I am
not convinced that it’s true. Instead, it strikes me as evidence that most
people have no real idea of how much we actually do know about the
oceans.

[ have been researching and teaching about the oceans for 30 years
in the field of paleoceanography. In plain words, paleoceanography
studies the ancient oceans and their changes through geologic time,
before historical records. In practice it is interpreted to include the as-
sociated climate changes because there is a close interaction between
the oceans and climate—you cannot research one and not the other.
Well over 1000 researchers are currently active in this field worldwide.
The number is several times larger if we include the wider ocean sci-
ences, and especially if we include naval research as well. Although
this still may not make it a large community, it has been remarkably
productive in deciphering the natural, underlying rhythms and pro-
cesses of ocean and climate change, against which humanity’s impacts
can be assessed.

A sound general awareness of this knowledge is essential to a well-
rounded understanding of the Earth. As such, it is necessary to any
meaningful discussion about matters of conservation and policy
definition, and—indeed—to underpin election of knowledgeable
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. man‘\ﬂ“’“\ 0.2 Ma — Appearance of modern humans
Cenozoi¢ Era s e 2.5-2.3 Ma — Onset northern hemisphere ice ages
= 6.0-5.6 Ma — Messinian Salinity Crisis

34 Ma — Glaciation of Antarctica
50 Ma — Earliest whale ancestor (Ambulocetus)

66 Ma — Cretaceous-Paleogene boundary extinction
93 Ma — Ocean Anoxic Event-2 ="

100 Ma M . 56 Ma — Paleocene-Eocene Thermal Maximum (PETM)
g Mesozoic gry (repti] )
118-113 Ma — South Atlantic evaporites S e EHES,
120 Ma — Ocean Anoxic Event-1a — TRl s e 252 Ma — End-Permian extinction
170-160 Ma — Gulf Coast evaporites 201 Ma
End-Triassic
extinction 300 Ma
450-440 Ma - (fish)
Ordovician-Silurian pevonian Peﬂ"f ES‘ - i
extinction . e 375-359 Ma — Late Devonian extinction
420 Ma — Earliest 375 Ma — Earliest land vertebrate (Tiktaalik)
500 Ma land animals (scorpions)
Neop +
542-520Ma — Cambrian et "'Snowball 1500 M
explosion = a : a
575-542 Ma — Avalon 900 Ma — Earliest
explosion multicellular animals
1600 Ma — Earliest
2400-2100Ma multicellular algae
2500 Ma Huronian snowball Eath 2100 Ma — Earliest

eukaryote cells (Grypania)
3500 Ma

2500 Ma — Great
Oxygenation Event

3700 Ma — Earliest

4400 Ma — Earliest signs of life

4540 Ma crust and water

About 4000 Ma — Early oceans

4540 Ma — Formation of Earth

Figure 1. Timeline of events as discussed in this book. For a more formal representation of the
geolo, - time scale, see figure 2. Ma stands for millions of years ago.

government representatives. The apparent lack of such awareness can
only mean that my colleagues and I have fallen short; that we have
insufficiently communicated our findings beyond the narrow circle
of specialists. With this book, I hope to change that.

I venture here outside my scientific comfort zone, aiming to share
our understanding of how the oceans have come to be the way they
are today. Thus, I aim to offer a foundation upon which you, the reader,
can build your own informed opinions about the challenges resulting
from humanity’s relentless drive to exploit the world ocean and its re-
sources. To achieve this, we will travel through time from the first de-
velopment of oceans more than four billion (or 4000 million) years
ago, to the present. Along the way, we will stop at some of the most re-
markable events and developments of life in ocean and Earth history.

We will see that life on Earth, including humanity, is closely inter-
twined with changes in the oceans and climate, no matter whether
these result from natural variability or human impacts. These intricate
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Figure 2. Geologic time scale with time ranges of major organisms discussed in this book. Lef?
column, ages in millions of years ago. Note that the scale is nonlinear, for presentation purposes.
From 4540 to 542 Ma, the left-hand gray column gives geologic eons and the right-hand gray
column geologic eras. More detail is needed for the Phanerozoic eon, which spans from 542
to 0 Ma, so for that time the lefl-hand gray column. gives geologic eras, and the right-hand gray
column geologic periods (regular font) and relevant epochs (italics). Homo is written in italics
as it refers to a specific genus. Bars indicate time ranges, with a continuous thin or dashed line
for total range of named groups, and with thicker lines for periods of relative dominance. The
arthropods—which include scorpions, spiders, millipedes, centipedes, insects, trilobites, crabs,
lobsters, crayfish, krill, shrimp, woodlice, ticks, mites, etc.—have always been immensely nu-
merous. Today, roughly three-quarters of all known animal species are arthropods.
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connections between the oceans, climate, and life have been shaped
and refined over four billion years. But we will also see that abrupt and
dramatic adjustments which have taken place within this complex
network, and may take place again, and that highly developed organ-
isms seem to suffer the consequences most intensely. The explosive
growth of humanity and our ever-increasing resource dependence
make us especially vulnerable.

To gauge the potential consequences, we need to understand the
natural variability that underlies human impacts. To learn about nat-
ural variability, all we can do is study the past before humans became
important. To appreciate the scale and rapidity of human impacts,
we need to compare and contrast them with a sound understanding
of the underlying natural processes. Without the background knowl-
edge, all else is conjecture. With the background, we stand prepared
to make knowledgeable decisions for sustainable actions that will
both give us what we need and preserve the system for posterity.

It won’t surprise anyone who regularly watches the news that
humanity’s impacts on the oceans are multifaceted and profound.
We pollute the oceans with medium- to long-lasting materials such
as plastics, netting, radioactive waste, and dumps or wreckage laden
with petroleum or chemicals. We disturb their food webs by over-
fishing, and by harmful fishing practices such as bottom-disturbing
trawling and fishing with explosives. We overfeed (eutrophicate) them
by pumping unnaturally large amounts of nutrients into their ecosys-
tems by way of agricultural runoff, efluents, and detergents. We acid-
ify them with our massive fossil-fuel-based carbon injection. And we
cause unprecedentedly fast warming with our greenhouse-gas emis-
sions, mainly in the form of carbon dioxide (CO,) and methane (CH,)).

We have allowed all this to happen because of a deep-seated, his-
torical notion that the world ocean and its resources are limitless, de-
spite frequent warnings from modern scientific assessments that this
is a serious mistake. Probably the worst part of it is the rapid accelera-
tion of the problems. Some 500 years ago, the oceans still were pretty
much pristine. By and large, they suffered only moderate change un-
til the early 1800s, by which time the world’s human population had
reached one billion. Then things changed: large-scale whaling devel-
oped from about 1820, and global fish capture started to rise (today,



