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CHAPTER 1

The Ocean Planet

CRITICAL CONCEPTS USED IN THIS CHAPTER
CCS Transfer and Storage of Heat by Water

CC9 The Global Greenhouse Effect

CC10 Modeling

CC11 Chaos

CC14 Phototrophy, Light, and Nutrients

Why is this map of the world not drawn on a sphere or represented in a rectangular map shape such as we are used to? Why are the continents oddly
misshapen? Why are the oceans those odd colors? First, maps of the Earth are made on two-dimensional surfaces. Because they must represent the
Earth’s continents, which lie on a sphere, they distort the shapes and sizes of the Earth’s features. This map is drawn to distort the Earth’s surface
features in a different way than is done in most of the maps that are familiar to us. Second, the strange colors that shade various areas of the oceans
do not represent the color of the ocean surface itself, but instead represent biological productivity. The colors reveal details of the distribution of this
property in the oceans.

INTRODUCTION

About half of the world’s human population lives within a
few tens of kilometers of the oceans. A large proportion of the
remainder lives within a few tens of kilometers of a river or estu-
ary that is connected to the oceans. These facts hint at, but do not
fully reveal, the importance of the oceans to human civilizations.

In this text, we will explore the fundamental physical, chemi-
cal, geological, and biological features and processes of the
oceans and review how humans have studied the oceans. We will
discuss the range of resources that the oceans provide for us, and
the pollution and other impacts that result from human use of the
oceans and exploitation of their resources. We will also examine
the direct and indirect effects of climate change, not just on hu-
man civilization and natural ecosystems but also on the funda-
mental chemistry of the global ocean that pose a long-term threat
of the extinction of many ocean species. After reading this text,
you will have a new appreciation for the intimate and intricate
linkages between our lives and the oceans. More importantly, you
will be equipped to more fully analyze, understand, and evalu-

ate the ever-increasing stream of scientific and popular reports of
findings or theories concerning the oceans and the implications of
human activities on the oceans.

In recent decades, human interest in the oceans has grown in
response to our rapidly deepening knowledge and understand-
ing of the creatures that inhabit the underwater world, especially
coral reefs. Scuba diving has become a pastime, avocation, or
sport for millions, and millions more are fascinated by video
programs that allow them to see the amazing array of ocean life
in the comfort of their homes. Ocean aquariums have been built
in many cities and attract millions every year. All forms of ocean
recreation, not just scuba, have grown explosively. For a large
proportion of the planet’s population, recreation or vacation pas-
times are directed toward the beaches, boating, and other water
sports, or to sailing the oceans on cruise ships. On a more somber
note, humans are also fascinated and terrified by the death and
destruction caused by tsunamis, hurricanes, severe storms, ships
sinking or running aground, and sharks. As a result, there is also
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much to be learned from this text that is of practical value to each
of our lives. For example, after studying this text you will have
answers to such questions as

o Why do some say that we know less about the oceans than we
do about the moon or the planet Mars?

e Why are the world’s active volcanoes located where they are?

e Why does the east coast of the United States have many
barrier islands and tidal wetlands (marshes and mangrove
swamps), whereas the west coast does not?

e What is a tsunami, and what should I do if I am ever on a
beach when one is approaching?

e What is a rip current (rip tide), and how can I survive one?

e What is unique about water, and how do its unique proper-
ties affect daily life and our environment?

e What do we need to know about the oceans to understand
and predict climate changes?

e Why are fisheries concentrated mostly in coastal zones, and
why do some areas of the coastal ocean produce more fish
than others?

e Why do most hurricanes that impact North America cross
onto land along the shores of the Gulf of America (Golfo de
Meéxico) and the southeastern United States rather than along
the northeastern Atlantic coast or on the west coast of the
United States?

e [s pollution of the oceans by oil spills and industrial dis-
charges as bad as newspaper and other reports often portray
it?

e What are the main causes of the widely reported destruction
of coral reefs and damage to other ocean ecosystems?

e What is ocean acidification and why is it important?

e What is ocean deoxygenation? What are its causes and
consequences?

e Why do many scientists now believe that the planet may
now already have entered a new mass extinction of species
(we know of at least 5 that have occurred earlier in Earth’s
4.6-billion-year history)? What are the long term changes in
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ocean chemistry contribute to this mass extinction?

Answers to some of the questions listed above may be found
in a single section or chapter of this text. However, the oceans
are a complex environment in which geology, physics, chemistry,
and biology are all linked in intricate ways. As a result, finding
answers to many other questions requires fitting together infor-
mation from several different chapters. You will be reminded
numerous times of the interdisciplinary nature of ocean sciences
as you study this text.

One particular theme that exemplifies the interdisciplinary
nature of ocean sciences is revisited many times throughout this
book. This theme concerns what may be the most important sci-
entific questions facing contemporary human society: Is human
activity permanently altering the environment in a manner that
will ultimately damage or diminish civilization itself? Specifi-
cally, will the release of gases from the combustion of fossil fuels
alter the oceans and atmosphere in such a way that major changes
will occur in the global climate and ecosystems? If so, what do
we expect those changes to be?

THE OCEANS AND EARTH’S ENVIRONMENT

Only very recently have we come to realize that humans have
already caused profound changes, not just in local environments,
but in the global ocean, atmosphere, and terrestrial environments
as a whole. We have become aware that too little is known about
the global or regional consequences of environmental changes
already caused by human activities. Even less is known about the
future environmental consequences if our civilization maintains
its current pattern of exponential development and growth. The
urgent need to assess the unknowns has been felt throughout the
environmental-science community. The oceanographic commu-
nity has been particularly affected, because most global environ-
mental problems involve the oceans and ocean ecosystems, and
our knowledge of the oceans is much poorer than our knowledge
of the terrestrial realm. Changes in the marine environment
caused by human activities are many and varied. They include
many forms of pollution (Chap. 16) and physical changes in the

FIGURE 1-1 Change in the
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coastal environment (Chaps. 11, 13). Many pieces of informa-
tion must be obtained by different oceanographic disciplines
before human impacts on the ocean can be identified, assessed,
and effectively managed. Throughout this text, reference is made
to the application of various oceanographic findings, principles,
or studies to the practical problems of ocean management. The
intent is to facilitate understanding of similar problems reported
almost daily in the media.

Among contemporary environmental problems associated
with human activities, three related impacts stand out as the most
important and complex: global climate change due to enhance-
ment of the greenhouse effect (CC9), acidification of the oceans
(Chaps. 5,13,16), and deoxygenation of the oceans (Chaps.
12,13,16). Each of these problems are caused largely by the
release of large quantities of carbon dioxide to the atmosphere,
primarily as a result of fossil fuel burning.

A greenhouse is effective at maintaining higher internal
temperatures compared to external temperatures because its
glass windows allow more of the sun’s energy to pass through
into the greenhouse than it allows to pass out. The Earth’s
atmosphere acts in a similar way to control temperatures at the
Earth’s surface. In the atmosphere, several gases, especially
carbon dioxide, function like the glass in a greenhouse. Since
the Industrial Revolution, the burning of fossil fuels has steadily
increased the concentration of carbon dioxide in the atmosphere
(Fig. 1-1). The concentrations of other greenhouse gases, such as
methane and chlorofluorocarbons, also are increasing as a result
of human activities. If there are no other changes to compensate
for the consequent increase in greenhouse efficiency, the Earth’s
temperature will rise. Indeed, many scientists believe that hu-
mans have already caused the average temperature of the Earth’s
lower atmosphere, in which we live, to rise perhaps 1-2 degrees
Celsius, and have also predicted that the temperature will rise
by an additional several degrees Celsius in the next two to three
decades.

If such an increase in the global temperature does indeed oc-
cur, it will cause dramatic climate changes throughout the world.
These changes are likely to be devastating to agriculture, the en-
vironment, and our entire civilization. In addition, if the predicted
warming occurs, sea level will rise as a result of thermal expan-
sion of the warmed ocean water and melting of ice from glaciers
and polar ice sheets in Greenland and Antarctica. Some experts
predict that the sea level will rise a meter or perhaps more during
the next several decades. If this happens, large areas of low-lying
coastal land will be inundated, and some entire low-lying island
chains may disappear entirely.

Much of the carbon dioxide released by fossil fuel burning
has been absorbed by the oceans. However, the added carbon
dioxide reacts to form a weak acid. Consequently, although ocean
waters are still weakly alkaline, the acidity of the oceans is rising.
The oceans have been more acid in the ancient past than they
are today, but the rate at which acidification is currently taking
place is believed to be many times faster than has ever occurred
before. Because the rate of acidification is far too fast to allow
many species to evolve and adapt to greater acidity, it is antici-
pated that ocean acidification will result in the extinction of many
marine species and a drastic alteration of marine ecosystems.
Species that are especially at risk include those that create hard
parts (skeletons, shells and other structural materials) of calcium
carbonate. These include many of the most important groups of
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marine organisms such as shellfish and, perhaps more critically,
the pteropods that are the base of many marine food chains that
provide food for fishes and marine mammals.

The effects of ocean acidification on marine ecosystems are
already significant. For example, the acidity of coastal waters of
the Pacific North West has risen in recent decades to a level that
prevents oyster larvae from growing to maturity. This has sig-
nificantly affected the large oyster industry in the region. Oysters
can only be grown now if the oyster farms can hatch and grow
larvae in remote locations such as Hawaii where the water is less
acidic or in tanks with controlled pH water. The Bering Sea off
Alaska is the most acidic part of the world ocean (due to its cold
water and high biological productivity). pH values of 7.7 have
already been observed there and continue to decline. At these low
pH values, there is strong evidence that the Alaska King Crab
population will decline and that populations of the small animals
called pteropods, a principal food source for Bering Sea fishes,
including salmon, will also decline since the water is too acidic
for the pteropods to make their calcium carbonate shells.

There is considerable research underway on ocean acidifica-
tion and its effects. The research so far shows that acidification
will cause major changes in the species composition of marine
food chains and is likely to severely damage coral reefs be-
fore the end of the century. However, some species that rely on
calcium carbonate skeletal material do appear to be capable of
adapting to the acidity levels expected to be reached by 2100.
Despite the, as yet, incomplete understanding of the effects of
rising ocean acidity, what is known to date strongly supports a
conclusion that ocean acidification will cause major changes in
marine ecosystems within the next few decades. The effects of
anthropogenic carbon dioxide emissions on ocean acidity are
likely to rival or exceed the adverse effects of climate change in
the next several decades. In fact, our understanding of the acidi-
fication process suggests that, if ocean ecosystems are not going
to change dramatically and likely in ways that are detrimental,
humans must not only reduce the amount of carbon dioxide we
continue to release to the atmosphere but we must, within the
next few decades, actually remove from the atmosphere and
ocean much of the carbon dioxide that humans have already
discharged.

Widespread deoxygenation of the oceans is a threat that is
caused by a combination of climate change and civilization’s re-
leases to the oceans of large amounts of nitrogen and phosphorus
primarily from agriculture and in treated sewage discharges. This
threat is a little complicated as several of the physical, chemi-
cal and biological processes that are explained in later chapters
of this book are involved. For now, it is important understand a
few facts, as follows. The oceans are essentially separated into
a warm surface layer and colder deep water. The surface layer
water is mixed constantly and is in contact with the atmosphere
with which it can exchange gasses so it’s oxygen concentration
is primarily determined by the atmospheric oxygen concentra-
tion. The much thicker deep-water layers below the warm surface
layer are colder and mix only slowly with the surface layer (Fig.
1-2, CC1 Chaps. 5, 8). In the deep-water layer, respiration
(which includes microbial decomposition of detritus) removes
oxygen from the water and replaces it with carbon dioxide (Fig.
1-2, Chaps. 5, 12). If water in the deep layers of the oceans was
not continuously replaced by oxygenated surface waters, the deep
layers would lose all oxygen and would be uninhabitable by life,
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(a) Layered structure of the oceans.
Pycnocline zone is a transition zone
where water temperature decreases
and density increases rapidly with

depth and vertical mixing is slow deeper depths

(b) Oxygen is used up by respiration
in the pycnocline and deep zones
Rate of respiration is higher just
below the pycnocline zone than at

(c) Ocean circulation carries oxygen rich surface water into deep
layers. This oxygen rich water is slowly mixed back toward the
surface layer while its oxygen concentration is progressively
decreased by respiration

FIGURE 1-2 Oxygen concentration in ocean water is controlled by both physical and biological processes. (a) The oceans consist of two main
layers, a warm surface layer, and a cold deep layer, with a transition zone called the pycnocline zone between them. (b) Surface layer water is well
mixed and in contact with the atmosphere and its oxygen concentration is primarily controlled by gas exchange with the atmosphere. Photosynthesis
by marine life in this layer converts carbon dioxide to organic matter and releases oxygen but this is offset by respiration that converts oxygen to
carbon dioxide. Respiration also occurs in the deep layer, fueled by animals that migrate vertically or live in the deep and decomposition of organic
material (detritus), but there is no photosynthesis and no contact with the atmosphere so respiration continuously consumes oxygen in this deep layer
and, therefore the longer the water remains in the deep layers, the less oxygen it contains (c) The deep layer water is continuously replenished by
sinking of cold water in some near polar regions and then circulates through the oceans while being slowly mixed upward, eventually into the surface
layer again. The pycnocline provides a barrier that inhibits mixing so the upwards mixing process is slow.

except for certain microbial species (Chaps. 12, 13). However,
surface layer oxygen rich water does sink at certain locations at
high latitudes where it is cooled and becomes dense enough to
sink. This water moves slowly through the deep oceans, continu-
ously losing oxygen and gaining carbon dioxide due to respira-
tion, then eventually mixes back into the surface layers to be
re-oxygenated (Fig. 1-2,Chap 8). This results in a vertical profile
of dissolved oxygen concentration with high oxygen concentra-
tions in the surface layer and in the deepest water layers with an
oxygen minimum at depths in or just below the pycnocline zone
(Fig. 1-2,Chap 8). The concentration of oxygen in the water at
this oxygen minimum depth varies from location to location but,
in some areas is too low for animal life to survive. Areas that
exhibit such low oxygen concentrations are referred to as Oxygen
Minimum Zones (OMZ). OMZs are usually found at depths of
between about 200 and 1000m (Fig. 1-2,Chap 8) and at least
some such oxygen deficient areas are .currently expanding.

For many centuries, the balance between supply of oxygen
rich water to the deep layers and the rate of respiration by deep
layer living organisms has remained such that most of the deep
ocean layer water still retains some oxygen upon which most life
forms (including all animals) in the modern oceans depend. How-
ever, that has not always been true in several episodes of Earth’s
past when the deep ocean layers were devoid of oxygen.

There are two ways that the deep oceans can lose all their ox-
ygen. This can occur if the rate at which water circulates through
the deep oceans is reduced, allowing a longer time for respiration
to consume the oxygen, or if the rate at which respiration takes
place in the deep oceans increases, or a combination of these.
Respiration of living organisms in the deep layers of the oceans is
fueled by the decomposition of organic matter (food) just as it is
elsewhere. However, since no light penetrates to the deep layer to
support phototrophy most of the food supply in the deep layers
comes from the surface layer, as falling detritus or vertically mi-

grating organisms (Fig. 1-2b). This food supply is limited which
limits the total respiration oxygen loss as water flows through the
deep oceans. If the rate of supply of food from the surface layer
to the deep ocean water is increased, the additional food supports
more deep layer marine life, which means more respiration, and
the oxygen concentrations in deep water declines.

The Earth has experienced at least 5 known mass extinc-
tions of species such as the one that occurred when the dinosaurs
disappeared (Fig. 1-3). While deoxygenation of the oceans is
thought not to have been the sole cause of these extinctions, both
acidification and deoxygenation did occur during most of these
extinctions and are thought to have contributed to the extinction.

Now we can consider why scientists believe that deoxygen-
ation of the oceans is a major long term threat. First, less oxygen
can dissolve in seawater at higher temperatures, so climate warm-
ing will reduce oxygen concentrations in the surface layers of the
oceans that are in contact with the atmosphere. Second, warming
of the oceans is likely to enhance the temperature differences
between deep ocean layers and surface layers which will inhibit
vertical mixing of the two. Warming of ocean surface waters is
also expected to reduce the rate at which cold surface waters sink
into the depths. Each of these effects will lengthen the time that
ocean water spends out of contact with the atmosphere before re-
turning to the surface layers to exchange gases and re-equilibrate
with the atmosphere. Third, warming of the ocean waters, are ex-
pected to increase the rate of production of food by phototrophy
in the oceans surface layer, which will increase the rate of supply
of detritus to the deep layer, accelerating oxygen consumption.
Current research indicates that each of these three changes is
beginning to occur. Moreover, photosynthetic food production in
most of the oceans is limited by the low concentrations of nutri-
ents especially, nitrogen and phosphorus. Humans are releasing
large amounts of these nutrients, especially in agricultural runoff
and treated sewage wastes. This is also expected to enhance the



rate of photosynthesis supported organic matter production and,
in consequence the rate of production of detritus and the rate of
loss of oxygen from the deep ocean layers.

Our understanding does not yet allow us to assess with any
certainty, the future of ocean acidification and deoxygenation
in the global oceans. However, we do have observations of the
ecological damage that they can cause in limited regions. For
example, as mentioned ealier, acidification of the coastal waters
off the west coast of North America has already been observed
to have exceeded the ability of oysters to reproduce successfully
(Chaps 5, 16). Also, there are numerous coastal and estuarine
areas, including Chesapeake Bay and the Gulf of America (Golfo
de México) coastal waters west of the Mississippi Delta that
experience low or totally depleted oxygen in their deeper water
layers (below a shallow pycnocline), either periodically or per-
manently, due primarily to excess anthropogenic nutrients. These
areas have been called dead zones because living organisms that
can not swim away as these areas lose their oxygen die (Chaps
13,16). Also, water from an OMZ in the North Pacific Ocean has
periodically encroached on the Oregon continental shelf causing
a peridoic “dead zone” to appear.

The oceans and atmosphere act together as a complex system
that regulates our climate and the concentrations of carbon
dioxide and other gases in the oceans and atmosphere. The
oceans capture, store and redistribute the sun’s heat energy to
the atmosphere (CCS5) and so the oceans are integral to weather
and climate. . Within the ocean—atmosphere system, numerous
complicated changes and feedbacks occur as a result of increases
in atmospheric concentrations of carbon dioxide and other
gases. Some changes would add to the predicted global warm-
ing, whereas others would reduce or even negate it. This is also
true for ocean acidification and deoxygenation. However, our
current understanding of the ocean—atmosphere system is poor,
especially those segments of the system that are associated with
ocean processes. If we are to be able to predict our future with
greater certainty, so that we can take appropriate actions, we must
improve our understanding of the oceans.

In addition to studying contemporary ocean processes, ocean-
ographers study the oceans to uncover important information
about past changes in the world’s climate. Such historical infor-
mation, found primarily in ocean seafloor sediment and sedimen-
tary rocks, can reveal how the Earth’s climate has changed over
tens of millions of years and help us assess how it might change
in the future, either as a result of natural changes or as a result of
the enhanced greenhouse effect.

Climate change, ocean acidification and deoxygenation are
complex processes involving many concepts referenced in the
proceeding paragraphs. You might ask why they are summarized
in this introductory chapter. The reason is simple. Each chap-
ter contains information needed to fully understand how these
processes work. If climate change, acidification and deoxygen-
ation continue unchecked, the ultimate likely consequences
include global mass species extinction, a far greater threat than
the damage that may be caused by any other environmental issue.
Keep that in mind as you learn about the oceans and you will
realize that what you are learning about is not just science but
information about things that are vital to your life and the lives
of all other humans and other living creatures. We will return to
the subjects of ocean acidification and deoxygenation in Chap
16 when we discuss human impacts on the oceans. By then you
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will have learned about the fundamental physical, chemical and
biological processes operating in the oceans and will be able to
much better understand how acidification and deoxygenation are
developing and that they represent a major long-term threat to
both ocean ecosystems and human civilization.

Many important decisions must be made by current and future
generations about human use and the protection of our environ-
ment. It is important for all of us to participate in these decisions
with an understanding of the complexity of the ocean-atmosphere
system, and of uncertainties inherent in all scientific studies and
predictions of such complex environmental systems (CC10,
CC11). We must also recognize that science cannot provide
definitive answers to even the most intensively studied environ-
mental problems.

OCEANS AND THE ORIGINS OF LIFE

To investigate the origins of life, a number of laboratory stud-
ies have attempted to reproduce the conditions thought to exist
in the early oceans and atmosphere, including high ultraviolet
radiation levels and frequent lightning discharges. Under these
conditions, a wide range of organic compounds are created from
carbon dioxide, methane, ammonia, hydrogen, and water. The
organic compounds formed in these experiments included amino
acids, which are considered the most important building blocks
of the complex molecules needed for life to exist. However, we
do not understand how or know where these building blocks were
assembled into the much more complex molecules that were
needed to form the first living matter. Several hypotheses have
been proposed. The chemical reactions necessary to construct
complex molecules may have taken place on the surface of solid
particles, or deep within the Earth, or at hydrothermal vents
(Chap. 15). However, another possible explanation for the origin
of these complex compounds is that they first reached the Earth
in meteorites.

All life as we know it depends on the transport of chemical
elements and compounds within cells, and between cells and the
surrounding environment. In all known living organisms, from
archaea to mammals, these chemical substances are transported
dissolved in water. Therefore, water is essential to all life as
we know it. As a result, it is not surprising that life appears to
have been nurtured and developed in the oceans for most of the
billions of years that it has existed on the Earth. Evidence from
the fossil record indicates that life has existed on the Earth for a
very long time. Although there is evidence that life began much
earlier, the first life forms for which we have direct evidence
were bacteria-like microorganisms that existed about 3.6 bil-
lion years ago (Fig. 1-3), which is approximately 1 billion years
after the Earth was formed. When the oceans were first formed,
about 4.2 billion years ago, the atmosphere consisted mostly of
nitrogen, with smaller amounts of carbon dioxide and methane.
Because there was no free oxygen in the atmosphere or oceans, it
is thought that some of the earliest life forms were similar to the
chemosynthetic microbes that are found at present in many iso-
lated environments such as hydrothermal vents and deep within
the Earth’s crust (CC14, Chap. 15). These environments con-
tain no free oxygen and are often characterized by conditions of
extreme temperature and pressure, similar to the conditions that
are thought to have existed in the oceans and within Earth’s crust
when the oceans were first formed.

If the first organisms did utilize chemical energy to support
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FIGURE 1-3 The history of the Earth. The Earth formed about 4.6 billion years ago. Animals have existed on the Earth for only an extremely brief
period of its history. If the age of the Earth were only 1 year, animals would have existed for only 2 months, our species Homo sapiens for about 9
minutes, and the science of oceanography for less than a single second. Most actual dates on the figure are expressed as millions of years ago (MYA)

and are approximate.

their energy needs, then at some unknown time the first species
of microorganisms that utilized the sun’s light energy developed.
These organisms were phototrophic (CC14). Early phototrophs
probably used hydrogen sulfide as their source of hydrogen,
which is needed for building chemical compounds. Later, photo-
synthetic microorganisms, likely cyanobacteria, developed that
were able to split water molecules, using the hydrogen to build
their chemical compounds, releasing oxygen in the process. Over
a period of time, between about 1 and 2 billion years ago, these
photosynthetic organisms changed the composition of the Earth’s
atmosphere. Oxygen concentrations steadily increased until
they reached approximately the 20% now present. This change
was fundamental to the development of the majority of living
species now on the Earth. As the free oxygen accumulated in
the atmosphere, it also reacted with sulfides and other chemical
compounds in the oceans that support the life cycles of chemo-
synthetic species. As a result, chemosynthetic species largely dis-
appeared or became restricted to extreme environments, such as
those where they are found today. Furthermore, the free oxygen
permitted the development of the animal kingdom. All species of
animals depend on respiration using oxygen obtained from their
environment.

The oceans and atmosphere reached a steady state (maintain-
ing approximately the same chemical compositions that they have

today) approximately 1 billion years ago, and this relative stabil-
ity permitted the development of more complex life forms. The
first primitive higher animals were marine invertebrates, perhaps
similar to sponges and jellies (jellyfish), that developed about
700 million years ago, followed by the first fishes about 500 mil-
lion years ago (Fig. 1-3). The first plants appeared on land about
500 million years ago, and the first mammals only about 220
million years ago. Humans are latecomers. Hominids (humanlike
species) have existed for only about 4 million years—less than
one-tenth of 1% of the history of the Earth.

Although the specific environment in which life first devel-
oped is not known, clearly the oceans have played a major role in
nurturing the development of life on the Earth.

HOW TO STUDY OCEAN DATA

Before we begin to explore the intricacies of the relationships
among humans, the oceans, and the environment it is important
to review some of the basic tools that oceanographers and other
scientists use to describe what they have learned about the Earth
and its oceans. Many of those tools will be used in this text, es-
pecially various forms of maps, graphical representations of data
that vary geographically or with time, and the standard scientific
notation for numbers and units of measurement. The remainder of
this chapter is devoted to establishing the groundwork for the rest
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FIGURE 1-4 These two bar charts show the same data but use different
y-axis ranges. Notice that they give very different impressions about the
differences among the three values.

of the book.

As is true for other sciences, describing what we know about
the oceans and ocean processes requires the use of graphs and
similar diagrams, and sometimes mathematics. For ocean scienc-
es, we must also be able to represent data in a geographic context,
which requires the use of maps or charts. Graphs, diagrams, and
maps make it easy to understand certain features of even com-
plex data sets without using mathematics (a goal we have set for
this text). However, these visual representations can be properly
interpreted only if we understand how a particular graph or map
presents, and often distorts, the data. To make it possible for you
to properly study and understand the rest of this text, the remain-
der of this chapter discusses some of the characteristics of graphs
and maps that will be utilized extensively in this text. Even if you
are a science major and are familiar with science diagrams, you
are strongly urged to review this material.

Graphs

Graphs are probably the most widely used form of data
presentation in science and elsewhere. They provide a means by
which relationships between two or more numbers or properties
can be visualized, but they can be extremely misleading unless
they are read properly. To understand a graph, you must not only
look at the general shape of the line or curve connecting points,
or the apparent difference in sizes of bars in a bar chart, for ex-
ample, but also examine the axes. Two simple examples illustrate
why.

In Figure 1-4, three simple values that could be, for example,
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the prices of an item at different stores or the depths of the ther-
mocline at three locations in the ocean are plotted in a simple
bar chart. The same data are plotted in both parts of the figure.
Why do the plots look so different? In Fig. 1-4a, the y-axis
(vertical axis) extends from 0 to 250. In Fig. 1-4b, the data are
“expanded” by plotting on the y-axis only the range from 228 to
240. Items 1, 2, and 3 have nearly the same values, but one plot
seems to show that item 3 has a much higher value than items 1
and 2. Have you ever seen this technique used in advertisements
or newspaper reports to present data differences in a misleading
way?

The second example is a simple nonlinear (CC10) relation-
ship between two variables (x*= y). These variables could be, for
example, light intensity and depth, or primary production rate
and nutrient concentrations (although the relationships between
these pairs of parameters are actually more complicated). Notice
that the first plot (Fig. 1-5a) shows that y increases more rapidly
as x increases, exactly what we would expect from the simple
equation. However, the same data in Figure 1-5b appear to show
the exact opposite (y increases more slowly as x increases). The
reason for this difference is that y is plotted as the log of the
value. Log plots are commonly used for scientific data, but they
may be confusing unless you examine the axis carefully. One of
the reasons why log plots are used is illustrated by Figure 1-5c.
This figure is a plot of the same data as in Figure 1-5a,b, but
it has a log scale for both variables. The plot is a straight line,
revealing a feature of this nonlinear relationship that is often
important to scientists.

Contour Plots and Profiles

Contour plots are used to display the two-dimensional spa-
tial distribution of a variable such as atmospheric pressure on
weather maps. The variable plotted can be any parameter such as
pressure, temperature, soil moisture, vegetation type, or concen-
tration of a substance. Contours of pressure are usually called
isobars, temperature contours are isotherms, and density contours
are isopycnals.

Contour plots describe the distribution of variables on flat
surfaces. In some cases, the plotted variable is actually a mea-
surement of something in the third dimension, perpendicular
to the surface on which the plot is drawn. The most common
examples are topographic maps that depict the height of the land
surface above sea level, and bathymetric maps that depict the
depth of the ocean below sea level. Sea level is the flat surface
on which the third dimension variable, the height or depth, is
plotted. Contours are lines that connect points on the surface that

x

r T T T | A N S S
1 2 3 4 5 6 7 80910

90 1.8
80 1.6
70 1.4 /

60 1.24 /
50 / 14 /

N a ~10 |-
3 E ]

40 / = 0.8 r 0.8 8
50 5

304 / 0.6 4+ 0.6 4
3 3

20 / 0.4 0.4
2 2

10 // 0.2 0.2

0 - 0

100 — 2 100
/ F 1.8 / 80

~ 50 / 50
/ 40 1.6 4 / 40
30 " / 30

20 | / 20
12

. /

& 14 >~ 10

T T
n k] A I Q n n ~ a

T 1L 0 T T T T 1
© 1n n n? n4d nNa ng 1

FIGURE 1-5 A simple nonlinear relationship is plotted in three different ways to show how logarithmic scales can change the apparent nature of the
relationship between the two variables: (a) a linear—linear plot, (b) a log—linear plot, (c) a log—log plot.
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"“FIGURE 1-6 Contour plots. These plots reveal areas of higher and
lower values of the plotted parameter, identified as H and L. They also
indicate the strength of the gradient, which is stronger where adjacent
contours are closer to each other. (a) In this example, which is a topo-
graphic map, there is a flat plateau at point A, a steep-sided valley at point
B, an area of gentle slope at point C, a depression at point D, and a hill or
mountain at point E, which has a very steep slope, especially on its right
side. (b) Here, the same data are plotted with a greater interval between
contours. Unless you examine it carefully, this plot can give the appear-
ance that gradients are not as steep as they appear in part (a). (c) A three-
dimensional representation of the topography plotted in parts (a) and (b).

have the same value of the variable. A number of such contour
lines are drawn to represent different values of the plotted vari-
able. Often, but not always, the values contoured are spaced at
equal intervals of the variable, such as 50 m, 100 m, 150 m, and
200 m above sea level for a topographic map. One very important
rule of contouring is that contours of different elevations (or val-
ues of any other parameter that is contour plotted) cannot cross or
merge with each other. This is because each contour line always
follows its own elevation (or parameter value). If the plotted
parameter is elevated or depressed (forming hills or depressions)
in two or more areas, contours around any two such features
must not connect with each other. In addition, unless the feature
is at the edge of the plot, contours around each such feature must
connect with themselves in a closed loop (Fig. 1-6). Contour
lines show the distribution and magnitude of highs and lows of
the plotted parameter. In any particular contour plot, high and low
features (hills and valleys in a topographic map) that have more
contours surrounding them are of greater magnitude than those
with fewer surrounding contours. For example, higher hills are
depicted by more contours between the sea level and the hilltop
than would be present for lower hills. Contours can also reveal
the strength of gradients at different points on the plotted surface.
Where the contours are closely bunched together, the value of the
parameter must change quickly with distance across the surface,
and hence the gradient is relatively strong (steep terrain on a
topographic map). Conversely, where the contours are spread out,
the gradient is relatively weak. The term relatively is important
because the number of contours and the intervals between the
contours can be different in different plots; even plots of the same
data (compare Fig. 1-6a and b).

When you study contour maps, make sure you look at the
values on each of the contour lines. They will enable you to see
which features are highs and lows and to assess accurately the
relative magnitude of gradients at different points on the plot.
Many contour plots are now produced by computers, and in some
of these, contour lines are not used. Instead, the entire plot is
filled with color that varies according to the value of the param-
eter plotted. Usually the order of colors in the spectrum of visible
light is used. Red represents the highest value, grading progres-
sively through orange, yellow, green, and blue to violet, which
represents the lowest value. These plots are essentially contour
plots that have an infinitely large number of contour lines and in
which the range of values between each pair of adjacent contours
is represented by a slightly different shade of color. Figures 3-3,
7-11 and 8-15 are good examples. This convention, using the
spectrum from red to violet to represent higher values to lower
values, is now universally accepted and makes it easy to visually
identify the areas of high and low values. Consequently, with a
few exceptions made for specific reasons, we have used this con-
vention to color-code the regions between contours in all of the
contour plots in this text. Figure 1-6 is an example.

Contour plots are often displayed on cross-sectional profiles.
Cross-sectional profiles represent the distributions of properties
on slices (cross sections) through, for example, the Earth or an
ocean. Oceanographers commonly use cross-sectional profiles
that represent a vertical slice through the Earth and oceans. Be-
cause the oceans and the Earth’s crust through which these verti-
cal profiles are drawn are extremely thin in comparison with the
widths of the oceans and continents, these profiles almost always
have a large vertical exaggeration. For example, the maximum
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FIGURE 1-7 Most vertical profiles are vertically exaggerated. Topogra-
phy appears progressively more distorted as the exaggeration increases.
The relatively flat topography depicted in this figure looks like extreme-
ly rugged mountain chains with very steep slopes when it is plotted at

a vertical exaggeration of 100 times. Most oceanographic profiles are
plotted with vertical exaggerations greater than 100 times.

depth of the oceans is approximately 11 km, whereas their widths
are several thousand kilometers. If we were to draw a vertical
profile with no vertical exaggeration on a page in this book, an
ocean depth of 11 km scaled to 11 cm on the vertical axis would
necessitate a diagram that had a width of 1000 cm (more than 50
page widths) for each 1000 km of ocean width plotted. Because
this is obviously not possible, the scale on which distance across
the ocean is plotted is reduced. This decreases the width of the
plot but also produces vertical exaggeration that distorts the data.

Figure 1-7 shows the effects of 10 and 100 times vertical ex-
aggerations of a topographic profile. Most profiles used in ocean
sciences have exaggerations greater than 100 to 1. Vertically
exaggerated profiles make the gradients of topographic features
appear much greater than they really are. Two points are impor-
tant to remember as you examine vertically exaggerated profiles
in this textbook. First, the seafloor topography is much smoother
and the slopes are much shallower than depicted in the profiles.
Second, ocean water masses are arranged in a series of layers
that are very thin in comparison with their aerial extent, and this
characteristic is not adequately conveyed by the profiles.
Maps and Charts

The Earth is spherical, and the ideal way to represent its
geographic features would be to depict them on the surface of a
globe. Although virtual-reality computer displays may eventually
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make such representation possible, it is currently impractical for
most purposes. Consequently, geographic features of the Earth’s
surface are almost always represented on two-dimensional maps
or charts (chart is the name given to maps that are designed and
used for navigation). To represent the spherical surface of the
Earth in two dimensions on a map, a projection must be used.

A projection consists of a set of rules for drawing locations on a
flat piece of paper that represent locations on the Earth’s surface.
All projections distort geographic information, each in a different
way. Several different projections are used in this textbook, and
you may see other projections elsewhere.

To draw accurate maps of the Earth, we must relate each
location on the Earth’s surface to a particular location on the flat
map surface. Therefore, we must be able to identify each point
on the Earth’s surface by its own unique “address.” Latitude and
longitude are used for this purpose.

In a city, the starting “address” is usually a specific point
downtown, and the numbers of streets and of houses on each
street increase with distance from that point. On the Earth, there
is no center from which to start. However, two points, the North
and South Poles, are fixed (or almost so), and the equator can be
easily defined as the circle around the Earth equidistant from the
two poles. This is the basis for latitude. The equator is at latitude
0°, the North Pole is 90°N, and the South Pole is 90°S. Every
location on the Earth other than at the poles or on the equator
has a latitude between either 0° and 90°N or 0° and 90°S. Why
degrees? Figure 1-8a shows that if we draw a circle around
the Earth parallel to the equator, the angle between a line from
any point on this circle to the Earth’s center and a line from the
Earth’s center to the equator is always the same. If the circle is at
the equator, this angle is 0°; if it is at the pole, the circle becomes
a point and this angle is 90°. If the circle is not at the equator or
one of the poles, this angle is between 0° and 90° and is either
south or north of the equator.

Latitude can be measured without modern instruments. Po-
laris, the Pole Star or North Star, is located exactly over the North
Pole, so at 90°N it is directly overhead. At lower latitudes, Polaris
appears lower in the sky until, at the equator, it is on the horizon
(at an angle of 90° to a vertical line). In the Northern Hemi-
sphere, we can determine latitude by measuring the angle of the
Pole Star to the horizon. In the Southern Hemisphere, no star is
directly overhead at the South Pole, but other nearby stars can be
used and a correction made to determine latitude. Star angles can
be measured accurately with very simple equipment, and the best
early navigators were able to measure these angles with reason-
able accuracy without instruments.

Latitude is a partial address of a location on the Earth. It spec-
ifies only the hemisphere in which the location lies, and that the
location is somewhere on a circle (line of latitude) drawn around
the Earth at a specific distance from the pole (equivalent to
“somewhere on 32nd Street”). The other part of the address is the
longitude. Figure 1-8b shows that the relative locations of two
points on a line of latitude can be defined by measurement of the
angle between lines drawn from the Earth’s center to each of the
locations. This angle is longitude, but it has no obvious starting
location. Consequently, a somewhat arbitrarily chosen starting lo-
cation, the line of longitude (north—south line between the North
and South Poles) through Greenwich, England, has been agreed
upon as 0° longitude and is known as the “prime meridian.”

Longitude is measured in degrees east or west of the prime
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FIGURE 1-8 Latitude and longitude are measured as angles between lines drawn from the center of the Earth to the surface. (a) Latitude is mea-
sured as the angle between a line from the Earth’s center to the equator and a line from the Earth’s center to the measurement point. (b) Longitude is
measured as the angle between a line from the Earth’s center to the measurement point and a line from the Earth’s center to the prime (or Greenwich)
meridian, which is a line drawn from the North Pole to the South Pole passing through Greenwich, England. (c) Lines of latitude are always the same
distance apart, whereas the distance between two lines of longitude varies with latitude.

meridian (Fig. 1-8b). Locations on the side of the Earth exactly
opposite the prime meridian can be designated as either 180°E or
180°W. All other locations are between 0° and 180°E or between
0° and 180°W. Longitude is not as easy to measure as latitude,
because there is no fixed reference starting point and no star
remains overhead at any longitude as the Earth spins. The only
way to measure longitude is to accurately fix the time difference
between noon (sun directly overhead) at the measurement loca-
tion and noon at Greenwich. The Earth rotates through 360° in
24 hours, so a 1-hour time difference indicates a 15° difference
in longitude. To determine longitude, the exact time (not just

the time relative to the sun) must be known both at Greenwich
and at the measurement location. Before radio was invented, the
only way to determine the time difference was to set the time

on an accurate clock at Greenwich and then carry this clock to
the measurement location. Consequently, longitude could not be
measured accurately until the invention of the chronometer in the
1760s.

Latitude and longitude lines provide a grid system that speci-
fies any location on the Earth with its own address and enables
us to draw maps. Before we look at these maps, notice that 1° of
latitude is always the same length (distance) wherever we are on
the Earth, but the distance between lines of longitude is at a maxi-
mum at the equator and decreases to zero at the poles (Fig. 1-8c).

Figure 1-9a is the familiar map of the world. This representa-
tion of the Earth’s features is a Mercator projection, which is used
for most maps. For the Mercator projection, the lines of latitude
and longitude are drawn as a rectangular grid. This grid distorts
relative distances and areas on the Earth’s surface. The reason
is that, on the Earth, the distance between two lines of longitude
varies with latitude (Fig. 1-9¢), but the Mercator projection
shows this distance as the same at all latitudes. Furthermore,
the Mercator shows the distance between lines of latitude to be
greater at high latitudes than near the equator, even though on the
Earth’s surface they are the same.

Why, then, has the Mercator projection been used for so long?

The answer is that it preserves one characteristic that is important
to travelers: on this projection, the angle between any two points
and a north—south line can be used as a constant compass heading
to travel between the points. However, the constant-compass-
heading path is not the shortest distance between the two points.
The shortest distance is a great-circle route. A great circle is a
circle around the full circumference of the Earth. The Mercator
projection suggests that the “direct” route between San Francisco
and Tokyo is almost directly east to west. However, the normal
flight path for this route is almost a great-circle route that passes
very close to Alaska and the Aleutian Islands. You can see the
great-circle route and why it is the shortest distance by stretching
a piece of string between these two cities on a globe. Over short
distances the compass-direction route and the great-circle route
are not substantially different in distance, and the simplicity of
using a single unchanging compass heading makes navigation
easy. Ships and planes now use computers to navigate over great-
circle routes that require them to fly or sail on a continuously
changing compass heading.

Although the Mercator projection is very widely used, other
projections preserve different characteristics of the real spheri-
cal world. The following four characteristics would be useful to
preserve in a map projection:

e Relative distances. Measured distance between any two
points on the map could be calculated by multiplying by
a single scale factor. Most projections do not preserve this
characteristic.

e Direction. Compass directions derived from the straight lines
between points on the map could be used for navigation. The
Mercator projection preserves this characteristic.

e Area. Two areas of the same size on the Earth would be
equal in area on the map. The Mercator projection is one of
many projections that do not preserve this characteristic.

e Shape. The general shape of the oceans and land masses on
a map would be similar to the shapes of these features on the
globe. Most projections do not preserve this characteristic.



FIGURE 1-9 Typical
map projections. (a)
Mercator projection.
Note that the map is
cut off, so the higher
latitudes near 90°N
and 90°S are not
shown. The reason

is that the shape and
area distortions intro-
duced by this projec-
tion increase rapidly
with latitude near the
poles. (b) Goode’s
interrupted projec-
tion. This projection
preserves relative
areas and shows each
of the oceans without
interruption. However,
it distorts the shapes
of the continents. (c)
Robinson projection.
This projection pre-
serves none of the four
desirable characteris-
tics perfectly, but it is
a good approximation
for many purposes.
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TABLE 1.1 Characteristics of Selected Map Projections

Preserves Preserves
Relative Preserves Relative Preserves
Projection Distances Directions Areas Shape Areas Most Distorted Common Uses
Mercator Poor Excellent Poor Fair Mid to high latitudes Navigation charts, world
maps, maps of limited
areas
Miller’s Good Good Excellent Poor High latitudes World maps
cylindrical
Robinson Good Fair Good Fair High latitudes, 4 “cor- World maps
ners”
Mollweide Good Fair Good Poor High latitudes, 4 “cor- World maps
ners”’
Goode’s Good Poor Very good Poor in Relative positions of World maps, global oceans
. most continents
interrupted
areas
Conic Good Excellent Very good Excellent Distortion equally dis- Maps of the U.S., individual
tributed continents
Polar Fair Excellent Good/poor Good Outer edges Maps of polar regions
azimuthal

Because no projection (only a globe) preserves all four of
these characteristics, different projections are used for different
purposes. In this textbook, for example, a Goode’s interrupted
projection (Fig. 1-9b) is used often because it preserves relative
areas correctly and shows each of the three major oceans unin-
terrupted by the edge of the map. Other projections, such as the
Robinson projection (Fig. 1-9¢), are also used in this textbook.
The projection used for each map is identified in each figure.
Table 1-1 lists the relative ability of each of these projections to
satisfy the four desirable map characteristics described here.

Always consider the characteristics of a projection when
you examine a map. For example, compare the sizes of Green-
land and South America in parts (a) and (b) of Figure 1-9. The
Mercator projection exaggerates the relative size of Greenland,
which the Goode’s interrupted projection preserves. Generations
have grown up thinking that Greenland is much bigger than it is,
thanks to the Mercator projection.

Scientific Notation and Units

Some of the numbers mentioned in this chapter have been
very large. For example, the history of the Earth presented in
Figure 1-3 spans nearly 5 billion (5,000,000,000) years. On that
figure, the abbreviation MYA was used to represent millions of
years ago. In ocean sciences, such large numbers are common, as
are very small numbers. For example, the concentration of lead
in seawater is about 0.000,000,000,5 gram per kilogram of water.
In order to avoid using long strings of zeros, scientists use a type
of shorthand for numbers like these. For example, the age of the
universe is 5°10° years, and the concentration of lead in seawater
is 5¢10°!° grams per kilogram.

These numbers might look odd, but they are really quite
simple. The numbers are written with powers of 10. The ¢ symbol
can be stated as “to the power of,” and the superscript number
represents the number of orders of magnitude (factors of 10) by
which the first digit must be multiplied. Thus, 5¢10° is 5 to the
power of 9 factors of 10 (the number is multiplied by 1 and nine

zeros are added, which gives 5,000,000,000). The number is said
to be raised by 9 orders of magnitude (powers of 10). Similarly,
5¢107'%is 5 to the power of negative 10 (the number is multiplied
by 0.000,000,000,1, which gives 0.000,000,000,5. Notice that
the negative sign in the superscript part of the scientific nota-
tion denotes the number of powers of 10 by which the number is
reduced. When a number has more than one nonzero digit, such
as 5,230,000,000, the scientific notation is 5.23+10°. Notice that
this shorthand system makes it easy to compare two very large
or two very small numbers. In our example, it is easy to see that
5¢10° and 5.23+10° are not very different without having to count
all the zeros. This text makes extensive use of scientific notation.
Appendix 1 provides a simple conversion table, if you need it.
Like other scientists, oceanographers use a variety of scien-
tific units to identify such parameters as length, speed, time, and
so on. To avoid problems with unit conversions, such as miles to
kilometers, and to make the comparison of data easier, scientists
have developed an International System of Units (abbreviated
SI) that is steadily progressing toward being used universally,
although some other units are still widely used. There are only
seven base units:
e [ength: meter, symbol m
Mass: kilogram, symbol kg
Time: second, symbol s
Electric current: ampere, symbol A
Thermodynamic temperature: kelvin, symbol K
Amount of a substance: mole, symbol mol
Luminous intensity: candela, symbol c¢d
All other units are “derived” units. For example, volume is
measured in cubic meters, or m?, and speed is measured in me-
ters per second (m/s or mes™). SI units are used in much of this
text. However, as is still common in science, they are not used
exclusively, because some of them are, as yet, unfamiliar even to
many members of the scientific community. Appendix 1 includes
more information about SI units and a table of all scientific unit
abbreviations used in this text.




In this text, we use simple SI units to express concentrations
of chemicals dissolved in water, for example grams per kilogram
(g°kg™") or milligrams per kilogram (mgekg'). However, you may
see on the web or in other publications concentrations expressed
in molality or molarity. Molality is simply the concentration
of the dissolved substance in grams of dissolved substance per
kilogram (gekg') divided by the molecule weight of the dissolved
substance. Similarly molarity is expressed in grams of dissolved
substances per liter (gel"). Dividing the mass of a substance by its
molecular weight gives you the amount of substance in “moles”

a unit that is related to the number of molecules of the substance
present - so 1 mole of a substance has exactly the same number of
molecules as 1 mole of any other substance. Chemist use molality
or molarity because it can make certain calculations simpler. For
example, seawater contains about 19.8 gekg™! of chlorine, present
as the chloride ion (Cl)ion and about 10.78g<kg" of sodium as
the sodium ion (Na"). This looks like it is a lot more chloride ion
than sodium ion but, if we convert these to molality (by dividing
each number by the molecular weight of the ion - about 35 for
the chloride ion and 23 for the sodium ion, we find that chloride
concentration in seawater is 0.55 molal and sodium is 0.47 molal-
much closer. In fact, if seawater contained only dissolved sodium
chloride sodium chloride these molarity numbers would be the
same so we know that 0.08 moles (0.55-0.47) of other positive
ions such as potassium (K+) and calcium (Ca?") must be present
in seawater. In this example, molality (or molarity) is an expres-
sion of the number of atoms of sodium or chlorine. If we wanted
to make sodium chloride from chlorine and sodium we would
need to add 1 mole of each to get 1 mole of sodium chloride,
simpler to calculate than adding 35.5 g of chlorine and 22.99 g
of sodium as we would have to do otherwise. With molecules
that are more complex that sodium chloride this simplification
becomes even much more valuable.

CHAPTER SUMMARY

Introduction.

The oceans influence our daily lives in many different ways.
Understanding how they affect us requires an interdisciplinary
approach that includes knowledge of the geology, physics, chem-
istry, and biology of the oceans and of how these aspects interact.

Most of the world’s population lives near the oceans or a river
that connects to the oceans. The oceans provide many resources,
especially food and transportation corridors, but they are also
susceptible to pollution, habitat damage, and other impacts of hu-
man activities. Recreational uses of the oceans and awareness of
the unique nature of marine ecosystems and species have grown
explosively in the past several decades.

The Oceans and Earth’s Environment

Humans have altered Earth’s environment in a number of
ways. The most important of these has almost certainly been de-
forestation and use of fossil fuels that has raised the atmospheric
concentration of carbon dioxide from about 280 ppm prior to the
industrial revolution (ca. 1750) to over 420 ppm in 2023. The rate
at which this concentration has risen has accelerated and is now
about 3 ppm per year. Three impacts of this rise in atmospheric
carbon dioxide, climate change, ocean acidification and ocean
deoxygenation together are the most serious long-term threats to
Earth’s environment as a result of human populations. Each of
these threatens to cause disruption of global ecosystems that will
include species disruptions and, taken together, they pose the risk
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of a mass extinction. Climate change also threatens to impact
humans directly in a number of adverse ways including increas-
ing the severity and probably the rate of occurrence of extreme
weather events, rising sea level, and increased coastal erosion.
Climate is controlled by the atmosphere and oceans working to-
gether in complex ways. Ocean processes and relate atmospheric
processes are the subject of this text. Understanding these com-
plex interactions is the key to understanding the oceans and the
future of climate change, acidification and deoxygenation.

Oceans and the Origins of Life.

Many organic compounds probably were formed in the early
oceans, but it is not known how these simple compounds became
much more complex to create the first life form. However, it is
thought that early life was found predominantly in the oceans.
The first life for which we have evidence was bacteria-like,
existed about 4.2 billion years ago, and must have been che-
mosynthetic, as there was no oxygen in the early atmosphere.
Eventually microorganisms developed that used photosynthesis,
which splits water into hydrogen (which is utilized by the organ-
ism in its metabolism) and oxygen (which is released). Between
about 1 and 2 billion years ago, photosynthetic organisms added
oxygen to the atmosphere until it reached its current concentra-
tion of about 20%. Chemosynthetic organisms either died out or
were restricted to limited oxygen-free environments, and species
developed that depended on respiration using oxygen from their
environment. Today, all species of animals and most other species
respire and need oxygen in their environment. The first primitive
higher animals, invertebrates such as sponges, appeared about
700 million years ago. Fishes developed about 510 million years
ago. The first land plants and mammals developed about 500 and
200 million years ago, respectively.

How to Study Ocean Data.

Maps and charts are used extensively to display ocean science
data. Each graph, map, or chart may represent data in a differ-
ent way using different distortions of the real world. Graphs may
have axes that do not start at zero or are nonlinear. The choice of
axis can substantially change how the same set of data is per-
ceived at first glance.

Contour plots are used extensively to represent the distribu-
tion of properties on a two-dimensional surface, such as the
Earth’s surface. The relative distance between two contours on a
contour plot is a measure of the gradient in the property, but the
absolute distance can be affected by the choice of contour inter-
val. Most contour plots in this text are color-shaded between the
contours. Red always represents the highest value of the param-
eter plotted, grading through the spectrum to blue as the lowest
value.

Maps and charts are used to represent horizontal distributions.
Profiles are vertical cross sections through the Earth or the oceans
and generally display contours to show the vertical distribution
of properties. Most profile plots in this text are greatly vertically
exaggerated. This exaggeration is necessary because the depth
of the oceans, or the thickness of the atmosphere or the Earth’s
crust, are extremely small compared to the width of the oceans or
land masses.

The Earth is spherical, and a system of latitude and longi-
tude has been developed to identify specific locations on this
sphere. Latitude is referenced to the circle around the Earth at
the equator, which is designated as 0° latitude. Other latitudes



14 CHAPTER 1: The Ocean Planet

are expressed by the angle between a line from the Earth’s center
to the location in question and a line from the Earth’s center to
the equator. There are 90° of latitude; the North Pole is at 90°N
and the South Pole at 90°S. Longitude is referenced to the prime
meridian, a line designated as 0° that is drawn through the North
and South Poles and that passes through Greenwich, England.
Locations on the continuation of that same circle connecting the
poles on the side of the Earth away from Greenwich are desig-
nated as both longitude 180°W and 180°E. Other longitudes lie
between 0° and either 180°W or 180°E, and they are determined
by the angle and direction between a line drawn between the
Earth’s center and the prime meridian and a line between the
Earth’s center and the specific location. One degree of latitude

is the same distance regardless of the latitude or longitude. The
distance represented by 1° of longitude varies from a maximum
at the equator to zero at the poles.

Maps and charts must represent the spherical surface of the
Earth or oceans in only two dimensions. No two-dimensional
projection can correctly maintain relative distances, compass
directions, relative areas, and the proper shape of features on
a sphere. Therefore, all maps and charts distort one or more of
these characteristics. The Mercator projection, which is the most
widely use in atlases, depicts the distance between degrees of
longitude as the same, regardless of latitude. Thus, this projection
preserves the relative directions between locations, but it distorts
all three of the other relationships. The distortion is not important
in regional maps of low latitudes, but it becomes greater at high
latitudes and for global maps. Ocean scientists and this text use
a variety of other projections for specific purposes. For example,
Goode’s interrupted projection is often used because it gener-
ally preserves relative areas and distances and it can be drawn to
represent all the major oceans without having to split them at the
edge of the map.

To represent very large or very small numbers, scientists use
a scientific notation based on powers of 10. A standard system of
scientific units (SI) is now in place and is becoming more widely
used, but it is not yet universal. Both scientific notation and SI
units are used extensively in this text.

KEY TERMS

You should recognize and understand the meaning of all terms
that are in boldface type in the text. All those terms are defined in
the Glossary. The following are some less familiar key scientific
terms that are used in this chapter and that are essential to know
and be able to use in classroom discussions or exam answers.

acidification isobar
bathymetric isopycnal
chronometer isotherm
chemosynthetic longitude
contour latitude
crust photosynthetic
deoxygenation pycnocline
detritus respiration
fossil steady state
greenhouse effect stratification
invertebrates topographic
STUDY QUESTIONS

1. What causes a greenhouse effect?
2. Why weren’t the first living organisms capable of photosyn-
thesis?

3. What are the essential things to look at the first time you

study a graph?

What information can we get from studying a contour plot?

What is vertical exaggeration in a profile?

Are lines of longitude parallel to each other?

What are the four characteristics we would like a map projec-

tion to preserve?

8. On a Mercator projection map of the world, which countries
or areas appear larger than they really are compared to other
areas on the map?

CRITICAL THINKING QUESTIONS

1. We are concerned that the Earth’s climate may change be-
cause of the increase in atmospheric carbon dioxide concen-
tration that has resulted from human activities over the past
century or more. It has been suggested that, since trees absorb
carbon dioxide and release oxygen, we can solve the problem
by replanting forests and planting many more trees in our
urban areas. If we were to plant trees wherever they would
grow on the entire planet, would this be enough to reverse
the trend of increasing carbon dioxide concentration in the
atmosphere? Explain the reasons for your answer. If you are
not able to answer this question, what information would you
need to do so?

2. A number of developing nations, especially those in Africa
and South America, have suggested that world maps used in
all textbooks and atlases should use a projection other than
the Mercator projection. What do you think is their reason for
this suggestion?

CRITICAL CONCEPTS REMINDERS

CCS5 Transfer and Storage of Heat by Water: The heat properties
of water are a critical element in maintaining a climate on Earth
that is suitable for life as we know it.

CC9 The Global Greenhouse Effect: Perhaps the greatest envi-
ronmental challenge faced by humans is the prospect that major
climate change may be an inevitable result of our burning of
fossil fuels. The burning of fossil fuels releases carbon dioxide
and other gases into the atmosphere, where they accumulate
and act like the glass of a greenhouse retaining more of the
sun’s heat.

Nk

CC10 Modeling: Complex environmental systems, including the
oceans and atmosphere, can best be studied by using concep-
tual and mathematical models.

CC11 Chaos: The nonlinear nature of many environmental
interactions makes complex environmental systems behave in
sometimes unpredictable ways. It also makes it possible for
these changes to occur in rapid, unpredictable jumps from one
set of conditions to a completely different set of conditions.

CC14 Phototrophy, Light, and Nutrients: Chemosynthesis and
photostrophy (which included photosynthesis) are the pro-
cesses by which simple chemical compounds are made into the
organic compounds of living organisms. The oxygen in Earth’s
atmosphere is present entirely as a result of photosynthesis.

CREDITS
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CC10 Modeling

CC11 Chaos

CC16 Maximum Sustainable Yield

CC17 Species Diversity and Biodiversity

The dawn of ocean sciences. HMS Challenger is made fast to St. Paul’s Rocks on the Mid-Atlantic Ridge—a hazardous task—during the first part of
its 1872—1876 expedition.

The oceans have played a key role throughout human his-
tory. They have provided sustenance for humans for millennia.
They have facilitated long-distance trade, served for transport of
armies, and provided the arena for countless naval battles. They
currently offer a source of recreation for hundreds of millions of
people. However, the oceans’ key role in mediating global cli-
mate and local weather is likely more important to humans than
any of these other functions is.

Given the enormous importance of the oceans to human
existence, one might expect our knowledge and understanding of
them to be extensive and thorough. However, the oceans, which
cover approximately 70% of the Earth’s surface to an average
depth of almost 4 km, are largely a vast domain that remains
unvisited and unexplored. Amazingly, until the 1930s no human
had ever descended below 150 m.

In this chapter we will review some of what has been learned
about the oceans and about why they are so important to humans.

Compared to other sciences, oceanography is young, and new,
sometimes startling discoveries are made frequently.

WHAT IS OCEANOGRAPHY?

Until recent decades, oceanography was primarily an observa-
tional discipline with greater similarity to geography than to other
sciences. For many thousands of years, study of the oceans was
limited almost entirely to exploring the surrounding lands and
mapping the oceans and such shallow underwater obstructions
to navigation as reefs. Such studies were important to facilitate
trade and travel between known landmasses and islands. Consid-
erable information was also gathered about the best places to find
fish and shellfish, especially in the coastal oceans. However, for
many centuries this biological information was documented only
in the oral histories of local fishers.

Aside from limited studies by scholars of a few ancient civi-
lizations, almost all systematic studies of the oceans have been
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carried out within the past 250 years. During these two centu-
ries, mapping of the oceans has continued with ever-increasing
sophistication (Appendix 4). Geological oceanographers have
mapped seafloor topography and sediments. Physical oceanogra-
phers have mapped distributions of salt content, temperature, and
currents. Chemical oceanographers have mapped distributions

of chemicals in seawater and in seafloor sediment. Biological
oceanographers have mapped distributions of algae, bacteria, and
animal species. Mapping the oceans has been an enormous task
that is far from complete, for reasons we examine later.

During the past several decades, oceanographers have moved
beyond simply mapping the oceans to studying the processes that
occur in them. As revealed in this text, the geological, physical,
chemical, and biological processes in the oceans and overly-
ing atmosphere are complicated and intimately interdependent.
Consequently, oceanography must be interdisciplinary. Oceanog-
raphy is now often called “ocean sciences” to acknowledge the
discipline’s transition from primarily mapping oceans to interdis-
ciplinary studies of ocean processes

To perform their work properly, oceanographers must under-
stand all basic ocean processes, although they often specialize in
one aspect. In oceanography, much information must be inte-
grated to describe complicated processes. Therefore, the scientist
must take a step beyond many of the traditional sciences that
rely on reductive methodology, in which investigators reduce the
complexity of a problem by studying only part of it (e.g., study-
ing the effect of varying temperature on a single species rather
than the combined effects of all environmental variables and
competition from other species). Oceanographers must integrate
and compare many observations of the ever-changing marine
environment, often by using computer models (CC10), as well
as performing reductive methodology experiments in controlled
laboratory or field conditions.

EXPLORATION AND MAPPING

Through most of human history, the oceans have been studied
primarily to facilitate seaborne travel and transport. Hence, early
studies were directed primarily toward exploring and mapping
the oceans.

Prehistory

We do not know when humans first began to use the oceans
as a food source and for transportation—the two ocean uses that
remain the most valuable to us today. However, humankind has
used these resources for tens of thousands of years. The bones
of marine fishes discarded by Stone Age people have been found
in caves in South Africa that date back to between 100,000 and
70,000 years ago. In East Timor, near Indonesia, fish hooks that
date back more than 38,000 years and bones of fishes that date
back as far as 42,000 years ago have been found in a limestone
cave. The fish bones came from species that live in coastal waters
and from some species that live in the deep ocean far from shore:
evidence that humans were using boats or rafts to fish in the open
ocean. Also, humans are thought to have arrived on the island of
Australia about 50,000 years ago. The first boats were probably
built even earlier, perhaps for fishing on lakes or in the shallow
coastal ocean, then later for transportation and colonization. The
first boats or rafts may even have been made and used by Homo
erectus, our immediate predecessor in the evolutionary tree.
Archaeological evidence shows that some Homo erectus lived
on the island of Flores, Indonesia, at least 750,000 years ago. To
reach Flores, Homo erectus must have crossed a wide, deep water
strait that acted as a barrier to the migration of most other species.

Early human boats were made of wood, reeds, animal skins,
or tree bark. These materials do not generally survive the centu-
ries for archaeologists to study. The oldest boat found by archae-
ologists is thought to be a dugout canoe found in the Netherlands
that was made between 10,200 and 9,600 years ago.

FIGURE 2-1 Map of the
known world drawn by
Herodotus in approximate-
ly 450 BCE. The oceans
~ surrounding the known
landmasses were thought
to extend to the edge of
the world. Compare this

. map carefully to a cur-
rent Mercator projection,
and you will see that the
map drawn by Herodotus
somewhat distorts longi-
tude but quite accurately
reproduces latitudes



Ocean Exploration in Early Civilizations

Recorded history tells us that early development of ocean
transportation and trade centered in the Mediterranean Sea,
although the Polynesian and Micronesian cultures in the Pacific
Ocean may have pursued these activities during the same period.

The Mediterranean.

The Minoan civilization, which prospered on the island of
Crete in the Aegean Sea from about 3000 BCE, is considered
the first recorded civilization to have used boats extensively for
transport, trade, defense, and conquest. The Minoans’ influence
extended throughout the many islands of the Aegean, and legend
records that a Minoan navy fought and controlled pirates in the
region. Although seafaring capability continued to develop in the
Mediterranean in both the ancient Greek and Egyptian civiliza-
tions, the Phoenicians, who inhabited areas that are now parts
of Israel, Lebanon, and Syria, were the greatest of all the early
Mediterranean seafarers. From about 1100 to 850 BCE, the
Phoenicians were a great sea power, voyaging throughout the
Mediterranean to Spain, Italy, North Africa, and even the British
Isles, where they traded for tin. The Phoenicians also claimed to
have made a 3-year voyage around the entire continent of Africa,
but that claim has not been confirmed.

Much of the information needed to navigate from one port to
another was a closely held secret of the navigator’s art. However,
maps that showed the shapes and sizes of coastlines and seas
were made several thousand years ago. In about 450 BCE, the
Greek historian Herodotus drew a map that is surprisingly rec-
ognizable as a generally accurate map of the Mediterranean and
Red Sea region (Fig. 2-1). The most famous of ancient mapmak-
ers was the Greek geographer Ptolemy, who lived around 150
CE. Ptolemy’s maps, although little known until the end of the
Dark Ages, about 1400 CE, were the basis of most maps until the
1500s.

Ptolemy’s maps are remarkably detailed and accurate in their
reproduction of north-to-south positions (latitude). However,
they are distorted by substantial errors in east-to-west positions
(longitude). For example, Ptolemy shows the east-to-west length
of the Mediterranean to be about 50% too long in relation to its
north-to-south dimension. These errors are a consequence of the
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FIGURE 2-2 A typical Polynesian
outrigger canoe. This design has been
used for centuries throughout much of
Polynesia and Micronesia. This canoe
was photographed in Papua New
Guinea.

mapmaker’s inability to measure time accurately. Without precise
and accurate time measurements, it was not possible to establish
longitude correctly, as is discussed in Chapter 1. The east—west
distortion of maps was not corrected until about the 1760s, when
the first practical chronometers were developed that could keep
accurate time on a ship.

In the 2000 years following the Phoenician era, ocean explo-
ration slowed, and much of what may have been learned was lost
in the turmoil of the Dark Ages. We know that philosophers did
make several significant observations, especially during the early
part of this period. In the sixth century BCE, Pythagoras declared
the Earth to be spherical. In the fourth century BCE, Aristotle
concluded that total rainfall over the Earth’s surface must be
equal to total evaporation, because the oceans did not fill up or
dry out. In the same century, another Greek, Pytheas, sailed out of
the Mediterranean to Britain, Norway, Germany, and Iceland. He
developed a simple method of determining latitude by measuring
the angle between the horizon and the North Star—a method still
used today. Pytheas also proposed the concept that tides were
caused by the moon.

In the third century BCE, Eratosthenes, a Greek studying at
the library in Alexandria, Egypt, calculated the circumference
of the Earth along a circle through the North and South Poles.
His value of 40,000 km was very close to the 40,032 km that has
been determined by extremely precise and sophisticated modern
methods. Approximately 200 years later, Poseidonius incorrectly
recalculated the circumference of the Earth to be about 29,000
km. Ptolemy accepted Poseidonius’s incorrect value for his maps,
and the error was not corrected for centuries. In fact, this error led
Christopher Columbus to believe he had reached Asia when he
arrived in the Americas in 1492.

Micronesia and Polynesia.

About 4500 years ago, at about the same time that ocean voy-
aging and trade were beginning to expand in the Mediterranean,
the large islands of the far western Pacific and Micronesia were
colonized. Expansion of humans into the islands of this area
originated on mainland Asia and is thought to have proceeded
through Taiwan. The expansion may have been made possible
by the development of the outrigger canoe. (Fig. 2-2). After an
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apparent pause of about 1000 years, Polynesians colonized the is-
lands of the western and central tropical Pacific reaching Hawaii
and Easter Island about 900 AD. Unlike Mediterranean sailors,
who could follow the coastline, the Polynesians had to navigate
across broad expanses of open ocean to colonize the Pacific
islands. The Polynesians crossed the ocean in double-hulled sail-
ing canoes made of wood and reeds. A larger hull provided living
space for up to 80 sailors plus plants and animals; a smaller hull
or outrigger stabilized the vessel. The double-hulled design is still
used in much of Polynesia (Fig. 2-2).

The Polynesians were arguably the greatest navigators in his-
tory. They successfully navigated across open oceans using only
their memorized knowledge of the stars, winds, wave patterns,
clouds, and seabirds. This knowledge was passed down through
generations of the families of navigators, who were justifiably
venerated in Polynesian culture. Both the Polynesians and Mi-
cronesians created some crude maps from wood sticks or rattan,
but most Polynesian navigators did not use or need such maps.
Some of the ancient Polynesian navigational knowledge persists
today in the oral histories and experiences of just a few remain-
ing descendants of the early navigators. Efforts have been made
recently to sustain and preserve this knowledge through a series
of ocean voyages across the Pacific in reconstructed replicas of
ancient Polynesian boats, such as the Hokule ‘a (Fig. 2-3).

The recent journeys have proved that the ancient Polynesian
navigation techniques were, and still are, remarkably accurate
and reliable. There is great interest in discovering and document-
ing all the observational clues the navigators used. Much of the
Polynesian navigational art is mysticized and undocumented, but
the navigators must have known principles of wave shapes and
directions, cloud formations, and other ocean phenomena that
even now are not fully understood by modern scientists. For ex-
ample, Polynesian navigators can deduce the location of an island
hundreds of miles away by observing wave patterns created in the
wake of the island. Modern science has been able to document
such large-scale wave patterns around islands only since satellite
observations of the sea surface became possible.

The Dark Ages and the New Era of Discovery

During the Dark Ages, when ignorance and anarchy engulfed
Europe, ocean exploration by Europeans was limited. At that
time, however, the Arabs were developing extensive seaborne
trade with East Africa, India, and Southeast Asia. They were the
first to use the monsoons to their advantage: voyaging from East
Africa to Asia during the northern summer, when monsoon winds
blow from the southwest, and returning in winter, when the winds
reverse and blow from the northeast. The Vikings also made great
ocean voyages during the Dark Ages, reaching Iceland in the
ninth century and Greenland and Newfoundland late in the tenth
century.

The middle and late 1400s brought the dawn of a new era as
Europeans set out on many ambitious voyages of discovery. The
Canary Islands off Northwest Africa were explored in 1416; and
the Azores, in the middle of the Atlantic Ocean, were discovered
in about 1430. The southern tip of Africa was rounded by Vasco
da Gama in 1498; Columbus rediscovered the Americas in 1492;
and the world was first circumnavigated by Ferdinand Magellan’s
expedition of 1519-1522, although Magellan himself was killed
in the Philippines during the voyage.

Systematic mapping of the oceans began during the middle
of the second millennium. After the mid-1400s, exploration of
the oceans was incessant, and maps improved rapidly. However,
most exploration was undertaken only to discover and colonize
lands that could be reached by crossing the oceans. Systematic
study of the oceans themselves is generally not considered to
have begun until 1768, when Captain James Cook began the
first of three voyages to explore and map the Pacific Ocean (Fig.
2-4). Captain Cook was the first navigator to carry an accurate
chronometer to sea. He therefore was able to measure longitude
precisely for the first time and improve existing maps dramati-
cally. On his voyages, Cook made many measurements of water
depth, or soundings, which he accomplished with a lead weight
attached to a rope. He measured depths to 200 fathoms (366 m).
He also made many accurate measurements of water temperature,

FIGURE 2-3 The Hokule ‘a. This vessel is a
reproduction of the double-hulled voyaging
canoes that the Polynesians used to explore
and colonize the Pacific.
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FIGURE 2-4 Routes of the three voyages of Captain Cook: 1768—1771, 1772—1775, and 1776—1780. Cook visited all the major oceans, traveling
south into the waters near Antarctica and as far north as the Bering Sea. Places named after Captain Cook include Cook Inlet, Alaska; Cook Strait
between the North and South Islands of New Zealand; and a group of Polynesian islands in the tropical Pacific near Tahiti.

currents, and wind speed and direction, and he documented the
occurrence and general characteristics of coral reefs. On his final
voyage, Captain Cook died at the hands of Polynesian natives at
Kealakekua Bay, Hawaii.

At the same time that Cook was exploring the Pacific, Benja-
min Franklin, then deputy postmaster for the American colonies,
learned that mail ships that sailed the northerly route from Europe
to the colonies took 2 weeks longer than ships that sailed the
longer southerly route. Franklin’s interest in that phenomenon led
him to have many discussions with ships’ navigators, from which
he concluded that ships coming from the north were sailing
against a great ocean current. From his observations, he and his
cousin Timothy Folger were able in 1770 to develop a remark-
ably accurate map of the Gulf Stream current (Fig. 2-5).

The Birth of Oceanography

By 1800, several seafaring nations had established govern-
ment offices with primary responsibility for producing charts that
could be used by mariners to navigate safely and avoid reefs and
shoals. Matthew Fontaine Maury, a U.S. Navy officer in charge
of the Depot of Naval Charts, made a particularly significant con-
tribution to the intensive ocean mapping efforts of the nineteenth
century. Maury gathered data on wind and current patterns from
numerous ships’ logbooks, and he published his detailed findings
in 1855 in a volume entitled The Physical Geography of the Sea.
Maury also initiated cooperative efforts among seafaring nations
to standardize the means by which meteorological and ocean cur-
rent observations were made. Because of his many contributions,
Maury has often been called the “Father of Oceanography.”

The Beagle.
In 1831, a 5-year epic voyage of discovery was begun that

forever changed the way humans view their world (Fig. 2-6). The
major objective of the voyage of HMS Beagle was to complete a
hydrographic survey of the Patagonia and Tierra del Fuego coast-
al regions to improve maps used by ships sailing between the
Pacific and Atlantic Oceans around the tip of South America. The
Beagle also visited the Galapagos Islands off the coast of Peru,
crossed the Pacific to New Zealand and Australia, and returned to
England across the Indian Ocean and around the southern tip of
Africa.
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FIGURE 2-5 Map of the Gulf Stream originally drawn by Benjamin
Franklin and Timothy Folger in 1770
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FIGURE 2-6. The voyage of HMS Beagle and Charles Darwin, 1831-1836. More than half the voyage was spent in the vicinity of South America

The Beagle expedition has become famous primarily be-
cause of the young naturalist who traveled on the ship, observing
the plant and animal life of the many places where the Beagle
touched land. This naturalist was, of course, Charles Darwin.
Darwin’s observations on the Beagle expedition were the part of
the basis for his book Origin of Species, in which he proposed the
revolutionary theory of natural selection.

Although the observations that led to the theory of evolution
were the most famous of his findings on the Beagle expedition,
Darwin also made several other major discoveries. For example,
he proposed a theory to explain the formation of coral atolls
that is still accepted (Chap. 4). In addition, he made a startling
observation on one of his land excursions during the voyage:
Darwin climbed high into the Andes Mountains, which run along
the west coast of South America. At the top of these mountains,
he found fossils in the rocks that were undeniably the remains of
marine creatures. Darwin concluded correctly that the rocks had
originated beneath the sea. Thus, he deduced that continents were
not permanent and unchanging, as was widely accepted at the
time, but that they must move, at least vertically. That observa-
tion remained almost unnoticed among Darwin’s works until the
twentieth century, when the theories of continental drift and
plate tectonics were developed (Chaps. 4, 5).

The Challenger.

During the 1860s, British vessels performing investigations
preparatory to laying a transatlantic telegraph cable brought up
living creatures in mud samples from the bottom of the deep sea.
At the time, the prevailing scientific opinion was that the deep
ocean was devoid of life, because of the high pressures and low
temperatures. Thus, the discovery of life on the deep-ocean floor
was perhaps as dramatic a finding as the discovery of life on
Mars would be if it were to occur today. The discovery of life in
the deep sea led to the true birth of oceanography as a modern

science, an event that can be traced precisely to the years 1872
through 1876. It was during these years that HMS Challenger
sailed the world’s oceans as the first vessel outfitted specifically
so that its crew could study the physics, chemistry, geology, and
biology of the oceans (Fig. 2-7). The Challenger was a sail-
powered navy corvette with an auxiliary steam engine. For its
scientific expedition, sponsored by the Royal Society of London,
the corvette’s guns were removed and replaced with laboratories
and scientific gear. Included was equipment for measuring the
ocean depths, collecting rocks and sediment from the ocean floor,
and collecting seawater and organisms from depths between the
ocean surface and the seafloor. The scientific additions crowded
the vessel and left only spartan living quarters for the crew and
the six scientists.

The Challenger sailed 127,500 km across the oceans dur-
ing its 5-year expedition to study the North and South Atlantic
Ocean, the North and South Pacific Ocean, and the southern part
of the Indian Ocean. The expedition made hundreds of depth
soundings using a lead weight on a hemp line that was hauled
in by hand over a steam capstan. With this crude equipment, a
single deep sounding required an entire day. Despite the extreme
difficulty and tedium of obtaining deep soundings, the Challenger
expedition was able to measure a depth of 8,185 m in the Mariana
Trench east of the Philippines.

The Challenger also conducted

e Hundreds of observations of ocean water temperature,

both near the surface and at depth-

e More than 100 dredge samples of rocks and sediment

from the seafloor

e One hundred and fifty open-water net trawls for fishes and

other organisms

e Numerous samplings of seawater

e Many readings of ocean current velocity and meteorologi-



cal conditions
e Countless visual observations of fishes, marine mam-
mals, and birds
The expedition brought back a wealth of samples and new
scientific information about the oceans, including the identifi-
cation and classification of almost 5000 previously unknown
species of marine organisms. The quantity of data and samples
obtained was so great that a special government commission was
established to analyze the information. Indeed, the 50 volumes of
research reports generated by the expedition were not completed
until decades after the ship returned to England. The volumes
contained so much information that they provided the foundation
on which almost all major disciplines of oceanography were later
built.

The Modern Era

In the more than 100 years since the Challenger expedition,
oceanographers have traveled the seas in research ships ever
more frequently, and with observation and sampling equipment
of ever-increasing sophistication. A significant proportion of
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ocean research is still performed from research vessels in much
the same way that it was in 1872. However, during the twentieth
century, oceanographic research expanded to include explora-
tion and study using scuba and manned submersibles, as well
as unmanned observation using robotic vehicles and instrument
packages either free-floating or attached to cables moored to

the seafloor. Many of these instruments now report their data by
acoustic links to the surface, and by radio signals sent through
satellites to land-based facilities. In addition, oceanographers
now make many observations from aircraft and satellites using
remote sensing techniques. The introduction in 1978 of satellites
specifically designed to look at ocean processes was a particu-
larly important milestone because it allowed almost simultaneous
observations to be made across an entire ocean basin for the first
time. Satellites are now among the most important observing
platforms used by oceanographers (Chap. 3).

The detailed history of oceanography since the Challenger
expedition is too voluminous to include in this text. However,
some of the important events are summarized in Appendix 4, and
subsequent chapters review many of the more important findings
of ocean study and exploration in the modern era. Among the
most important events or discoveries during this author’s lifetime
have been

e The 1959 publication by Heezen and Tharp of the first com-
prehensive map of the ocean floor topography (Chap. 3).

e The discovery in 1964 and 1965 of hot, high-salinity brines
and unusual black ooze sediments at the bottom of the Red
Sea. This was the first observation of hydrothermal vents,
although that was not recognized at the time.

o The first visit to a hydrothermal vent by the submarine Alvin
in 1977, where a previously unknown type of ecosystem,

FIGURE 2-7 The Challenger expedition. (a) A painting of HMS Chal-
lenger. (b) Route of the voyage of the Challenger, 1872—1876, which
sailed through all the major oceans, but not into the high-latitude regions.
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based on chemosynthesis and sustaining hundreds of previ-

ously unknown species was discovered.

e The steady accumulation of evidence that has led to the
acceptance of Wegener’s 1912 theory of continental drift
(Chap. 5). Much of the crucial evidence supporting this
theory was gathered by the Deep Sea Drilling Program,
which for the first time obtained samples from deep within
ocean sediments.

e The initiation of satellite observations of the world ocean
that allowed, for the first time, a comprehensive snapshot
view of the oceans. This view did not have to rely on many
individual observations from ships and enabled the observa-
tion of large-scale dynamic processes as never before.

e The development of autonomous robotic measuring devices,
including Argo floats, which allow the gathering of data of
unprecedented detail about processes that occur below the
surface layer and that cannot be observed by satellite sen-
SOrS.

e The discovery of the horizontal gene transfer mechanism in
the mid-1950s.

e The findings at the end of the 20th century, based on DNA
analysis, that ocean life is dominated by microbial organisms

e Thew finding that microbial life exists deep within ocean
sediments and even deep within the Earth’s crust below
these sediments.

Each of these can arguably be claimed to be as important a
breakthrough or advancement for ocean sciences as, for example,
Darwin’s observations on the voyage of the Beagle were to biol-
ogy. We live in an age of discovery for ocean sciences and many
more surprises, advancements, and revelations are to come.

NATIONAL AND INTERNATIONAL LAW APPLIED TO
THE OCEANS

Before we look at the various categories of ocean resources,
it is important to realize that the oceans and their resources are
not owned by individuals or corporations, as is much of the land
area of the Earth, together with its resources. Instead, ocean areas
adjacent to coasts are owned by governments, and ocean areas
remote from land are not owned at all. To understand why this is
true and what it means, we must review a little about the history
of national and international laws as they relate to the sea.

Throughout most of history, the oceans have not been con-
sidered territory that could be claimed or owned. Indeed, until
the 1600s, there was little thought or deliberation on the legal
status of the oceans or the ownership of the associated resources.
Individuals and nations were generally free to travel and fish any-
where in the oceans. In 1672, however, the British declared that
they would exercise control over a territorial sea that extended
5.6 km (in British units, 1 league or 3 nautical miles) from the
coastline. This distance corresponded roughly to the range of
shore-based cannons. The 5.6-km territorial sea became com-
monly accepted as the standard for most nations and was for-
mally accepted by the League of Nations in 1930. The remainder
of the oceans outside the territorial seas, called the high seas, was
considered to belong to no one, and in general, all nations were
free to use and exploit high-seas resources.
The Truman Proclamation

The 5.6-km territorial sea remained almost universally accept-
ed until after World War II, when President Harry Truman pro-
claimed in 1945 that “the exercise of jurisdiction over the natural

resources of the subsoil and seabed of the continental shelf by
the contiguous nation is reasonable and just” and that “the United
States regards the natural resources of the subsoil and seabed of
the continental shelf beneath the high seas, but contiguous to the
coasts of the United States, subject to its jurisdiction and con-
trol.” This proclamation, known as the Truman Proclamation on
the Continental Shelf, was motivated by the “long-range world-
wide need for new sources of petroleum and other minerals.” The
continental shelf was not defined in the proclamation. However,
in a statement accompanying the proclamation, it was described
as the land that is contiguous to the continent and covered by no
more than 183 m (100 fathoms) of water. The 183-m depth was
arbitrary because the continental shelf cannot be defined by a
single depth (Chap. 4).

The Truman Proclamation caused a controversy and motivat-
ed a series of unilateral decisions by various coastal nations that
claimed the resources under their own coastal oceans. However,
there was no uniformity in the claims. Individual nations claimed
jurisdiction over different widths of ocean off their coasts. For
example, nations along the west coast of South America, where
the continental shelf is very narrow (Chap. 4), claimed the
resources offshore to 370 km (200 nautical miles). These nations
went beyond the U.S. proclamation in another important way
too: they extended their sovereignty over the entire 370-km zone,
whereas the Truman Proclamation claimed jurisdiction only over
the resources on or under the seafloor. Thus, these other nations
were claiming ownership of the waters and fisheries in this zone,
and the right to control any access to the zone by other nations’
vessels.

“Law of the Sea” Conferences

In 1958 and again in 1960, the United Nations convened a
conference on the “Law of the Sea.” The conferences were in-
tended to establish international uniformity in the ownership and
access rights of nations to the resources of the oceans. The two
conferences, attended by more than 80 nations, led to the adop-
tion of several conventions. The conventions established a zone
22 km (12 nautical miles) wide within which nations had jurisdic-
tion over fishery resources, and they affirmed that the “high seas”
area beyond that zone was free for all nations to use for naviga-
tion, fishing, and overflight.

The conventions also attempted to define the right of coastal
nations to own the seabed and sub-seabed minerals on the conti-
nental shelf. The continental shelf was defined as the area beyond
the territorial sea out to a depth of 200 m or “beyond that limit,
to where the depth of the superadjacent waters admits of the
exploitation of natural resources.” This definition was ambiguous.
Coastal nations could claim the minerals out to a depth at which
they could be exploited, and the size of this zone would expand
as exploitation technologies improved. At the time, exploitation
of seabed resources at depths greater than 200 m was considered
unlikely. However, oil-drilling technology improved rapidly after
1960, and the United States was soon drilling in waters more than
200 m deep off California and more than 185 km (100 nautical
miles) offshore in the Gulf of America (Golfo de México).

During the 1960s, the potential mineral resources of the deep
oceans, particularly manganese nodules (Chap. 6), were first
recognized. By the late 1960s, it was clear that more needed to
be done to define and determine the rights of nations to use the
oceans, particularly the rights to own and to exploit ocean min-
eral resources.



In 1967, the Maltese ambassador to the United Nations, Dr.
Arvid Pardo, proposed that another Law of the Sea Conference
be held. Pardo suggested a concept for a treaty that history may
recognize as a critical turning point in the development of human
civilization. His suggestion was that the ocean floor outside the
zones of national jurisdiction should be reserved for peaceful
uses, and that its resources should become the “common heri-
tage of mankind.” Pardo suggested that money generated from
the exploitation of these resources be used for the benefit of less
developed nations.

The common heritage principle subsequently has been applied
to other global resources, including the atmosphere, Antarctica,
tropical rain forests and ocean biodiversity. It is now an important
basis for wide-ranging and growing international cooperation
among nations. The common heritage principle was a major cata-
lyst for the growing global understanding that the Earth’s natural
resources belong to all its peoples. The essence of the principle
is that all nations have rights and responsibilities to protect the
global environment and to use its resources wisely.

The Law of the Sea Treaty

In response to Pardo’s call, the United Nations convened the
Third United Nations Law of the Sea Conference in 1973. The
conference met many times over the next 9 years. Finally, in
1982, the 151 participating nations adopted a new Convention on
the Law of the Sea (commonly referred to as the “Law of the Sea
Treaty”) by a vote of 130 to 4, with 17 abstentions. The United
States was among the four nations that voted against adoption,
even though many of the Treaty provisions were originally
written or supported by the U.S. delegation. The United States
declared that it would not sign or ratify the Treaty, because it did
not agree with the ocean mining provisions, although it would
follow many other individual provisions. Abstaining nations in-
cluded the Soviet Union, Great Britain, and West Germany. As of
2023, there are 169 nations taht have signed and 151 nations plus
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the European Union have both signed and ratified the Treaty. The
United States is the only major nation who has not ratified the
Treaty. The United States signed the Treaty in 1994 but the U.S
Senate has consistently refused to ratify it despite being urged

to do so by several Presidents. However, the United States does
recognize the Treaty as general international law and abides by
most of its provisions.

Since 1982, the Law of the Sea Treaty has been the basis for
numerous laws written by many nations including the U.S. about
their individual rights to the oceans and ocean resources. Many
provisions of the Treaty are now widely accepted, and the Treaty
itself was ratified by the required number of 60 nations and
became fully effective in November 1994. In 1994, the United
States signed the Treaty, but the Treaty has not been ratified by
the U.S. Senate, which would be needed for the U.S. to formally
join the Treaty organization.. The principal provisions of the Law
of the Sea Treaty can be summarized as follows.

A territorial sea of 12 nautical miles (22.25 km) was estab-
lished, within which each individual coastal nation has full sov-
ereign rights to all resources and to controlling access by foreign
nationals. (Some nations, including Peru, Ecuador, Somalia, and
the Philippines still claim territorial seas that extend to 200 nauti-
cal miles, despite the Treaty.)

1. An exclusive economic zone (EEZ) was established
outside the territorial sea. The EEZ normally extends out to
200 nautical miles (370 km), but exclusive rights to the sea
bottom and resources below the bottom (but not the water
column) can extend as far as 350 nautical miles (649 km)
to the edge of the continental shelf where the shelf extends
beyond 200 nautical miles. The edge of the continental shelf
is defined by the Treaty in geological terms, but in a way
that is complicated and difficult to interpret in some areas.
Within its EEZ, the coastal nation has jurisdiction over min-
eral resources, fishing, and pollution, and it may exercise

Kingman Reef
Jarvis Island

- U.S. exclusive economic zones (EEZs)

FIGURE 2-8 Exclusive economic zones (EEZs) of the United States and other countries. This map shows how large the U.S. EEZ is and how
much of it is associated with Alaska, Hawaii, and various Pacific and Caribbean islands that are not among the current 50 states.
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control over access to the zone for scientific research.

2. Complicated procedures were established for drawing ocean
boundaries of EEZs between nations that are closer to each
other than 400 nautical miles (740 km), or whose coastlines
meet in complex ways.

3. The right of free and “innocent” passage was guaranteed for
all vessels outside the territorial seas and through straits used
for international navigation that are within a territorial sea
(straits narrower than 24 nautical miles, or 44.5 km).

4. Complicated rules were established for exploiting mineral
resources from high-seas areas outside the EEZs. All such
exploitation would be regulated by a new International Sea-
bed Authority (ISA). Any nation or private concern wanting
to extract minerals from the high-seas areas would have to
obtain a permit from the ISA to mine a given site. In return
for the permit, the nation or private concern would provide
its mining technology to the “Enterprise,” a mining organi-
zation set up within the ISA. The Enterprise would mine a
separate site that would be paired with the permit site. Rev-
enue from the permit site would go to the permittee, whereas
revenue from the Enterprise site would be divided among the
developing nations.

The Treaty did not include precisely defined procedures and
rules for technology transfer to the Enterprise or for the disburse-
ment of Enterprise profits among the developing nations. Those
and all other decisions of the ISA would require unanimous
approval of all nations party to the Treaty. Unanimous consent
of all the nations is virtually impossible to achieve, especially
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FIGURE 2-9 Boundary disputes in the South China Sea. Nations claim-
ing ownership of one or more of the Spratly Islands include the Philip-
pines, Vietnam, China, Taiwan, and Malaysia

when resources and profits are at stake. Therefore, this provision
was felt by many to destroy any reasonable chance that the ISA
could succeed. Nations that voted no or abstained when the Law
of the Sea Treaty was approved included most of the nations that
were interested in deep-ocean mining of manganese nodules. No
mining has yet been done under ISA auspices, partly because
deep-ocean mining may not yet be economical. The ISA has
granted numerous contracts for exploration (but not production)
at sites including sites in the eastern equatorial Pacific Ocean and
established protocols for monitoring the environmental effects

of mining and test mining has been initiated. However, ISA has
stated it will permit no production mining until it has finalized its
mining regulations and has set a target date of 2025 for complet-
ing these regulations.

Exclusive Economic Zones and extended Continental Shelf
Rights

The Law of the Sea Treaty has exerted considerable influence
over the actions of the world’s nations. Most significantly, the
EEZ concept is now almost universally accepted. Under the initial
200-nautical-mile EEZ definition, the total area placed under the
control of the various nations was approximately 128¢10°km?, or
about 35.8% of the world ocean (Fig. 2-8).

However, the Treaty allowed nations to claim continental
shelf beyond 200 nm as part of their EEZ. The Treaty established
a geologically based definition of continental shelf for these
claims. The rules of how this definition should be applied were
not adopted until 1999, and they were very complex and open to
interpretation..Nations were required to provide extensive data
and evidence to define where the seafloor descending from the
landmass just touches down on the relatively flat ocean bottom.
This location is almost impossible to define or measure precisely.
In addition, nations could claim undersea mountains and ridges if
they are “continental appendages.” Again it is virtually impossible
to precisely define and demonstrate this connection.

Since the Treaty entered into force in 1994 many nations have
claimed EEZs beyond 200 nautical miles where their continental
shelf extends beyond this line, as the Treaty allows. As a result
about 138¢10°km?, (about 38% of the world oceans) are currently
designated as EEZ although some claims still remain to be settled.
The United States has a large EEZ, the second largest of any
country (behind France). The U.S. EEZ is large not only because
of the lengthy Atlantic, Pacific, and Gulf of America (Golfo de
Meéxico) coastlines of the contiguous states, but because of the
vast additional EEZ area contributed by Alaska, Hawaii, Puerto
Rico, the U.S. Virgin Islands, and the various U.S. Pacific protec-
torates and islands, including American Samoa and Guam (Fig.
2-8).

The U.S. EEZ encompasses an area of approximately 11.310°
km?, which is larger than the nation’s (9.8¢10°%km?) land area.
However, the U.S. EEZ could have been larger if the U.S. had
been able to claim its continental shelf beyond 200 nautical miles
as other nations have done. A claim could not be filed by the U.S.
as the U.S. still has not ratified the Treaty and therefore does not
belong to the Treaty organization. However, the U.S. EEZ does
contain many of the world’s most productive fisheries and prob-
ably a large proportion of the mineral wealth of the oceans.

The EEZ areas associated with islands are often very large. A
single tiny atoll remote from any other island can command an
EEZ of more than 0.2 x 10°km?, an area somewhat larger than
the state of California. Ownership of such a large area is the real



reason for many territorial disputes over the ownership of islands
that formerly were considered inconsequential. The war between
Great Britain and Argentina over the Falkland Islands in 1982
was motivated by the resources of the islands’ EEZ. A dispute
still continues between Japan and Russia over the Kuril Islands
north of Japan. Probably the best example of an EEZ-motivated
sovereignty dispute is the case of the South China Sea’s Spratly
Islands, which various nations claim to own. Although these

tiny islands are inconsequential aside from the ocean resources
that they command, various islands of the group are claimed by
three or four nations (Fig. 2-9). Each of the claimant nations has
stationed troops on one or more of the Spratly Islands, China has
constructed military facilities on several of the contested islands,
and tension often runs very high.

Sovereignty disputes over islands are not the only evidence
of the importance of the EEZs. Many island nations, especially
those in the Pacific, are extremely concerned about the possible
reduction of their EEZs if sea level continues to rise, as predicted.
In some locations, such as the Seychelle Islands in the Indian
Ocean, a sea-level rise of only a few tens of centimeters would
submerge low-lying islands, each of which commands an enor-
mous area of EEZ. Even if sea level does not rise, the smallest
islands may disappear through erosion. China claims sovereignty
over a number of tiny islands in the South China Sea that are
remote from any other island and the mainland. Many of these
islands rise to only a few tens of centimeters above sea level,
and they have essentially no economic value other than the up
to 0.25 million km? of EEZ that each commands. Because wave
erosion could soon eliminate some or all of these the islands, and
to further its claim of sovereignty despite international court legal
rulings against it, China has committed large sums of money to
dredge and fill and construct ports and airports and even military
bases on the islands. While China’s main motivation may be its
sovereignty claim and with it the accompanying EEZ, it also
hopes to protect and maintain the island. However, it is question-
able whether such artificial means to preserve an island from
sinking and so retain its EEZ are legal under the Law of the Sea
treaty.

The Treaty of the High Seas

While the Law of the Sea Treaty addressed the owner-
ship of the mineral resources of the seabed of the high seas (all
ocean outside of EEzs) it did not address the biological or other
resources of the ocean waters of these high seas. In September of
2023, after several years of meetings, an addendum to the LOS
formally titled the “Agreement under the Law of the Sea on the
Conservation and Sustainable Use of Marine Biological Diversity
of Areas beyond National Jurisdiction” generally shortened to the
“Treaty of the High Seas” was adopted and, by October of 2023
had been signed by 82 countries, including the United States. The
Treaty will enter into force when 60 nations have both signed and
ratified it.

The Treaty establishes an authority, similar to the Enterprise
that controls mining in the high seas area, to ensure that the ben-
efits of marine genetic resources (e.g. drugs produced from ma-
rine animals) are shared under the “common heritage of mankind:
principle, establishes rules for conducting impact assessments in
the high seas, and establishes a framework for the establishment
of ocean sanctuaries within which area fishing will be prohib-
ited. While this addition to the LOS represents the first attempt
to protect and conserve marine biodiversity in high seas areas,
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it does not address ownership of marine biological resources or
fishing management in high seas areas used any ocean sanctuar-
ies that may be created. Rather it leaves this controversial subject
to the existing patchwork of international fisheries management
Laws that largely apply to single species and not to the ecosystem
diversity and sustainability as a whole.

OCEAN RESOURCES

Most people know that the oceans are fished for seafood and
used for transport and recreation, and that oil and gas are extract-
ed from the seafloor. However, it is not widely recognized how
valuable these resources are. For example, according to the U.S.
Department of Transportation, U.S. ports handled more than $1.5
trillion in goods in 2020 with 465,000 vessel calls to these ports.
The recreational cruise industry is estimated to have contributed
$55.5 billion to the U.S. economy in 2019. The National Oce-
anic and Atmospheric Administration reported that, in 2020, the
seafood industry supported 1.1 million jobs and generated $154.7
billion in sales, while recreational fishing contributed 595,000
jobs and $98 billion. The Congressional Research Service reports
royalties from offshore oil and gas resources paid to the US Trea-
sury were $5.6 billion in 2019 but fell to $3.7 billion in 2020. The
National Economics Program also reports that in 2018, tourism
and recreation based on the coasts and oceans supported more
than 2.5 million jobs and generated $143 trillion in Gross domes-
tic Product in the United States. There are also a number of other
ocean resources or potential ocean resources that are not included
in these figures. In the following sections, we briefly survey the
wide range of ocean resources. For this purpose, we have chosen
to group these resources in eight categories:

e Biological resources

Transportation, trade, and military use
Offshore oil and gas
Methane hydrates
Minerals and freshwater
Recreation, aesthetics, and endangered species
Energy
e Waste disposal

Biological Resources

Fisheries:

Fish and shellfish are probably the most valuable ocean re-
sources. Seafood has a very high protein content and is therefore
of critical dietary importance. In many coastal areas, seafood is
the basic subsistence food because no other significant source of
food protein is available. Iceland and many Pacific Ocean island
nations, including Japan, are good examples of such seafood-
dependent areas. Fisheries are also a major part of the U.S.
economy.

Until the past century, seafood resources were, for all prac-
tical purposes, inexhaustible because they were replaced by
reproduction faster than they were consumed. However, human
populations have burgeoned in the last 100 years and the demand
for seafood has increased accordingly. Consequently, the seafood
resources of many parts of the oceans have been exploited so
intensively that many species are overfished and can no longer
reproduce fast enough to replace their populations. Overfishing,
which has resulted from a variety of technical and socioeconomic
factors, poses perhaps the greatest threat to the health of ocean
ecosystems other than climate change, ocean acidification and
deoxygenation. Most scientists feel that overfishing is a far
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FIGURE 2-10 The effects of overfishing. (a) A history of changes in
sardine stocks off California, as deduced from fish scales in sediments.
Note that the dramatic decline that occurred in the 1940s, when fishing
was intense, is not unique. Hence, the stock may have declined because
of natural factors, possibly compounded by overfishing. (b) King crab
abundance in Alaska declined dramatically in the early 1980s, when fish-
ing pressure increased substantially. Neither of these two fisheries has
fully recovered.

greater threat than the oil spills or industrial waste and domestic
sewage discharges that often dominate media coverage of the
oceans. Indeed, the increasing need for the greatest possible uti-
lization of ocean fishery resources to feed a hungry and growing
population, and the damage done to these resources by unwise
exploitation and management, have been important factors in the
development of oceanography.

Historically, fisheries were, and many still are, resources not
owned by any person, organization, or government. The fact
that they were free for anyone to exploit led to a vicious cycle
repeated in fishery after fishery. When a new fishery opens, a few
fishing boat operators are able to catch large quantities of the
resource species with little effort and make substantial profits.
Other operators, aware of these profits, quickly enter the fish-
ery. As the number of boats increases and the population of the
target species is reduced, each operator must expend more effort
to catch the same amount of fish. At the same time, the value of
the catch may decline because the market is now flooded with
this species. In response, each operator increases fishing efforts
to catch more and recover profits lost in the price drop. Hunting
and catching technologies are continuously improved, and the
fishing pressure continues to rise. If unchecked, the continuous
increase in fishing effort and effectiveness quickly leads to a col-
lapse of the fish population as the maximum sustainable yield
is exceeded (CC16). Many fishers then look for a new species to

target, and the cycle begins anew.

In such instances, the fishery resource has declined, some-
times so precipitously that the commercial fishery has been
essentially wiped out for decades. The California sardine fishery
that supported the development of Cannery Row in Monterey,
California (Fig. 2-10a), the menhaden fisheries off the middle
Atlantic coast of the United States, the cod fisheries off the coast
of New England and Canada, and the king crab fisheries of the
Bering Sea (Fig. 2-10b) are prime examples of such decimated
resources, although environmental factors may also have con-
tributed to the declines. Many other fisheries have also collapsed
or may be close to doing so. Perhaps the greatest known histori-
cal decline was a decline of 10 million tonnes in the anchovy
catch off Peru in just one year, 1970. This decline constituted
roughly 10% of the total world fishery catch at the time. A strong
El Nifio was certainly responsible for some of the decline, but
many scientists believe that excessive fishing efforts contributed
greatly to the problem. Most major fisheries in the world are
today being fished close to, or above, their maximum sustain-
able yield (CC16). When fishing is drastically reduced or halted
for a species whose population has collapsed, the population for
some species recovers. However, for other species, recovery
never occurs because the species has been replaced in the food
web by some other, often less commercially valuable, species.
There is evidence that suggests that some fishes are steadily being
replaced by jellies (jellyfish) in many parts of the world ocean.
This replacement may be caused by global climate change, but it
is very likely that overfishing is also largely or partly responsible
for any such changes.

The United Nations Food and Agriculture Organization
(FAO) monitors fisheries statistics worldwide. FAO has reported
that in 2019, 35.4% of fish stocks (usually all of a particular
species) were being fished at unsustainable levels and a further
57.3% were being fished at their maximum sustainable yield.
FAO does acknowledge that their data is less than perfect due to
poor reporting of fishery statistics by a number of nations.

The rapidly growing recreational fishing industry also contrib-
utes to overfishing problems. For example, the recreational catch
of striped bass on the east coast of the United States in 2022 was
estimated to be about 16 thousand metric tons which is about 10
times more than the amount caught by commercial fishers.

Most traditional fisheries are in coastal waters near the
consuming population. However, as coastal fisheries have been
depleted, fishers have exploited resources from the deeper parts
of the oceans and from distant coastal regions. The movement
to far-flung ocean fisheries was accelerated by the development
of refrigeration, which allowed catches to be stored and trans-
ported long distances in fresh or frozen condition. In addition,
deep-ocean fisheries were traditionally free and open for anyone
to exploit because no nation owned or controlled the resources.
Unfortunately, the species that were the casiest targets of deep-
ocean fishers were also those most vulnerable to overexploitation.
The decimations of populations of many species of whales and
seals are among the better-known examples of the overexploita-
tion of ocean resources.

Overfishing is particularly serious in many developing coun-
tries surrounded by coral reefs. As modern medicine enables
human populations in these countries to expand, the limited
fishery resources of reefs near each village can no longer provide
sufficient seafood for the growing population. Fishers are forced



to exploit reefs in an ever larger area and must often resort to
technological “improvements” in fishing techniques, such as dy-
namiting and spearfishing. Some of the fishes killed by dynamit-
ing float to the surface for easy harvesting, but many of them sink
and are lost to the fishers. Furthermore, dynamiting destroys the
reef and habitat for the fishes that escape the blast or for future
generations of fishes. Intensive spearfishing, particularly with
scuba, can quickly remove breeding adults of a population and
thus hinder reproductive replacement of the population. In these
instances, technological advances in fishing have proven to be
very destructive to the resources.

Fishing threatens not only the targeted species, but also other
species in the food web. For example, harvesting and drastic
reductions in sea lion and elephant seal populations in California
during the Gold Rush era (mid to late 1800s) led to a sharp reduc-
tion in the population of their natural predator, the great white
shark. The marine mammal population became protected by law
in 1972 and has recovered substantially since the early 1980s, and
the great white shark population has also slowly increased. The
precipitous decline of the now rare Pribilof fur seal in the Bering
Sea was almost certainly caused largely by increased fishing pres-
sure on its principal food species, including pollack.

Fishing can also have adverse effects on marine species even
if those species are not the target of the fishing and not depen-
dent on the target species for food. Many fishing techniques are
not efficient in selecting the target species. For example, turtles
are often caught in shrimp nets, and considerable effort has now
been made to develop nets that, although less efficient in catch-
ing shrimp, do not catch and kill the endangered turtles. Until
fishing technologies were modified, many dolphins were caught
and killed in nets set to capture large schools of tuna. Dolphins,
sharks, turtles, and many nontarget fish species also are caught
in kilometer long drift nets that form a barrier across the ocean
photic zone and that capture, and usually result in the death of,
anything large enough not to pass through the mesh. As in other
fisheries, this incidental bycatch of “nonvaluable” species is
simply discarded overboard. Such drift nets are now outlawed
by most nations but, as with other illegal fishing methods, may
continue to be used in areas far from surveillance by law enforce-
ment officials. Enforcement of fishing regulations on the high
seas is extremely difficult because no nation can afford to patrol
the high seas adequately.

Bottom trawling, a widely used fishing technique where a net
is dragged across the sea floor to catch bottom dwelling fishes
has been identified as perhaps the most environmentally damag-
ing fishing technique. These trawls destroy deep sea corals and
other species in seafloor ecosystems. Many of the species in these
seafloor ecosystems are extremely slow growing so trawling
damage in some areas may not be repaired by re-colonization and
re-growth for decades or centuries.

Many fisheries are now managed to avoid overfishing, but
management is often ineffective because assessing the fishery
stock size and its age composition is expensive and difficult. In
addition, the maximum sustainable yield may vary dramatically
from year to year because of the chaotic variations induced by
natural factors (CC16, CC11). Consequently, managers have only
a poor understanding of what maximum sustainable yield might
be. Safe management requires that substantially less than the es-
timated maximum sustainable yield be caught each year to guard
against errors inherent in the stock assessment data and against
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the inevitable years when stocks decline unexpectedly because of
natural factors. However, managers are under pressure to allow
the largest possible annual catch in order to provide adequate
income to the owners and crews of fishing boats competing for
the resource. Setting the catch “too low” would mean lost income
and possibly jobs for fishers, as well as unnecessary “wasting” of
some of the resource value.

A number of alternative management concepts are now ap-
plied to some fishery resources to address this problem. These
include assigning catch quotas to individuals, individual boats,
or communities and granting exclusive limited fishing access to
defined geographic areas. Each of these regulatory approaches
embodies the principle that access to the fishery resources is a
privilege and that access to these resources should no longer be
open to any and all persons who choose to fish. Another conser-
vation approach— establishment of fishing-free natural reserves
where fish populations can reproduce freely—is also now widely
applied.

To this day, humans are primarily hunters and gatherers in
the oceans, much as Stone Age people were on land. Human
development from ocean hunter-gatherer to ocean farmer is long
overdue. Mariculture (ocean farming) historically has been used
on only a small scale in very few locations. However, it has
developed and continues to grow rapidly, particularly in China,
where it has been practiced for thousands of years, and in several
other developing nations of the Pacific Ocean basin.

Other Biological Resources:

Apart from their aesthetic value, marine species are an
important pool of genetic diversity. Many marine species have
developed unique biochemical methods of defending themselves
against predators, parasites, and diseases, and of detoxifying
or destroying toxic chemicals. Therefore, marine species are a
major potential resource for the development of pharmaceutical
drugs and pollution control methods. The search for beneficial
drugs and pollution-fighting organisms in the oceans is extremely
tedious and has barely begun. However, a substantial number of
potentially valuable pharmaceutical products have already been
isolated from marine species and many are being tested for a vari-
ety of medical purposes. A number of pharmaceuticals derived
from marine organisms have already become approved for human
use. These include compounds isolated from marine sponges such
as the antiviral acyclovir and the HIV/AIDS drug azidothymidine
(AZT). Many of the compounds that show promise have come
from rare ocean animals or algae found only in limited areas of
certain coral reefs or other threatened ocean ecosystems.

Coral reefs are like the tropical rain forests of the oceans,
in that they are the most promising sources of pharmaceuticals
because of their extremely high species diversity. They sus-
tain large numbers of candidate species, any one of which may
contain numerous chemical compounds potentially valuable as
drugs. Some such naturally occurring compounds have been used
to design similar molecules that have similar drug properties but
that can be industrially produced from widely available raw mate-
rials. Unfortunately, other pharmaceutically active compounds
isolated from marine species may not be readily synthesized or
redesigned. If this proves to be the case, conservation measures
will need to be developed and enforced to prevent impoverished
villagers who live near a reef from using destructive harvesting
techniques to supply the pharmaceutical industry.

An example of what could happen is provided by the industry
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FIGURE 2-11 Offshore oil and gas deposits occur throughout much of the U.S. Atlantic, Pacific, and Arctic Oceans, Gulf of America (Golfo de
Meéxico), and Bering Sea continental shelves. The areas currently thought to hold the greatest potential reserves are the deeper continental shelf and
continental slope of the Gulf of America (Golfo de México) and the Arctic Ocean continental shelf.

that provides fishes for tropical aquariums. A growing number of
fishes bred in aquariums are entering the market. However, most
tropical fishes sold in the aquarium trade in the United States are
captured from Philippine reefs. Some collectors in the Philippines
and elsewhere capture fishes by releasing cyanide into cracks

in the reef, even though this practice is illegal. When cyanide

is released into the reef, many fishes and other species die, but
some fishes are not killed immediately. They swim out of hiding
to avoid the cyanide, but they are stunned by the chemical and,
therefore, are easily captured. As many as 90% of the fishes that
survive the initial cyanide collection die of the cyanide’s ef-
fects during transport to the United States or after the buyer has
placed the fish in a home aquarium. The ornamental (aquarium)
fish market in the United States was estimated be worth about
$6.3 billion in 2022. Only a very tiny fraction of this money ever
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reaches the collectors or is used to promote sustainable collection
practices.

Transportation, Trade, and Military Use

Despite the rapid growth in air transport, surface vessels re-
main the principal and cheapest means of transporting cargo and
people across the oceans. Large numbers of commercial, recre-
ational, and military vessels enter or leave U.S. ports every day.
The importance of the oceans for transportation is evidenced by
the estimated $1.5 trillion in shipped goods handled by U.S. ports
in 2020, and the $55.5 billion passenger cruise industry. In addi-
tion to this value for commercial ocean transportation, the oceans
have important military uses. The oceans are plied by many
surface naval vessels, but submarines have become particularly
important, especially to the U.S. Navy, as platforms to transport

FIGURE 2-12 Structures of the offshore oil and gas industry. (a) These offshore exploration drilling rigs are under maintenance in Galveston, Texas.
On the left, a typical jack-up drilling rig; on the right, a typical floating rig that rides on pontoons below the depth of most wave action. (b) Produc-
tion oil rigs permanently emplaced in the seafloor of Cook Inlet, Alaska



and deploy ballistic missiles. As a result, during the past several
decades intensive efforts have been made to improve ways to
hide submarines and to find enemy submarines. Very extensive
oceanographic studies, particularly studies of ocean surface and
subsurface currents and of acoustic properties of the oceans,
have been conducted to support these efforts.

The many benefits of our vessel use of the oceans for trans-
portation, trade, military, and recreation do come at a cost to the
ocean environment. Ships, particularly oil tankers, container
ships, and naval vessels (especially aircraft carriers and sub-
marines), have become progressively larger. The larger vessels
require deeper ports and harbors and have increased the need
for dredging of navigation channels in many bays, estuaries, and
rivers. Dredging damages benthos at the dredging site. Dumping
of the dredged material, which generally is done at a site in the
estuary or coastal ocean not far from the dredging site, can also
have serious impacts (Chap. 16).

Offshore Oil and Gas

Oil and gas are extracted from beneath the seafloor in many
parts of the world. Most of the undiscovered oil and gas reserves
are believed to lie beneath the continental shelves and continen-
tal slopes. The search for the sedimentary structures most likely
to yield oil or gas under the oceans, and the development of tech-
nologies to drill for and produce oil and gas safely and efficiently,
have been intense throughout the past several decades. Oil and
gas have been produced from wells drilled in shallow water for
many years. However, technological developments have steadily
extended capabilities for drilling in deeper and deeper waters,
and in areas where weather, waves, currents, and sometimes ice
conditions are progressively more demanding. The search for oil
and gas, and the need to identify and control the environmental
impacts of this search, are a consistent and important focus of
recent oceanographic studies.

In the EEZ of the United States, the most extensive known oil
and gas deposits are in the Gulf of America (Golfo de México).
However, substantial known reserves are present beneath the
continental shelves of the northeastern and southeastern United
States, California, and Alaska (Fig. 2-11). There may also be
many undiscovered deposits, particularly off Alaska. The offshore
petroleum industry is among the largest natural resource develop-
ment industries on the globe. Oil and gas are used primarily as
fuel for vehicles, industry, and heating, but they are also the basic
raw materials for plastics, pharmaceutical and other chemicals,
cosmetics, and asphalt. Although fossil fuel burning may be
reduced to prevent further buildup of atmospheric carbon dioxide
(CQ9), petrochemicals will still be needed in the future.

Drilling is usually done from offshore platforms supported
by long legs anchored to the seafloor (Fig. 2-12a,b). Floating
platforms (Fig. 2-12a) also are used, especially in deep water,
and drilling in the nearshore Arctic is done from artificial gravel
islands. A production platform may tap into 100 or more wells
that have been drilled into the seafloor below. Directional drilling,
a process in which the well pipe is drilled downward and then
turned underground to drill at an angle or even horizontally away
from the drill site, now allows a single well to drain oil from an
area as much as 12 km in radius and to recover more than 20
times as much oil per drill site or platform as was possible just a
few years ago. On an ocean production platform, the well pipes
generally extend up through the platform’s legs. On the platform,
oil, gas, and water are separated, and oil and/or gas are usually
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transported ashore through a pipeline laid on, or buried in, the
seabed.

Methane Hydrates

Methane is released by the decomposition of organic matter.
At low temperatures and high pressures, methane molecules can
be trapped within the crystalline lattice of water ice crystals to
form a combination called “methane hydrates” (on average, one
molecule of methane for every five or six molecules of water ice).
Methane hydrates were first observed in samples of cores drilled
on land and the ocean floor several decades ago. These hydrates
could be a potential source of methane, a clean-burning fossil fuel
(it is completely combusted to carbon dioxide and water with vir-
tually no chemical waste by-products or products of incomplete
combustion such as are produced by the refining and burning
of other fossil fuels). However, widespread exploitation of this
resource is considered unlikely for several reasons. Most impor-
tantly, methane hydrates are widely dispersed, usually occurring
in the pore spaces of sediments and rocks.

Methane is rapidly released from the hydrates at normal atmo-
spheric pressures and temperatures, but the deposits are generally
too deep to mine and bring to the surface. However, several meth-
ods are now being tested that release methane from the hydrate
in the sediment or rock so that it could be collected in a drill hole
and recovered in the same way that petroleum and natural gas is
recovered from oil and gas deposits.

In 2000, interest in methane hydrates was revived when some
fishers dragged their trawl net at a depth of 800 m in a canyon
about 50 km east of the mouth of Puget Sound in the northeast-
ern Pacific Ocean. The fishers were startled to see their net rise
to the surface filled with 1000 kg of icy chunks that were fizz-
ing and melting. They hauled the “catch” aboard their vessel but
quickly shoveled it back overboard because they had no idea
what it could be. They tried to save samples in a freezer, but the
low temperature alone was not enough to stop the methane from
escaping the hydrate. The gas, expanding as it was released from
the hydrate, even broke the containers in which they tried to store
the hydrate. A year later, an ROV discovered what were described
as “glaciers” of frozen methane hydrates forming outcrops on the
seafloor about 50 km from where the fishers had found hydrates.
Since that time, deposits of methane hydrates have been found on
the seafloor or buried in shallow sediments in several other areas
of the oceans, and they are now thought to occur in many parts of
the world’s oceans, especially on the continental slope.

The mechanism that forms methane hydrate deposits is poorly
understood. Some hypotheses suggest that the methane is a
product of the decomposition of organic matter buried in the sedi-
ments in marginal seas as the continents were pulled apart—the
same source thought to be responsible for most of the world’s
oil and gas deposits (Chap. 4). Instead of being contained in
nonporous rocks and converted to oil and natural gas, decompos-
ing organic matter released methane that migrated through porous
sediments and rocks until conditions were right for the formation
of methane hydrates.

Methane hydrates are unstable except at high pressures and
low temperatures, so they occur only below a depth of about 500
to 600 m in the oceans. However, these conditions are also pres-
ent at relatively shallow depths beneath the frozen tundra of the
Arctic regions. Not surprisingly, methane hydrate deposits have
also been found in these environments. Estimates of the extent
of methane hydrate deposits suggest that the total world resource
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FIGURE 2-13 Some mineral resources of the oceans. (a) The principal mineral resources of the seafloor are manganese nodules that occur in areas

of abyssal seafloor, phosphorite nodules and deposits that occur primarily on the continental shelf, and placer deposits (minerals containing gold and
other heavy metals) that accumulate at river mouths. There are a number of commercial mining operations in different parts of the world, as well

as other areas where potentially commercial deposits occur. (b) There are abundant sand and gravel resources on the continental shelves of the U.S.
Atlantic and Pacific coasts in areas where fine-grained muddy sediments do not dominate. (c) Solar evaporation ponds are used to produce common
salt in South San Francisco Bay, California. The large white mounds are piles of salt collected from the ponds and awaiting processing, packaging, and
sale (d) This satellite image shows the evaporation ponds in South San Francisco Bay. The bright red and green colors are due to blooms of different
algae species that grow at different salinities as water evaporates. The ponds are separated by levees. Many of these ponds have now been restored to
wetlands



may be more than 100 times the total volume of natural gas es-
timated to be recoverable from world oil and gas deposits. Thus,
although most methane hydrate is widely dispersed and probably
unrecoverable, if only 1% of the total were contained in con-
centrated deposits that could be recovered, the economic value
would be huge. The methane would also be a very efficient and
clean-burning fuel that could be readily adapted to most commer-
cial and industrial energy uses. The first field test of the extraction
of methane from methane hydrate deposits in the ocean was car-
ried out in 2013 at a well drilled in the Nankai Trough, an ocean
basin 80 km off the coast of Japan, Japanese researchers retrieved
methane up to the surface over a period of one week from a water
depth of 1000 m. Japan and China both successfully produced
methane from test production wells in 2017, China drilling in the
South China Sea, and Japan drilling off Japan’s central coast. Sig-
nificant efforts to establish a methane hydrate extraction industry
are ongoing in Taiwan, China, India, Vietnam, and New Zealand.
The United States has identified the presence of methane hydrate
deposits in the Gulf of America (Golfo de México) but, as of
2017 had no plans to perform test extraction.

Minerals and Freshwater

Ocean sediments contain vast quantities of mineral and mate-
rial resources other than just oil and gas. They include sand and
gravel (Fig. 2-13b), manganese nodules, hydrothermal miner-
als, phosphorite nodules, and heavy minerals such as gold that
are often present in sediments of current or ancient river mouths
(Fig. 2-13a). Sand and gravel are currently mined in large quanti-
ties from the shallow seafloor and used as construction materials
in locations where no local land resources are available. At pres-
ent, few efforts have been made to exploit other marine mineral
resources. Cassiterite, a tin mineral, is dredged from shallow
waters offshore from Thailand and Indonesia, and gold-bearing
sands are dredged from shallow river mouth deposits offshore
from Alaska, New Zealand, and the Philippines. Despite the
limited scope of current ocean mining activities, there is substan-
tial interest in future development. Mineral deposits thought to be
most likely exploitable include phosphorite-rich sands as poten-
tial sources of phosphorus for fertilizer, manganese nodules, and
seafloor massive sulfide (SMS) deposits laid down by hydrother-
mal vent activity as potential sources of metals including iron,
zinc, copper, nickel, cobalt, manganese, molybdenum, silver,
gold, and platinum.

Many mineral resources, particularly manganese nodules and
hydrothermal minerals, are found primarily in the deep oceans far
from land. The discovery of such mineral deposits has led to ex-
tensive oceanographic research to identify the processes that cre-
ated them and to determine their distribution and abundance on
the seafloor. At present, deep-ocean minerals are too expensive to
mine in comparison to the dwindling, but still adequate, sources
on land. However, the potential future value of those resources
is considerable. If deep-ocean mining is developed, it may have
significant environmental impacts especially if large quantities of
fine-grained sediment are released into naturally clear waters of
the open-ocean photic zone.

Until 1982, the mineral resources of the deep-ocean floor
were not owned by any nation or individual and legally could be
mined by anyone. During the 1960s and 1970s, a widespread fear
arose in the international community that deep-ocean minerals
might be exploited and depleted to the benefit of only one or two

CHAPTER 2: History and Importance of Ocean Studies 31

nations that commanded the technology to mine them. This fear
was a principal driving force behind the negotiations that led to
the Law of the Sea Treaty, described earlier in this chapter.

Table salt and freshwater are both produced from ocean
waters. Salt is produced by evaporation in coastal lagoons (Fig.
2-13c,d). Freshwater is produced by evaporation or by reverse-
osmosis extraction units. The process generates high-salinity
brine wastes that are discharged to the oceans. The high salinity
may have adverse effects on the biota, especially if water tem-
perature is also high and causes additional stress. Such situations
occur in locations, such as the Persian Gulf (especially off Saudi
Arabia), where freshwater production from seawater is practiced
most intensively.

Recreation, Aesthetics, and Endangered Species

Humans have probably always enjoyed living on the coast,
not only for the ocean’s food resources, but also for its aesthetic
qualities and its moderating effects on climate (Chap. 9, CCS).
It is the aesthetic qualities of oceans that have inspired poets and
artists for millennia. However, only within the past generation or
two have the oceans become popular for a variety of recreational
activities, including sunbathing, swimming, surfing, sailing,
luxury cruises, snorkeling, and scuba diving. With the develop-
ment of such pastimes, a much wider spectrum of the human
population now considers the ocean environment to be a special
part of nature that should not be despoiled, as so much of the land
has been. Underwater photography and video and the far-reach-
ing impact of television have also introduced a large percentage
of the human race to the beautiful, strange, and alien world of
marine life.

As these recreational uses have become more popular, there
has also been a growing recognition of the effects that such
activities have on the marine environment. For example, anchor
damage by boats carrying recreational scuba divers has become
so severe in some locations that anchoring is now illegal, and
boats must tie up to permanent mooring buoys installed at care-
fully selected locations on the most heavily dived reefs. Scuba
divers also can damage coral reefs by breaking coral with their
fins or hands. Although incidental contact with the reef and some
coral damage is inevitable, most divers are now careful to protect
the reefs on which they dive. Damage to reefs by divers is a
significant problem only on the most popular reefs, where many
divers are in the water every day. Where divers are only periodic
visitors, the reefs are able to recover from any minor damage they
may sustain. Indeed, damage occurs naturally as a result of the
feeding and other activities of large reef animals, such as parrot
fishes, and as a result of the effects of periodic strong storms.
Sometimes such damage is even beneficial to the health and spe-
cies diversity of coral reef communities (CC17).

Energy

As fossil fuels have been depleted, climate change concerns
have grown and nuclear energy has lost favor, a major search has
begun for alternate sources of energy. The oceans offer several
potential sources of energy, including tides, waves, ocean cur-
rents, and thermal gradients. Full development of these energy
resources, if it were possible, would allow substantial reduction
in the use of fossil fuels and, consequently, in the release rate
of carbon dioxide and air contaminants, such as sulfur dioxide,
nitrogen oxides, and particulates. However, at present very little
energy is generated from any ocean resource. Substantial engi-
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neering problems must be solved before ocean energy resources
can contribute significantly to global energy demands. In addi-
tion, many questions must be answered about possible environ-
mental impacts of ocean energy generation technologies.

The only ocean energy source currently exploited on a large
commercial scale is the tides (Chap. 12). The technology used
is exemplified by the tidal power plant at La Rance, France (Fig.
10-21). Because this technology requires a dam across the mouth
of a bay or other inlet in which the tidal range is very large,
relatively few locations are suitable (Fig. 10-20). To generate
power during most of the tidal cycle and adjust to fluctuating
energy demands during the day, water must be stored behind the
dam during part of the tidal cycle and restricted from moving into
the inlet during the flood. Consequently, tidal currents may be
considerably reduced, residence time increased, and sedimenta-
tion altered in a way that can be detrimental to benthic biota,
including valuable shellfish and bottom-dwelling fishes. The dam
also hinders the passage of organisms and vessels.

A number of technologies have been proposed for energy
recovery from currents. The most developed technology involves
placement of huge fanlike turbines in a current, but many huge
turbines placed side by side across the current are needed to gen-
erate significant power and existing facilities are generally few
and small, serving primarily isolated communities..

The nature and scope of possible adverse environmental
effects of the proposed technologies are unknown. The major
concern may be that modifying currents could have other far-
reaching effects. For example, if enough turbines were deployed
across the Gulf Stream to generate the power equivalent of sev-
eral nuclear power plants, energy withdrawn from the current and
the eddy motion caused by the turbines could conceivably alter
the direction and speed of the Gulf Stream to some small extent.
Even the remote possibility of such adverse consequences will
probably prevent investment of the large sums of money needed
to develop this technology.

The energy potentially available from ocean waves and cur-
rents is truly enormous, but such energy is widely dispersed and
will not be easy to harness. Coastlines where wave energy is
greatest, and therefore the potential for generating energy from
waves is highest, are shown in Figure 2-14a.

Several design approaches have been developed to extract
energy from waves, although none has yet been tested on a large
power plant scale. One relatively simple design uses the rise and
fall of water at the shoreline to compress air within a boxlike
structure or shaft, which is open to the ocean only below the
waterline (Fig. 2-14b). The compressed air drives a turbine. A
variant of this design uses the upward and downward surge of
water within an enclosed box or shaft to drive the turbine directly.
Although these designs are simple and proven, they have limited
value because they can be effective only on coasts with persis-
tent strong wave action. In addition, multiple generators must be
placed along a coast if large amounts of power are to be gener-
ated. Such structures would have adverse effects on the aesthetics
of the shore and alter sediment transport along the coast. Genera-
tors of this type have been built to serve small coastal communi-
ties in Norway. Ironically, one of the first such installations was
destroyed by severe storm waves soon after it was built.

Several wave power extraction devices have been designed to
be deployed offshore. For example, the “dam atoll” is designed to
focus waves toward a central generator shaft (Fig. 2-14¢). A more
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recent design appears to overcome some of the disadvantages of
earlier systems (Fig. 2-14d). In this design, a matrix of simple
mechanical pumps would be placed just beyond the surf zone,
where they would use wave energy to pump seawater up into a
reservoir on the adjacent land. Power could then be produced,
even when the wave energy was low, by release of the seawater
from the reservoir through a turbine. The pumps would be sub-
merged, minimizing the aesthetic impact. However, they would
need to cover very large areas of seafloor and fill large reservoirs
to produce as much power as a typical power plant, and the
pumps would have to withstand wave impacts during even the
largest storms.

Several wave energy generator designs have been tested with
mixed success, but they would need to be deployed not far oft-
shore in strings stretching along many kilometers of coast. They
could be a navigation hazard and might interfere with movements
of marine organisms, particularly marine mammals. Even worse,
a string of such wave generators along a coast would drastically
reduce wave energy at the shore. The result would be reduction
of longshore drift, change of sediment grain size, and change
of both the sedimentation regime and the associated biology of
the nearshore zone. On rocky coasts, the important supralittoral
zone with its unique biota (Chap. 17) would be particularly af-
fected.

The quantity of ocean thermal energy that potentially can be
exploited is huge and may be easier to extract than wave or cur-
rent energy is. Ocean thermal energy conversion (OTEC) systems
exploit the temperature difference between deep and shallow
waters in the oceans to drive a turbine and generate electricity.
The process by which energy is extracted to run the turbines is
analogous to a refrigerator running backward, or a power plant
operating at unusually low temperatures. Conventional power
plants use heat from burning fossil fuel or a nuclear reaction to
vaporize water in a closed container. The resulting high-pressure
steam drives a turbine and is then condensed by cooling water to
be recycled.

In OTEC, water is replaced by ammonia or another suitable
liquid that is vaporized at much lower temperatures. The ammo-
nia is heated by warm surface waters flowing over heat exchanger
tubes through which it passes. Ammonia evaporates, and the
resulting high-pressure gas drives a turbine. Once through the
turbine, ammonia is condensed as it passes through another heat
exchanger cooled by cold water pumped up from below the per-
manent thermocline. The ammonia is then recycled. An OTEC
power plant is essentially built around a wide pipe that reaches to
depths from which cold water can be pumped. Such systems have
already been tested successfully.

OTEC is very promising and is probably the form of ocean
energy generation most likely to contribute significantly to world
energy needs. However, OTEC can be used efficiently only where
surface waters are warm and cold deep waters are accessible—
conditions found year-round primarily in tropical and subtropical
latitudes. Locations where deep water is found close to land are
ideal because long power transmission lines across the seabed
would not be needed. In North America, only a few coastal loca-
tions, such as Hawaii (Fig. 2-14e), where an operating prototype
and research OTEC facility has been operational since the 1980s,
and the east coast of South Florida, are suitable. Pacific island na-
tions are perfect locations, but the considerable investment need-
ed to develop and build OTEC power plants is difficult for such
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nations to afford. Several operating OTEC plants are currently
located in Japan, China and, on the French island of Reunion in
the Indian Ocean, the largest being a 100 Megawatt (enough to
supply about 50,000 homes) plant on Okinawa, Japan. Contin-
ued development the United States is uncertain but negotiations
began in 2016 to design and build an OTEC plant on the island
of St. Croix in the U.S Virgin Islands. OTEC may become a more
attractive technology if proposed floating OTEC platforms are
fully developed. Floating OTEC platform designs could use the
electricity they generate to produce hydrogen by electrolysis of
water. The hydrogen could be either transported ashore in tankers
to be used as a fuel or used to generate ammonia (for use in fertil-
izer and chemical manufacturing) from atmospheric nitrogen.

Waste Disposal

The oceans have been used for waste disposal for thousands
of years and, for most of that time, without significant harm to
the marine environment (Chap. 16). Indeed, use of the oceans
for sewage waste disposal has historically proven to be one of the
most effective advancements ever made in human health protec-
tion.

Oceanographic research has documented a variety of prob-
lems caused by the disposal of certain wastes in parts of the
oceans. Although the research has led to mitigation of many of
the worst impacts, much remains to be learned. The oceans will
undoubtedly continue to be used for waste disposal, and this
may be the most environmentally sound management approach
for some wastes. However, a much better understanding of the
oceans is necessary to determine which wastes can be disposed of
in this way, in what quantities, where, and how, without adversely
affecting the environment or human health.

The oceans have a very great capacity to assimilate, safely
and completely, large quantities of natural wastes if these materi-
als are widely dispersed or released slowly enough that they
are thoroughly mixed into the huge volume of the open oceans.
Hence, the oceans suffered little from waste disposal practices
until the past century, when human populations and modern in-
dustry began to grow explosively. Problems arose when cities and
industries grew and became concentrated in large urban areas.
This concentration caused the rate of disposal in many coastal
and estuarine areas to exceed the rate at which the wastes could
be dispersed and assimilated. Additional problems arose with
the development of synthetic chemicals and materials, because
the ocean ecosystem had no mechanisms to destroy or neutralize
some of these substances.

Most of the wastes currently disposed in the oceans are
liquids or slurries, and they are disposed of by being discharged
through pipelines, called outfalls, into rivers, estuaries, or the
coastal ocean. At one time, quantities of a variety of solid wastes,
including chemicals, low-level radioactive wastes, construction
debris, and trash, were transported to sea on vessels and dumped
with the assumption that they would simply fall to the ocean
floor, most of which was thought to be lifeless, and not cause any
harm. Growing understanding of ocean ecosystems and the ef-
fects of ocean dumping have now led to the elimination of almost
all dumping of solid wastes in the oceans. Dredged material is
now the only waste material dumped at sea from vessels in large
quantities.

Waste disposal and its effects in the oceans are discussed in
more detail in Chapter 16.

CHAPTER SUMMARY

What Is Oceanography?

Oceanography is an interdisciplinary science divided into
subdisciplines of physical, chemical, geological, and biological
oceanography.

Exploration and Mapping.

The oceans have been used for fishing for more than 100,000
years. Systematic ocean exploration began between about 6000
and 2000 years ago and was concentrated in the Mediterranean,
Polynesia, and Micronesia. Subsequently, between about 2000
and 600 years ago, exploration apparently slowed for centuries,
except in the Mediterranean.

After about 1400 CE, European and Mediterranean nations
mounted many ocean expeditions. Scientific study of the oceans
burgeoned. The voyages of Captain Cook (1768—1780), Charles
Darwin and the Beagle (1831-1836), and HMS Challenger
(1872-1876) produced some of the most important early system-
atic oceanographic studies.

Law of the Sea.

For most of recorded history, the resources of the oceans
were not owned and could be exploited by anyone. In 1672, the
British claimed ownership of a territorial sea that reached 5.6 km
offshore. Such claims became common practice until 1945, when
President Truman claimed for the United States ownership of the
resources of the seafloor offshore to where the ocean reached a
depth of 183 m. Many similar claims by other nations ensued.
The resulting confusion was resolved by United Nations “Law of
the Sea” conferences in 1958 and 1960, and passage in 1982 of
a comprehensive Law of the Sea Treaty (LOS) after more than a
decade of negotiations.

The Law of the Sea Treaty grants to a coastal state ownership
of all fisheries and mineral resources within an EEZ that is 200
nautical miles wide. The most controversial treaty provisions ap-
ply the principle that minerals of the deep-ocean floor outside of
EEZs are the “common heritage of mankind.” The United States
and several other nations did not sign the treaty because of these
provisions. In 1994, enough nations ratified the treaty for it to
become effective, and the United States signed it but has not yet
ratified it..

The seabed and fishery resources of an EEZ can be very valu-
able. Consequently, sovereign nations now consider otherwise
inconsequential islands valuable. The result has been a variety of
territorial disputes, and even wars, over such islands.

In 2023, an addendum to the LOS generally referred to as the
“Treaty of the High Seas” was adopted that ensures that the ben-
efits of marine genetic resources (e.g. drugs produced from ma-
rine animals) are shared under the “common heritage of mankind:
principle; establishes rules for conducting impact assessments in
the high seas; and establishes a framework for the establishment
of ocean sanctuaries within which area fishing will be prohibited.
Value of Ocean Resources.

The oceans provide abundant resources, including fisheries
and other biological resources; transportation, trade, and military
use; offshore oil and gas; methane hydrates; minerals and fresh-
water; recreation, aesthetics, and endangered species; energy; and
waste disposal.

Biological Resources.
Most of the world’s major fisheries are overfished. The princi-
pal reason is that most fisheries are an unowned resource open to



anyone who wants to exploit them. Many fishing techniques col-
lect and kill nontarget species that are often discarded and bottom
trawling severely damages slow growing seafloor ecosystems.
Fishing line, nets, Styrofoam floats, and other items are discarded
or lost and cause beach pollution. Aside from fisheries and the
aesthetic value of marine species, ocean biological resources in-
clude ornamental species used in aquariums, and pharmaceuticals
extracted or developed from marine species.

Transportation, Trade, and Military Use.

Most goods traded by humans are transported in surface ves-
sels. The oceans are also extensively used by the world’s navies,
both surface vessels and submarines. Research to support naval
uses, especially hiding and hunting submarines, has been critical
to the development of oceanography. Recreation on cruise liners
and small craft is increasing rapidly. Occasional spills, espe-
cially from oil tankers, releases of oil from boat motors and ship
engines, dumping of trash by some vessels on the high seas, con-
struction of ports and portside facilities, discharge of bilge water,
antifouling paints, anchors, and dredging to maintain navigation
channels all have environmental effects, often deleterious.

Offshore Oil and Gas.

Most undiscovered oil is beneath the continental shelves and
slopes. Offshore drilling and production platforms or islands are
used throughout the world. These facilities have, on a few occa-
sions, accidentally spilled large amounts of oil, and some of them
discharge drilling muds and oily water.

Methane Hydrates.

Large accumulations of methane hydrates have been dis-
covered in ocean sediments, especially on the continental slope.
Because methane burns cleanly, methane hydrates could provide
a large and desirable source of energy. Several nations are now
testing technological means for extracting the methane economi-
cally. Environmental impacts are uncertain but could include
accidental release of methane (a greenhouse gas) and disturbance
of continental slope sediments that could cause turbidity currents
and tsunamis.

Minerals and Freshwater.

Ocean mining for sand and minerals, although limited, is
increasing. Mining alters habitat at the mine site and may lead
to the discharge of tailings and other wastes. Coastal wetlands in
some areas have been altered to construct evaporation ponds for
salt production. Freshwater production from seawater generally
discharges high-salinity brines.

Recreation, Aesthetics, and Endangered Species.

Human populations have historically been concentrated on
the coast for its aesthetic values and moderation of climate.
These values are becoming increasingly important as human use
of the oceans for many forms of recreation increases. Humans
and their recreational activities have many effects on the marine
environment that are becoming better studied and understood.
The protection of ocean ecosystems and species has emerged as
an important goal, but difficult conflicts often occur between the
need for protection and the need for resource uses.

Energy.

Winds, waves, tides, currents, and the temperature differ-
ence between surface and deep waters are all potential sources
of energy. So far, only tidal energy is commercially developed.
Facilities to generate energy from these sources may alter current,
wave, and habitat characteristics and cause contamination from
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antifouling paints. OTEC may be the most promising technology,
particularly for tropical island communities and is now in use in
several locations outside the United States.

Waste Disposal.

The oceans are capable of assimilating large quantities of
some wastes without any significant negative impacts. Wastes
have been disposed of in the oceans for thousands of years, but
increasing amounts have caused significant negative impacts on
the ocean environment, especially when dumped or discharged
in locations or by means that allow them to accumulate locally.
Except for dredged material, most wastes now disposed of are
liquids or slurries, such as treated sewage.

KEY TERMS

You should recognize and understand the meaning of all terms
that are in boldface type in the text. All those terms are defined in
the Glossary. The following are some less familiar key scientific
terms that are used in this chapter and that are essential to know
and be able to use in classroom discussions or exam answers.

acoustic latitude
bycatch longitude
chronometer manganese nodules
drift net maximum sustainable yield
electromagnetic radiation nonindigenous species
eutrophication outfall
exclusive economic overfished
zone (EEZ) phosphorite nodules
foul sounding
fouling submersible
high seas territorial sea
hydrographic topography
hydrothermal minerals
hydrothermal minerals
STUDY QUESTIONS
1. Why did oceanography develop as an interdisciplinary sci-
ence?

2. Why was the art of navigation developed to a much greater
degree by the early Polynesian and Micronesian civilizations
than by the contemporary European civilizations?

3. Why were early mapmakers able to measure distances ac-
curately in a north—south direction but not in an east-west
direction?

4. Why was the Challenger expedition so important to the de-
velopment of oceanography?

5. Why don’t we generate a significant amount of energy from
tides, waves, and currents?

6. List the human uses and resources of the oceans.

7. Why is an international treaty that establishes a special set of
laws for the oceans important?

8. Discuss how you would apply the “common heritage of
mankind” principle to the protection and hunting of terrestrial
wild animals whose habitats cross national boundaries.

CRITICAL THINKING QUESTIONS

1. During the early part of the Dark Ages, observations about
the oceans were made by people we now call “philosophers.”
Today those who study the oceans are known as “scientists,”
not philosophers. Do you agree with this distinction? Why?
What are some differences between philosophy and science?

2. In 1492, Columbus used Poseidonius’s highly inaccurate
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calculation for the circumference of the Earth to identify the
New World as Asia. Recall that Eratosthenes had calculated
the circumference of the Earth with great accuracy well
before Poseidonius. For what reasons do you think Columbus
used the later, incorrect circumference?

3. Darwin’s observations about evolution are well known. His
ideas of continent movement (mountains once having been
under the sea, for example) are just now being noticed. Why
do you suppose this is?

4. For what reasons do you think the Law of the Sea Treaty
established a limit of 200 miles for exclusive economic zones
(EEZs)? Why do you think the treaty allows some nations
to establish limits that are farther offshore than 200 miles?
Explain why you think such exceptions should or should not
be allowed.

5. Who has the right to decide who can use the biological and
mineral resources of the oceans in areas outside the EEZs
of the nations? Who should benefit economically from this
use? How should use of these resources be managed, and by
whom? If a nation disagrees with a management decision and
allows its citizens to exploit these resources without follow-
ing the internationally agreed-upon rules, how should the
situation be resolved?

6. Who do you think should finance the search for beneficial
drugs and pollution-fighting organisms in the oceans? Who
should benefit economically from the discovery of such com-
mercially valuable compounds? Who should benefit from
harvesting organisms to make the compounds? How should
the harvesting be regulated, and by whom?

7. Nearly 71% of the Earth’s crust lies under its oceans. Avail-
able supplies of valuable minerals and oil and gas in the
deposits beneath land are steadily becoming scarcer as they
are depleted. Should minerals and oil and gas be removed
from under the ocean? What factors need to be considered to
make this decision?

CRITICAL CONCEPTS REMINDERS

CCS5 Transfer and Storage of Heat by Water: Water’s high heat
capacity allows large amounts of heat to be stored in the oceans
and released to the atmosphere without much change of ocean
water temperature. Water’s high latent heat of vaporization al-
lows large amounts of heat to be transferred to the atmosphere
in water vapor and then transported elsewhere. Water’s high
latent heat of fusion allows ice to act as a heat buffer reducing
climate extremes in high latitude regions.

CC9 The Global Greenhouse Effect: Perhaps the greatest envi-
ronmental challenge faced by humans is the prospect that major
climate changes may be an inevitable result of our burning
fossil fuels. The burning of fossil fuels releases carbon dioxide
and other gases into the atmosphere where they accumulate and
act like the glass of a greenhouse, retaining more of the sun’s
heat.

CC10 Modeling: Complex environmental systems including the
oceans and atmosphere can best be studied by using conceptual
and mathematical models. Many oceanographic and climate
models are extremely complex and require the use of the fastest
supercomputers

CC11 Chaos: The nonlinear nature of many environmental in-
teractions, including some of those that control annual fluctua-
tions in fish stocks, mean that fish stocks change in sometimes

unpredictable ways.

CC16 Maximum Sustainable Yield: The maximum sustainable
yield is the maximum biomass of a fish species that can be
depleted annually by fishing but that can still be replaced by re-
production. This yield changes unpredictably from year to year
in response to the climate and other factors. The populations of
many fish species worldwide have declined drastically when
they have been overfished (beyond their maximum sustainable
yield) in one or more years when the yield was lower than the
average annual yield on which most fisheries management are
based. .

CC17 Species Diversity and Biodiversity: Biodiversity is an
expression of the range of genetic diversity; species diversity;
diversity in ecological niches and types of communities of
organisms (ecosystem diversity); diversity of feeding, re-
production, and predator avoidance strategies (physiological
diversity), within the ecosystem of the specified region. Species
diversity is a more precisely defined term and is a measure of
the species richness (number of species) and species evenness
(extent to which the community has balanced populations with
no dominant species). High diversity and biodiversity are gen-
erally associated with ecosystems that are resistant to change.
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Studying the Oceans

CRITICAL CONCEPTS USED IN THIS CHAPTER
CC1 Density and Layering in Fluids

CC6 Salinity, Temperature, Pressure, and Water Density
CC10 Modeling

CC14 Phototrophy, Light, and Nutrients

Developments in scuba diving technology are revolutionizing marine sciences. The strange-looking backpack on the diver shown in the image on the
far right is a scuba system that removes carbon dioxide so that the gases can be rebreathed many times and uses a computer to control the mixture

of air, oxygen, and helium that the diver breathes. This unit allows divets to make very deep dives and return to the surface safely without the many
hours of decompression that are usually needed. The spectacular nudibranch shown in the photo to the right is one of many never-before-seen spe-
cies found on a number of very deep dives made with the “rebreather” in Papua New Guinea. It was collected from a depth of about 130 m. Scuba is
normally limited to a maximum depth of about 50 m

This chapter will introduce you to the tools and techniques oceans can we appreciate why we still do not know more about
used by oceanographers and explain why the oceans are so dif- them. This understanding is also necessary for a full appreciation
ficult to study. Some of the tools described in the chapter are of the immense value of technologies, such as the Global Posi-
now obsolete, but only by understanding how ingenious ocean- tioning System (GPS), advanced satellite sensors, autonomous
ographers need to be to overcome the difficulties of studying the underwater vehicles and computers that can rapidly analyze and
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graphically portray massive amounts of data.

DIFFICULTIES OF STUDYING THE OCEAN ENVIRON-
MENT

Why did it take so long to discover the most fundamental se-
crets of the oceans? Why did we not know of the existence of the
immense mountain chains passing through all the oceans until we
were already looking beyond the Earth and launching satellites
and humans into space? The answer lies in the hostility of the
oceans to oceanographers and to their instruments. In many ways,
the ocean depths are more difficult to explore than the surface of
the moon or Mars.

A principal focus of oceanographers in developing techniques
and instruments to study the oceans has always been, and still is,
to overcome the many problems unique to studying the oceans.
The most important of these problems are the following:

e Visiting the ocean depths is difficult because we cannot
breathe in water.

e Water absorbs light and other electromagnetic radiation,
such as radar and radio waves, severely limiting their use for
remote sensing in the oceans.

e The oceans are extremely deep.

e Pressure in the ocean depths is extremely high.

e Seawater is corrosive.

e The sea surface is dynamic.

“Seeing” through Ocean Water

Compared to the atmosphere, water is a much more efficient
absorber of electromagnetic radiation, including radio and radar
waves and ultraviolet, infrared, and visible light. In all but the
shallowest areas, the seafloor cannot be seen by the naked eye
or with any type of optical telescope. Even in the clearest ocean
water, we see at best a distorted image of the seafloor, and only
where the maximum depth is a few tens of meters at most. Be-
cause we cannot see the seafloor, mapping the ocean floor was
more difficult than mapping the surface of the moon. Only in
the 1920s did oceanographers discover that sound waves could
be used as their “eyes” to see the seafloor. Oceanographers also
discovered that the magnetic and gravity fields of the seafloor
could be sensed through the depths of ocean water. Even so,
our ability to study the deep ocean is still limited by its lack of
transparency to electromagnetic radiation. For example, radar and
other instruments carried on satellites can produce extraordinarily
detailed maps of the planet’s land surface in a matter of days, but
they cannot map the seafloor directly because most electromag-
netic radiation cannot penetrate the depths of the oceans. How-
ever, satellite sensors can map the seafloor topography indirectly
by making very precise measurements of sea surface height.
Satellite instruments can also be used to produce excellent maps
of ocean surface features, including wave patterns, sea surface
temperatures, and the abundance of photosynthetic life in the
near-surface waters.

Inaccessibility

The average depth of the oceans is 3800 m, and the great-
est depth is 11,040 m. These depths are farther below sea level
than the average and greatest elevations of the land are above sea
level. The average land elevation is 840 m, and the maximum
elevation, at Mount Everest, is 8848 m. Most of the ocean floor
is as remote from sea level as the highest mountain peaks are.
Put another way, most commercial airplanes fly roughly as high

above the land as the deepest parts of the ocean are below the sea
surface.

Until the recent development of autonomous underwater ve-
hicles (AUVs) oceanographers had to lower instruments or sam-
plers, usually on a wire, and then haul them back up to the ship
to take a sample of the deep-ocean waters or sediment, . Because
the oceans are so deep, the process of lowering an instrument or
sampler, probing or sampling the water column or seafloor, and
retrieving the instrument is extremely time-consuming. Some-
times many hours need to be spent getting a single sample of
mud or bottom water at one place on the ocean floor. In contrast,
a scientist studying the land can collect many samples of rock,
soil, plants, and animals much more efficiently. AUVs can now
perform some of these sampling missions but they too take a lot
of time to travel from surface to seafloor and back.

Research vessels, most of which travel at only about 20 kmeh™!,
consume large amounts of time and fuel going to and returning
from sampling locations far from land. Until the development of
the satellite-based Global Positioning System (GPS) for civilian
use in the 1980s navigation far from land was difficult. Location
or relocation of a specific sampling site was much more difficult
than on land. Because research vessels operating in the open
ocean can cost tens of thousands of dollars a day to operate, the
large amount of time needed to sample the deep oceans means
that few samples can be collected during any oceanographic
cruise and that each sample is very expensive to obtain. There-
fore, samples of the seafloor, oceanic waters, and organisms
living in the oceans have been obtained only at intervals of tens
of kilometers throughout most areas of the oceans, especially the
deep oceans. The advent of autonomous sampling vehicles now
allows sampling frequency, especially sampling of some water
properties to be drastically increased at lower costs.

Pressure

The pressure of the atmosphere at sea level is about 1.03
kgecm™, or 1 atmosphere (atm). On a journey to space, a space
capsule is subject to a 1-atm pressure change because the atmo-
spheric pressure in outer space is effectively zero. Therefore,
manned spacecraft must have hulls that can withstand a 1-atm
pressure difference. Because most electronic equipment can oper-
ate without any problem at zero atmospheric pressure, unmanned
satellites need no protection against pressure differences. In con-
trast, on a journey into the oceans, the pressure increases by 1.03
kgecm 2 (or an additional 1 atm) for each 10 m of depth. Hence,
the pressure at 100 m is 11 times as high as the pressure at sea
level (1 atm of air pressure plus 10 atm of water pressure).

In the deepest part of the oceans, at 11,000 m, the pressure is
a truly astounding 1101 times as high as atmospheric pressure,
or over 1100 kgecm2, which is more than a tonne of pressure
per square centimeter. Therefore, manned submersibles designed
to dive to the greatest depth of the oceans need hulls capable of
withstanding a greater than 1000-atm pressure difference. Most
submersibles are not designed to dive that deep, but even shallow
dives to 1000 m require hulls that can withstand a greater than
100-atm pressure difference. Submarines and submersibles must
have hulls of thick metal, and viewing ports of thick, durable
glass or plastic. Deep-diving manned submersibles must be mas-
sive, even when made of strong, light materials, such as titanium.
In addition, submersible hulls must withstand the metal-fatiguing
stresses of repetitive pressurization and depressurization. These
requirements make deep-diving submersibles almost prohibi-



tively expensive.

Conductivity, Corrosion, and Fouling

Seawater poses a problem for unmanned instrument packages
because most of these rely on electrical components. Such com-
ponents will not work if immersed in seawater, because seawater
conducts electricity and causes short-circuiting. Oceanographic
instruments must be placed inside watertight containers called
“housings” that must be able to withstand oceanic pressures,
because the interiors of the housings normally remain at atmo-
spheric pressure.

Seawater is extremely corrosive, as divers and other water
sports enthusiasts quickly discover when they forget to wash their
equipment with freshwater. Therefore, all wires, cables, sampling
devices, and instrument housings must be protected. Iron and
most steels corrode quickly in seawater, so special marine-grade
steel or other materials must be used to minimize corrosion.
These materials were not available to early oceanographers, who
used more expensive and heavier materials, such as brass and
bronze. Steel is still the best material available for wires to lower
and raise most instrument packages or samples. Even so, the most
corrosion-resistant steel wires must usually be further protected
by a coating of grease or plastic. Most measurements of trace
metals and organic compounds dissolved in seawater were use-
less until the past several decades because of contaminants from
corroding wire and metal sampler parts, and from the grease.

In addition to corrosion problems, a variety of marine organ-
isms foul instruments that are left in the ocean to record data for
days, weeks, or months, as is necessary for some studies. Some
marine organisms, such as barnacles, quickly adhere to and
colonize the surface of virtually any solid material. Instruments
that rely on freely moving parts or on a clean surface-to-seawater
contact can quickly be rendered inoperable by such biological
fouling.

Wave Motion

Perhaps the most obvious difficulty faced by oceanogra-
phers is that the ocean surface is dynamic, and research vessels
therefore cannot provide a stable platform on which to work. The
perils of working on a rolling and pitching vessel are many. First
and foremost, oceanographers must battle seasickness. In addi-
tion, they suffer mental and physical fatigue and disorientation
caused by working long hours at odd times of day on an unstable
platform (many shipboard research activities are continuous 24
hours a day). Oceanographers treasure the rare days of calm seas.
Satellites now allow some scientists to remain on land and direct
scientific studies remotely using fast data and video communica-
tions. However, except for those limited tasks that can now be
performed by autonomous vehicles, vessels must still be manned
by skilled technicians and seamen. Besides the personal hard-
ships, dangers and difficulties are associated with the deploy-
ment and retrieval of often extremely heavy instrument packages
over the side of a research vessel. The sight of heavy equipment
swinging wildly on a wire from a crane over the deck of a ship
when seas are rough is indeed frightening. Hanging over the side
of a ship in a storm to clamp instruments that must be attached
at certain intervals to a heaving wire is an experience few people
would relish.

Less obvious than seasickness and the perils of equipment
deployment and retrieval, but just as difficult, are the problems
associated with using scientific instruments and performing scien-
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tific experiments in shipboard laboratories. Most scientific instru-
ments are delicate and made to be used in a normal vibration-free
and motion-free laboratory environment. The lurching, pounding,
and vibrating to which such equipment is subjected at sea quickly
expose any weaknesses. Equipment often must be specially
designed or modified to operate reliably at sea. In addition, all
equipment must be clamped or tied down in bad weather.
Logistics

A profusion of other, lesser problems is associated with study-
ing the oceans. For example, on a research vessel hundreds of
miles, and therefore days and tens of thousands of dollars, away
from port, broken equipment cannot be taken to a repair shop, a
technician cannot be called in, and spare parts cannot be picked
up at a store. Oceanographers and research vessel crews have
become skilled and ingenious at using available materials to fix
equipment at sea. Nevertheless, even the greatest ingenuity some-
times fails, and research efforts must be postponed until the next
cruise to the appropriate location, which may be several years
later. Such postponements can also be caused by bad weather
that slows or prevents work at sea, although most ocean research
cruises are planned to allow some leeway for bad-weather days.

In the rest of this chapter, just a few of the many and varied
techniques, instruments, and samplers used by oceanographers
of yesteryear and today are briefly reviewed. As you study this
material, keep in mind the difficulties of working in and on the
oceans.

THE UNSEEN DOMAIN

By the middle of the nineteenth century, very few land areas
remained unexplored by Western civilization. A wealth of knowl-
edge had been obtained about the sizes, locations, and shapes of
the landmasses, and their mountain ranges, plains, rivers, and
lakes. However, there still was almost no knowledge of what lay
below the surface of the oceans. The oceans were known to cover
two-thirds of the Earth’s surface and to be very deep, with the
exception of limited areas around continents, islands, and reefs. It
was also known that the near-surface waters of the seas abounded
with fishes and other creatures, and that much of the seafloor was
covered by various types of sediment. However, as late as the
mid-nineteenth century, the deepest ocean waters were believed
to lie stagnant and unmoving in the ocean basins, and the deep
waters and deep-sea floor were thought to be devoid of life.

This state of ignorance began to change in the latter half of
the nineteenth century, when the first telegraph cables were laid
on the seabed and the Challenger undertook its expedition. De-
spite subsequent intensive studies, the oceans remained largely a
mystery for decades. For example, not until the 1950s did ocean-
ographers begin to realize that an immense chain of undersea
mountains runs through all the oceans. The first comprehensive
and generally accurate bathymetric map was produced in 1959,
and corrections and refinements continue today.

BATHYMETRY

People have long needed to map seafloor topography to
navigate safely past obstructions such as submerged rocks and
reefs. In addition, they have long been curious about the depth
of water over the seafloor. Measurement of ocean water depth is
called bathymetry.

Soundings
For centuries, the only way to explore any seafloor deeper
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FIGURE 3-1 Winds and currents can deform the vertical path of an
instrument package or sounding weight on the end of a wire. Currents in
the surface layer or winds that blow the vessel across the ocean surface
can “tow” the instrument package or weight through the water. There-
fore, a length of wire that is greater than the depth must be payed out for
the instruments to reach the seafloor. Currents in lower layers can further
complicate the path of the wire, particularly in very deep water where
several kilometers of wire must be payed out for the instrument package
to reach the seafloor.

than the few tens of meters that could be reached by pearl divers
or in crude diving bells was by lowering a line into the water
with a weight attached. The length of line payed out (on a ship,
letting out line is referred to as “paying out”) before the weight
hit the bottom indicated the water depth—a measurement called
a sounding. This method led to the unit of depth called the “fath-
om,” which was used almost exclusively for nautical charts until
it was supplanted in recent decades by the meter. The fathom was
originally 5% feet, or the length of line between the outstretched
arms of the man hauling the sounding line back aboard the ship.
Originally, all depths were measured as a count of the number

of such lengths of line that were hauled back aboard after the
sounding weight hit the bottom. Later the fathom was changed

to exactly 6 feet, and sounding lines, particularly those used for
deeper soundings, had knots or ribbons tied at measured intervals
to improve the sounding accuracy.

A modification of sounding with line and weight was used to
collect samples of bottom sediment. The bottom of the weight,
usually lead, was hollowed out and fitted with a lump of tallow.
When the tallow hit the bottom, a small amount of bottom sedi-
ment adhered to it, unless the weight hit a rocky bottom. Early
nautical charts included a description of the type of seafloor based
on such samples. Seafloor composition was categorized as sand,
silt, or mud, with the mud color sometimes noted. Many modern
nautical charts, particularly those of shallow coastal waters, still
include that information.

Sounding technology saw a major technological advance
during the 1885 voyage of the USS Tuscarora.. On the ship’s
voyage, which was to study possible routes for a telephone cable
between America and Japan, the sounding line was replaced by

a single strand of piano wire with a weight attached at its end.
The wire was deployed from a drum and hauled back by a winch.
Because hauling with a winch was much faster than hand-
hauling, the Tuscarora could make several deep soundings each
day. Despite this improvement, fewer than about 6000 soundings
had been made in depths greater than 1000 fathoms (1800 m)

by 1910. Hence, fewer than 6000 depth measurements had been
made in an area that represents about 40% of the Earth’s surface,
an area nearly 30 times as large as the combined surface area of
the 48 contiguous states of the United States. Knowledge of the
topography of the deep-ocean floors was only rudimentary, even
as late as the beginning of World War I (1914). Consider how
good our maps of the mountains, plains, and river valleys of the
United States would be if the country were covered in cloud and
had been studied solely by lowering a wire through the clouds to
the ground at only 200 locations.

Sounding Errors and Problems

Taking soundings using a line or wire is a tedious process that
poses additional problems, many of which must still be overcome
when wires are being used to lower instrument packages. For
example, determining when the weight on the wire has reached
the bottom is difficult in deep water. Several kilometers of line
or wire is sufficiently heavy to continue to pull more wire from
the drum, even when the weight at the end has hit the bottom.
Watching for a reduction in how fast the wire pays out or for a
slackening of the tension in the wire, each of which occurs when
weight is reduced by bottom impact, can sometimes help to over-
come this problem. However, these techniques are very difficult,
especially in bad weather, even using electronic wire-tension
measurement systems. As the ship rolls, the head of the crane or
the A-frame over which the wire is payed out moves up and down
in relation to the sea surface. When a considerable length of wire
has been payed out, its weight and drag in the water prevent it
from moving up and down with the ship’s roll. As a result, it
stretches and contracts, and the wire tension fluctuates. Therefore,
wires must be several times stronger than would be necessary to
carry only their own weight and the weight of any instruments
attached to them.

When wires are used to lower instruments, currents and the
action of the wind on the research vessel can also cause prob-
lems. Because the ship is slowly blown along the sea surface by
the wind, it tends to move sideways from the weight or instru-
ment package on the wire that is far below. The drag of the wire
and its weight tend to prevent the wire from following the ship’s
sideways motion. Therefore, the wire does not drop vertically to
the bottom (Fig. 3-1). If subsurface currents flow in directions
different from that of the research vessel’s wind drift, or from that
of currents at other depths, the wire’s vertical path through the
water can have a complex S shape or other curve (Fig. 3-1). Be-
cause a wire never falls through a deep water column vertically,
more wire than the actual depth of water beneath the research
vessel must be let out if the end of the wire is to reach the sea-
floor. Therefore, all line and wire soundings in deep water were
incorrect. The actual depth was always less than the measured
depth.

A more practical problem associated with lowering instru-
ments or wires over the side of a research vessel is that the wind
or currents can blow the vessel over the top of the wire or bend
the wire under the vessel. The wire can end up stretched tight
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FIGURE 3.2 Echo sounders mea-
sure the depth of water beneath a
vessel by measuring how much time
a sound pulse takes to travel from
the vessel to the seafloor and back.
Because sound travels in seawater
at about 1500 mes™!, a sound pulse
takes 2 s to return to the research
vessel when the water depth is 1500
m. The sound pulses spread out
over a narrow angle as they travel
downward from the vessel. Thus,
particularly where the depth is great,
they are reflected off a large area of
seafloor. Because the first part of the
echo to return is used to measure the
depth, measured depths are often
inaccurate.

across the ship’s hull as it passes underneath. Continuing to lower  device that could detect an iceberg almost 5 km away by sending
or raise the wire in this situation could damage the ship’s hull or a sound signal through the water and detecting the return echo.
break the wire. Therefore, most oceanographic research vessels That sound navigation and ranging equipment, which became
are specifically designed to be capable of turning slowly around known as sonar, was quickly developed into a device for hunting
the wire without moving forward. This ability is usually provided  sybmarines. After the invention of sonar, it was a simple matter
by a bow thruster propeller located in a tunnel near the bow of to orient the sound source to point vertically downward (Fig.
the ship. The propeller is set at right angles to the ship’s normal 3-2) and to detect the echo from the seafloor. The speed of sound
direction of travel and can be used to push the bow of the ship to i seawater is known, as are the relatively small changes in this
one side or the other. speed with salinity and temperature. Hence, if the distribution of
Echo Sounders salinity and temperature with depth is known from other mea-

In response to the sinking of the Titanic in 1912, Reginald surements, the depth of t.he water below a ship can be determined
Fessender, a former assistant to Thomas Alva Edison, inventeda Y measurement of the time taken for the sound to travel to the

Measured depth

Seafloor

True depth immediate

beneath vessel

1l a‘-_;!-
.r.'_.l'l r

Figure 3-3. Mercator projection map of the seafloor and land surface elevation. Seafloor elevation data were obtained from ship generated precision depth
recorder data and satellite measurements of sea surface height data (Date were obtained from many sources). The satellite sea surface height data provides
a resolution sufficient that seafloor topography features of a scale greater than about 20-25km are identified in the map. For a large scale version of this map
go to http://www.reefimages.com/oceans/0303.html
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FIGURE 3-4. Modern seafloor topography
measurements. (a) The Sea Beam multi-
beam sonar system uses up to 200 or more
separate narrow beams spread out under the
ship. (b) Sidescan sonar uses a broad sound
beam sent from a towed fish and computer
processing of the returning echoes. (c)

Both systems produce much more detailed
seafloor maps than were previously possible.
The colored area of this map shows the
detailed topography revealed by a wide-area
sonar survey of Quick’s Hole, Massachu-
setts. The surrounding nautical chart shows
the much less detailed maps that conven-
tional sonar can produce.

(a) b)

seafloor and back. The first truly successful echo sounder depth
recordings were made in the North Sea in 1920 by the German

scientist Alexander Behm. Subsequently, knowledge of bottom

topography developed rapidly as echo sounding equipment was
improved and installed in more vessels.

The great advantage of echo sounders was that they could
obtain essentially continuous records of the water depth below a
moving ship. By the mid-twentieth century, every research vessel
was equipped with an extremely precise echo sounder called a
“precision depth recorder” (PDR). Standard operating procedures
on most research vessels required that the PDR be operated con-
tinuously, and that depths and precise ship positions be recorded
while the vessel was under way. PDR depth measurements,
although much more accurate than soundings, also have limita-
tions. Because the PDR records only the depth of water directly
under the ship’s track, depths between two ship tracks still must
be inferred by interpolation. Unless depth recordings from many
ship tracks cover a given area of ocean floor, major features such
as undersea hills and mountains may be overlooked. In addition,
the PDR measures only the depth of the closest echo from under
the vessel (Fig. 3-2). Even PDRs with very narrow beam widths
receive echoes from a relatively large area of ocean floor. Hence,
a nearby hill can cause the depth to be recorded as shallower than
it really is, and narrow valleys and depressions can be missed
completely (Fig. 3-2).

The depth information generated by research vessels after
World War II had to be plotted by hand, which proved to be a
daunting task. Of course, depths are now recorded electroni-
cally and processed by computers, but computers did not become
practical for use at sea until the 1970s. The first truly compre-
hensive map of the ocean floor was completed by Bruce Heezen
and Marie Tharp in 1959. Compiling it was an enormous and
tedious undertaking that involved matching depth and position
(navigation) data from thousands of hours of PDR recordings
made by many vessels without the aid of computers. Navigation
errors were corrected by comparison of the depths of each ship,
recorded where ship track lines crossed. Depth data were then
entered painstakingly on a blank map and carefully contoured,
and a three-dimensional representation was drawn exactingly
by hand. The map generated by this massive project was truly
revolutionary.

To understand this, look at a typical atlas map that shows all
the oceans as a featureless uniform blue expanse, then look at

Figure 3-3. This revelation of previously unseen seafloor topog-
raphy that rivals the greatest mountain chains and other features
of the continents was, for oceanographers and others, like being
introduced to an entirely new planet. Heezen and Tharp, and the
many other people who spent years gathering data or otherwise
helping to create the map, made a contribution to human knowl-
edge that today remains startling, profound, and beautiful.

Since 1959, PDR surveys of the oceans have continued on
almost all research vessels during their entire time at sea. Never-
theless, most of the ocean floor is still very poorly mapped by this
technique. In fact, vast areas of the deep oceans are mapped by
PDRs at a level of detail equivalent to mapping the United States
only by measuring elevations along the interstate highways. Look
at a road atlas and think about what topography we would have



missed if we had mapped the United States from topographic data
taken only along this highway system.

Wide-Area Echo Sounders

In the 1960s, echo sounding was revolutionized by the simul-
taneous development in the United States and England of some-
what different approaches to determining the seafloor topography
within a wide swath under, and to either side of, a vessel track.
In the American system, called “multibeam sonar” or “swath,”
up to 200 or more narrow sound beams are broadcast in a fan
pattern beneath the ship (Fig. 3-4a), and the depth (corrected
for the angle) is recorded for each beam. In the British system,
called “sidescan sonar,” two wider sound beams are broadcast
at an angle, one to each side and downward from a streamlined
instrument enclosure called a “fish” towed underwater behind the
vessel (Fig. 3-4b). In this system, echoes from different broad-
cast angles within each beam return to the fish at different times,
depending on the angle and therefore the distance from the fish.
Within the prolonged returning sequence of echoes from each
outgoing pulse, the intensity of the echo received varies accord-
ing to distance and the bottom topography. Strong portions of
the returning echo sequence indicate that the bottom is sloped up
toward the fish. Weak echoes indicate a slope away from the fish.
These represent the front and back sides of the hill, respectively.

The two wide-area echo sounding systems have somewhat
different uses because each is better suited to mapping certain
types of bottom terrain in certain depths of water. Each system
requires powerful and sophisticated computer technology to
process the signals received. Both methods provide dramatically
improved maps and reveal previously unknown canyons, valleys,
hills, and other features of the seafloor (Fig. 3-4¢). Spectacu-
larly detailed charts of coastal waters developed with the new
echo sounding systems are now being produced as each area is
surveyed. The extraordinarily precise and detailed map in Figure
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FIGURE 3-5. Bathymetric map
of the Monterey Canyon region
in central California, produced
with data from multibeam sonar
surveys. Compare the level of
detail of this map with that of
older navigation maps that you
may have seen for other areas.
The inset shows a 3-dimensional
rendering of the submarine can-
yon that crosses the lower half of
the larger map.

3-5 was very important in 1989 when the Loma Prieta earthquake
occurred just north of Monterey, California. Using this map with
post earthquake surveys and submersible observations, oceanog-
raphers were able for the first time to study submarine effects of
an earthquake, such as the many small mud slides that occurred.

Wide area echo sounders are now deployed in autonomous
floats that can survey an area without the need for constant at-
tention from a surface vessel. However, such systems are still
expensive to build and operate so, although they will speed up the
rate at which the ocean floor is surveyed in detail it will still take
decades or longer before the majority of the sea floor is surveyed
at the level of detail in Figure 3-5.

Ocean Topography from Satellites

Unlike research vessels and autonomous floats, satellites have
been able to survey the world’s oceans with unprecedented com-
prehensiveness in just a few days albeit at lower resolution than
wider area sonar can achieve.

The Seasat satellite launched in 1978 made the first satellite-
based maps of the ocean surface, from which the topography of
the seafloor can be deduced. The sea surface topography was
measured by a radar altimeter carried on board the satellite. The
height of the sea surface can be used to map the seafloor to-
pography because it is affected by the depth of the ocean below
it. Rock is denser than water, so rocks have a slightly higher
gravitational attraction than water. Therefore, the sea surface
is slightly higher over an undersea mountain than it is over a
deeper area (the mountain “pulls” water toward it from the sides
to create “mounds”). There are now several satellites in orbit that
provide satellite altimetry data that have made it possible to map
the entire world’s ocean floor. This data has led to the discovery
of hundreds of previously unknown seamounts, fracture zones,
and other topographic features in areas where depth recordings
had not been made by ships. By 2023, high resolution radar satel-
lites had identified more than 43,000 seamounts of which only
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long vertical samples of soft sediments. Most corers have a core catcher that consists
of a ring of flexible metal leaves around the inside of the core tip. The leaves are easily
pushed aside as the corer enters the sediments, but they are bent backward to close off
the tube as the corer is pulled out. Typically, gravity corers are used to obtain cores up
to about 2 m long, and cores from piston corers may be longer than 50 m. Corers are
usually suspended from a release arm, which is activated by a trigger weight that hangs
below. When the trigger weight hits the bottom, the weighted corer falls freely into the
sediments. For piston corers, a loop of cable between the trigger assembly and a piston
inside the core barrel becomes taut as the tip of the corer reaches the sediment surface.
The corer body is forced into the sediment by its weight, but the cable holds the piston,
which causes a small reduction of the water pressure on the sediment. The reduction

in pressure helps the sediment core to slide into the barrel, increases core length, and
minimizes vertical distortion of the sediment layers. (d) Box corers are used to collect
large-volume undisturbed samples of the upper few centimeters of sediment. The box

about 16,000 have been mapped by sonar.

Data from satellites and from shipboard PDR surveys have
all been combined to provide a detailed view of the ocean floor
(Fig. 3-3). However, the resolution of these maps is still such that
features as large as several kilometers across may be missing.
Limitations inherent to satellite bathymetry make it unlikely that
substantially better resolution can ever be obtained except where
detailed wide-area sonar surveys are made.

In contrast to ocean floor mapping, the mapping of the planets
and their moons was completed quickly and easily by scientists
using radar, cameras and modern computers aboard planetary
probes such as Mariner, Voyager, and Mars Global Surveyor
spacecraft. In addition, the resolution and comprehensiveness of
our maps of Mars, Venus, and the Earth’s moon are much better
than our seafloor maps. This comparison illustrates the difficulty
of studying the oceans.

SEAFLOOR SEDIMENTS

The seafloor is covered by sediment ranging in thickness from
zero on a small fraction of the ocean floor to several kilometers.
As Chapter 6 discusses, many secrets of the Earth’s history are
to be found in these sediments. Because the sediments slowly
accumulate layer upon layer, history is preserved in sequence;
sediment becomes older at progressively greater depths below
the seafloor. The upper few to tens of centimeters of sediment are
especially important because many living organisms inhabit these
sediments, and because processes that affect the fate of chemicals

corer is forced into the sediments by its weight and is then closed off by a spade arm
that cuts through the sediment and under the box.

types of sediment samples:

e Samples that contain an undisturbed sequence of the layers
of sediment from the sediment surface down as far as neces-
sary to cover a long period of history

e Large samples of the top few tens of centimeters of sedi-
ment, within which most non-microscopic organisms live.

Aside from samples taken in very shallow water, the earli-
est sediment samples retrieved from the oceans were those that
adhered to the lump of tallow at the end of a sounding line. Such
samples were useful only for a gross characterization of sedi-
ment color and the size and type of the sediment grains. When he
explored Baffin Bay in search of a Northwest Passage in 1820,
Sir John Ross had his blacksmith construct a “deep-sea clam.”
That device, the forerunner of grab samplers used today, collected
several kilograms of greenish mud containing living worms and
other animals from depths of almost 2000 m.

Grab Samplers and Box Corers

In its basic design, a grab sampler consists of a sealed metal
container, usually with two halves that open at a top hinge like a
clamshell (Fig. 3-6a). The sampler is lowered with the clamshell
jaws open, and it sinks into the sediments when it hits the bottom.
A mechanism causes its two halves to close as it is pulled up, thus
grabbing a sample of sediment.

Grab samplers are relatively light and simple to operate, but
they can disturb and partially mix the sediment they retrieve. To



minimize disturbance, box corers often are used. A box corer
consists of a supporting framework that is lowered to sit on the
seafloor, a heavily weighted box with an open bottom that sinks
about 20 to 30 cm into the sediment, and a blade that slices under
the box from the side to hold the sediment in the box when the
frame is retrieved (Fig. 3-6d). Because they have a wide opening,
box corers can collect large amounts of sediment, but they often
weigh several hundred kilograms and are difficult to deploy from
research vessels.

Gravity and Piston Corers

To take deeper sediment samples, corers are used. Corers
consist of a tube that is open at the bottom end like an apple
corer. The tube is forced vertically into the sediment. When the
tube is pulled out of the sediment, the core is usually held inside
by a core catcher (Fig. 3-6b,c). There are two basic types of
corers: the gravity corer and the piston corer. Gravity corers are
allowed to fall freely on the end of a cable; they strike the bot-
tom with great force and are driven into the sediment by weights
mounted at the top of the core tube (Fig. 3-6b). Piston corers, and
sometimes gravity corers, are attached to a release mechanism at
the end of a cable (Fig. 3-6¢). In a piston corer, the action of the
piston helps the core slide into the core barrel so that longer cores
can be obtained, and it helps minimize vertical distortion and
disturbance of the core’s sediment layers.

In very sandy sediment or other special situations, gravity
and piston corers cannot penetrate. Special corers must be used
that force the core barrel into the sediment, either by vibrating it
mechanically or by forcing air or water down the outside of the
barrel to blow the sediment away.

The smallest corers weigh a few tens of kilograms and take
short cores (up to about half a meter long); the largest weigh
several tonnes and can take cores more than 50 m long. Deploy-
ing and retrieving one of the largest corers, which may be well
over 50 m in total length, is an exacting task and this task is now
performed by computer driven mechanical systems on specially
equipped research vessels.

Unfortunately, and to the frustration of researchers who may
have waited hours for the sampler to be lowered and retrieved if
the water is deep, grab samplers and corers often fail to penetrate
or close properly. There are several reasons for such failures. For
example, the sampler might impact the seafloor at too great an
angle if currents distort the wire from the vertical as discussed
earlier, or the sampled material might jam in the closure mecha-
nism. Even a tiny opening in the closure mechanism can cause
the sample to be lost as the sampler is hauled back through the
water column.

Drilling Ships

To study older layers, scientists must explore deeper in the
ocean sediment than can be reached by corers. In addition, the
bedrock beneath the ocean sediment holds valuable clues to the
history of the Earth and its oceans. In 1968, the United States be-
gan using a unique drilling ship, the Glomar Challenger, to sam-
ple the deeper sediment layers and rocks. The ship was capable
of drilling holes in the ocean floor in water as deep as 6 km and
could collect drill-core samples from depths up to about 2000 m
below the seafloor. The Deep Sea Drilling Program (DSDP) used
the vessel to obtain more than a thousand cores from throughout
the world’s oceans. These core samples helped to confirm the
theories of seafloor spreading and continental drift (Chap. 4).
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In 1983, the DSDP was succeeded by the Ocean Drilling Pro-
gram (ODP), an international cooperative program funded jointly
by the United States, Canada, West Germany, France, Japan, the
United Kingdom, Australia, and, at one time, the Soviet Union.
The Glomar Challenger was replaced by the more sophisticated
JOIDES Resolution. In 1990, in a water depth of 5700 m, 2500
km south of Japan, the JOIDES Resolution drilled through 200
m of recently formed volcanic rock and 460 m of sediment lying
below it. A sample of sediment was retrieved that was estimated
to be 170 million years old and is believed to be the oldest
remaining ocean floor sediment, except for that found on small
fragments of tectonic plates that have avoided subduction.

In 2003, the ODP was succeeded by the Integrated Ocean
Drilling Program and then the Integrated Ocean discovery Por-
gram (both IODP), led jointly by the United States and Japan.
This program operates two drilling ships, the Joides Resolution
and a newer Japanese vessel called Chikyu. The Chikyu is capable
of drilling holes as deep as 6 km beneath the seafloor, far surpass-
ing the 2-km limit of the JOIDES Resolution. The Chikyu is also
able to drill in shallower water, and it has the ability to prevent
blowouts (uncontrolled releases of gas or oil) if it penetrates
formations that contain oil and gas which allows Chikyu to drill
in many locations where the JOIDES Resolution can not. This
program is scheduled to end in 2024 but is likely to be renewed.

Seismic, Magnetic, and Gravity Studies

Because obtaining corer or drill-core samples is time-con-
suming and expensive, oceanographers can sample directly only
a small number of locations. Fortunately, certain remote sensing
techniques can provide information about the sediment and in ar-
eas where actual seafloor samples are not available. Seismic pro-
filing and the measurement of magnetic and gravitational fields
are the principal techniques used to obtain such information.

Like sonar measurements, seismic profiling uses a sound
wave or shock wave. The sound wave passes through the ocean
water into the sediment and is partially reflected at each depth
where the type of sediment changes or a volcanic rock layer be-
gins (Fig. 3-7). Because ocean sediments are built up layer upon
layer, many such echoes, each of which corresponds to the top of
a layer, are reflected from within most ocean sediments. Return-
ing echoes are monitored with a string of hydrophones, devices
that record sound waves, towed behind the research vessel. The
sound waves received by each of the hydrophones have traveled
different distances within the sediment layers and so are received
at different times (Fig. 3-7a,b). Seismic profiles reveal struc-
tural features of the sediment that are hidden below the seafloor,
including faults, tilting of the layers, and buried mountain tops.
Modern seismic profiling systems use multiple sound sources and
multiple strings of hydrophones towed behind the research ves-
sel. Using powerful computers to analyze the resulting data, these
systems can produce detailed three-dimensional images of the
sediments or rock beneath the seafloor (Fig. 3-7¢,d).

Because sound travels at different speeds in different types of
sediment and rock, seismic profiles can aid in determining the na-
ture of each layer of sediment. Distinct sediment layers in many
parts of the ocean can be traced for hundreds of kilometers in all
directions. Hence the layers found in seismic maps can often be
correlated to the layers of sediment and rock retrieved by drilling
or coring.

Sediment and rock on or below the seafloor also can be
studied by precise measurement of changes in gravitational-
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FIGURE 3-7 Seismic profiling. Two techniques are used: (a) seismic reflection, in
which sound pulses penetrate the seafloor and are reflected off sedimentary layers;
and (b) seismic refraction, in which sound pulses are refracted (bent) at interfaces
between layers of sediment and then travel back out to be received by a second
ship. At one time, the sound source was provided by dynamite sticks thrown over-
board to explode just under the water surface. However, the sound source typically
now used is an air gun that periodically fires a burst of compressed air into the wa-
ter at a depth of about 15 to 35 m. The sound waves are generated by the collapse of
the air bubbles produced by each burst. (c) A typical seismic profile shows rugged
seafloor topography overlaid by sediment layers. (d) A 3-dimensional seismic image
of an ancient reef structure buried beneath the sediments off Nova Scotia, Canada.
The light colored 2-dimensional sections across the center of the image and along
the right side show just how much more information the 3-dimensional image can
convey.

field or magnetic-field strength. Tiny changes in magnetic-field
strength are detected by instruments towed behind a research
Steelmnesh Rigid metal collar vessel as it passes over seafloor sediment and rocks that have

S = variable magnetization. Gravitational-field strength also changes

slightly at different locations because the Earth is not perfectly

round, and because denser sediment and rocks exert a slightly
greater gravitational pull than less dense or lighter sediment at the
@ i same depth. Therefore, extremely small changes in gravitational-
field strength detected by instruments carried on research
ships provide information about the sediment and rock below,
especially the presence of mountains of volcanic rock overlain by

FIGURE 3-8 (a) Rock dredges are used to obtain samples of rock from sea-
floor where there is little or no sediment cover and to collect nodules that lie
on the sediment surface. (b) The dredge is lowered on a cable and towed across
the seafloor. Sediment passes into and through the net, while nodules and loose
rocks are retained. The metal collar breaks off rocks from a rocky seafloor.
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Although most ocean floor is covered by thick sediment,
rocky outcrops also are present, and some areas of the seafloor
are partially covered with manganese nodules and phospho-
rite nodules (Chap. 8). Because corers and drills are not able to
sample such surface rocks, dredges are commonly used. A dredge
consists of a net of metal chain or nylon mesh with one end held
open by a strong, rigid, metal frame (Fig. 3-8).

FIGURE 3-10

A GoFlo water-sampling
bottle. This ingeniously
designed bottle is lowered
through the sea surface

in a closed configuration
to avoid contamination.
At a depth of a few feet, a
pressure-sensitive trigger
opens both ends of the
bottle. The bottle is closed
again by means of a mes-
senger or other triggering
device when the bottle is
at the required sampling
depth.
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FIGURE 3-9 Nansen water-sam-
pling bottle. When the messenger
hits the trigger mechanism, the
top of the bottle is released from
the wire, the bottle falls into an
inverted position, and a mechani-
cal linkage closes valves at each
end of the bottle. The trigger
mechanism also releases a second
messenger, which slides down the

closes wire to the next sampling bottle.

plug valves

Reversing
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Sample bottle
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Dredges are often massive because the rocks in many areas
must be broken off of solid lava flows. When a dredge snags on
such rocks, considerable force is needed to break the rock and re-
lease the dredge. Therefore the cable used for lowering and tow-
ing dredges must be extremely strong. Steel cables 1 cm or more
in diameter are sometimes required. In very deep water, 10,000 m
or more of cable weighing several tonnes is required. Because the
drum on which the heavy dredge cable is stored and the winch
needed to drive the drum are huge, only a few of the largest
research vessels can deploy the largest dredges. Submersibles,
ROVs, or AUVs discussed later in the chapter, now perform some
of this type of sampling.

CHEMICAL AND PHYSICAL OCEANOGRAPHY

Oceanographers are interested in understanding temporal and
spatial variations (that is, variations over time and space) in the
concentrations of the many chemicals dissolved in seawater or
associated with suspended sediment. Most of these chemicals
are found in seawater at very low concentrations (Chap 5) that
make their concentration measurement very difficult. As a result,
most chemical concentrations cannot yet be measured directly by
instruments lowered into the ocean, and samples of water from
selected locations and depths must normally be collected and
brought back to a research vessel or onshore laboratory.

Sampling Bottles

In all but shallow water, where samples can be pumped up
through a hose, water samples are collected in specially designed
bottles. Usually the sampling bottles are designed to descend
in an open configuration that allows continuous flushing with
seawater, as otherwise they would quickly be crushed by the
increasing pressure. Several sampling bottles can be attached
at intervals on a wire to sample at different depths during one
lowering. When the bottles are at the requisite depths, a brass or
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stainless-steel messenger is attached to the wire (Fig. 3-9). The
messenger slides down the wire and hits a trigger mechanism on
the shallowest bottle, causing the bottle to close and releasing
another messenger attached under the bottle. Thus, each bottle
releases a new messenger to slide down the wire and close the
next-deeper bottle.

For many years, most water sampling was done with Nansen
bottles (Fig. 3-9). These have been replaced by newer designs
developed primarily to collect larger samples or to avoid sample
contamination. Because concentrations of some important trace
metals and organic compounds in seawater are extremely low
(Chap. 5), oceanographers must often collect large volumes
(sometimes tens or hundreds of liters) of seawater per sample,
and then use sophisticated chemical techniques to extract and
concentrate the chemicals before even the most advanced and
sensitive analytical instruments can measure the concentration.

Avoiding Sample Contamination

Contamination of the sample must be avoided during its
journey from the ocean depths to the laboratory. Contamination
comes from many sources, including the metals, plastics, and
other materials of the sampling bottle, the metal of the hydro-
graphic wire, and the grease that covers the wire to protect it
from corrosion. Dust, oil, and vapors in the ship and laboratory
atmosphere are other potential contaminants.

An especially difficult contamination problem is caused by
the thin surface microlayer (about 0.1 mm thick or less) that
covers all the oceans. The microlayer always contains higher
concentrations of many chemicals than the seawater below, and
it can be further contaminated by discharges, such as oily cooling

water from the research vessel, and by paint and corrosion chips
from the vessel’s hull. Sampling bottles that remain open as they
are lowered through the sea surface retain a film on the inside of
the sampling bottle deposited by the surface microlayer. This
film can significantly contaminate the sample. Several ingenious
sampler designs, including the GoFlo bottle (Fig. 3-10), prevent
surface microlayer contamination.

The GoFlo bottle is carefully cleaned and sealed in the closed
position on the research vessel before being lowered through the
surface. A pressure-sensitive mechanism opens the bottle auto-
matically once it is a few meters below the surface. The bottle
can then be closed at the required sampling depth.

For chemical parameters not affected by surface microlayer
contamination, one of many other sampler designs can be used.
Samplers that collect 10 liters of seawater are used routinely in
many applications, and very large samplers that collect hundreds
of liters are used for special analyses.

Determining the Depth of Sampling

Seawater in the oceans forms a series of horizontal layers,
each of which is often only a few meters thick (Chap. 10). Water
moves great distances within these layers, but it mixes only
slowly with the water in the next layer above or below. Chemical
oceanographers usually want to sample within each of the layers,
and sometimes at closer depth intervals across the interfaces be-
tween layers. Unless the precise depths of the layers are known,
selecting the exact spacing of water-sampling bottles along the
wire is impossible. In addition, even if samplers are placed cor-
rectly along the wire, the depth at which each sampler is closed
can be affected by curvature of the wire caused by currents or

FIGURE 3-11 (a) Reversing thermometers like these are attached to a water-sampling bottle in a rack. (b) When the bottle is closed, the rack and
thermometers are turned upside down (reversed). The protected thermometer records the true temperature, while the unprotected thermometer records
a temperature that is slightly too high because the mercury reservoir is squeezed slightly by the increased pressure at depth. The temperature differ-
ence between the thermometers can be used to determine the depth at which the thermometers were reversed. Reversing thermometers are still used
to calibrate CTDs, which are instrument packages that measure conductivity, temperature, and depth electronically.
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FIGURE 3-12 Rosette water sampler. The sample bottles, some fitted
with thermometer racks, are arranged in a rosette pattern around an
electronic device that enables researchers on the ship above to close
individual sample bottles at selected depths through an electrical signal
sent down the hydrographic cable. The round frame below the water-
sampling bottle rack usually contains a CTD and possibly other sensors,
such as turbidity-measuring devices.

vessel drift (Fig. 3-1).

Density increases with depth in the oceans, so depth may be
estimated by measuring density. Temperature and salinity are
the two primary parameters that determine the water density, so
density may be calculated and depth estimated by measurement
of these two parameters. Salinity, temperature, and density rela-
tionships are discussed in CC6 and Chapter 5. The approximate
depth from which a sample is obtained can often be determined
if the temperature and salinity of the water at the depth at which
a sampler is closed are measured. Salinity can be determined
by measurement of the electrical conductivity of the sample of
seawater collected after it has been returned to the laboratory.
However, the temperature of the sample changes as it is retrieved
so0, before the development of sensitive electronic thermometers,
the temperature had to be recorded at depth when the sampler
is closed. This temperature measurement was achieved by a
“reversing thermometer” mounted on the outside of the sampler
(Fig. 3-11a). The thermometer on a Nansen bottle reverses with
the bottle itself (Fig. 3-9), but other sampling bottles, which do
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not themselves reverse, have an externally mounted thermometer
rack that rotates mechanically through 180° as the bottle is closed
(Fig. 3-12). To accurately determine the depth of sampling,

two reversing thermometers can be used, one protected and one
unprotected from pressure changes with depth (Fig. 3-11b). This
method is so accurate it is still used today to calibrate the elec-
tronic temperature sensors now used.

Instrument Probes and Rosette Samplers

Using water sampling bottles and reversing thermometers to
determine salinity, temperature, and depth is tedious and only
provides data at those depths at which samples are taken. This
method was replaced in the 1970s by instrument packages con-
taining electronic sensors attached to a wire that make measure-
ments continuously as they are lowered and raised. These pack-
ages are called CTDs, for conductivity (electrical), temperature,
and depth (or sometimes “STDs,” for salinity, temperature, and
depth), because electrical conductivity is measured to determine
salinity (Chap. 5). CTDs have many advantages over sampling
bottles, especially their ability to read salinity and temperature
continuously as a function of depth. Such sensors, or probes, have
enabled oceanographers to observe small-scale variations in the
layered structure of ocean water that cannot be discerned from
widely spaced bottle samples. The wire used to lower CTDs can
both supply electrical power to the sensor package and return the
sensor signal to a processing unit in the ship’s laboratory. There-
fore, these CTDs enable scientists to see instantly the variations
of salinity and temperature with depth. The special CTD wires,
which have electrical conductors running throughout their length
(often tens of thousands of meters), are much more expensive
than the simple steel wire used previously, but the advantages jus-
tify the extra cost and complexity.

Although oceanographers no longer need to use water-sam-
pling bottles to determine salinity, temperature, and depth, sam-
ples of water still must be collected and returned to the laboratory
for analysis of most dissolved chemicals. The dissolved constitu-
ents and the importance of variations in their concentrations are
discussed in Chapters 5, 12, and 16. If the sampling bottles are
mounted around a CTD, samples can be taken at precise loca-
tions within the various water layers. Each bottle can be closed
when the CTD readings in the shipboard laboratory show the
bottle to be at the appropriate depth. For this purpose, a rosette
sampler (Fig. 3-12) is used that consists of a rack for mounting
12 or more sample bottles around the CTD sensor package and
an electronically operated trip mechanism. Signals sent down the
support wire to the trip mechanism close each sampling bottle
individually.

There is great interest in developing sensors to add to the
CTD that would continuously measure dissolved concentrations
of important chemicals. Dissolved oxygen, pH, and turbidity are
among the relatively few parameters for which reliable sensors
exist. To date, none of the other sensors are as reliable and sensi-
tive as the salinity, temperature, and depth sensors are. However,
a wide range of chemical sensors are now beginning to reach the
stage of development where they are providing useful data.

Measuring Currents

Oceanographers are interested in studying the movement of
water in currents that are present throughout the ocean depths.
The speed and direction of currents can be computed from
salinity and temperature distributions in the oceans (Chap. 8),
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FIGURE 3-13 Surface and
seabed drifters. (a) The seabed
=3 drifter is weighted such that
- N its bottom tip drags along the
seafloor as the plastic disk
section “catches” the current
and moves with it. (b) The
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postcard sealed in plastic that
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finder who sends it back to the
researcher and reports where
(usually on a beach) and when
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moves with surface currents.
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and water movements can also be studied by the use of chemi-
cal or radioactive tracers dissolved in the water. These indirect
methods, especially when combined with mathematical model-
ing techniques (CC10), are extremely valuable for studying the
movements of water averaged over large distances (tens of kilo-
meters or more) and long periods of time (months or longer).
Because tracers are much less useful in studying the small-
scale details of current distributions and their variability with
time, a variety of systems are used to measure currents directly.
There are three basic types:

® Passive devices flow with a current wherever it goes and
periodically or continuously report their position.

o Current meters are anchored and periodically or continu-
ously measure the speed and direction of water flowing past
them.

® Remote sensing systems can measure currents at various
depths beneath a moving research vessel or at various depths
from a fixed mooring.

Drifters, Drogues, and Floats.

The simplest method of measuring currents in the coastal
zone is to use drifters. Drifters are designed to float on the surface
of the water or are weighted and designed to sink very slowly to
the seafloor, where they are easily picked up and moved by even
the gentlest bottom current (Fig. 3-13a). Drift cards (Fig. 3-13b)
are thrown overboard in large numbers at a fixed location. Like a
message in a bottle, they drift on the surface with the ocean cur-
rents until they wash up on a beach. Each card is numbered and
bears a message asking whoever finds it to return it to the ocean-
ographer with details of where and when it was found. The finder
is often paid a small reward for return of the card. Drift cards are
a very inexpensive means of gaining information about mean cur-
rent directions, especially in coastal regions, where currents are
often very complex and variable. Drift cards are particularly valu-
able in studies of the probable fate of wastes discharged or oil
spilled at specific locations. Surface currents can also be studied
with floats, whose movements can be followed remotely by radio
signals received from a transmitter mounted on the float.

Current speed and direction both vary with depth in the
oceans. Currents flowing below the surface can be studied with
two types of passive systems. In shallow coastal waters, para-
chute drogues are often useful. A drogue consists of a parachute
attached to a weight and to a measured length of wire. The other
end of the wire is attached to a float, usually with a radar reflec-
tor mounted on it. The parachute opens and is pulled down to
a known depth by the weight (Fig. 3-14). Once at the assigned
depth, the parachute drogue “sails” in the current, dragging the
surface float behind it. Such devices cannot be used in deep water
layers, because of the excessive drag of the long wire.

Currents in deep waters can be measured with neutrally buoy-
ant floats. The simplest versions are self-contained instrument
packages, mounted in one or more hollow tubes and weighted
so that their density is precisely the same as the density of the
seawater at the depth at which the float is to operate (CC1).
These floats are deployed from a research vessel and sink through
the water column until they reach a predetermined depth. The
float contains a pinger, an electronic system that produces short
sound pulses, or “pings.” The sound emitted by the pinger is fol-
lowed from listening stations aboard research vessels or onshore.
The position of a float is determined by triangulation from two
or more listening stations. Such floats have been followed for
months as they move in the complex currents and eddies of the

FIGURE 3-14 Parachute drogue. The parachute is deployed at a selected
depth (usually less than 100 m), where it sails along with the current,
dragging the surface float after it. The research ship can follow the
movements of the float by visual observations, with radar, or remotely
through a global positioning system unit and radio transmitter mounted
on the float
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ocean depths (Chap. 8). Modern versions of these floats are
called “autonomous floats,” and they are capable of moving back
and forth vertically through the water column, recording conduc-
tivity, temperature and other data. These floats periodically revisit
the surface to send their data back to a ship or shore station by
radio. These floats do not have a means of recording their exact
position during their time below the surface. Global Positioning
System (GPS) sensors are small enough that they can be mounted
in the floats, but GPS and other electromagnetic wave—based po-
sitioning systems cannot work below the ocean surface because
ocean water effectively absorbs this radiation. However, current
speed and direction, averaged over the depths visited by the floats
and the time interval between surface visits, can be calculated
from the precise locations of the floats measured each time the
float surfaces to report its data.

Mechanical Current Meters.

Many current meters remain in a fixed location, measuring
the rate and direction of the water flowing past them. Three types
of such meters were once common before the development of
acoustic current meters: (1) those having an impeller whose axis
is oriented vertically (Fig. 3-15a); (2) those having a propeller
oriented to face the current (Fig. 3-15b); and (3) those that rely
on the current to tilt the meter body at an angle from its normal
vertical position (Fig. 3-15¢). In each case the meter is oriented
to align itself with the current direction by one or more vanes
or fins, just like a weather vane. These current meters are usu-
ally suspended at intervals below the surface on wire moorings
(Fig. 3-15d). The entire mooring, including the float at the top
of the wire, is often deployed well below the water surface. The
string of meters is left to record currents for days, weeks, or even
months, and then recovered by the release of weights from the
bottom of the wire with an acoustic signal sent from the recovery
ship to an acoustic release. This method of deployment is often
necessary to avoid having the meters cut free or stolen by curious
ship crews or by misguided fishers concerned about their nets
catching on the mooring.

Current meters deployed on moorings normally contain
internal devices that continuously record current speed and direc-
tion. Current direction is recorded by continuous readings of the
position of a magnetic compass mounted inside the meter body.
Depending on the meter design (Fig. 3-15a—c), current speed is
measured by the speed of rotation of the impeller or rotor or by

FIGURE 3-15 Typical designs for current meters are (a) a
meter that measures current speed by the rate of rotation of
a rotor that behaves much like a waterwheel (this type of
rotor is known as a “Savonius rotor” or an “impeller”), (b) a
meter that measures current speed by the rate of rotation of a
propeller, and (c) a meter that measures current speed by the
angle to which the meter is pushed by the current. Vanes or
fins are used to orient the meter in the current. Current speed
and direction, measured with a magnetic compass inside the
instrument housing, are usually recorded on tape in the meter,
and the records are read when the meter is retrieved. (d) Cur-
rent meters are typically deployed in vertical strings, such as
the three different configurations shown here, all moored to
the seafloor. They are often left in place for weeks or months
and then retrieved, usually by means of a release mechanism
that is activated by a timer or an acoustic signal from the
recovery ship. Often the current meter moorings are entirely
below the surface to discourage theft and to reduce naviga-
tion hazards.
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2) (b)
the angle of the meter’s tilt from the vertical.

Most current meters are sophisticated and expensive electronic
instruments. However, currents have been measured with much
simpler systems in some shallow coastal waters. The most
ingenious and least expensive system consists of a sealed glass
bottle partially filled with sealing wax and containing a magnetic
needle attached to a piece of cork. The neck of the bottle is tied
with string to a LifeSaver candy, and a weight, such as a rock,

is attached to another string, which is also tied to the candy. The
bottle is heated on board the ship to melt the wax, and the “cur-
rent meter” is dropped into the water, where the weight pulls it to
the bottom. Once on the seafloor, the bottle on its string is held at
an angle by the current, the wax solidifies in the cold water, and
soon the candy dissolves, releasing the buoyant bottle from the
weight to float back to the surface. The wax surface, which was
horizontal when the wax solidified, lies at an angle to the bottom
of the bottle. That angle is a measure of the current speed. The
bottle also records the current direction because the magnetic
needle, which was facing north as it floated in the wax, is locked
in place as the wax sets.

Acoustic Current Meters.

Remote sensing acoustic current meters simultaneously
measure current speed and direction at multiple depths. Such
meters can be mounted looking upward (Fig. 3-16a,b), or
mounted on a ship looking downward (Fig. 3-16c¢). They send
several narrow-beam sound pulses into the water column that are
angled away from the meter in different directions. The return-
ing echoes, which come from particles at different depths in the
water column, are recorded from each of the beams. The current
speed and direction are calculated from the Doppler shift of the
sound frequency in the returning echoes. The Doppler shift is the
same phenomenon that makes the pitch of a train whistle change
as it passes. When the train is approaching— or, in this context,
when current is flowing toward the acoustic meter—the pitch is
increased. When the train is moving away—or when the current
is flowing away from the acoustic meter—the pitch is decreased
producing a deeper (more bass) tone.

Remote sensing Doppler current meters have the advantage of
simultaneously measuring currents at all depths above or below
the meter and within the meter’s maximum operating range of
100 m or more. They are particularly useful in locations where
current-meter moorings are not possible, such as in busy shipping
lanes and estuaries with very fast currents. Such meters are wide-

FIGURE 3-16
Doppler acoustic
current meters can be
(a) mounted on the
seabed, (b) moored

in mid water, or (c)
mounted in a ship’s
hull facing downward.
The sound beams sent
out by the meter are
reflected off particles
in the water, and

the frequency of the
sound in the returning
echo is changed ac-
cording to the direc-
tion and speed of the
particles that move
with the current.
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ly used but they are expensive and they collect large amounts
of data, including sound intensity, Doppler shift, and instrument
orientation and tilt, which must be processed through complex
computer analyses to yield data on current speed and direction.

Another technique, acoustic tomography, is capable of mak-
ing simultaneous observations of water movements or currents
within large areas of the ocean. The system is the acoustic equiv-
alent of the computerized axial tomography (CAT) scan used to
produce three-dimensional images of internal parts of the human
body. The acoustic tomography system consists of several sound
sources and receivers moored at different locations within a study
area that can be hundreds of kilometers across (Fig. 3-17). Sound
is emitted by each source and received by each receiver, so nu-
merous pathways of sound traveling between sources and receiv-
ers are possible. The sound velocity along each of the pathways is
affected by such water characteristics as depth, temperature, and
salinity. When currents flow within the study area, they change
the distribution of temperature and salinity and therefore the aver-
age speed of sound along the source-receiver pathways. Powerful
computer data analysis techniques are used to convert the small
variations in travel times between each source and receiver into
a detailed picture of the water property distributions and move-
ments within the array boundaries.

SAMPLING LIVING ORGANISMS IN THE SEA
Almost all terrestrial species spend their entire lives within

FIGURE 3-17 A typical acoustic tomography array. Sound pulses sent
from each transmitter are received by each of the receivers.
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FIGURE 3-18 Many different types of
nets are used to sample pelagic and benthic
organisms. (a) The otter trawl uses two “ot-
ter boards” that “sail” in the current created
by the movement of the vessel as the net

is towed. The sailing motion of the otter
boards forces the end of the net to stay
open. (b) The purse seine is towed quickly
around a school of fish and then drawn up
under the fish, preventing their escape. (c)

Pulled closed Plankton nets are extremely fine mesh nets

(a) Otter trawl (b) Purse seine

(¢) Plankton net (d) Drift net

a narrow zone that extends from a few tens of meters above the
tops of the trees to a few meters below the Earth’s surface. There-
fore, terrestrial organisms are relatively easy to study, as they are
readily accessible and visible to the scientist. In contrast, ocean
life is present throughout the thousands of meters depth of ocean
waters (pelagic species) and for several meters, or more, into the
sediment (benthos, or benthic species).

Special Challenges of Biological Oceanography
Although pelagic marine life is concentrated in the upper
few hundred meters of the sea, scientists cannot readily enter the
oceans to observe it. Therefore, most marine biological studies
depend on methods of capturing the undersea creatures and bring-
ing them back to a research vessel or onshore laboratory. Collect-
ing biological samples from a given ocean location and depth is
a daunting task that poses five major problems, which add to the
general problems of working in the oceans discussed previously:
e Pelagic life is widely dispersed in three dimensions. There-
fore, large volumes of water must be sampled or searched
before representatives of all, or even most, species in any
part of the ocean are captured.
e The species that make up ocean life range in size from mi-

FIGURE 3-19 Lobster pots (or traps) are designed such that the lobsters
can crawl into the pot to eat the bait left inside, but then cannot escape

with a jar or bucket attached at the narrow
end to collect plankton as the net is towed
through the water. Some plankton nets can
be opened and closed on commands from
the surface vessel in order to sample only
selected depths and locations. Some have
current meters attached to measure the vol-
ume of water sampled as it flows through
the net. (d) Drift nets may be deployed for
miles across the ocean, where they catch
anything too large to swim through the net.
Even large animals, such as dolphins and
sharks, may become entangled and die

croscopically small bacteria, archaea, and viruses to giant
whales. Therefore, no single method of sampling can capture
all important species in a particular study location.

e Many species of ocean life actively swim and avoid any
sampling device lowered into their environment.

e Many species are extremely delicate and are literally torn
apart by contact with sampling devices that are dragged
through the water.

e Many species that live in the cold, dark, high-pressure,
deep-ocean environment cannot survive the changes in these
temperature or pressure as they are brought to the surface.

Nets, Water Samples, and Traps

The sampling devices most often used to collect pelagic spe-
cies are nets towed through the water. Nets of different overall
sizes and mesh sizes must be used for different types of organ-
isms (Fig. 3-18). Small nets with very fine mesh are used to
sample phytoplankton and zooplankton, and progressively
larger nets and meshes are used to capture fishes and inverte-
brates. Net samples may be collected by simply lowering a net
from a stationary ship and hauling it back on board. However,
biologists usually want to collect samples from a specific depth,
so most sampling with nets is performed by towing a weighted
net slowly behind the research vessel.

Nets can be let out on a known length of cable over the
stern of the ship, towed for a time, and then retrieved. However,
without instrumentation the biologist does not know the exact
depth of the net tow, how much of the catch came from shal-
lower depths as the net was let out or retrieved, or how much
water passed through the net. The amount of water passing
through the net during a tow must be known if the concentration
or population density of the species caught is to be determined.
Many sampling nets now have various types of recording-depth
gauges to measure the depth at which the net is towed. Modern
nets can also be designed to be kept closed until reaching the
desired sampling depth, and then opened, towed, and closed
again before retrieval. In addition, many nets carry flow meters
similar to impeller-driven current meters (Fig. 3-15a) to measure
the distance the net is towed while it is sampling. To calculate the
volume of water sampled by the net, the measured tow distance
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FIGURE 3-20 Underwater habitats, such as Aquarius, shown here in
the Florida Keys, enable scientists to live and work up to several tens
of meters underwater for several days without incurring decompression
sickness. However, at the end of their stay they must undergo very long
decompression periods in a decompression chamber.

is multiplied by the cross-sectional area of the net opening. Some
nets are equipped with video cameras to record species that evade
the net.

The smallest pelagic organisms in the oceans (bacteria, ar-
chaea, viruses, and phytoplankton) can be sampled by collecting
water in sampling bottles such as those described earlier. Plank-
ton and microorganisms are often sampled by surrogate param-
eters. For example, investigators often estimate the total biomass
of photosynthetic plankton by measuring the total chlorophyll
(CC14) concentration. In addition, they can estimate the concen-
trations of some other groups of microorganisms by measuring
the concentrations of other pigments similar to chlorophyll or by
measuring the concentrations of specific types of genetic mate-
rial such as DNA. Sharks, large fishes, and squid that avoid nets
are sampled with fishing lines and lures. Fishes and other large
invertebrates that live on the seafloor are sampled with trawl nets
towed across soft sediment bottoms (Fig. 3-18a) or by dredges
similar to those used to collect rocks from the seafloor (Fig. 3-8).
Smaller benthic organisms are collected by means of sediment
collection devices such as grab samplers and box corers. On the
ship, the finer sediment is washed through one or more sieves to
isolate such organisms.

Fishes and invertebrates that are particularly adept at elud-
ing nets can be caught in a variety of traps. The animals are
attracted to the traps with bait or lures. In the dark deeper waters
or at night, they may also be attracted by light. Many types of
traps have been used. Almost all allow the organism to enter the
trap easily in pursuit of the bait or lure, but make it difficult or
impossible for the organism to escape. The lobster pot is the best
known of such traps (Fig. 3-19).

Fragile Organisms

Organisms that are fragile and easily damaged by nets are
particularly difficult to collect. Such organisms are numerous in
the oceans. Many float freely in near-surface open-ocean waters
(Chap. 14), and many live in communities at hydrothermal
vents (Chap. 17). Fragile organisms can be collected only by be-
ing captured carefully in closed jars or bottles.

Fragile organisms from the upper layers of the open ocean
can be collected by divers. The divers drift or swim until they
encounter an interesting organism, and then they guide the organ-
ism into an open jar that they seal immediately. Fragile or elusive
small fishes and other organisms can also be sampled by a simple
syringelike device called a “slurp gun.” The diver places the open
mouth of the gun near the organism and simply sucks it into the
slurp gun body by withdrawing a plunger. Slurp guns are particu-
larly useful for collecting small organisms from within cracks and
holes in coral reefs, and they are the most environmentally sound
means of collecting small tropical fishes for aquariums.

In waters deeper than scuba divers can reach, fragile organ-
isms must be collected from research submersibles, ROVs or
AUVs. The collection methods are the same as those used by div-
ers, but the jars, slurp guns, or other collecting devices must be
manipulated by remote control or complex autonomous systems.

Migrations and Behavior

Although the occurrence or concentration of a species within
a given area is an important parameter, it tells us little about the
organism’s life cycle—including, for example, its migration,
feeding, and reproduction. Observations by divers, submersibles,
and remote cameras can provide some of this information, but
only for species that do not migrate large distances or through
great depths during the activities under observation. However,
many species, including whales and other marine mammals,
turtles, and many fish species, do sometimes swim large distances
and dive to substantial depths to feed or reproduce. Some of these
behaviors can be studied remotely. For example, schools of fish
can sometimes be followed by sonar, and whales can be tracked
by their songs, which can be heard at great distances. However,
these are at best inadequate techniques. Recent advances in
the miniaturization of electronics have led to the creation of a
number of small sensing packages that can be attached to, for
example, the skin of a whale to gather data on time, depth, and
temperature. The instrument package stays attached for some
time and then is released, floats back up to the surface, and is
either recovered or sends its data to shore by radio. These instru-
ment packages are becoming steadily more sophisticated and now

FIGURE 3-21 A typical submersible, such as the Johnson Sea Link
shown in this photograph, consists of a glass or plastic sphere inside a
hull. The scientists descend within the sphere, which is provided with
air and heat. Motors, articulated arms, and many different designs of
samplers and cameras are mounted outside the sphere. These are used to
provide propulsion and collect samples
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may include other sensors or video cameras. One particularly
interesting package contains a microphone and recording device.
Attached to whales, this device has been used to record the
changes in diving behavior caused when a whale swims into the
sound field generated by a surface sonar unit.

SCUBA, MANNED AND UNMANNED SUBMERSIBLES

Many tasks can be performed only, or are performed best,
when oceanographers are able to see what they are sampling or
measuring. For example, some areas of the seafloor are character-
ized by jumbled rock formations and highly variable assemblages
of organisms. In such areas, geological oceanographers can best
identify and collect rocks and sediment of interest if they can vi-
sually inspect and select samples. Similarly, biologists can ensure
that they are collecting the important species if they are able to
see and select the organisms to be sampled. For many species,
particularly those that do not survive transfer to an aquarium or
laboratory, biologists can study feeding, defense, movement, and
reproduction only if they can observe the species in its natural
habitat.

Scuba and Habitats

In shallow waters, sampling is often performed by scuba div-
ers. However, because of the dangers of the bends and nitrogen
narcosis, scuba divers cannot descend safely below about 90 m
and they can remain underwater for only a short time.

Scuba equipment supplies a diver with air at the pressure
that corresponds to the diver’s depth. Thus, the pressure of the
air breathed increases with depth. Divers are susceptible to two
dangerous syndromes. The first of these, nitrogen narcosis, occurs
when high-pressure air causes high concentrations of nitrogen to
build up in the bloodstream. This causes symptoms very similar

FIGURE 3-22 (a) The Jason II/Medea
ROV system. The many motors, instru-
ments, sampling arms, lights, and cameras
that are mounted on Jason II and on Medea
are operated remotely from a surface ves-
sel. Jason II is connected to Medea by a
35-m-long neutrally buoyant cable and is
thus isolated from any ship motions that
are transmitted down the cable to Medea.
(b) A typical ROV (Hercules) capable of
all the sampling tasks that can be per-
formed by humans in a submersible but

at a much lower cost and from smaller
vessels..

Medea

to those of alcohol intoxication—with possible consequences
similar to drinking and driving. The second ailment, the bends,
is a different life-threatening medical problem. It is caused by
breathing high-pressure air at depth for too long and then return-
ing to the surface too quickly. As the depth and immersion time
of a dive increase, nitrogen continues to dissolve into the diver’s
bloodstream and then transfers into other body tissues. If the
diver returns to the surface too rapidly, the excess nitrogen in
the blood and tissues cannot escape quickly enough and forms
damaging gas bubbles in the body.

One way of extending the length of time that scuba divers can
remain at depth safely is to use an underwater habitat (Fig. 3-20).
Scientists can live for days or weeks in such habitats, which
are pressurized and anchored on the seafloor. The scientists can
safely make multiple scuba excursions to research sites at approx-
imately the same depth as the habitat, as long as they return to the
habitat and not to the surface. Although underwater habitats have
many valuable uses, particularly for behavioral and other biologi-
cal studies, their utility is limited. They are expensive to maintain
and operate, they cannot readily be moved to new research sites,
and they cannot significantly increase the maximum depth at
which scientists can work using scuba. In addition, to avoid the
bends, scientists who live in habitats for a week or more must
spend several days in a decompression chamber at the end of
their stay, even if the habitat is only a few meters deep.

Manned Submersibles

Most of the ocean floor and almost all of the ocean volume
are too deep for scuba divers to reach. Marine scientists have
used a variety of research submersibles to visit and work at
greater depths. Manned oceanographic research submersibles are
small submarines usually designed to carry no more than two or
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three scientists. They enable the scientists to observe and pho-
tograph organisms and the seafloor. Equipment is often attached
to the outside of the submersible to collect organisms, rocks,
sediment, and water samples that can be selected visually by the
submersible’s occupants.

The first recorded successful use of a submarine was in 1620.
The vessel, built by a Dutchman, Cornelius Drebbel, had a wa-
terproof outer skin of leather and was propelled by 12 oarsmen.
It was reported to be able to stay as deep as 4 or 5 m underwater
for several hours. Between 1620 and the 1930s, many different
submarines were developed, but they were used primarily as war-
ships. Today, the vast majority of submarines are still warships
that are not suited to, or used for, most oceanographic research.

During their early development, research submersibles had
very limited capabilities because they were built primarily to
transport explorers who sought to dive to ever-greater depths.
Such explorers usually performed scientific observations as only
a secondary interest. Early submersibles, called “bathyscaphes”
or “bathyspheres,” provided little more than windows and lights
for their occupants to view the oceans and seafloor, and most
were not equipped to collect samples. In addition, most early
submersibles could only sink to the seafloor and then drift with
the currents or move short distances. Therefore, positioning a
submersible precisely at a previously selected site on the seafloor
was not possible.

The exploration phase of research submersibles climaxed in
1960 when the bathyscaphe Trieste visited the deepest part of the
ocean, the Mariana Trench, 10,850 m below the ocean surface.
Since 1960, many new submersibles have been designed, but
almost none of these are capable of reaching the depths achieved
by the Trieste. Most are designed for much shallower dives.
Recent advancements in submersible design have centered on
improving the submersible’s ability to find precise locations on
the seafloor, travel across the seafloor during a single dive, and
collect samples at selected locations. Modern submersibles are
strange-looking vessels with one or more protruding robot arms
and a variety of baskets, other sample-collecting devices, video
cameras, and measuring instruments that hang from the hull
within reach of a robot arm (Fig. 3-21). They also carry powerful
lights because sunlight does not penetrate more than a few hun-
dred meters of seawater. Submersibles are now used for a variety
of undersea observations, particularly observations of underwater
volcanic features and of hydrothermal vents and their unique
biological communities (Chaps. 6, 15).

Unfortunately, submersibles have disadvantages that limit
their usefulness. Most submersibles must have a large surface
vessel to carry or tow them to the research site, with a large crew
to launch, retrieve, maintain, and repair them. Because submers-
ibles are very expensive, the cost of each dive is extremely high
in relation to the cost of other oceanographic research efforts.
Submersibles have very small interior crew spaces, so dives of
several hours are an uncomfortable ordeal for the pilot and pas-
sengers. The discomfort, the need to carry air-recycling systems
for the crew compartment, and the limited battery power avail-
able to operate the motors, life-support system, and scientific
equipment are all factors that limit the maximum duration of each
dive. Limited dive duration restricts the area that can be studied
on each dive, particularly in deep waters where the submersible
may spend several hours descending and ascending.

[ F]

FIGURE 3-23 The yellow cylindrical object is an An Argo float system
about to be deployed from a research vessel to begin its long unattended
journey through the ocean depths.

Remotely Operated Vehicles

Many of the limitations of submersibles can be overcome
by use of a remotely operated vehicle (ROV). The basic ROV
consists of a television camera mounted on a frame or sled.

An electric motor, which drives a propeller, and electronically
controllable steering devices are also mounted on the sled. The
sled is attached to a surface ship by a cable through which power
is supplied from the ship, video images are transmitted to the
shipboard laboratory, and steering signals are sent to the sled.
ROVs are much less expensive than submersibles and can spend
many more hours underwater. They can be deployed from much
smaller research vessels than the ones that carry submersibles;
they do not require the difficult, expensive, and time-consuming
procedures and equipment needed to protect the lives of submers-
ible crews and passengers; and they can allow several scientists
at the same time, rather than the one or two in a submersible, to
view the seafloor and to direct sampling activities.

The sampling and measurement operations performed with
submersibles involve remote manipulation of robot arms and
other equipment located outside the submersible. Because nearly
identical equipment can be mounted on ROV sleds, they can
perform the same tasks as submersibles, but they can be operated
remotely by a pilot sitting comfortably in front of a video moni-
tor in a ship’s laboratory. In fact, if steerable video cameras are
mounted on the ROV, the shipboard ROV operator has a better
view of the environment than a submersible operator has, because
the submersible operator’s vision is often restricted to several
small, fixed window ports. In addition, an ROV enables several
scientists of different disciplines to take part in each “dive” and to
participate, either from the research vessel or remotely by video
link, in deciding when and where samples should be collected.
Although they are less glamorous than research submersibles,
ROVs may eventually replace almost all submersibles for ocean
science.

Perhaps the most famous, although scientifically not very
useful, achievement of modern research submersibles was the
successful exploration of the wreck of the Titanic and the recov-
ery of some of its artifacts. What is not widely known is that the
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FIGURE 3-24 The yel-
low cylindrical object
with wings and fins is a
Slocum Glider about to be
. deployed from a research
vessel. Basic gliders

can be small and easily
deployed, while larger
gliders can support longer
missions and more com-
plex instrumentation

manned submersible dives to the Tifanic were made possible by
the work of an advanced ROV, the Argo. It performed the lengthy
and difficult search for the wreck and the video exploration of the
wreck and surrounding debris field. This preliminary work made
it possible to send submersibles some months later to explore the
wreck further and collect artifacts. Another ROV, Jason Jr., was
used in the subsequent exploration of the Zitanic by the submers-
ible Alvin. Jason Jr. was attached to the Alvin rather than to a
surface ship.

The Jason II/Medea system, developed since the exploration
of the Titanic, is an example of sophisticated ROV systems now
used (Fig. 3-22). Medea is attached to a surface research vessel
by a long cable. It carries lights, a video camera, and other instru-
ments to survey the seafloor as it is positioned just above it. Me-
dea can operate to depths of about 6500 m. Jason II is an ROV
attached to Medea by a cable 35 m long. Once Medea has located
an interesting area of seafloor, Jason II can be sent out to make a
much more detailed survey of the area surrounding Medea’s loca-
tion. Jason II can be maneuvered very precisely because it is not
connected directly to the cable attached to the ship above. Conse-
quently, Jason II is isolated from the sometimes substantial ship
motions that are partially transferred down the cable to Medea,
which enables Jason II to more easily locate and collect samples
on the seafloor. The Jason II/Medea system can remain at work
continuously on the seafloor for periods of a week or more. Such
systems can locate or relocate themselves on the seafloor with a
precision of a few meters by analysis of the travel times of sound
pulses transmitted from the surface vessel, and from transponders
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mounted on the vehicles and anchored to the seafloor in a triangle
surrounding the study area.

Autonomous Floats and Gliders

Even ROVs may eventually become obsolete as the devel-
opment of autonomous underwater vehicles (AUVs) is now
progressing rapidly. An AUV is a vehicle that moves through
the ocean with no human occupants and with no direct connec-
tion to surface vessels or submersibles. It performs exploration
and sampling tasks according to preprogrammed instructions
or through limited communication of data and instructions to
and from remote operators. The simplest and most widely used
example of an AUV may be Argo (not the same as the ROV Argo
mentioned earlier) (Fig. 3-23) and other similar floats. These
are autonomous instrument packages programmed to alternately
descend and ascend through the water column collecting data on
the properties of water masses. They transmit their data to shore
by radio each time they reach the surface. The floats are part of
the Global Climate Observing System/Global Ocean Observing
System (GCOS/GOOS), which now has about 4,000 of these
floats deployed throughout the world oceans. Some of these floats
are now being equipped with add additional sensors to measure
parameters such as dissolved oxygen concentration, pH, nitrate
concentration, chlorophyll-a concentrations, suspended particle
concentration and ambient light levels. These additional sensors
are not yet proven to be as accurate and durable as the basic pres-
sure and temperature and salinity (electrical conductivity) but are
expected to yield useful data and to be improved over time.,

One particularly interesting development of AUVs is the
development of gliders. These look somewhat similar to the
unmanned aerial drones now used by the military (Fig 3-24).
The most interesting feature of some of these gliders is that they
can generate their own power by diving repeatedly between the
warm surface water and colder water below and exploiting this
temperature difference to generate electricity. This gives gliders
the potentially for deployments of virtually unlimited length of
time and enables them to cover very large distances in the oceans
in a single deployment. To become most useful to science future
AUVs, including gliders will require the development and appli-
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cation of sophisticated new subsea robotics, artificial intelligence,
and other technologies for underwater observation, sampling, and
communications that can be incorporated in the AUV.

SATELLITES

Satellite observations have truly revolutionized marine sci-
ences. From a satellite, the entire surface of the world’s oceans
can be surveyed in just a few days (Fig. 3-25). In addition, large
areas of the oceans can be surveyed comprehensively every few
days or even hours. Such synoptic observations from satellites
have enabled oceanographers to observe day-to-day, month-to-
month, and year-to-year changes in ocean phenomena, including
surface currents, surface water temperatures, waves, phytoplank-
ton and suspended-sediment concentrations, and ice cover. Before
satellites, such temporal changes could be observed only at fixed
locations or within small regions because surface vessels cannot
survey large regions quickly or often. Ships may take several
weeks to complete a survey of several hundred square kilometers,
whereas ocean conditions can change very rapidly, for example
during storms. Hence, observations obtained at the beginning and
end of a ship survey often describe very different states of the
ocean. The degree to which satellite observations have provided a
new view of the oceans is demonstrated by the number of figures
in this text that present satellite data to describe important ocean
processes.

Satellite observations of the oceans are made with a variety of
devices, including radar, lasers, and color- and infrared-sensing
scanners. Although satellites are excellent platforms from which
oceanographers can make rapid and comprehensive observations
of the oceans, their value is limited because the sensors they
carry rely primarily on electromagnetic radiation, which does
not penetrate ocean water effectively. Therefore, most satellite
observations record features and processes of only the upper few
meters of the oceans, and they provide only limited information
about processes below the upper layer. However, satellites using
radar can be successfully used to monitor sea surface height to a
precision that allows filtering their data on different frequencies
to monitor ocean depth (Chap.4), sea level rise, wave energy,
tidal height variations, sea ice extent and thickness, and even
internal waves and eddies well below the surface.

Satellites have made a special contribution to oceanography
as aids to navigation. Until satellite navigation systems were
developed, research ships far from land could not determine
their locations with great accuracy. When clouds prevented star
and sun sightings for several days, a vessel’s position could be
determined only with an uncertainty that often exceeded several
kilometers. The most recent and accurate satellite navigation
system is the Global Positioning System (GPS), which can deter-
mine a position anywhere on the Earth’s surface to within a few
meters. Precise navigation enables oceanographers to locate and
map small features of the seafloor and to revisit precise locations
on subsequent research cruises.

Satellites have also enabled high band width communica-
tions between land based research facilities and research vessels,
platforms and AUVs. This allows researchers to interactively
participate in ocean sampling and other studies without ever
leaving their home laboratory as they can monitor activities and
communicate by video. This has reduced costs as fewer person-
nel are needed on research vessels, but its more important impact
my be that it makes it possible for a researcher who encounters an

unknown species or an unusual occurrence to immediately bring
experts in the relevant fields of studies, wherever they may be
in the world, into the study immediately to direct or suggest any
additional study that might need to be done.

Routine satellite observations of the oceans have many
practical uses other than navigation and scientific research.
For example, they are used by fishers to locate the best fishing
grounds on the basis of surface water temperatures and by ships’
captains to save fuel by avoiding storms or currents. They are
also used to forecast weather, especially hurricanes and other
storms, and to determine iceberg locations. The growing list of
parameters that can be determined by satellites include currents
and circulation patterns, internal waves and eddies, ocean surface
temperature and salinity, surface wind patterns, wave heights
and sea state, bathymetry, sea level rise, chlorophyll and plank-
ton concentrations, distribution of river plumes, concentration
of suspended sediment, beach erosion, and shoreline changes.
Satellite observations of oceanic and atmospheric temperatures
and other parameters will be particularly important in monitoring
the enhanced greenhouse effect and its potential impact on world
climate, sea level, and biological processes, and in improving our
ability to understand and predict such phenomena.

COMPUTERS AND MODELING

The development of computers revolutionized ocean sciences
just as it has other aspects of human society. Ocean sciences are
particularly dependent on computers for two important functions:
analysis and display of the geographic and depth variations in im-
portant parameters, and data analysis using mathematical models.

Almost all studies conducted by ocean scientists involve
parameters or processes that vary both geographically and with
depth and over time. Data of importance to ocean processes must
therefore be organized in a three-dimensional framework (four
dimensions if one includes time) and displayed visually for analy-
sis and interpretation. Many of the illustrations in this text display
data on maps or on vertical map sections. As we discussed earlier
in this chapter, the relatively simple seafloor map that Heezen
and Tharp generated by hand before the advent of computers was
a massive undertaking. Computerized mapping now makes the
development of such maps much simpler and quicker, even given
the massive amounts of data that can be generated by satellites
and automated sensors. Most computerized mapping is now done
using Geographic Information Systems (GIS). GIS is designed to
store data for any parameter that is collected at a specific loca-
tion and time—for example, salinity, temperature, phytoplankton
concentration, light intensity. The GIS system stores each data
point referenced to its geographic coordinates (three-dimensional
to include depth, where appropriate) and collection time. Simple-
to-use software tools allow data for multiple parameters to be
overlaid on each other (spatially and temporally) for comparison
and analysis, and for these results to be displayed in a variety of
ways.

Ocean sciences are heavily dependent on mathematical
modeling, described in CC10, because the processes studied
occur on very variable time and space scales, and many pro-
cesses, especially biological parameters and interactions, are
characterized by very limited data. Global climate models, used
to investigate ocean-atmosphere interactions, greenhouse-induced
global climate change, global weather patterns, and many other
questions, rely particularly heavily on computers. As explained



in Chapter 8, the scale of water motion in the ocean is one-tenth
the scale of atmospheric motions that contribute to weather and
climate. Furthermore, oceans are more complex vertically than
the atmosphere. As a result, if the ocean part of the global model
is to operate effectively, it must be split into model cells that

are smaller and separated into more layers vertically than the
atmosphere is. Thus, the ocean component of these models can
require as much as four orders of magnitude more computer time
than the atmospheric component requires. For these models, this
is significant because it can take months of time even on the fast-
est supercomputers to run the models through just a few years of
simulated climate.

CHAPTER SUMMARY

Difficulties of Studying the Ocean Environment.

Because water effectively absorbs all electromagnetic radia-
tion, oceanographers can “see” through the ocean waters only by
using sound waves, which travel through water with relatively
little absorption.

The oceans average almost 4 km in depth. Observation and
sampling instruments must be lowered through the water col-
umn—a time-consuming and expensive process. Until recently,
precise navigation was extremely difficult away from sight of
land, and resampling a specific location was nearly impossible.

Submersibles and instruments lowered through the ocean wa-
ter column must be able to withstand very great pressure changes
and the corrosiveness of seawater. They must also avoid fouling
by organisms. Electrical equipment must be isolated from contact
with seawater because seawater is an electrical conductor.

Oceanographers and their instruments must operate reliably
on research ships that vibrate from engine noise, and that roll and
pitch with wave action. Faulty equipment must be repaired at sea
with available parts and personnel.

Mapping the Ocean Floor.

Until 1920, the only way to determine the depth of water
under a ship was to lower a weight on the end of a line or wire
until it touched bottom, and then measure the length of wire let
out. This method was tedious and inaccurate, especially in deep
waters. It was also prone to errors because it was difficult to
determine when the weight reached the seafloor and because the
path of the line or wire through the water column was distorted
by currents.

In 1920, echo sounders were developed that measured the
time taken for a sound ping to travel from ship to seafloor and
back. Precision echo sounders were operated continuously on all
research ships, and the data were used in the 1950s to produce the
first detailed maps of seafloor topography.

Newer echo sounders send sound pulses spread over a wide
area to either side of a research vessel, and the multiple echoes
are processed by computer. The data are used to create detailed
three-dimensional seafloor maps. Satellites can measure sea
surface height so accurately that the data can be used to map the
seafloor based on slight variations of sea surface height caused by
gravity differences over the varying seafloor topography.

Seafloor Sediments.

Samples of seafloor sediment are obtained for several pur-
poses by a variety of techniques. Samples of the upper few tens
of centimeters of sediment are used to study recent sediment pro-
cesses or the biology of the sediment. They are usually obtained
with grab samplers or box corers.
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Long vertical cores are obtained to study the history of sedi-
ment that is accumulated layer by layer. They are obtained by
corers or by drilling. Drilling ships are very expensive to oper-
ate but can retrieve very long cores. Samples of rocks from the
seafloor are obtained by dredges.

Indirect methods of studying sediments include gravity and
magnetic-field strength measurements and seismic techniques in
which sound pulses are echoed off layers of buried sediment.

Chemical and Physical Oceanography.

Water samples must be collected to determine most param-
eters of seawater chemistry and to study microscopic organisms.
Samples are collected in bottles lowered to the desired depth,
where they are closed and then retrieved. Sample contamination
from the sampler materials and wire and from surface waters is
often a problem because of the very low concentrations of some
constituents. Some parameters, notably pressure (depth), con-
ductivity (salinity), and temperature can be determined in situ by
electronic sensors.

Currents are measured by tracking drifters, drogues, or floats
as they move with the current; by the use of fixed current meters
that measure the speed of rotation of a rotor or the tilt of the
meter in the current; and by acoustic remote sensing of the move-
ments of suspended sediment.

Living Organisms in the Sea.

Sampling marine organisms is difficult because pelagic spe-
cies are widely dispersed, species vary greatly in size, some spe-
cies avoid samplers, and some delicate species are damaged by
samplers. Pelagic species are collected by nets, water-sampling
devices, traps, and fishing lines. Benthic species are collected by
grab samplers, dredges, and trawl nets. Some species can be col-
lected or observed only by the use of scuba or submersibles.

Scuba, Manned and Unmanned Submersibles.

Marine organisms in shallow waters, less than a few tens of
meters deep, can be observed and sampled best by scuba divers.
Scuba divers can spend only a few hours a day underwater unless
they live in expensive underwater habitats. Marine organisms in
deeper waters can be observed and sampled from manned sub-
mersibles, but these vessels are very expensive and can remain
submerged for only a few hours. Unmanned remotely operated
vehicles (ROVs) using television cameras and robot arms are
more economical and can remain submerged longer. Autonomous
underwater vehicles (AUV) are becoming used extensively and
are rapidly becoming more capable.

Satellites.

Satellite-mounted sensors can be used to measure parameters
and characteristics of near-surface waters, including temperature,
concentrations of phytoplankton, concentrations of suspended
sediment, and surface currents and waves. Satellite observations
can cover large areas almost simultaneously and repeat these ob-
servations frequently, which is not possible with research ships or
fixed monitoring systems. Seafloor topography can be observed
by very precise satellite radar measurements of sea surface eleva-
tion. Satellite navigation systems have dramatically improved
oceanographers’ abilities to map and return to specific features of
the oceans.

Computers and Modeling.

Computers have contributed substantially to the develop-
ment of ocean sciences, primarily by organizing and displaying
geographic data and by performing mathematical modeling of
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complex systems.

KEY TERMS

You should recognize and understand the meaning of all terms
that are in boldface type in the text. All those terms are defined in
the Glossary. The following are some less familiar key scientific
terms that are used in this chapter and that are essential to know
and be able to use in classroom discussions or exam answers.

acoustic phytoplankton
bathymetry plankton
benthic sediment
benthos sonar
CTD sounding
current submersible
electromagnetic radiation suspended sediment
frequency synoptic
hydrographic tomography
hydrophone topography
hydrothermal vent tracer
pelagic zooplankton
STUDY QUESTIONS

1. Why do we still know less, in some ways, about the floor of
the oceans than we do about the surface of the moon?

2. What are the principal difficulties encountered in determining
ocean depth and mapping the seafloor?

3. Why do oceanographers still use many different types of sam-
pling equipment to obtain samples from the seafloor?

4. If you were designing a sampler to obtain samples of water
from deep in the oceans, what factors would you need to
consider?

5. Why do we believe there are many species of marine animals
living in the deep sea that have never been seen or sampled?

6. Do you think manned submersibles are necessary for ocean
study? Explain your answer. Describe the types of studies for
which they are most useful.

7. Will satellites ever completely replace research vessels? Why
or why not?

8. Why is accurate navigation important to ocean studies? Dis-
cuss the reasons.

9. What methods are used to obtain information about the sedi-
ments on and below the seafloor?

10. What methods are used to obtain information about the chem-
istry of and organisms living in the water column of the deep
oceans?

11. Why is it easier to study ocean sediments than to study ocean
water chemistry or organisms that live in the deep-ocean
water column?

CRITICAL THINKING QUESTIONS

1. The process of lowering and retrieving instruments to the
ocean floor often takes much longer than is planned at a
particular site. What might be some of the reasons for such
delays?

2. You are planning the deployment, lowering, and retrieval of
an instrument package to sample the seafloor in the deep-
est part of the Atlantic Ocean. How do you decide where
to sample, and what do you need to do to ensure that the
samples are taken at this precise location?

3. You are shown an instrument package that weighs several
hundred pounds and is sitting on the deck of a research ship.

You are told to deploy the package from the ship, lowering it
to the seafloor, at a depth of 2 km. What do you need in order
to do this, and how can you arrange to do this safely if the
ship is in an area of strong wave action?

4. Before reading this chapter, did you know that the pressure
changes associated with space travel are much less than those
associated with travel into the depths of the oceans? Besides
pressure changes, what other challenges can you think of that
travel in space and in the deep oceans have in common?

5. Many oceanographers who first saw the Heezen and Tharp
world ocean floor map in the 1970s and 1980s felt that they
were being introduced to an entirely new planet. Why was
this so? When did you first see a map of the ocean floor such
as this? Why do you think many people are still completely
unaware that there are long mountain chains on the ocean
floor?

6. Suppose you are looking for the lost city of Atlantis, which,
according to legend, sank beneath the waves. You have been
told the approximate geographic location of Atlantis. What
information do you need to select a sampling device that is
capable of locating the city?

7. Aresearch paper published in 1970 reported that the con-
centrations of several trace metals (zinc, copper, and iron) in
North Atlantic Ocean waters appear to vary within a narrow
range, but also appear to vary randomly with depth and loca-
tion. Should you believe these data? What would you look for
in the research paper to help you decide?

8. A grab sampler is lowered to the seafloor at a location that
has never before been sampled, and it comes back closed but
empty. What are the possible reasons for this result?

9. Undoubtedly, there are many species presently unknown to
science that live in the deep oceans. It has been speculated
that most of these are free-swimming in the water column
and do not live sedentary lives in or on the sediment. Do you
think this is a reasonable hypothesis? Why or why not?

CRITICAL CONCEPTS REMINDERS

CC1 Density and Layering in Fluids: Water in the oceans is
arranged in layers according to water density.

CC6 Salinity, Temperature, Pressure, and Water Density: Sea
water density is controlled by temperature, salinity, and to a
lesser extent, pressure..Density is higher at lower temperatures,
higher salinities, and higher pressures. Movements of water
below the ocean surface layer are driven primarily by density
differences.

CC10 Modeling: Complex environmental systems, including the
oceans and atmosphere, can best be studied by using concep-
tual and mathematical models. .

CC14 Phototrophy, Light, and Nutrients: Chemosynthesis and
phototrophy (which includes photosynthesis) are the processes
by which simple chemical compounds are made into the organ-
ic compounds of living organisms. The oxygen in the Earth’s
atmosphere is present entirely as a result of photosynthesis.
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CHAPTER 4

Plate Tectonics: Evolution of the Ocean Floor

CRITICAL CONCEPTS USED IN THIS CHAPTER
CC1 Density and Layering in Fluids

CC2 Isostasy, Eustasy, and Sea Level

CC3 Convection and Convection Cells

CC7 Radioactivity and Age Dating

CC11 Chaos

CC14 Phototrophy, Light, and Nutrients

An eruption of Pu‘u‘o°0, the active vent of the Kilauea Volcano in Hawaii. This hot-spot volcano erupts relatively smoothly, but it was ejecting cin-
ders and ash into the atmosphere that were “raining” on the airplane windshield like a hailstorm when this photograph was taken. The shiny surface
below the vent mouth is a crust of solidified lava that conceals a rapidly flowing molten river of lava. The river of lava extended several kilometers

down the slopes of Kilauea, where it destroyed several homes shortly after this photograph was taken.

The ocean floor has irregular and complex topographic
features—including mountain ranges, plains, depressions, and
plateaus—that resemble topographic features on land (Fig. 3-3).
During the period of human history, those features have remained
essentially unchanged aside from local modifications due to ero-
sion, sedimentation, volcanic eruptions, and coral reef forma-
tion. However, the human species has existed for only a very
brief period of the planet’s history (Fig. 1-3). In the billions of
years before humans appeared, the face of the Earth was reshaped
a number of times.

STRUCTURE OF THE EARTH

The continents and ocean basins are not permanent. Instead,
the location, shape, and size of these features are continuously
changing, albeit imperceptibly slowly on the timescale of human

experience. The global-scale processes that continuously reshape
the face of the planet are, as yet, far from fully understood. How-
ever, we do know that these processes, called plate tectonics,
originate deep within the Earth.

Layered Structure of the Earth

The Earth consists of a spherical central core surrounded by
several concentric layers of different materials (Fig. 4-1). The
layers are arranged by density, with the highest-density material
at the Earth’s center and the lowest-density material forming the
outer layer, the Earth’s crust. This arrangement came about early
in the Earth’s history, when the planet was much hotter than it is
today and almost entirely fluid. The densest elements sank toward
the Earth’s center, and lighter elements rose to the surface (CC1).
The Earth’s center is still much hotter than its surface. Heat is
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Lithosphere

FIGURE 4-1 A cross section of the Earth

5-90 km showing its layers. Note that the thickness

Asthenosphere

of the lithosphere has been greatly exag-

Average density

of outer core

9-10g+cm3
generated continuously within the Earth, primarily by the decay
of radioisotopes (CC7).

The core, which is about 7000 km in diameter, is composed
primarily of iron and nickel, and is very dense. It consists of
a solid inner core and a liquid outer core. The mantle, which
surrounds the core, is composed of material that is about half as
dense as the core. Temperature and pressure both increase with
depth below Earth’s surface. As a result, the upper mantle, known
as the asthenosphere, is thought to consist of material that is
close to its melting point and is “plastic,” and capable of flowing
very slowly without fracturing. The best example of such materi-
als in common experience may be glacial ice. Glaciers flow
slowly in response to gravity. Within a glacier pressure due to
the weight of the overlying ice changes the properties of the ice
deeper than about 50 m so that it too becomes “plastic”” and can
flow. Much of the deeper mantle is also thought to be capable of
flowing very slowly. The ability to flow is a critically important
factor in the tectonic processes shaping the Earth’s surface.
The asthenosphere is surrounded by the lithosphere, the out-

ermost layer of the Earth, which varies from just a few kilometers
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in thickness at the oceanic ridges to about 100 km in the older
parts of the ocean basins and from about 130 to 190 km under
the continents. The lithosphere consists of the mostly rigid outer
shell of the mantle plus the solid crust that lies on the mantle.
The lithosphere is less dense than the asthenosphere and essen-
tially floats on top of the plastic asthenosphere. The oceans and
atmosphere lie on top of the lithosphere. Pieces of lithosphere are
rigid, but they move across the Earth’s surface and in relation to
each other as they float on the asthenosphere. They can be many
thousands of kilometers wide, but they are generally less than
200 km thick. Hence, being platelike, they are called lithospheric
plates (or “tectonic plates” or just “plates”). Processes that occur
where the plates collide, where they move apart, or where plates
“slide” past each other, are the principal processes that create the
mountains and other surface features of the continents and the
ocean floor.

Lithosphere, Hydrosphere, and Atmosphere

Relative to the Earth, the lithosphere is thin, rather like the
skin on an apple (Fig. 4-1). At the top of this thin layer are the
mountains, ocean basins, and other features of the Earth’s sur-

Mountain

belt FIGURE 4-2 Structure of the lithosphere.
Continental crust is typically 35 to 40 km
thick, whereas oceanic crust is typically
only 6 to 7 km thick. Continental crust
has a lower density than oceanic crust, but
both continental and oceanic crust have
a considerably lower density than upper
mantle material.

Continental crust
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face. From the deepest point in the ocean to the top of the highest
mountain is a vertical distance of approximately 20 km. This 20-
km range is very small compared to the Earth’s radius, which is
more than 6000 km. Consequently, the planet is an almost smooth
sphere (from space it looks smoother than the skin of an orange)
on which the mountain ranges and ocean depths are barely per-
ceptible.

There are two types of crust—oceanic and continental—both
of which have a substantially lower density than the upper mantle
material on which they lie. Oceanic crust has a higher density
than continental crust (Fig. 4-2). According to the principle of
isostasy (CC2), lithospheric plates float on the asthenosphere at
levels determined by their density. Consequently, if the continen-
tal and oceanic crusts were of equal thickness, the ocean floor
would be lower than the surface of the continents. However, oce-
anic crust is much thinner (typically 67 km thick) than continen-
tal crust (typically 35—40 km), which causes an additional height
difference between the surface of the continents and the ocean
floor (Fig. 4-3).

The density difference between continental and oceanic crust
is due to differences in their composition. Both are composed pri-
marily of rocks that are formed from cooling magma and consist
mainly of silicon and aluminum oxides. However, continental
crust is primarily granite, and oceanic crust is primarily gabbro or
basalt, both of which have higher concentrations of heavier ele-
ments, such as iron, and thus a higher density than granite.

Surrounding each continent is a continental shelf covered
by shallow ocean waters. The continental shelf is an extension of
the continent itself, so this portion of the continental crust surface
is submerged below sea level. Both the width and the depth of
the shelf vary, but it is generally in waters less than 100 to 200
m deep and ranges in width from a few kilometers to several
hundred kilometers. The continental shelf slopes gently offshore
to the shelf break, where it joins the steeper continental slope
(Figs. 4-3, 4-4). The continental slope generally extends to depths
of 2 to 3 km. Seaward of the base of the slope, the ocean floor
either descends sharply into a deep-ocean trench (Fig. 4-4a) or
slopes gently seaward on a continental rise that eventually joins
the deep-ocean floor (Figs. 4-3, 4-4b). Much of the deep-ocean
floor is featureless flat abyssal plain, but other areas are charac-
terized by low, rolling abyssal hills.

Surface area of the Earth in millions of square kilometers

A layer of sediment lies on top of the oceanic crustal rocks,
constituting part of the crust. The thickness of the sediment is
highly variable, for reasons discussed in this chapter and Chap-
ter 6.

The hydrosphere consists of all water in the lithosphere that
is not combined in rocks and minerals— primarily the oceans and
the much smaller volume of freshwater (Table 5-1). The oceans
cover all the oceanic crust and large areas of continental crust
around the edges of the continents—all of which total more than
two-thirds of the Earth’s surface area.

The atmosphere is the envelope of gases surrounding the
lithosphere and hydrosphere and is composed primarily of nitro-
gen (78%) and oxygen (21%). Although these gases have much
lower densities than liquids or solids, they are dense enough to be
held by the Earth’s gravity. Less dense gases, including hydrogen
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FIGURE 4-4 General features of the seafloor topography between the
continents and the deep ocean floor.
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FIGURE 4-5 A generalized depiction of convection processes thought to occur in the Earth’s mantle. The view here is from below the Southern
Hemisphere. Not quite half of the Earth has been removed by slicing across the Earth at an angle to the equator. This slice removes much of the

Southern Hemisphere, including Antarctica, Australia, much of the southern Atlantic and Indian Oceans, and most of the Pacific Ocean as far north
as Hawaii and Indonesia. Look at a globe to see this better. It is known that the convection processes beneath some hot spots extend to the core—
mantle boundary and that some subducted blocks of lithosphere may sink to this boundary, but the details of mantle convection circulation are not
yet known. Convection cells must exist in the liquid outer core, but almost nothing is known about this circulation. The solid inner core rotates a little
faster than the rest of the Earth, making an additional revolution about every 400 years. Scientists believe the faster rotation of the inner core may ex-
plain the periodic reversal of the Earth’s magnetic field and plate tectonic processes that cause the continents to periodically gather together and then
spread apart. However, much research is needed before these processes can be understood. Inset: We know little about superswells but there are two
superswells at present; in the south Pacific Ocean south of Hawaii (in the part of Earth that is cut off in main figure); and under the African continent
(further north than the tip of Africa visible in the main figure). These superswells are thought to be a “blob” with plumes rising from it as depicted.

and helium, are so light that they tend to escape from the Earth’s
gravity into space. Although the light gases were present in large
quantities when the Earth first formed, only trace concentrations
are present in the atmosphere today. The atmosphere is discussed
in Chapter 7.
Studying the Earth’s Interior

The processes that occur beneath the lithospheric plates are
very difficult to study because they occur deep within the Earth
beneath kilometers of crustal rocks and upper mantle. Scientific
drilling is currently limited to depths of only a few kilometers,
and thus, samples of materials below the crust have not been ob-
tained directly. Studies of the processes occurring below the crust
must rely on indirect observations, such as examination of vol-
canic rocks, studies of earthquake-energy transmission through
the Earth, and studies of meteorites. Meteorites are examined

because they are believed to represent the types of material that
make up the Earth’s core and mantle.

A technique called “seismic tomography” enables scientists
to use earthquake waves to study the Earth’s internal structure in
more detail than is possible by other means. It has yielded several
intriguing findings about the Earth’s interior. For example, fea-
tures that resemble mountains and valleys have been found on the
core—mantle transition zone. The mountainlike features extend
downward into the molten core and are as tall as those found on
the Earth’s surface. Some of these features may be sediment-like
accumulations of impurities that float upward out of the liquid
nickel/iron core.

PLATE TECTONICS

Over the geological timescales of the Earth’s history, oceans



and continents have been formed and have disappeared to be
replaced by others through the movements of the lithospheric
plates. We now have a basic understanding of how and why the
lithospheric plates move and of how plate tectonics has continu-
ally shaped and changed the face of the planet.

Driving Forces of Plate Tectonics

The movements of the lithospheric plates are thought to be
driven by heat energy transferred through the mantle by convec-
tion (CC3). The mantle has areas where its constituent material
is upwelled and downwelled. As discussed later in this chapter,
the convection processes in the mantle are complex, probably
chaotic (CC11), and as yet not well understood. However, we do
know that the upper mantle loses some of its heat by conduction
outward through the Earth’s cooler crust. As the upper mate-
rial cools and contracts, its density increases. When its density
exceeds the density of the mantle material below, the cooled ma-
terial will tend to sink (downwell). This sinking mantle material
is balanced by upwelling mantle material that has been heated by
the Earth’s core and radioactive decay within the mantle itself.
As a result, this heated mantle material is slightly less dense than
the material through which it rises. The precise nature and loca-
tions of the convection cells in the Earth are not yet known (Fig.
4-5). However, we believe that the convection process extends
from the base of the lithosphere all the way to the core-mantle
boundary, almost 3000 km below Earth’s surface. We do know
that flow of mantle material vertically does not take place at a
uniform rate as there are discontinuities in the physical properties
(that affect density) of mantle material at some depths, notable at
about 650 km. Thus, sinking and rising mantle materials slows
and speeds up along its path through the mantle and this causes
backing up and lateral spreading of subducting slabs and ascend-
ing heated mantle material at various depths between the core-
mantle boundary and the lithosphere (Fig. 4-5).

The existence of deep convection all the way to the core-
mantle boundary is known primarily from computer tomography.
For example, the plumes of higher-temperature mantle material
beneath Hawaii and several similar hot spots (discussed later in
this chapter; Fig. 4-10) have been traced through the depth of
the mantle to the core-mantle transition. In addition, cool, rigid
slabs of lithosphere, which apparently have been subducted at
deep-sea trenches, have been detected deep in the lower mantle
close to the core—mantle boundary. It is believed that the slabs
of lithosphere sink into the lower mantle, where they are eventu-
ally heated and mixed with mantle material, and that some of this
mixed material then rises back into the upper mantle at different
locations. A single cycle of cooling, sinking, warming, and rising
probably takes several hundred million years.

The areas where downwelling is thought to occur in the man-
tle are beneath the deep-ocean trenches, which surround most of
the Pacific Ocean, and are found less extensively in other oceans
(Fig. 3-3, Fig. 4-10). The areas under which mantle upwelling is
thought to occur include large low shear velocity provinces (LLS-
VPs), often called superplumes or just blobs, which are large ar-
eas of mantle material that “swell” upward from the core—mantle
boundary. These areas are the size of continents and extend up-
ward from the core-mantle boundary more than 100 times Mount
Everest’s height into the mid-mantle). Two such areas are thought
to lie under much of Africa and a large region of the southwestern
and central Pacific Ocean, respectively. (Fig. 4-5). There are also
a number of volcanic hot spots in the crust, some of which are the
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locations of upwelling from deep within the mantle and some of
which may originate in superplumes. As we shall see later in this
chapter, there are also other hot spots and areas along the oceanic
ridges where magma upwells through the lithosphere. However,
this magma is thought to originate from shallow depths within
the asthenosphere or upper mantle and be formed by melting of
upper mantle material.

The oceanic ridges (also called “mid-ocean ridges”) mark
the boundary between two tectonic plates that are moving apart.
At these oceanic ridges, the lithosphere is pulled apart as the
rigid tectonic plates are moved in response to subduction at
other boundaries of each plate. Thus, oceanic ridges are loca-
tions where two tectonic plates move apart. As the plate edges
separate, the weight of lithosphere on the upper mantle at the
ridge is reduced, which reduces the pressure in the upper mantle
below. Upper mantle material is hot and close to its melting point.
Reduced pressure causes the melting point of the mantle material
to become lower, so upper mantle melts and rises to fill the gap
between the two plates. This results in volcanic eruptions along
the ridge crest. The erupted material is cooled and solidifies as it
erupts at the sea floor and this solid material is added to the edges
of both plates as new oceanic crust.

The forces that actually move the lithospheric plates across
the Earth’s surface act in response to the mantle convection, but
they are far from fully understood. The plates are believed to be
dragged across the surface as slabs of old, cold, dense lithosphere
at the plate edges sink at the deep-sea trenches. The deep-sea
trenches mark boundaries along which different plates meet,
and are called subduction zones. The mechanism that moves
the plate is somewhat like that of an anchor (the old cold dense
subducting edge of the plate) that, when dropped into the water,
will drag down the line attached to it (the remainder of the rigid
plate), even if, by itself, this line would float. The descending
slabs of lithosphere create an additional effect similar to the
vortex created as a ship sinks that drags floating materials down
with it. Finally, the plates may also move in response to grav-
ity. Oceanic crust near the oceanic ridges, where new crust is
formed, floats higher than older oceanic crust. The oceanic crust
cools, becomes more dense, and sinks as it moves away from the
oceanic ridges toward the subduction zones. Thus, the oceanic
crust on each plate lies on a slope, albeit a very shallow one,
between the oceanic ridges and subduction zones. The plate thus
has a tendency to “slide” downhill (in response to gravity), with
newer, higher crust “pushing” older, lower crust down the slope.
Present-Day Lithospheric Plates

Seven major lithospheric plates are generally recognized —
the Pacific, Eurasian, African, North American, South American,
Indo-Australian, and Antarctic Plates—as well as several smaller
plates (Fig. 4-6). However, some plate boundaries are not yet
fully defined, and additional small plates undoubtedly exist that
currently are considered to be parts of larger plates.

All plates are in motion and, over geological time, both the
direction and speed of movement can vary. Figure 4-6 shows the
directions in which the plates are moving relative to each other at
present. The movement of the plates is extremely slow, just a few
centimeters per year, or about the rate at which human fingernails
grow. Despite their slowness, plate movements can completely
alter the face of the planet in a few tens of millions of years. As
they move, plates collide, separate, or slide past each other, and
sometimes they fracture to form smaller plates. At plate edges,
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FIGURE 4-6 (Opposite) The major lithospheric plates and their
current directions of motion relative to each other. Continental
North America lies on the North American Plate, which extends to
the center of the Atlantic Ocean. At the Pacific coast boundary of
this plate, the North American and Pacific Plates are sliding past
each other. The directions of motion show that the Atlantic Ocean is
becoming wider, while the Pacific Ocean is becoming smaller.

the motion is not smooth and continuous; it occurs largely by
a series of short, sharp movements that we feel as earthquakes.
Most earthquakes occur at plate boundaries (Fig. 4-7).
Interactions between the moving plates are responsible for
most of the world’s topographic features. Most major mountain
ranges, both on land and undersea, and all the deep-ocean trench-
es are aligned along the edges of plates. How plate movements
create topographic features is examined later in the chapter.

Spreading Cycles

About 225 million years ago, most continental crust on the
Earth was part of one supercontinent called “Pangaea.” Since
then, Pangaea has broken up and the fragments have spread apart
to their present locations. The relative motions of the fragments
of Pangaea during the past 225 million years have been investi-
gated by studies of the magnetism and chemistry of rocks, fossils,
and ocean sediments, which can reveal subtle clues as to when
and where on the planet they were formed. From such studies
we can determine from where and how fast the continents have
drifted.

The history of continental drift during the past 225 million
years is quite well known (Fig. 4-8). Initially the landmasses now
known as Eurasia and North America broke away from Pangaea
as a single block. North America later broke away from Eurasia,
and South America and Africa separated from Antarctica, Aus-
tralia, and India. Only much later were North and South America
joined, as were Africa and Eurasia. Following the initial breakup
of Pangaea, India and later Australia broke away from Antarc-
tica. Since its break from Antarctica, India has moved northward
to collide with Asia. This northward movement has been much
faster than the rate of movement of other plates.

Although the history of the continents before the breakup
of Pangaea is much less understood, Pangaea is known to have
been assembled from a number of smaller continents that came
together several hundred million years ago. The largest piece of
Pangaea, called “Gondwanaland,” appears to have remained in-
tact for more than a billion years. The other pieces of continental
crust probably broke apart, spread out, and then re-joined to form
a supercontinent several times before the formation of Pangaea.
Therefore, we refer to the past 225 million years as the “current
spreading cycle.”

As many as 10 spreading and assembling cycles may have
occurred during the Earth’s history. Each continent is itself a geo-
logical jigsaw puzzle, consisting of pieces assembled and broken
apart during previous spreading cycles. Today, for example, many
areas in the interior of continents show geological evidence that
they were subduction zones during earlier spreading cycles (Fig.
4-9). Subduction zones form at plate boundaries where oceanic
crust is downwelled into the asthenosphere, so these ancient

FIGURE 4-7 (Opposite) Locations of the world’s earthquakes.
Compare this figure with Figure 4-6. Earthquakes are concen-
trated along plate boundaries and appear to be more frequent at
the plate boundaries where plates are converging
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subduction zones could not have been formed where they now
lie in the middle of continents. There are several types of plate
boundaries, each with its own characteristic topographic features.
The various types are identified in the next section, and each type
is then further described in subsequent sections of this chapter.

PLATE BOUNDARIES
One of three actions occurs at each plate boundary: two litho-
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FIGURE 4-8 A reconstruction of the movements of the continents over
the past 225 million years, which is the length of the present spreading
cycle.
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plates. Subduction zones occur mostly in the Pacific Ocean, and oceanic ridges are interconnected throughout all of the world’s oceans.



spheric plates collide with each other (convergent plate bound-
ary), pull away from each other (divergent plate boundary), or
slide past each other (transform plate boundary). Each action
deforms the Earth’s crust in a different way, creating character-
istic topographic features. The behavior of the Earth’s crust at a
plate boundary depends on the type of crust at the edge of each of
the adjacent plates and the directions of movement of the plates
in relation to each other.

There are three types of convergent plate boundaries. In
one type, the edge of one converging plate is oceanic crust and
the edge of the other is continental crust (e.g., the Pacific coast
of South America). In the second type, both plate edges have
oceanic crust (e.g., the Aleutian and Indonesian island arcs); and
in the third type, both plate edges have continental crust (e.g., the
Himalaya Mountains that divide India from the rest of Asia). At
the first two types, in which at least one of the plates has oceanic
crust on its converging edge, oceanic crust is downwelled (sub-
ducted) into the mantle (CC3, Fig. 4-5), and these boundaries are
called subduction zones.

Divergent plate boundaries are locations where lithospheric
plates are moving apart. There are two types. One type, called
an oceanic ridge, is a plate boundary where both plates have
oceanic crust at their edges (e.g., the Mid-Atlantic Ridge and the
East Pacific Rise). The second type, called a rift zone, is a loca-
tion where a continent is splitting apart (e.g., the East African Rift
Zone). If the divergence at a rift zone continues long enough,

a new ocean will form between the two now separated sections
of the continent. The gap that would otherwise be created as
two plates move apart at a divergent plate boundary is filled by
magma upwelling from below.

There are few long sections of transform plate boundary on
the present-day Earth. The principal such boundary is the Pacific
coast of North America, primarily California, where the Pacific
Plate slides past the North American Plate. Much shorter sections
of transform plate boundary occur at intervals along all plate
boundaries.

At certain locations along plate boundaries, three plates meet
(Fig. 4-6) in areas called “triple junctions.” There are of two
types of triple junction: stable and unstable. Stable triple junc-
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FIGURE 4-11 Subduction zone at a
continental margin. A plate with oceanic
crust is subducted beneath a plate with
continental crust. This process forms

a trench, a chain of volcanoes near the
edge of the continent, and a chain of
coastal hills or mountains, which are

formed by compaction of the continental Oceanic Acc.retion of mantle
crust edge and accretion of compacted crust sediments and

sediments and sedimentary rock from the sedimentary rock

subducting plate. Asthenosphere
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tions can persist for long periods of time, although their loca-
tions may migrate. Unstable triple junctions are those in which
the relative motions of the plates cannot be sustained over time
because of their geometry. The reason for this is a little compli-
cated, but for a triple junction to be stable, the geometry must be
such that each plate can continue to move at the same rate and

in the same direction as a whole plate (the plate cannot “bend”).
However, the rate at which the plate is subducted or added to by
oceanic ridge spreading can be different along its boundaries with
each of the other two plates it contacts. Triple junctions where
three divergent plate boundaries intersect, as they do near Easter
Island in the Pacific Ocean, are always stable. Most other triple
junctions are unstable. Unstable triple junctions exhibit enhanced
and complex tectonic activity, and their locations move as the
interacting plates move relative to each other. An example of an
unstable triple junction is the junction where three convergent
plate boundaries (the Ryukyu, Japan, and Mariana trenches) inter-
sect south of Japan (Fig. 4-10).

CONVERGENT PLATE BOUNDARIES

At two of the three types of convergent plate boundaries,
lithosphere is downwelled (subducted) at a subduction zone.
Lithosphere (sediments, oceanic crust, and solid upper mantle
layer) that enters a subduction zone was formed at an oceanic
ridge, mostly millions of years earlier (up to about 170 million
years ago). Lithosphere slowly cools during the millions of years
it travels horizontally at the top of the mantle away from where it
was formed. As it cools, its density increases so that, by the time
it enters a subduction zone, its density exceeds that of the mantle
material beneath it and it can sink into (and through) the astheno-
sphere.

Why does the lithosphere sink through the asthenosphere
only at subduction zones where two plates meet? It would seem
that it should sink sooner, since, before it reaches the subduc-
tion zone, its density is already higher than that of the underlying
asthenosphere. There are two reasons it does not sink sooner.
First, the difference in density between lithosphere supporting
old, cool oceanic crust and the warmer asthenosphere below is
very small. Second, the resistance to flow is high because the
lithosphere material is stretched out as a flat plate across the top
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FIGURE 4-12 (a) Mt. St. Helens, in Washington State, is a subduction zone volcano that erupted violently in 1980. The top of the mountain was
blown away during the eruption, leaving behind a large crater. this explosive eruption release about 24 megatons of thermal energy and ejected about
0.1 km® of ash. (b) The eruption of Mt. Pinatubo in the Philippines in 1991 was the largest volcanic eruption worldwide between 1912 and 2011.

The Mt. Toba eruption 73,000 years ago was very much larger: Mt. Pinatubo erupted about 4 km® of ash, Toba produced at least 800 km? (c) Mt. St.
Helens, May 1980. (d) Mt. Saint Helens September 10th, 1980.

of the asthenosphere (like a canoe paddle that meets strong water
resistance when held flat for the thrust stroke but slices through
the water easily when turned sideways). In a subduction zone,
the edge of the subducting plate is bent downward (equivalent to
turning the paddle blade sideways), thus allowing it to sink much
more easily.

On today’s Earth, most subduction zones surround the Pacific
Ocean (Fig. 4-10). At each of these subduction zones, it is the
Pacific Plate that is being subducted. The Pacific Ocean floor is
being destroyed by subduction faster than new seafloor is cre-
ated at its ridges, so the Pacific Ocean is becoming smaller. In
contrast, the Atlantic and Indian Oceans are becoming larger. The
oldest remaining seafloor sediment found in the Pacific Ocean

(170 million years old) was retrieved from a hole drilled south of
Japan by the International Ocean Drilling Program. All Pacific
Ocean oceanic crust that existed prior to 170 million years ago
and the associated sediment are believed to have entered sub-
duction zones, where they were either destroyed or added to the
edges of continents. Most of the ocean floor is younger than the
Pacific Ocean so almost no oceanic crust older than 170 million
years old still exists on Earth because almost all older crust has
entered subduction zones and been destroyed. The oldest oceanic
crust so far discovered is in a small area called the Herodotus
Basin between Cyprus, Crete and Egypt in the Mediterranean Sea
dating to about 340 million years old. This area is thought to be a
fragment of the Tethys Sea that once bordered the supercontinent



Pangea (Fig. 4-8a).
Subduction Zones Next to Continents

The subduction zones that are located along the coastlines of
continents mark convergent plate boundaries where a plate that
has oceanic crust at its edge converges with a plate that has conti-
nental crust at its edge (Fig. 4-11). In this convergence, the litho-
sphere of the plate supporting oceanic crust is thrust beneath the
plate that supports the less dense continental crust. As the oceanic
crust sinks beneath the continental crust, a subduction zone is
formed with a characteristic deep trench parallel to the coast.

The edge of a continent that is carried into the plate boundary
at a subduction zone is squeezed and thickened, forming a chain
of coastal mountains along the edge of the continent. Because
ocean sediments and sedimentary rocks have lower densities, like
the continental rocks from which much of the sediment originated
(Chap. 8), they are relatively buoyant as they are dragged down-
ward into the subduction zone by their underlying oceanic crust.
As a result, these materials tend to be “scraped off” the oceanic
plate rather than subducted with it. The sedimentary materials
are further compressed, folded, and lifted as more such material
accumulates from continuing subduction of additional oceanic
crust. Thus, some of the marine sediments from the subducting
oceanic crust are collected in the subduction zone and contribute
to the formation of the coastal mountains. This process explains
why Darwin found marine fossils high in the Andes Mountains
(Chap. 2).

Volcanoes.

Another process that occurs at subduction zones is the forma-
tion of a line of volcanoes located a few tens or hundreds of
kilometers from the plate boundary inland on continental crust
on the plate that is not subducted. The volcanoes are formed
when oceanic crust and some associated sedimentary material
are subducted beneath the edge of the continental plate. As this
oceanic crust and sediment is subducted deeper into the Earth, it
is heated by the friction of its movement and by the hotter mantle
material below and it is subjected to increasing pressure. This
causes water and other volatile constituents to be released by the
subducting plate and its associated sedimentary material as fluids.
These fluids migrate upwards and combine with the mantle mate-
rial above the plate. This causes physical and chemical changes
in the mantle material such that its melting point is lower and
it melts to form magma with a high concentration of water and
other volatile constituents. The resulting magma rises through the
overlying continental crust and migrates upward toward Earth’s
surface, where it erupts to form volcanoes near the edge of the
continental plate (Fig. 4-11). The erupting magma is rich in silica
which makes it more viscous (resistant to flow). As the magma
erupts, pressure decreases, and water and other volatile constitu-
ents become gaseous and expand rapidly. The result is that these
eruptions are often explosive. The 1980 explosion of Mount St.
Helens in Washington State is an example (Fig. 4-12).

Most active subduction zones in which the two plates have
continental and oceanic crust at their respective edges are in the
Pacific Ocean, and therefore they are often called “Pacific-type
margins.” Such margins include the west coast of Central and
South America, the west coast of North America from northern
California to southern Canada, and the coast of Southcentral
Alaska. These areas have the well-developed ocean trench,
coastal mountain range, and inland chain of volcanoes that char-
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FIGURE 4-13 Stretches of the west coasts of Mexico, California,
Oregon, Washington, Canada and Alaska are characterized by trenches
and subduction zone volcanoes. The active volcanoes associated with
the subduction of the Juan de Fuca and Gorda Plates under the North
American Plate do not extend farther south than Mount Lassen in north-
ern California. To the south, the San Andreas Fault, which can be traced
from Cape Mendocino through southern California and into northern
Mexico, is a transform fault and not a subduction zone. Continuing
southward, active volcanoes are again found in central Mexico, where
the transform faults of California end and the subduction zone between
the Cocos Plate and the North American Plate begins.

acterize Pacific-type plate margins (Fig. 4-13).
Exotic Terranes.

Throughout the oceans are small areas where the seafloor is
raised a kilometer or more above the surrounding oceanic crust.
Called oceanic plateaus, these areas constitute about 3% of the
ocean floor (Fig. 4-10). Some oceanic plateaus are extinct sea-
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FIGURE 4-14 Formation of exotic terranes. Oceanic plateaus, inac-
tive oceanic ridges, and volcanoes are scraped off the oceanic crust as it
enters a subduction zone. The scraped-off material forms new continental
crust that is welded onto the edge of the continent and is called an exotic
terrain.

floor volcanoes, others are old volcanic ridges, and still others are
fragments of continental crust called “microcontinents.” Small
extinct undersea volcanoes can be broken up and subducted with
oceanic crust. However, the larger oceanic plateaus are too thick
to be subducted. Therefore, when sections of oceanic plateau
enter a subduction zone, their rocks become welded onto the edge
of the continent to form exotic terranes (Fig. 4-14). Exotic ter-
ranes may also be formed when islands, including those origi-
nally formed at magmatic arc subduction zones (see the next
section), are carried into a subduction zone where they impact the
edge of a continent. Much of the Pacific coast of North America
consists of exotic terranes.

Subduction Zones at Magmatic Arcs

At convergent plate boundaries where both plates have oce-
anic crust at their edges, a chain of volcanoes erupts magma to
form an island chain parallel to the subduction zone. Because the
most prominent examples of this type of plate boundary on the
present-day Earth are curved (arced), these boundaries are called
magmatic arcs (or “island arcs”). Processes that occur at such
plate boundaries are similar to processes that occur at subduction
zones at a continent’s edge. However, because no continental
crust is present, the oceanic crust of one plate (which has higher
density) is subducted beneath the oceanic crust of the other plate
(which has lower density). Because oceanic crust cools with age,
and density increases with decreasing temperatures, older oceanic
crust has a higher density and is subducted beneath younger crust.
For example, at the Aleutian Islands plate boundary, the older
Pacific Plate is being subducted below the younger lithosphere of
the floor of Bering Sea portion of the North American Plate.

The subduction of oceanic crust at magmatic arcs forms
a trench system that parallels the plate boundary (Fig. 4-15).
Sedimentary materials from the subducting plate accumulate on
the edge of the nonsubducting plate, just as they do at subduc-
tion zones at a continent’s edge. They may form a chain of low
sedimentary arc islands joined by an underwater ridge called an
“outer arc ridge.” Behind the ridge is an outer arc basin, an area
of the non-subducting plate where the crust is affected little by
the subduction processes.

Most present-day magmatic arc subduction zones are around
the Pacific Ocean. They include Indonesia (Fig. 4-16), the Mari-
ana Islands, the Aleutian Islands, and Japan (Fig. 4-6). Each of
these areas has the characteristic trench and magmatic arc, some
have the low outer arc islands, and some have shallow, sediment-
filled back-island basins, as described in the next section.

Magmatic Arc Volcanoes.

On the nonsubducting plate of a magmatic arc subduction
zone, a line of volcanic islands (the magmatic arc) forms paral-
lel to the plate boundary (Fig. 4-15). The islands are constructed
by rising magma, which is produced by the sinking, heating,
and subsequent melting of subducted oceanic crust and mantle
material. These volcanic islands are equivalent to the chain of
volcanoes formed on the continental crust of subduction zones at
the edges of continents. Like their continental counterparts, mag-
matic arc volcanoes often erupt explosively because subducted
sediments and their associated water are also heated and erupted
with the magma. One of the best known of these explosive erup-
tions is the 1883 eruption of Krakatau (Krakatoa) in Indonesia
(Fig. 4-16). This eruption altered the Earth’s climate for several
years afterward, and the eruption and resulting tsunami killed an



FIGURE 4-15 At magmatic arc subduc-
tion zones, as the plate with the higher-
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estimated 36,000 people. More recently, in 2022, Hunga Tonga,
a large volcano on the Tonga subduction zone whose peak was
about 150m underwater at the time, erupted explosively. The
force of the eruption was hundreds of times more powerful that
the atomic bomb dropped on Hiroshima in world war two. The
volcano ejected an estimated 10 km?® of rock ash and sediment
and created a massive tsunami that caused damage thousands of
kilometers away. Hunga Tonga also caused the largest explosive
shock wave that has ever been recorded. This shock wave trav-
elled around the world several times. The eruption also ejected
a huge amount of water vapor to the atmosphere - equivalent to
about 10% of all the water vapor in Earth’s atmosphere at any
one time or enough to fill 58,000 swimming pools. Fortunately,
the explosion occurred in a lightly populated area of the Pacific
and caused only 6 know deaths.

At all convergent plate boundaries, the distance between the
plate boundary and the line of volcanoes is shorter where the
subducting plate’s angle of descent is greater. Because lithosphere
cools and its density increases as it ages, older lithosphere tends
to sink more steeply (faster) into the asthenosphere than younger
lithosphere. Thus, the distance between the trench and the vol-
cano chain is less where the subducting lithosphere is older.

Back-Arc Basins.

Sometimes a subducted plate’s rate of destruction can ex-
ceed the rate at which the two plates are moving toward each
other, particularly where old lithosphere is sinking steeply into
the asthenosphere. Under these circumstances, the edge of the
nonsubducted plate is stretched, which causes a thinning of the
lithosphere at its edge. The thinning may create a back-arc basin
(sometimes called a “back-island basin”) behind a magmatic arc
(Fig. 4-15). In extreme cases, the lithosphere is stretched and
thinned so much that magma rises from below to create new
oceanic crust in the basin.

Back-arc basins are generally shallow seas with a floor con-
sisting of large quantities of sediment eroded by wind and water
from the newly formed mountains of the magmatic arc and from
nearby continents. The Mariana Trench subduction system, where
the Pacific Plate is being subducted beneath the Philippine Plate,

Asthenosphere

Oceanic
crust

Upper mantle

provides an example of a back-arc basin. The back-arc basin

lies between the Mariana Trench—Island subduction zone and

the Philippine Trench. About 200 km to the west of the Mariana
subduction zone is a now-inactive oceanic ridge that is the former
location of back-arc spreading (Fig. 3-3).

Collisions of Continents

Continental collision plate boundaries form at the conver-
gence of two plates that both have continental crust at their edges.
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FIGURE 4-16 The outer arc ridge, volcanoes, and back-arc basins of
Indonesia and the Philippines. The numerous active volcanoes on the
major islands of Indonesia, including Sumatra and Java, are evidence

of the very active nature of this oceanic convergence. The eruptions of
Krakatau in 1883 and Tambora in 1815 were two of the largest eruptions
of the past several centuries.
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FIGURE 4-17 The continental collision boundary between India and
Asia. About 50 million years ago, the northern margin of the Indian
continental crust began a collision with the southern margin of the Asian
continental crust. India is being thrust under the Asian continent as the
collision continues. The Himalayas and the high Tibetan Plateau were
both created by the collision. The tops of the Himalaya Mountains are
formed from sedimentary rocks scraped off the oceanic crust of the
ocean floor destroyed as the continents first came together.

When the lithosphere of one plate meets the edge of the other
plate, neither is sufficiently dense to be dragged into the astheno-
sphere and subducted. Therefore, the continental crusts of the two
plates are thrust up against each other. As the collision continues,
more continental crust is thrust toward the plate boundary, and
the two continents become compressed. One continent is gener-
ally thrust beneath the other, lifting it up. The forces created and
the energy released by such a collision are truly immense. The
collision transforms the newly joined continent by raising a high
mountain chain along the plate boundary. The effect of such colli-
sions is not unlike the effect of a head on collision of two cars, in
which each car’s hood is compressed and crumpled upward, and
one car may ride partially under the other.

Collision plate boundaries are relatively rare on the Earth
today, but the geological record indicates that they were more

common in the past, such as when Pangaea was formed from
preexisting continents. The most prominent continental collision
plate boundaries today are the ones between India and Asia and
between Africa and Eurasia (Fig. 4-10). Older examples, formed
before the present spreading cycle, include the Ural Mountains of
Russia and the Appalachian Mountains of North America.

The ongoing India—Asia collision is a particularly vigorous
collision. It began about 40 million years ago when the edges of
the continental shelves of the two continents first collided (Fig.
4-17). The movement of India toward Asia before the collision
was very fast in relation to the speed at which other plates are
known to move. The high speed explains the extreme violence
of the India—Asia collision, during which India has been thrust
under the Asian continent, creating the Himalaya Mountains and
compressing and lifting the vast high steppes of Asia. The Hima-
laya Mountains continue to be uplifted, and the many powerful
earthquakes felt throughout the interior of China and Afghanistan
are caused by earth movements that release the compressional
stress continuously built up by the India—Asia collision. This
collision may also be compressing and fracturing the Indo-Aus-
tralian Plate across its middle, as its northern section is slowed by
the collision and its southern section continues northward.

A similar continental collision began about 200 million years
ago between Africa and Eurasia. The convergence is slower than
the India—Asia convergence, so the collision is less violent. Nev-
ertheless, the Africa—Eurasia collision is responsible for build-
ing the Alps and for the numerous earthquakes that occur on the
Balkan Peninsula (parts of Turkey, Greece, Albania, Bosnia and
Herzegovina, Bulgaria, Croatia, Macedonia, Romania, Slovenia,
Serbia, and Montenegro) and the adjacent region of Asia (parts of
Turkey, Armenia, Georgia, Azerbaijan, and Iran).

DIVERGENT PLATE BOUNDARIES

The processes by which divergent plate boundaries are first
formed are not fully understood. It is believed that rift zones in
the continents may be at least partially caused by upwelling of
magma accumulated under the continents, and that this magma
may accumulate because the continental crust acts as an insulator
and causes heat to build up in the mantle below it. However, the
most prominent rift zone on the Earth today, the East African Rift
Zone, is thought to have been caused by upwelling associated
with the superplume that is believed to exist in the lower mantle
beneath the African continent.

At oceanic ridges, the plate boundary is continuously formed
by upwelling of magma from the asthenosphere, but this upwell-
ing is not the cause of the plate divergence. Instead, the magma
upwelling occurs in order to fill the gap created when sinking
(downwelling) of lithosphere at a subduction zone elsewhere
on one (or both) of the plates moves the entire plate toward this
subduction zone, “pulling” the plate away from the oceanic ridge
and creating a divergent boundary.

Oceanic Ridges

When two plates are pulled apart (diverge), the gap between
them is filled by upwelled magma. The reduction of weight on
the upper mantle that occurs as the plate edges are drawn apart
causes solid mantle material to melt as pressure is reduced. This
hot, low-density magma rises through the splitting crust and
spreads on the seafloor from a series of volcanoes aligned along
the gap. This is the primary process responsible for building the
connected undersea mountain chains of the oceans (Fig. 3-3) and
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FIGURE 4-18 Topography of the Arctic Ocean floor. The Mid-Atlanfic

Ridge extends into the center of the Arctic Ocean. Shallow sills restricté.

water circulation between the Arctic Ocean and other oceans. The sill
between the Arctic Ocean and the Bering Sea is especially shallow, and
the circulation between the Arctic and Pacific Oceans is more restricted
than the circulation between the Arctic and Atlantic Oceans.

is often called seafloor spreading. The mountain chains are

approximate center of their ocean basins and follow the gen-
eral shape of the coastlines on either side of the ocean (Fig.
4-10). An example is the Mid-Atlantic Ridge, which bisects
the Atlantic Ocean from near the North Pole to the southern
tip of South America (Fig. 4-18, Fig. 3-3).

As the plate edges separate at an oceanic ridge, new
oceanic crust is formed by a sequence of processes that
causes oceanic crust to be layered. Molten magma upwells
from below and forms a chamber of molten magma below

-8

the seafloor. Some magma cools and solidifies on the sides of

this chamber to form a rock called “gabbro.” This becomes
the lowest of four layers that are found consistently in almost
all oceanic crust. The next layer up is formed by magma that
rises through vertical cracks and solidifies in wall-like sheets
called “dikes.” The third, and initially upper, layer is com-

posed of pillow basalt, which is formed when erupting lava is &

cooled rapidly by seawater. The final layer of oceanic crust is
composed of sediments deposited from the ocean water column.

New crust formed at an oceanic ridge or rise is hot and
continues to be heated from below as long as it remains above
the divergence zone. Because it is hot, it is less dense than older,
cooler crust. Beneath the new crust, the solid mantle portion of
the lithosphere also is thin. Therefore, the new crust floats with
its base higher on the asthenosphere (CC2), and consequently,
the seafloor is shallower. As the new crust is moved progressively
farther from the divergent plate boundary, it cools by conduction
of heat to the overlying water and becomes denser. In addition,
the lithosphere slowly thickens as mantle material in the astheno-
sphere just below the base of the lithosphere cools, solidifies, and
is added to the lithospheric plate. Therefore, the aging crust on
the plate sinks steadily to float lower on the asthenosphere. Thus,
oceanic ridge mountains slowly move away from the divergence
zone and sink, while new mountains form at the divergence zone
to take their place.

Oceanic Ridge Types.

There are three basic types of oceanic ridges distinguished by
spreading rate, the rate at which the two plates are being pulled
apart. Two of these types constitute a majority of the length of the
world’s oceanic ridge system. The third, where the spreading rate
is very slow, is less well studied.

The two faster-spreading types of oceanic ridges have certain
common characteristics. Each has a string of volcanoes aligned
along the axis of the ridge. The volcanoes create a continuously
spreading layer of new oceanic crust on the ocean floor. The most
common type of oceanic ridge, exemplified by most of the Mid-
Atlantic Ridge, has a well-defined, steep-sided central rift valley
extending down its center (Fig. 4-19, Fig. 3-3). The valley is the
gap formed by the two plates pulling apart. Numerous earth-
quakes occur beneath the valley, and volcanic vents erupt magma
to create the new oceanic crust. Central rift valleys are gener-
ally 25 to 50 km wide and 1 to 2 km lower than the surrounding
peaks. The oceanic ridge mountains stand 1 to 3 km above the

known as oceanic ridges and oceanic rises. Most are in the &

8- o i .
surrounding ocean floor and are extremely rugged.

The second type of oceanic ridge, exemplified by the East Pa-
cific Rise, is much broader and less rugged than the Mid-Atlantic
type, and the central rift valley is absent or poorly defined (Fig.
3-3). The lack of a central rift valley is thought to be due to a
faster spreading rate. The less rugged topography of this type of
ridge is reflected in the seafloor of the surrounding plate, which is
flatter than seafloor surrounding more slowly spreading ridges.

The third type of oceanic ridge occurs where the spread-
ing rate is extremely slow. This type of oceanic ridge has very
few and widely spaced volcanoes. In addition, much of the new
seafloor generated at these ridges is missing the characteristic
basalt layer found elsewhere. This layer is thought to be miss-
ing because magma at these slowly spreading ridges has time to
cool and solidify before it rises to the seafloor. The entire process
appears to be different at these very slowly spreading ridges
than at other oceanic ridges. At very slowly spreading ridges,

Oceanic Rift
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Deep-sea
sediments

Oceanic
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Upper mantle  Magma Direction of plate motion

FIGURE 4-19 Oceanic ridge divergent plate boundaries are character-
ized by a ridge with a central rift valley and by fracture zones. On slowly
spreading ridges, such as the Mid-Atlantic Ridge, the rift valley may

be 30 km wide and up to 3 km deep, and the ridge is rugged with steep
slopes. On rapidly spreading ridges, such as the East Pacific Rise, the rift
valley is typically 2 to 10 km wide and only 100 m or so deep, and the
ridge is broad with low-angle slopes and relatively smooth topography.
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FIGURE 4-20 The history of new ocean formation at a rift zone. (a)
Rising magma beneath a continent pushes the crust upward and creates
cracks and fractures. (b) The crust is stretched and thinned. Collapses
occur along a series of fault blocks, leading to the formation of a rift val-
ley. Lakes may be formed in the rift valley. (c) The rift widens, allowing
ocean water to enter and creating a narrow sea, such as the Red Sea. The
rift continues to widen, and an oceanic ridge is formed down its center,
eventually creating a new ocean.

mantle

the seafloor is apparently just cracked apart between volcanoes,
and warm but solid rock then rises to become new seafloor. The
Gakkel Ridge beneath the Arctic Ice Cap, northeast of Greenland,
and the Atlantic-Indian Ridge as it snakes around the southern

tip of Africa are examples. By some estimates, up to 40% of the
oceanic ridge system worldwide may be of this extremely slowly
spreading type.

Oceanic Ridge Volcanoes.

Where the peaks of oceanic ridge volcanoes approach the
ocean surface, as they do near Iceland, eruptions can be violent.
In such cases, numerous small steam explosions are created at
the volcano vent when hot erupting magma and seawater come
in contact (you may have seen video footage of such eruptions).
However, most eruptions at oceanic ridge volcanoes are quiet
and smooth-flowing, despite the magma—seawater contact. There
are several reasons for the lack of explosiveness. First, unlike
the magma of subduction zone volcanoes, the magma rising into
oceanic ridge volcanoes does not include sediments and water.
Second, water movements carry heat away from the erupting
magma, minimizing or preventing the production of steam. Third,
the boiling point of water is several hundred degrees Celsius at
the high pressures present at the depths of most oceanic ridge
volcanoes.

Because they are not explosive, and they occur deep within
the ocean, most oceanic ridge volcanic eruptions occur without
being noticed. Nonetheless, they can be at least as large and as
frequent as eruptions on land. For example, a sidescan sonar
survey of part of the East Pacific Rise in the early 1990s revealed
a huge lava field formed by an eruption believed to have occurred
within the previous 20 years. The lava field covers an area of 220
km?and has an estimated average thickness of 70 m. The volume
of lava is estimated to be about 15 km*— enough to cover 1000
km of four-lane highway to a depth of 600 m, or to repave the
entire U.S. interstate highway system 10 times. The lava field
is the largest flow known to be generated during human history
(much larger lava fields from prehistoric eruptions are known).
Only a small fraction of the 60,000 km of oceanic ridge has been
studied by sidescan sonar surveys or by submersibles. Hence, the
huge young lava field on the East Pacific Rise may be dwarfed by
undiscovered flows from other undersea eruptions.

In 2009 the ROV Jason 2 was able to capture video_(watch
here) of an eruption of the West Mata volcano 1,100 meters deep
on the Tonga Ridge. Several more underwater volcano eruptions
have extensively studied by scientists now been captured on
video and it appears these underwater volcanic eruptions are far
more frequent and numerous than volcanic eruptions on land.

Rift Zones

Rift zones occur where a continent is being pulled or is break-
ing apart. If the rifting continues long enough, an ocean basin is
created between two separate, smaller continents. A rift zone may
be created when a continental crustal block remains in one place
for a prolonged period. In such instances, heat beneath the conti-
nent is partially trapped by the insulating effect of the continental
rocks. The mantle temperature may increase until the rock at the
base of the lithosphere melts, at which time hot magma could rise
and split the continental block. Rift zones may also be formed
by variations in the convection processes operating within the
mantle that cause the mantle upwelling to become located under
the continent (CC3). As yet, we have no detailed understanding
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FIGURE 4-21 (a) Because lithospheric plates have rigid shapes and move on a spherical surface, they must rotate with respect to each other, and the
rate of formation or destruction of crust at any plate boundary must vary along the plate boundary’s length as shown by the spreading from A to B

in this figure. The principle is similar to the movement of your eyelids as you open and close your eyes. The eye is exposed or covered more rapidly
at the center than at the two corners. The rate of spreading cannot be equal along the plate boundary as the plates would need to bend and deform as
shown in the sequence C—D-E. (b) Each of the points labeled with the same letter on either side of the Atlantic Ocean were joined at one time. Since
the pairs are now separated by different distances, crust must have been formed at different rates along the oceanic ridge. Because the lithosphere is
rigid and cannot stretch along its edge, variation in the rate of formation or destruction of crust is accommodated by the formation of transform faults
between segments of plate boundary. You can demonstrate why this is necessary with a simple test using this book. With the book open on a flat sur-
face, place one hand on the lower right corner of the right-hand page and press down so that it cannot move. With your other hand, lift all the pages
(without the hard cover) at the top right corner slightly and grasp them between your finger and thumb. Hold these pages tightly together so that they
cannot slide across each other, and try to lift and rotate these pages toward the lower left corner. Now loosen your grip on the top corner of the pages
and try the same movement allowing the pages to slide across each other. The resistance you felt and the distortion of the page edges is no longer
there. Although the motions in this test are different from the motions of lithospheric plates on a sphere, the principle is the same. The book pages,
when allowed to, slide across each other—the equivalent of transform faults between the pages.

of the relative roles of mantle convection and the insulating effect
of continental crust, or of how these processes interact to split
continents and create new oceans. In contrast, the processes that
occur once a rift zone has been initiated are much better under-
stood, and they are discussed next.

New Oceans.

A new ocean may form in a location where the temperature
of the mantle below the continent becomes elevated (Fig. 4-20).
The process may occur as follows: As the mantle temperature
increases, density decreases, causing the crust to be thrust upward
to form a dome. The upward thrust stretches the crust and causes
fractures that extend outward from the center of the dome. As
such a fracture widens, the lithosphere beneath the bulge begins
to melt. Eventually, blocks of crust break off and slip down into
the rift valley formed by the fractures. This occurs unevenly
along the length of the rift, with some sections of the rift valley
being deeper than others.

Initially the rift valley floor may be well above sea level. In
wet climates, the deeper areas of the valley may fill with rainwa-
ter, forming long narrow lakes. Volcanoes form in the rift valley
and on its sides as magma upwells through cracks left by the
fracturing and slipping blocks of crust. The sides of the rift move
steadily apart, and magmatic rocks accumulate at the bottom of
the valley. Because magmatic rocks, when they cool, are denser

than the continental rocks being displaced to the sides of the rift,
the rift valley floor sinks until it is eventually below sea level. At
this point, the rift may fill with seawater and become an arm of
the ocean. However, new volcanoes and landslide debris falling
from the rift valley flanks may fill and temporarily increase the
elevation of the rift valley floor. Thus, the connection with the
ocean may be made and broken numerous times before the rift
valley becomes a “permanent” marginal sea.

As the rift continues to widen, the original continent becomes
two continents separated by a widening ocean with an oceanic
divergence at its center. The rift valley provides a route through
which the excess heat built up below can be released. If the
quantity of heat is limited, the rifting process may stop before
an ocean is formed. However, if excess heat is supplied at a
high rate, the spreading may continue, and a new ocean may be
formed.

Of the several rift zones on the Earth today, the East African
Rift is among the newest (Fig. 3-3). The African continent ap-
pears to have remained at its present location for more than 100
million years. It is elevated several hundred meters higher than
most of the other continents and is believed to be directly above
a mantle superplume. The East African Rift displays a rift valley,
rift valley lakes, and rift volcanoes typical of newly formed con-
tinental divergent plate boundaries. The Red Sea is probably a
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Oceanic ridge

more advanced rift zone, where a connection with the ocean, perhaps a permanent one,
has already been made.

Sealevelk TRANSFORM FAULTS AND FRACTURE ZONES

Transform faults are formed where two plates slide by each other. Numerous earth-
quakes occur along such faults as the edges of the two plates periodically lock and then
break loose and slide past each other. The best-known transform fault is the San Andreas
Fault in California, where a long section of the Pacific Plate is sliding northward past the
North American Plate (Fig. 4-13). Most transform faults are much shorter than the San
Andreas Fault.

Motions of plates at transform faults do not create the dramatic trenches, volcanoes,
and mountain ranges of other types of plate boundaries. However, the action of one plate
against another creates complicated stresses near the edge of each plate, produces faults
along which earthquakes occur, and forms low hills or mountains. Mountain building
may be enhanced at bends on the plate boundary. One such bend on the San Andreas
Fault is at the Santa Cruz Mountains south of San Francisco and was the site of the Oc-
tober 1989 Loma Prieta earthquake.

Numerous short transform faults are formed at divergent and convergent plate
boundaries. As two plates move apart or together, they also rotate in relation to each
other because the plates are moving on a spherical Earth (Fig. 4-21). The rate of spread-
ing and creation of new oceanic crust will vary along the plate boundary when such rota-
tion occurs. To accommodate the varying rates of spreading or subduction between two
rigid plates, new plate material must be added or destroyed at different rates in adjacent
segments of the plate boundary. This is accomplished by the creation of transform faults
between short sections of the plate boundary (Fig. 4-22). In the transform fault region,
the edges of the two plates slide past each other, one side moving slightly faster in one
direction than the other is moving in the opposite direction.

Transform faults not only accommodate the changing rates of plate creation or
destruction but also affect seafloor topography. To examine how transform faults work
and how they influence topography consider the oceanic ridge transform fault depicted
in Figure 4-22a. The transform fault is the segment of the plate boundary where the line
of the oceanic ridge is offset. Along this segment, the sections of crust newly formed on
each of the two plates slide past each other. However, once the spreading motion has
transported the new oceanic crust past the central rift valley of the adjacent segment, it
is no longer adjacent to the other plate. Instead, it is adjacent to another piece of its own
plate. Because the two sides of this join are now parts of the same plate and moving
in the same direction, the two sides do not slide past each other. These areas are called
fracture zones. The topographic roughness formed at the transform fault remains after
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FIGURE 4-22 Adjacent plates move past each
other at a transform fault. (a) Most transform
faults connect two segments of an oceanic ridge.
The plates slide past each other in the region be-
tween the two ridge crests. This is the transform
fault. Beyond this region, the two ridge segments
are locked together and form a fracture zone. A
transform fault can also connect (b) two adjacent
segments of a trench or two trenches, or (c) an
oceanic ridge and a trench.

FIGURE 4-23 (right) The 1983

eruption of Pu‘u‘6°0, the active vent of Kilauea
Volcano in Hawaii. Kilauea is a hot-spot
volcano that ejects small amounts of ash and
large amounts of lava in a relatively smooth,
nonexplosive manner. This eruption of Kilauea
continued for 35 years ending in 2018.
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FIGURE 4-24 (a) The Hawaiian Island-Emperor
Seamount chain. (b) The islands and seamounts are
formed at the hot spot. As the plate moves relative to the hot

spot, new islands are formed, and the older islands move off the hot spot,
cool, sink isostatically, and are eroded

the fracture zone has moved away from the plate boundary. Fig-
ure 3-3 shows numerous transform faults and associated fracture
zones that cut perpendicularly through the oceanic ridges. At each
transform fault, the line of the oceanic ridge crest is offset.

Some transform faults connect divergent and convergent plate
boundaries, and others occur in subduction zones. The seafloor
at subduction zones is covered by deep sediments that flow into
any depressions and blanket the topography. Therefore, transform
faults in subduction zones are less well defined by topography
than their oceanic ridge counterparts are.

HOT SPOTS

Scattered throughout the world are locations where heat from
the mantle flows outward through the crust at a much higher
rate than in the surrounding crust. Some of these hot areas are
within plates, and some are at plate boundaries. Most of them are
beneath oceanic crust, but others are under continental crust (Fig.
4-10). Most hot locations occupy only a very limited area at the
Earth’s surface and are, therefore, called “hot spots.”
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Many, but not all, of Earth’s hot spots are known to be located
where convection plumes upwell from the deep mantle (Fig. 4-5,
C(C3). Some of these may be plumes that extend all the way to
the boundary between the core and mantle. Others may originate
from a superplume in the lower mantle. Yet other hot spots, such
as that at Yellowstone Park, seem to be linked to shallow convec-
tion processes in the upper mantle only. Finally, some locations
where the hot area under the lithosphere is more extensive may
not themselves be hot spots (although hot spots may occur within
such regions). Instead, they may be locations where continents
have remained for prolonged periods of time. At such loca-
tions, the continents may act as a blanket to trap the heat flowing
upward through the upper mantle, and the heat may melt and thin
the crust. The East African Rift may be an example. However, a
superplume is believed to be located beneath the region in which
the East African Rift occurs, and this rift may be the result of
several interacting processes.

Most oceanic hot spots are characterized by active volcanoes
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FIGURE 4-25 The principles of paleomagnetic dip angle. The dip angle
is the angle between the rock’s direction of magnetization and the Earth’s
surface (if the rock has not been tilted since being formed). Because the
dip angle changes with latitude, the original dip angle of a rock’s magne-
tization reveals the latitude at which it was formed.

that rise through the ocean floor to form islands. Examples of
islands located at hot spots are Iceland and the island of Hawaii.
Both have active volcanoes that generally erupt relatively quietly,
without explosions, and bring copious amounts of magma to the
surface (Fig. 4-23). The magma solidifies and steadily builds the
island.

The quantity of lava produced by hot-spot volcanoes is so
large that such volcanoes are the tallest topographic features on
the Earth. For example, the island of Hawaii rises about 5500 m
from the seafloor to the ocean surface and then rises another 4205
m above the ocean surface to its highest mountain peak. Its total
elevation, about 9700 m, is gained over a horizontal distance of
less than 200 km and far exceeds the 8848-m elevation of Mount
Everest. The enormous weight of Hawaii and the adjacent islands
has depressed the Pacific Plate through isostatic leveling (CC2).
As a result, the seafloor around the islands has a broad moatlike
depression some 500 m deeper than the surrounding seafloor.
The downward deformation of the Pacific Plate extends about
300 km from Hawaii. Surrounding the “moat” region is another
broad area where the seafloor is deformed upward as the crust is
compressed outward by the island rising through its center.

Until recently, it was thought that hot spots remain fixed
in place with respect to the Earth’s rotational axis for tens or
hundreds of millions of years as the lithospheric plates move
over them. However, it is now known that at least some hot spots
do migrate independently within the mantle so two independent
processes change the location of individual hot spots, movement
of the hot spot plumes and movement of the lithospheric plates.

As a lithospheric plate moves over (or in relation to) an
oceanic hot spot, the most recently formed volcanic island
moves away from the hot spot. With the migration of the island

from the hot spot, another segment of plate is brought over
the hot spot, new volcanic vents open in it, and eventually
another island may be formed. Continued plate movement
takes this island away from the hot spot, and yet another
island is formed, and so on. The results of that process can
be seen in the ocean floor topography as a trail of islands and
seamounts (undersea cone-shaped mountains). In the Pacific
Ocean, the chains of islands and seamounts that align north-
west of Macdonald Seamount, Easter Island, and Hawaii are
all remnants of their respective hot spots (Fig. 4-10).

The island and seamount trails provide a history of the
rate and direction of movement of the plate relative to the
hot spot. Of the Hawaiian Islands, the island of Hawaii is the
youngest and has several active volcanoes, including Kilauea
(Fig. 4-23) and Mauna Loa. About 20 km to the southeast of
Hawaii, a 3.5 km tall seamount called Loihi has been built on
the sea floor and continues to grow by volcanic action (Fig.
4-24). Its current peak is about 970 m below sea level, but
if volcanic activity continues at its present rate, Loihi may
become the next Hawaiian island 10,000 to 40,000 years
from now.

Radioisotope dating (CC?7) of the volcanic rocks in the
Hawaiian Island—Emperor Seamount chain shows each
island or seamount to be progressively older with distance
northwest from Hawaii (Fig. 4-24a). For example, Oahu was
formed about 2 to 3 million years ago and has only inactive,
although not yet necessarily extinct, volcanoes. As hot-spot
volcanic islands migrate away from the hot spot, their volca-
noes become inactive, the islands cool and sink isostatically,
and they are subjected to erosion (Fig. 4-24b).

Some hot spots lie on divergent plate boundaries where
two plates are moving apart. A volcanic island formed at
such a location is steadily broken apart as the plates diverge.
Iceland is a good example. Each side of the island, with its
cooling volcanoes, migrates away from the hot spot on its
respective plate. Evidence of this process can be seen also
in the ocean floor topography. For example, the Icelandic
Ridge stretching between Greenland and Europe consists
of sediment-buried remnants of volcanoes that occupied the
Icelandic hot spot when the Atlantic Ocean was narrower.
Similarly, the Walvis Ridge and Rio Grande Rise in the South
Atlantic Ocean are remnants of the Tristan da Cunha hot-spot
volcanoes (Fig. 4-10).

A Lesson about Science

The rate of Pacific Plate movement appears to have var-
ied relatively little during the past 50 million years. However,
a distinct change in the direction of the Hawaiian Island—
Emperor Seamount chain occurs at islands formed about 50
million years ago (Fig. 4-24). Seemingly identical changes
of direction are also seen in the Easter Island and Macdonald
Seamount chains.

Studies of the change in direction of the Hawaiian Island—
Emperor Seamount chain provide a lesson for this author
and the ocean and geological science community. This story
provides you, the readers of this text, with a perfect example
of why critical thinking skills are so important. It also illus-
trates that, while the material in this book represents the most
recent scientific consensus regarding what is known about
our ocean world, that consensus is always evolving.



As recently as 1998 (when the first edition of this text ap-
peared), the consensus view of the scientific community was that
hot spots remained fixed in place for tens or hundreds of millions
of years as the lithospheric plates moved over them. At that time
the scientific consensus was also that the distinct change in the
direction of the Hawaiian Island—Emperor Seamount chain indi-
cated an abrupt (in geological time) change in the Pacific Plate’s
direction of motion. Experts in the field agreed that the available
data fit this conclusion. For example, the ages of the islands in
the chain had been measured and did increase with distance from
the hot spot. Other hot-spot trails were also found on the Pacific
Plate, and they mirrored both the direction and the change in
direction of the Hawaiian Island chain.

Fortunately, some scientists continued to think critically, even
when the available data seemed to fit these explanations very
well. These scientists were uncomfortable that nobody could
explain how or why the direction of the Pacific Plate movement
changed so abruptly. Thus, when the opportunity presented itself,
they examined cores drilled into three seamounts of the Emperor
chain that are located within part of the chain that was formed
before the “change in direction of motion.” They analyzed
these cores for many different parameters, but the key data were
obtained by examination of the paleomagnetic signatures of the
magmatic rocks that form these seamounts. These data allowed
the researchers to determine the rocks’ paleolatitudes (the lati-
tudes at which these rocks had formed by cooling and solidifica-
tion of liquid magma).

To explain how paleolatitude was measured we have to look
carefully at earth’s magnetic field characteristics. We normally
hold a compass horizontally so that its needle can rotate to align
north and south. However, if we turn the compass on its side and
orient it toward the pole, we find that the Earth’s magnetic field
is not parallel to the ground (except at the magnetic equator). In
the Northern Hemisphere, the compass needle points at an angle
toward the ground (the dip angle) in the direction of the north
magnetic pole (Fig. 4-25). The dip angle increases as we move
toward the magnetic pole. At the magnetic pole, the needle points
at a 90° angle directly into the ground. At the magnetic equator,
the dip angle is zero and the needle is parallel to the ground. Be-
cause the magnetic and geographic poles are always reasonably
close together, the dip angle of the compass needle is a measure
of latitude. Larger angles correspond to higher latitudes.

Magnetic materials in magma orient both horizontally and
vertically to align with the Earth’s magnetic field when the
magma solidifies. Therefore, rocks carry paleomagnetic informa-
tion about both their horizontal orientation with respect to the
pole at the time they were formed, and the latitude at which they
were formed, the paleolatitude.

What the measured paleolatitudes of the three Emperor chain
seamounts revealed was that these islands had not been formed at
the same latitude that Hawaii now occupies. Instead, each older
seamount had been formed progressively farther north. How
could this be if hot spots are fixed in place? Of course, it cannot.
Most scientists had accepted the hypothesis that hot spots remain
fixed in place relative to the Earth’s axis of rotation. That hypoth-
esis now appears to be wrong. This hot spot must have moved
south during a period about 50 to 80 million years ago, when the
Emperor seamounts were formed. The lesson here is that, when a
new hypothesis is proposed, there are almost always a few pieces
of data missing, or data that do not exactly fit the “facts” of the
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FIGURE 4-26 The history of an ocean from its creation at an oceanic
ridge to its disappearance at a continental collision
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FIGURE 4-27 Satellite image of a coral atoll with its shallow inte-
rior lagoon (Hull Island, Kiribati).

hypothesis. These minor inconsistencies are the clues to how a
hypothesis might be wrong.

Where does this new evidence leave our understanding of hot
spots and how they fit into the jigsaw puzzle of plate tectonics?
First, it raises many more questions. For example, why are there
almost identical changes in direction in other Pacific hot-spot
trails? Did all the Pacific hot spots move in the same direction at
the same time? Scientists must answer these questions, and many
more, if we are to better understand plate tectonic processes.

PLATE INTERIORS

Oceanic crust is formed and destroyed by the processes that
occur at divergent and convergent plate boundaries and hot spots.
Its topography is modified by various processes over the tens or
hundreds of millions of years between its creation and destruc-
tion. The edges of the continents, which are formed at divergent
plate boundaries, are modified by a variety of processes between
the time they are formed and the time they enter convergent plate
boundaries.

Oceanic Crust

As it moves away from an oceanic ridge, lithosphere cools,
becomes denser, and sinks steadily deeper into the asthenosphere.
Therefore, the seafloor becomes lower with increasing distance
from the oceanic ridge. As the cooling crust sinks, it is progres-
sively buried by a continuous slow “rain” of solid particles
through the water column that accumulate as sediments on the
seafloor (Figs. 4-19, 4-26). Because sediments tend to accumu-
late faster in topographic lows, the original topography of the
rugged oceanic crust that is formed at oceanic ridges is progres-
sively buried and smoothed as the crust moves away from the
oceanic ridge. The effect is very similar to that of snowfalls. If
left undisturbed, a few centimeters of snow obscures features,
such as street curbs and potholes, and softens larger features
by mounding around them. As more snow accumulates, larger
features are buried, and even cars in a parking lot may be difficult
to find. Similarly, the lower topography of the oceanic crust is
completely obscured after it has traveled a few hundred kilo-
meters away from the ridge (remember that oceanic crust takes
millions of years to move such distances). The higher topography
of the oceanic crust survives the sedimentation as rounded hills or
mountains rising above the surrounding flatter areas.

The largest topographic features of oceanic hot spots and
convergent boundaries where both plates have oceanic crust (e.g
magmatic arcs) are commonly cone-shaped volcanoes. Their

conical form is preserved and even enhanced by sediment ac-
cumulation. Therefore, much of the deep-sea floor is character-
ized by generally cone-shaped abyssal hills and mountains (called
“seamounts”), even in regions far from the oceanic ridges or hot
spots (Fig. 3-3).

Some seamounts have flat tops and are called “tablemounts”
or guyots. Volcanic mountain cones that have sufficient eleva-
tion when first formed at the oceanic ridge or at hot spots emerge
above sea level as islands. The island tops are eroded by wind,
water, and waves much faster than the volcano can cool and sink
isostatically. Thus, before such volcanoes sink isostatically below
the surface, their tops are totally eroded away. The eroded flat
tops are preserved once the volcanoes are completely submerged
because erosion is extremely slow under the ocean surface away
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FIGURE 4-28 Coral reefs form in shallow water in the tropics and
subtropics. Reefs are well developed around volcanic islands created at
hot spots because there is little runoff of freshwater and sediment, both
of which inhibit healthy growth of coral reefs. Coral reefs evolve as vol-
canic islands are formed and then sink isostatically as they move off the
hot spot and cool. (a) Fringing reefs are formed around the perimeter of
rising or static volcanic islands. (b) When the island sinks, a barrier reef
is formed as the fringing reef grows upward. (c) Eventually the island
sinks completely beneath the surface, leaving an atoll where the barrier
reef continues to grow upward.



FIGURE 4-29 This volcanic island, Bora Bora in the Leeward group of
the Society Islands of French Polynesia, ,is surrounded by a lagoon and
well-developed barrier reef.

from winds and surface waves. The Hawaiian Island—Emperor
Seamount chain exemplifies the various stages of this process
(Fig. 4-24).

Some seamounts form the submerged base of nearly circu-
lar coral reefs called atolls (Fig. 4-27). Reef-building corals
grow only in shallow water (less than several hundred meters),
and most species inhabit the warm tropical oceans (Chap. 15).

In such regions, a coral reef may become established around
islands that are formed when the tops of oceanic ridge or hot-spot
volcanoes extend to or above sea level (Fig. 4-28). The coral reef
continues to build upward from the flanks of the volcano as the
volcano sinks isostatically. If the upward growth rate of the reef
is fast enough to match the sinking rate of the volcano, the top of
the live coral remains in sufficiently shallow water to continue
growing.

The coral first forms a fringing reef adjacent to the island
(Fig. 4-28a). As the volcano continues to sink, this reef continues
to grow upward and becomes a barrier reef separated from the
island by a lagoon (Figs. 4-28b, 4-29). Eventually the volcano
completely sinks and leaves only an atoll (Figs. 4-27, 4-28c¢).

On the historic Beagle voyage of 1831 to 1836, Charles Darwin
visited Keeling Atoll and several reef-fringed islands of the South
Pacific. Even though Darwin had no knowledge of plate tecton-
ics, he proposed an explanation for the formation of atolls that is
very similar to our understanding of that process today.

Continental Edges

We have seen how the processes at convergent, divergent,
and transform fault plate boundaries form and shape the edges
of continents. However, fewer than half of the coasts (or mar-
gins) of today’s continents lie at plate edges. Most are located in
the middle of lithospheric plates. Most of these coastlines were
formed initially at the rift zones created as Pangaea broke apart.
Because there are few earthquakes or volcanoes at such conti-
nental margins, they are called passive margins. The Atlantic
coasts of North America and western Europe are examples.

Passive Margins.
Development of a passive margin begins as the edge of a new
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continent is formed at a mature continental rift valley (Fig. 4-30).
The new edge is isostatically elevated because of heating in the
rift zone. Consequently, rivers drain away from the edge toward
the interior of the continent. Shallow seas form in the rift as
blocks of the continental crust edge slide down into the rift zone.
Because few rivers carry sediment into the seas, the turbidity of
the water in these seas is low. Consequently, the light needed for
photosynthesis (CC14) penetrates deep into the clear waters, and
primary productivity (growth of marine organisms that create
organic matter from carbon dioxide and an energy source; see
Chap. 12) is high. High productivity leads to large quantities of
organic matter that may accumulate in the sediment of the new
marginal seas. Because the seas are shallow and the rift valley

is narrow, they may be periodically isolated from exchange with
the large ocean basins. Under these conditions, thick salt depos-
its may be formed as seawater evaporates and its dissolved salts
precipitate (Chap. 6).

As the passive margin moves away from the divergent plate
boundary, which by that time has developed an oceanic ridge,
both continental crust and oceanic crust cool and subside isostati-
cally. Eventually, the edge of the continent subsides sufficiently
that the direction of the slope of the landmass is reversed. Then
the rivers that flowed away from the margin during its early his-
tory instead flow into the ocean at the margin. They bring large
quantities of sediment from the land, which increases turbidity
and siltation in the coastal ocean, thus reducing light penetration
and primary productivity. Both the marginal seas and their depos-
its of organically rich sediment eventually are buried deeply as
they subside farther below sea level. When the organic sediments
are sufficiently deep to be heated and subjected to high pressure,
the organic matter may be converted to the hydrocarbon com-
pounds of oil and gas. If the overlying rocks are permeable, the
oil and gas migrate toward the surface. Where the overlying rocks
are not permeable, they trap the oil and gas to form reservoirs.
Reservoirs formed at passive margins provide most of the world’s
oil and gas.

The characteristic feature of a passive margin is a coastal
plain, which may have ancient, highly eroded hills or mountain
chains inland from it. In addition, the coastal region is generally
characterized by salt marshes and many shallow estuaries. Off-
shore, the continental shelf is wide and covered by thick layers
of sediment. These features have been modified in many areas by
changes both in sea level and in the distribution of glaciers that,
in turn, were caused by climate changes.

The Fate of Passive Margins.

The depth and width of the continental shelf at passive mar-
gins can be influenced by isostatic changes caused by the heating
of relatively immobile continental blocks (CC2). For example,
the continental shelf of much of the west (Atlantic) coast of
Africa is narrower than those of many other passive margins.
The reason is that the entire continent has been lifted by isostatic
leveling in response to the heat accumulation that is causing the
East African Rift to form. Africa’s Atlantic coast eventually may
become a new subduction zone, if the Atlantic Ocean crust near
Africa cools sufficiently and if the East African Rift continues to
expand. Another possibility is that the rifting in East Africa will
simply stop. Many factors will influence the outcome, includ-
ing how much heat is available to drive the East African rifting
process and to continue spreading at the Mid-Atlantic Ridge, how
cold and dense the Atlantic Ocean crust is near West Africa, and
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Whatever happens in Africa, the probable ultimate fate of some
passive margins is that they will become subduction zones. This will be
the outcome if the oceanic crust at the passive margin cools sufficiently
to subduct into the mantle, causing the plate movements to change and
the ocean to begin to close. Eventually, the ocean could be destroyed as
two continents meet at a collision margin.

SEA-LEVEL CHANGE AND CLIMATE

Although tectonic processes and sedimentation are the principal
agents that shape the seafloor topography, changes in climate also affect
certain features, particularly the continental shelves and coasts. Sub-
stantial climate changes have been observed during recorded human
history. For example, much of North Africa and the Middle East, which
is now a region of desert and near-desert, was a fertile region with
ample rainfall during Greek and Roman times. However, such short-
term changes are small in comparison to changes that occur during the
hundreds of millions of years of a tectonic spreading cycle.

Climate Cycles

Over the past 1000 years, the Earth’s average temperature has var-
ied by about 1.5°C. During the past 10,000 years, it has varied within
a range of about 2°C to 3°C (Fig. 4-31). However, in the immediately
preceding 2 to 3 million-year period, the Earth’s temperatures were as
much as 10°C below what they are today. That period is often called
an ice age. During this ice age, the Earth’s climate alternated between
periods of glacial maxima (when temperatures were about 10°C below
those of today) and interglacial periods (when temperatures were close
to those of today). During glacial maxima, the polar ice sheets extended
to much lower latitudes than they do now. Several earlier major ice
ages each lasted about 50 million years. Longer periods with warmer
climates have occurred between ice ages. The most recent ice age may
not yet be over, and the relatively warm climate of the past 10,000
years may simply represent an interglacial period.

Climate varies on timescales ranging from a few years to tens or
hundreds of millions of years. Variations over the past 18,000 years
are shown in Figure 4-31. These shorter timescale variations are
superimposed on longer-term variations. Understanding the causes and
consequences of the historical variations is important. Such knowledge
may provide the key to understanding the effects and consequences of
the extremely rapid (on geological timescales) global warming that has
been predicted to occur and that appears to already have begun as a
result of human enhancement of the atmospheric greenhouse effect.

Eustatic Sea-Level Change

When the Earth’s climate cools for a long time, ocean water cools
and contracts and polar ice sheets expand as water is transferred from
oceans to land in the form of glaciers and snow. Both of these processes

FIGURE 4-30 A passive margin develops after the initial stages of
creation of a new ocean. (a) A rift forms at a continental margin. Layers
of volcanic ash, desert sands, and evaporites form as lakes develop and
dry up in the rift valley. (b) As the new ocean forms, reefs and high-
productivity lagoons form along the ocean edge because rivers flow inland
and turbidity is low in such young oceans. (c¢) As the margin moves away
from the new oceanic ridge, it cools and subsides. Rivers start to flow
toward the new ocean and deposit lithogenous sediments in the previously
productive lagoons and reefs. Productivity in the coastal waters, especially
coral reef growth, is suppressed by high turbidity caused by the river
inputs of suspended sediment. (d) Sediment layers build up on the passive
margin to form a broad sediment-covered continental shelf. The buried
lagoon and reef sediments often form oil reservoirs.
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FIGURE 4-31 The history of climate and sea-level changes during the past 18,000 years. (a)
The global average temperature was about 7-8°C lower than today until about 19,000 years ago
and rose close to its present value by about 8,000 years ago. Within the past 1,000 years tem-
perature has varied by about 1.5°C, but is currently rising, and has started to rise more quickly
since about 1920. However, there is much short-term variability, and the apparent upward trend
may not be sustained. Nevertheless, it is known that temperature is currently rising at about 1°C
per century and perhaps accelerating. (b) In response to the global temperature increase, sea level
rose rapidly (about 120 m in total) as global climate warmed from about 19,000 to about 8,000
years ago. More recently, sea level continued to rise slowly as global temperatures remained
relatively stable. Recent highly-accurate satellite measurements show that sea level rise may be
accelerating and is now estimated to be about 3 mmey™!. It is not known how much sea level will
rise in the future. However, it is known that the temperature increase and sea level rise are dues
to a combination of natural change and the enhanced greenhouse effect but it is not clear what the
relative contributions of these two factors has been. (¢) The current rate of sea level rise, about 3
mmeyr ', is relatively slow compared to the rate of rise experienced during certain periods of the
past 19,000 years as a result of the planet warming. This raises the question as to whether the rate
of sea level rise could accelerate substantially if the current rising temperature trend is sustained.
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cause the sea level to drop. Conversely, warm climate periods
tend to heat and expand ocean water, and melting continental ice
returns water to the oceans, raising the sea level. Such changes of
sea level, called eustatic changes, occur synchronously through-
out the world, although not all locations experience exactly the
same amount of rise or fall. In contrast, sea-level changes caused
by isostatic movements of an individual continent affect only that
continent (CC2).

During the initial breakup of Pangaea, the climate was
relatively warm, and it remained so until about 10 to 15 million
years ago. During the warmest part of this period, about 75 mil-
lion years ago, sea level was considerably higher than it is today,
and as much as 40% of the Earth’s present land area was below
sea level. For example, a shallow sea extended from the Gulf of
America (Golfo de México) far north into Canada and covered
what is now the land between the Rocky Mountains and the Ap-
palachian Mountains. In contrast, at the peak of the most recent
glacial period, about 20,000 years ago, sea level was at least
100 m below its present level. Sea level has risen and fallen by
various amounts many times as Pangaea has broken apart in the
present spreading cycle, and coastlines have migrated back and
forth accordingly.

Sea-Level Change and Continental Margin Topography

Erosion by rivers carves out valleys, and the rivers transport
the eroded sediment downstream, where it is deposited in lower-
lying areas or in the coastal oceans. Erosion by waves and winds
at coastlines (Chap. 11) also tends to reduce topography and de-
posit the eroded sediment in the shallow waters of the continental
shelves. In contrast, at water depths of more than a few meters,
erosional forces in the oceans are generally reduced and sediment
accumulation is dramatically reduced, except in proximity to riv-
ers that transport massive sediment loads to the ocean (Chap. 6).

As a result of sea-level oscillations, the area between the edge
of the continental shelf and an elevation several tens of meters
above the present sea level has been subjected to alternating cy-
cles of wind, river, and wave erosion at some times and sediment
deposition at others. These processes have substantially modified
the topography. The effect is most apparent at passive margins.
On most such margins, there is evidence of sea incursion and ero-
sion throughout the area between the continental shelf edge and
areas far inland from the current coastline. This evidence includes
buried deposits that contain freshwater and shallow-water marine
organisms and flat or low-relief topography.

The continental shelf, which has been progressively covered
by the rising sea during the past 19,000 years, is cut across by
numerous shelf valleys. Most of the valleys were carved out by
rivers during the last ice age, when sea level was lower. Many
submarine canyons are extensions of shelf valleys (Fig. 4-32).

Isostatic Sea-Level Change

In addition to eustatic processes, isostatic processes induced
by changing climate can affect coastal topography. During an
ice age, massive ice sheets accumulate over many parts of the
continental crust. The weight of the ice forces the continental
crust to sink lower into the asthenosphere (CC2). This process
also depresses (lowers the level of) the continental shelves. For
example, the continental shelf of Antarctica currently is de-
pressed about 400 m lower than most other shelves by the weight
of'its ice sheets. At the end of an ice age, when the ice melts, a
depressed section of a plate slowly rises until it again reaches
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FIGURE 4-32 The continental sheltf 1s often cut across by shelt valleys,
some of which connect to steep-sided submarine canyons that cut across
the continental slope.

isostatic equilibrium. However, isostatic leveling is much slower
than eustatic sea-level change. Many areas of continental crust,
including the coasts of Scandinavia and the northeastern United
States and Canada, are still rising in response to the melting of
glaciers that occurred several thousand years ago.

Glaciers shape topography in other ways as well. They often
cut narrow, steep-sided valleys. Many valleys left after glaciers
melted have been submerged by rising sea level to become deep,
narrow arms of the sea known as fjords (Chap. 13).

Sea Level and the Greenhouse Effect

Although oscillations of sea level are normal occurrences in
geological time, human civilization has emerged during a long
period of relatively stable sea level (Fig. 4-31). If the predicted
greenhouse warming of the planet by as much as 2°C during
the first half of this century does indeed occur, the higher aver-
age global temperature is expected to cause the ocean water to
continue to warm and expand, and the current polar ice sheets
to continue to melt. As a result, sea level could rise by several
meters or more. Warming and melting of ice sheets are slow pro-
cesses that will continue possibly for centuries even if we were
to completely stop adding to the concentration of carbon dioxide
in the atmosphere. However, the most recent predictions based
on the best available scientific information are that sea level will
rise by about 1 m, and likely more, by the end of this century. A
sea level rise of only a few tens of centimeters would inundate
vast areas, including major coastal cities. Therefore, the history
of coastal modification during periods of sea-level rise is of more
than academic interest.

PRESENT-DAY OCEANS

Having learned about processes that create, shape, and destroy
ocean floor topography, we can look with greater understanding
at the present-day oceans, which are all connected. The Atlantic
Ocean connects with both the Indian and Pacific Oceans near
Antarctica. The Arctic Ocean connects with the Pacific Ocean
only where shallow water covers the continental shelf in the
Bering Strait between Alaska and Siberia. In contrast, the Arctic
Ocean is connected with the Atlantic Ocean by the deeper and
much wider passage through the Nansen Fracture Zone between
Greenland and Spitsbergen, Norway (Fig. 4-18). The somewhat
deeper connection between the Arctic and Atlantic Oceans al-




lows somewhat restricted water transfer between the two basins
(Chap. 8).
Pacific Ocean

The Pacific Ocean is the world’s largest and, on average,
deepest ocean. It is almost completely surrounded by narrow
continental shelves and deep trenches of subduction zones. It has
many islands, including volcanic islands and atolls formed at hot
spots, islands in magmatic and sedimentary arcs, and islands that
appear to be small pieces of continent.

Aside from hot spots and limited areas of new spreading,
notably the East Pacific Rise, the Pacific Ocean crust is generally
old, cold, and dense. Hence, it floats low in the asthenosphere.
However, the oldest oceanic crust found in the Pacific Ocean
is not substantially older than the oldest oceanic crust in other
oceans. This is because all of the Pacific Ocean’s older crust has
been subducted. Passive margins of continents that once sur-
rounded the Pacific were converted to subduction zones long ago.
Oceanic crust that once was present near the passive margins also
has been subducted. The sediment that once covered the subduct-
ed crust was either subducted or compacted into rock and added
to island arcs or continents as exotic terrane.

When the Pacific Ocean margins changed from passive
margins to subduction zones as the ocean stopped expanding
hundreds of millions of years ago, a ring of coastal mountains
formed on the surrounding continents. The mountains prevented
most rivers on these continents from draining into the Pacific.

In addition, trenches in which river-borne sediments accumu-
lated were formed around much of the Pacific. In other areas,
magmatic arcs formed, creating marginal seas where sediments
discharged by rivers were trapped. All oceanic crust now found in
the Pacific Ocean, other than crust formed in marginal basins that
are not part of the Pacific Plate, was created after these mountain
chains, trenches, and magmatic arcs were formed. Hence, since
its formation, the oceanic crust of the Pacific Plate has remained
remote from any major rivers and the large amounts of sediment
that they can contribute (Chap. 6), and the sedimentation rate
on this crust has been slow for hundreds of millions of years.
Because it is not significantly older than the crust in other oceans
and because the sedimentation rate is low, the Pacific Ocean floor
has a relatively thin cover of sediment. As a result, the abys-

sal plains are not as flat as parts of the Atlantic Ocean’s abyssal
plains.

Atlantic Ocean

The Atlantic is a long, narrow ocean that is often considered
to include the Arctic Ocean because the Mid-Atlantic Ridge
stretches essentially from the North Pole to Antarctica. The At-
lantic Ocean is expanding in an east-west direction. An oceanic
ridge, the Mid-Atlantic Ridge, runs down its center. Most of the
Atlantic coasts of Europe, Africa, and North and South America
are passive margins. The Atlantic’s oldest oceanic crust is at
two subduction zones: the Puerto Rico—Cayman Trench at the
entrance to the Caribbean Sea, and the South Sandwich Trench
located northeast of the Antarctic Peninsula.

The Atlantic Ocean has fewer island arcs and hot spots than
the Pacific has. Greenland, the world’s largest island, is part of
the North American continent and is joined to Canada by the
submerged continental shelf of Baffin Bay. Continental shelves
are broader in the Atlantic Ocean than in the Pacific Ocean, and
they constitute a larger percentage of the total area of the Atlantic
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than of the Pacific. The Atlantic also has several shallow marginal
seas, including the Baltic, Mediterranean, and Caribbean Seas
and the Gulf of America (Golfo de México). Thick salt deposits
and oil and gas reservoirs typical of developing passive margins
are present in many locations around the edges of the Atlantic
Ocean. Such deposits formed early in the ocean’s history, during
periods when the new ocean and its marginal seas were isolated
from the rest of the world ocean.

The Atlantic Ocean floor has fewer seamounts and a smoother
abyssal plain than the Pacific Ocean floor, in part because of the
relative dearth of hot-spot volcanoes in the Atlantic. In addition,
topography is buried by very large quantities of sediment deposits
that are found on the Atlantic Ocean crust, except on the newly
formed oceanic ridge mountains. The large quantities of sedi-
ments are derived from the great quantities of sediment that rivers
have transported into the Atlantic as the passive margins on both
sides of the ocean have eroded. The Atlantic continues to receive
freshwater runoff and some sediment from vast drainage areas
of Europe, Africa, and the Americas, particularly in equatorial
regions. Two large rivers, the Amazon and the Congo, empty into
the equatorial Atlantic. They contribute about one-fourth of the
total worldwide river flow to the oceans.

Indian Ocean

The Indian Ocean is the youngest of the three major ocean
basins; it was formed only during the past 125 million years by
the breakup of Gondwanaland. The plate tectonic features and
history of the Indian Ocean are complex. For example, it is not
yet known how and why the prominent Ninety East Ridge (Fig.
4-10, Fig. 3-3) that divides the Indo-Australian Plate was formed.

The northern part of the Indian Ocean is dominated by the
collision plate boundary between India and Eurasia. The newly
formed mountains of the Himalayas are readily eroded, and large
quantities of sediment are transported into the Arabian Sea and
the Bay of Bengal by many rivers. Those rivers include three that
are among the world’s largest: the Indus, which empties into the
Arabian Sea; and the Ganges and Brahmaputra, both of which
empty into the Bay of Bengal. The enormous quantities of sedi-
ment flowing from India and the Himalayas have accumulated
to form massive abyssal fans and extensive, relatively shallow
abyssal plains in large areas of the northern Indian Ocean.

To the east of the India—Eurasia collision, along the north-
eastern edge of the Indian Ocean, is the very active Indonesian
subduction zone. Its trenches and island arcs extend between
mainland Asia and Australia. To the west of the India—Eurasia
collision, the northern Red Sea is a rift zone that becomes an
oceanic ridge system at its southern end. This oceanic ridge ex-
tends toward the south and into the central Indian Ocean, where
it divides. One of the ridges that originates at that point extends
southwest around Africa, and the other extends southeast around
Australia. The Indian Ocean is opening in a complex manner as
the African, Antarctica, and Indo-Australian plates move apart.

Passive margins are present along most of West Africa, most
of Australia, and the coast of India. There are few islands in the
Indian Ocean other than the many islands that form the Indone-
sian arc, where subduction is occurring along an oceanic conver-
gent plate boundary. Madagascar, which is now part of Africa,
appears to be a fragment of Pangaea that broke away from India
when India began to move rapidly northward toward Asia, long
after the initial breakup of Pangaca itself.
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Marginal Seas

Several arms of the major oceans are partially isolated from
the major ocean basins by surrounding landmasses. Such mar-
ginal seas are of four types:

One type consists of shallow submerged areas of continental
crust. Examples include the Baltic Sea, the North Sea, Baffin Bay,
and Hudson Bay.

A second type is formed in back-arc basins behind subduction
zones, and marginal seas of this type often contain deep areas
where oceanic crust is present. The marginal sea is separated
from the open oceans by islands of the magmatic arc and a sub-
merged ridge that connects the islands. Many such seas contain
thick sediment deposits derived primarily from erosion of the
newly formed islands of the arc. Examples include the Java Sea
behind the Indonesian Arc, the South China Sea behind the Phil-
ippines, and the Aleutian Basin or Bering Sea behind the Aleutian
Island chain.

The third type of marginal sea is a narrow remnant of an old
closing ocean. The Mediterranean Sea, which lies between the
converging African and Eurasian Plates, is a good example. Such
seas may have thick sediments.

Finally, some marginal seas are the long and narrow arms
formed as a continental divergent plate boundary develops into a
new ocean. The primary example is the Red Sea.

CHAPTER SUMMARY

The Earth and Plate Tectonics.

The Earth consists of a solid inner core, liquid outer core,
plastic mantle, and solid overlying lithosphere. The mantle,
especially the upper mantle or asthenosphere, is close to its
melting point and can flow like a fluid, but very slowly. The thin
lithosphere consists of continental or oceanic crust overlying a
layer of solidified mantle material and is separated into plates that
float on the asthenosphere. About 225 million years ago, all the
continents were joined. Since then they have been separated by
plate tectonic movements.

Plate Boundary Processes.

Lithospheric plates may pull away from (diverge), collide
with (converge), or slide past each other. Oceanic crust is created
at divergent plate boundaries and destroyed at convergent plate
boundaries. Divergent plate boundaries are the oceanic ridges and
areas where continents are being pulled apart. Oceanic ridges are
undersea mountain chains with many active volcanoes, and they
are offset at transform faults.

Convergent plate boundaries are downwelling zones where
old oceanic crust is subducted. Subduction zones at the edges of
continents are characterized by an offshore trench and coastal
mountains formed by compression of the continental crust plate
and accumulation of sediment scraped off the subducting oceanic
crust plate. Subducted and heated crust melts and magma rises to
form volcanoes on the continental crust plate. Subduction zones
at which oceanic crust is at the edge of both plates are character-
ized by a trench and a magmatic arc (and sometimes a separate
sedimentary arc) of islands on the nonsubducting plate. A back-
arc basin is present if the subduction rate is high and the non-
subducting plate is stretched. A collision where two continents
meet at a convergent plate boundary is characterized by mountain
chains created by compression of the continental crusts of the two

colliding plates.

Hot Spots.

Hot spots cause persistent volcanic activity. Some are situated
over zones where upwelling convection extends throughout the
mantle. Lithospheric plates move independently of any move-
ments of most hot spots. As the lithospheric plate and/or hot spot
move with respect to each other, hot-spot trails of islands and
seamounts are formed.

Plate Interiors.

As new oceanic crust moves away from a divergent plate
boundary, it cools, sinks isostatically, and is buried by sediment.
Edges of continents that are not at plate boundaries are known as
passive margins and are characterized by a flat coastal plain, shal-
low estuaries and swamps, and a wide, heavily sediment-covered
continental shelf.

Sea-Level Change and Climate.

The Earth’s climate is naturally variable. When the average
surface temperature changes, eustatic changes of sea level occur
globally. When the Earth warms, sea level rises as ocean water
expands thermally, and vice versa. At the Earth’s warmest tem-
peratures, the oceans covered as much as 40% of the present land
surface area. At its lowest temperatures, sea level was at least
100 m lower than it is today, and most of the continental shelves
were exposed.

Isostatic leveling causes sea level to change in relation to the
local coast. If continental crust is weighted by ice during a glacial
period, or if its temperature falls (density increases), it sinks. If
crust loses weight (as it does when ice melts during warm peri-
ods) or warms, it rises. However, isostatic leveling is very slow.

Present-Day Oceans.

The Pacific is the largest and oldest ocean. It is ringed by sub-
duction zones and has many volcanic islands and atolls formed
at hot spots and magmatic arcs. Because few rivers drain directly
into it and sediments are trapped in subduction zones and mar-
ginal seas, its seafloor has a relatively thin sediment cover.

The Atlantic Ocean is widening as lithospheric plates move
apart at the Mid-Atlantic Ridge. It has few islands and broad con-
tinental shelves. Compared with the Pacific Ocean, it has more
rivers and thicker average sediment cover.

The Indian Ocean is the youngest ocean. It has a complex
oceanic ridge system, few islands, and thick sediment cover,
especially in the north, where major rivers empty from the new,
easily erodable Himalaya Mountains created at the India—Eurasia
continental collision.

There are four types of marginal seas: shallow seas where
continental crust is submerged, long narrow seas where conti-
nents are breaking apart, seas between continents that are moving
toward a future collision, and back-arc basins behind subduction
zones.

KEY TERMS

You should recognize and understand the meaning of all terms
that are in boldface type in the text. All those terms are defined in
the Glossary. The following are some less familiar key scientific
terms that are used in this chapter and that are essential to know
and be able to use in classroom discussions or exam answers.

abyssal hill ice age
abyssal plain isostasy
asthenosphere isostatic leveling



atoll

back-arc basin

barrier reef

central rift valley

coastal plain

continental collision
plate boundary

continental divergent
plate boundary

continental drift

continental shelf

continental slope

convection

convergence

convergent plate boundary

crust

divergence

divergent plate boundary

downwelled

eustasy

exotic terrane

fracture zone

fringing reef

guyot

hot spot

hydrosphere

STUDY QUESTIONS

lithosphere
lithospheric plate
magma

magmatic arc
mantle

marginal sea
oceanic plateau
oceanic ridge
passive margin
plate tectonics

rift zone

seafloor spreading
seamount
sediment
sedimentary arc
sedimentation rate
shelf break
spreading cycle
subducted
subduction zone
superplume
topographic
transform fault
transform plate boundary
trench

upwelled

1. Describe the Earth’s mantle. How do we know what the
mantle is made of and how it behaves?

2. What are the differences between continental crust and oce-
anic crust, and why are these differences important?

3. What is a hot-spot trail? How do hot-spot trails show that
lithospheric plates move across the Earth’s surface?

4. What three types of motion occur at plate boundaries?

5. List the types of convergent plate boundaries. Describe the
characteristics and locations of volcanoes associated with
convergent plate boundaries. Why are there few or no vol-
canoes at convergent plate boundaries where two continents

collide?

6. What processes occur at oceanic ridges to form their moun-
tainous topography and the fracture zones that cut across

them?

7. Describe the changes in seafloor depth and sediment cover

with increasing distance from an oceanic ridge. What causes

these changes?

8. Why are passive margins described as “passive”? What are

their characteristics?

9. Distinguish between isostatic and eustatic processes that

cause sea level to change. How do these processes complicate

efforts to measure changes in global sea level by measuring
sea-level heights at various coastlines?

10. If there were no ice cap on the Antarctic continent, which
coast of the United States—the California coast, the Pacific
Northwest coast, or the Mid-Atlantic coast—would the Ant-
arctic coast and continental shelf resemble? Why?

11. Describe and explain the principal differences in geography
and seafloor topography between the Atlantic Ocean and the

Pacific Ocean.
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CRITICAL THINKING QUESTIONS

1.

The structure of the Earth and the processes of plate tectonics
depend on the way that fluids and solids of different density
interact. List examples of everyday situations in which the
difference in density between substances or within a sub-
stance determine their behavior. One such example is oil
floating on top of water.

If continental crust and oceanic crust were able to flow like
the material in the asthenosphere, how might the Earth be
different? How would the processes of plate tectonics be dif-
ferent?

. Most ice ages in the Earth’s history have lasted about 50 mil-

lion years. The most recent ice age began 2 to 3 million years
ago. About 10,000 years ago, the glaciers that extended into
much lower latitudes than they do today began to melt and
the Earth’s climate warmed. Does this evidence indicate that
the most recent ice age is over? Explain the reasons for your
answer.

Is it possible that plate tectonic motions occur at present on
any planet or moon in our solar system other than the Earth?
Why or why not?

Are there planets or moons on which there were probably
active plate tectonic motions in the past but not at present? If
s0, which planets or moons are the most likely to have had
such motions? Why?

Using the surface topography maps of the planets and moons
that are now available, how would you investigate whether, in
fact, there had been plate tectonic activity on these planets?
Volcanoes occur at intervals along the length of divergent
plate boundaries, but not along the length of transform faults
such as the San Andreas Fault. Why?

Evidence exists that there are extinct volcanoes in California
arranged roughly parallel to the San Andreas Fault. What are
the possible explanations for their origin? How would you
determine which of the possible explanations was correct?

If the Atlantic Ocean stopped expanding and started to con-
tract, what would happen to New York City? Where would it
be located a few million years after this change of direction
occurred? Would it still be on land? Where would the nearest
mountains be? Where would the coastline be?

10. There have apparently been several spreading cycles in the

Earth’s history. What might cause the continents to repeatedly
collect together, then break apart, only to collect together
again?

11. One of the hypothesized effects of the enhanced greenhouse

effect is that sea level will rise. Will sea level rise, and if so,
why? What will be the causes of sea-level change if climate
changes? How many of these causal factors can you list?
Which of these factors would be the most important? Would
any of them tend to lower sea level? What effects would a
sea-level rise of 1 m or 10 m have on humans?

12.In the 1995 movie Waterworld, melting of all the ice in gla-

ciers and the polar ice caps caused the oceans to expand and
cover all the land surface on the Earth except for a few small
islands. Is this possible? Why or why not?

CRITICAL CONCEPTS REMINDERS
CC1 Density and Layering in Fluids: . The Earth and all other

planets are arranged in layers of different materials sorted by
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their density.

CC2 Isostasy, Eustasy, and Sea Level: Earth’s crust floats
on the plastic asthenosphere. Sections of crust rise and fall
isostatically as temperature changes alter their density and as
their mass loading changes due to melting or to the formation
of ice stemming from climate changes. This causes sea level
to change on the coast of that particular section of crust. Sea
level can also change eustatically when the volume of water
in the oceans increases or decreases due to changes in water
temperature or changes in the amount of water in glaciers and
ice caps on the continents. Eustatic sea level change takes
place synchronously worldwide and much more quickly than
isostatic sea level changes.

CC3 Convection and Convection Cells: Fluids that are heated
from below, such as Earth’s mantle, or ocean water, or the at-
mosphere, rise because their density is reduced. They continue
to rise to higher levels until they are cooled sufficiently, at
which time they become dense enough to sink back down. This
convection process establishes convection cells in which the
heated material rises in areas of upwelling, spreads out, cools,
and then sinks at areas of downwelling.

CC7 Radioactivity and Age Dating: Some elements have
naturally occurring radioactive (parent) isotopes that decay at
precisely known rates to become a different (daughter) isotope,
which is often an isotope of another element. This decay pro-
cess releases heat within the Earth’s interior. Measurement of
the concentration ratio of the parent and daughter isotopes in a
rock or other material can be used to calculate its age, but only
if none of the parent or daughter isotopes have been gained or
lost from the sample over time.

CC11 Chaos: The nonlinear nature of many environmental
interactions makes complex environmental systems behave in
sometimes unpredictable ways. It also makes it possible for
these changes to occur in rapid and unpredictable jumps from

one set of conditions to a completely different set of conditions.

CC14 Phototrophy, Light, and Nutrients: Chemosynthesis and
phototrophy (which includes photosynthesis) are the processes
by which simple chemical compounds are made into the
organic compounds of living organisms. The oxygen in Earth’s
atmosphere is present entirely as a result of photosynthesis.
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CHAPTER 5
Water and Seawater

CRITICAL CONCEPTS USED IN THIS CHAPTER
CC1 Density and Layering in Fluids

CC3 Convection and Convection Cells

CCS Transfer and Storage of Heat by Water

CC6 Salinity, Temperature, Pressure, and Water Density
CC7 Radioactivity and Age Dating

CCS8 Residence Time

CC9 The Global Greenhouse Effect

CC14 Phototrophy, Light, and Nutrients

CC18 Toxicity

All known life forms on Earth depend on water and its unique properties. Although it is well known that plants and animals must take up or ingest
water to survive, water is also important in many other ways. For example, the seawater in this photograph at Deacon’s Reef, Papua New Guinea, is
transparent to visible light. As a result, light energy can penetrate into the ocean, where it is used for photosynthesis. Many of the chemical elements
and compounds invisibly dissolved in the seawater are essential to life. Water is important in many other subtle ways as well. For example, the organ-
isms living in this reef ecosystem, and the terrestrial plants and animals that live on nearby land, thrive in a climate in which the temperature changes
little between day and night. If water did not have a high heat capacity, these organisms would experience daily temperature variations and extremes
comparable to those that occur in the middle of the largest deserts

Although most of us are aware that water is essential to life as @ Enable essential chemicals to be transported to and within

we know it, the range of unique properties of water that make life living organisms

possible is less well known. For example, the properties of water e Control many features of our physical environment, such as
e Help to create and control climate and weather rain, snow, and the waves on oceans and lakes
o Influence the formation and modification of the land and e Underlie the functioning of many aspects of modern society,

seafloor ranging from cooling systems for automobile engines and
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power plants, to ice cubes that keep drinks cold in summer

The dissolving power of water, the composition of seawater,
and the processes that add or remove dissolved substances in
ocean water are important to the studies of sediments (Chap. 6),
life in the oceans (Chaps. 12, 14, 15), and pollution (Chap. 16).

Water’s unique physical properties are critically important
to processes discussed in many chapters in this text, especially
ocean—atmosphere interactions (Chap. 7) and the circulation
of water in the oceans (Chap. 10). The behavior of sound and
of electromagnetic radiation, including visible light, as they
pass through seawater is important to ocean life (Chap. 12) and
contributes to the difficulties faced by oceanographers in studying
the oceans (Chaps. 2, 3). Light and sound transmission also influ-
ence the survival and reproduction strategies of marine species
(Chap. 14).

In this chapter, we will investigate the extraordinary proper-
ties of water that permit it to support life on our planet, we will
discuss how water’s dissolving ability affects the chemical com-
position of ocean water, and we will examine the most important
physical properties of water and some of the ways that they influ-
ence the Earth and our environment.

ORIGINS AND DISTRIBUTION OF THE EARTH’S
WATER

Early in its history, the Earth was hot and mostly molten.
Heavy elements such as iron and nickel migrated toward the
Earth’s center, while lighter elements, such as silicon, aluminum,
and oxygen, moved upward toward the surface. The lightest
elements, which included hydrogen and oxygen, and compounds
of light elements, including carbon dioxide, methane, and water
vapor, migrated upward to form an atmosphere. The lightest gas-
eous elements, hydrogen and helium, were largely lost to space.
After the Earth cooled, the crust solidified and water vapor in the
atmosphere condensed into liquid water.

In the billions of years since the Earth’s water first condensed,
the temperature of the atmosphere apparently has changed rela-
tively little. Hence, in addition to water vapor in the atmosphere,
liquid and solid water probably were present in oceans and
ice sheets throughout those billions of years. Volcanic activity
released water that was trapped deep within the Earth’s interior
as the Earth solidified and continues to do so. However, the rate
at which water has been released by volcanic activity since the
Earth solidified is believed to be small in comparison with the
volume of the oceans and ice sheets. Therefore, the amount of
water at the Earth’s surface probably has remained relatively
unchanged for many millions of years.

Uniqueness of the Earth

The Earth is the only planet in the solar system with liquid
water on its surface. The outer planets—Saturn, Jupiter, Uranus,
and Neptune are cold, and any water present is vapor or ice.
The surface of Mars is currently too cold to have liquid water,
although it may have been warmer in the past. Certain features of
the Martian surface suggest that liquid water was present at one
time in its history, and we have direct evidence from instruments
on robotic vehicles on the Martian surface that this was almost
certainly the case. The surfaces of Mercury and Venus are hot and
could have water only as a vapor. In addition, the mass and there-
fore the gravity of Mercury, Venus, and Mars are sufficiently
small that much of the water formed during their early history has
probably escaped into space.

Table 5-1 The World’s Water

Location Percentage of Total
2.0%10° km?

Oceans 96.5

Freshwater

Ice caps and glaciers 1.78

Surface waters (lakes, rivers, streams) 0.013

Air and soil moisture 0.002

Groundwater 1.69

Total freshwater 35

There is evidence that liquid water does exist on other bodies
in our solar system but not on their surface. Evidence suggests
that there is liquid water under the frozen surfaces of three of
Jupiter's four larger satellites: Callisto, Europa, and Ganymede. In
the case of Ganymede, the water appears to be between 145 and
193 km below the surface. Water ice has also been detected on all
of the major satellites of Saturn and Uranus.

Water is the only known substance that is present in all three
physical forms—Iiquid, solid (ice), and gas (atmospheric water
vapor)—within the range of temperatures and pressures found on
the Earth’s surface and in its atmosphere. The presence of water
in all three forms and the conversion of water from one form to
another are important to the maintenance of climatic conditions
within the range we consider acceptable for human life and for
the stability of the Earth’s ecosystems.

Distribution of the Earth’s Water

More than 96% of the world’s water is in the oceans (Table
5-1). However, the tiny fractions of water in the atmosphere and
in freshwater systems (lakes, rivers, streams, and groundwater)
are disproportionately important to humanity. Freshwater may be
the most precious and scarce natural resource supporting human
civilization. Transport of water vapor from the oceans through the
atmosphere to land as rain and snow determines the availability
of the freshwater resource. The transfer of water between oceans
and atmosphere determines critical aspects of our climate. In
Chapter 7 we learn more about the importance of the hydrologic
cycle whereby water is exchanged among the oceans, atmo-
sphere, freshwater, groundwater, and polar ice sheets.

THE WATER MOLECULE

To understand the unusual properties of water, we need to
understand the structure of atoms and molecules, particularly the
water molecule.

Atoms and Electrons

Atoms consist of negatively charged electrons orbiting in
shells that surround a nucleus. The nucleus contains neutrons
that have no charge and protons that are positively charged. The
electrical charge of a proton is equal and opposite to that of an
electron, and the number of protons in each atom is equal to the
number of electrons. Hence, atoms are electrically neutral.

Each electron shell is capable of holding only a certain num-
ber of electrons. For example, the innermost shell holds a maxi-
mum of two electrons, and the second shell holds a maximum of
eight. Elements that have their outermost shell filled are noble
gases (helium, neon, argon, krypton, xenon), which are inert (that
is, they do not react chemically with most atoms).

The atoms of most elements have an outermost electron
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Tonic shell that is not completely filled with the maximum number of

@ bonds electrons. However, it is energetically favorable for each shell

Na+ / to be filled. Therefore, atoms of some elements, such as chlorine
/ or oxygen, that have a nearly full outer electron shell, have a

Nat tendency to gain electrons in order to fill the shell. Atoms of other
elements, such as sodium, that have outer electron shells less than
half full, have a tendency to lose one or more electrons, produc-
ing an empty outer shell.

Nat

Nat

Chemical Bonds between Atoms
Nat Na+t To fill their outer electron shells, two or more atoms of dif-
ferent elements can combine to create a molecule of a chemical
rCl_ compound. This can happen in two ways. First, one atom can
donate one or more electrons to an atom of another element that
has an incomplete outer shell. For example, a sodium atom can
lose an electron, and a chlorine atom can gain this electron. Both
now have completed outer electron shells. Sodium having lost an
electron becomes a positively charged sodium ion, and chlorine
becomes a negatively charged chloride ion. Because the two
ions have opposite electrical charges, they are electrostatically
attracted to each other and are bonded together by this attraction
(Fig. 5-1). This type of bond is called an ionic bond.

The second way in which atoms of different elements can
share electrons is called a covalent bond. One or more outer-
FIGURE 5-1 The sodium and chlorine atoms of common salt are held shell electrons spend part of their time in the outer shell of
together in a salt crystal by ionic bonds. The ionic bond is an electro- each of the two atoms that are bonded. For example, each of
static attraction between .the pos1t1Vf>1y charged sodium ion (Na®) and the hydrogen atoms in the water molecule can share its single
negatively charged chlorine ion (CI"). - .

electron with an oxygen atom. To describe such electron shar-
ing simply, each hydrogen electron orbits both its own hydrogen
Net excess

CH Nat

Nat Nat

Cl; Nat CrH

Electron
(-1 unit of charge)

i AR
positive charge
1- 1- )
Qo O Net excess —» o 105°
negative charge
. H
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1-
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Hydrogen atoms Oxygen atom (b)
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(a) Water molecule © J /

FIGURE 5-2 The water molecule consists of two hydrogen atoms and one oxygen atom. (a) The oxygen atom has six electrons in its outer shell.

It lacks two electrons that would be needed to complete this shell. Each hydrogen atom has one electron and needs one more to complete its single
shell. In a water molecule, the electrons from the hydrogen atoms and the six electrons from the outer shell of the oxygen atom are shared and orbit
around both the oxygen and the hydrogen atoms. This is a covalent bond in which electron clouds from the bonded atoms partially overlap. (b) Both
hydrogen atoms in a water molecule are on one side of the oxygen atom and are separated by an angle of 105°. The hydrogen electrons orbit partially
around the oxygen atom, leaving the positive nucleus of each hydrogen atom partially “exposed” and giving this side of the water molecule a slight
net positive charge. Similarly, the electrons orbiting the opposite side of the oxygen atom give that side of the molecule a slight net negative charge.
Hence, water is a polar molecule. (c) Hydrogen bonds are formed between water molecules when the positive side of one molecule is attracted to the
negative side of another.
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Table 5-2 Anomalous Properties of Water and Their Importance

Property

Special Characteristic of Water

Importance

Heat capacity

Higher than that of any solid or liquid
other than ammonia.

Water moderates climate in coastal regions. Currents transport large amounts of
heat. Ocean water temperatures are relatively invariable in comparison with ter-
restrial temperatures.

Latent heat of

Higher than that of any substance

When ice forms, most of the energy lost is released to the atmosphere, and ice

fusion other than ammonia. absorbs large amounts of heat in melting. Ice therefore acts as a thermostat to keep
high-latitude water and atmosphere near freezing point all year.

Latent heat of Higher than that of any other sub- Heat is transported from the low-latitude ocean by evaporation and atmospheric

vaporization stance. circulation and released to the atmosphere through precipitation at higher latitudes.

Thermal expansion

Pure water has a density maximum

Freshwater and low-salinity seawater stay unfrozen under ice in winter in lakes and
estuaries.

at 4°C. The temperature at which the
maximum occurs decreases as salinity
increases; and there is no maximum at
salinity >24.7.

Can dissolve more substances than
any other liquid.

Solvent property

Water dissolves minerals from rocks and transports them to the oceans. Water is the
medium in which the chemical reactions that support life occur.

Surface tension Higher than that of any other liquid.

Surface tension controls the formation of droplets in the atmosphere and bubbles in
the water. Some organisms use surface tension to anchor themselves to or walk on
the surface.

Physical states The only substance present as a gas,
liquid, and solid within the tempera-
ture range at the Earth’s surface.

climate.

Water vapor evaporated from the ocean helps transport heat from warm low lati-
tudes to cold high latitudes. Liquid water also contributes to that transport through
ocean currents. In polar regions, the presence of both ice and water moderates

atom nucleus and within the outer shell of the oxygen atom
electron cloud. At the same time, two electrons from the outer
shell of the oxygen atom orbit within their own shell and around
the hydrogen atoms (Fig. 5-2a). In this way, the oxygen has the
extra electrons it needs to fill its outer electron shell for part of
the time, and each of the two hydrogen atoms has two electrons
to fill its outer electron shell for part of the time. Because the
outer shell of each atom in the molecule is full at least part of the
time, the bonded atoms form a stable molecule. Most covalent
bonds are stronger than most ionic bonds. Consequently, atoms in
a covalently bonded molecule usually are more difficult to break
apart than those that are bonded by ionic bonds.

Van der Waals Force and the Hydrogen Bond

Molecules are electrically neutral. However, there is a weak
attractive force between all molecules called the van der Waals
force. It is caused by the attraction of the protons of one atom to
the electrons of another. An additional attractive force or bond,
called the hydrogen bond, is present between the molecules of
water. In other chemical compounds, the hydrogen bond is either
absent or weaker than it is in water. The strength of the hydrogen
bond is what gives water most of its anomalous properties (Table
5-2).

Like other molecules, the water molecule is electrically
neutral. However, the arrangement of atoms and electrons in the
water molecule is such that the side of the molecule away from
the hydrogen atoms has a small net negative charge, whereas the
two areas where the hydrogen atoms are located have a small net

positive charge (Fig. 5-2b). Molecules that behave as though they
have a positive and a negative side are called “polar molecules.”
The reasons for the polarity are complicated, but they can be
understood through a simplified example. The six electrons in

the outer shell of the oxygen atom are arranged in pairs. The two
hydrogen atoms are covalently bonded to the electrons in one of
these pairs. This leaves two pairs of unshared orbiting electrons
on the side of the oxygen atom opposite the hydrogen atoms,
causing this side of the oxygen to have a negative charge bias. On
the hydrogen side of the molecule, hydrogen electrons are shared
with, and actually spend more time on, the oxygen atom, leaving
the positively charged nucleus of each hydrogen atom “exposed.”
Hence, this side of the molecule has a positive charge.

Because the water molecule is polar, the negatively charged
side of one molecule is attracted to the positively charged side of
an adjacent molecule. This attractive force is the hydrogen bond
(Fig. 5-2¢). It is relatively strong, but not as strong as ionic or
covalent bonds. The relative strengths of bonds between atoms
and molecules are listed in Table 5-3. The relative strength of a
bond is an indication of how much energy is needed to break that
bond. Substantially more energy is needed to break hydrogen
bonds than is needed to counter van der Waals forces between
molecules. The relatively high strength of the hydrogen bond is
responsible for the anomalous properties of water.

THE DISSOLVING POWER OF WATER
Water can dissolve more substances and greater quantities
of these substances than any other liquid. Its unique dissolving




power is related to the polar nature of the water molecule. Many
inorganic chemical compounds— for example, sodium chloride
(NaCl)—have ionic bonds. In such compounds, the two ions (Na*
and CI in the case of NaCl) are held together by the attraction of
the two opposite electrical charges. If such a compound is placed
in water, the electrostatic attraction is greatly reduced and the
ionic bonds are broken by a process called hydration. Hydration
occurs when a positive ion (e.g., Na*) is surrounded by water
molecules oriented with their negative sides toward the positive
ion (Fig. 5-3). Conversely, a negative ion (e.g., Cl) is surrounded
by water molecules oriented with their positive sides toward the
negative ion. Thus, each ion becomes free to move independently
of the other ion, and the compound dissolves. A variety of ioni-
cally bonded inorganic compounds, or “salts,” are dissolved in
seawater. Many organic compounds also can be ionized and dis-
solved. Covalent compounds are generally less soluble in water
than ionic compounds, although many covalent compounds, such
as silica (SiO,, quartz, sand), dissolve in small quantities.

Water’s exceptional dissolving power is the reason why most
elements are present in seawater, even though many are in very
low concentrations. Most of the dissolved substances occur as
either cations (positively charged ions) or anions (negatively
charged ions), each of which has a surrounding sphere of prop-
erly oriented water molecules. Ions dissolved in seawater are
the source of elements needed for the growth of phototrophic
marine bacteria and algae, on which most ocean life depends
(Chap. 12). Note that phototrophy in the oceans is dominated by
microscopic bacteria and algae. Plants exist only in some shallow
ocean areas and account for a very tiny fraction of ocean life.

The dissolving power of water is also important to terrestrial
life. Land plants obtain many of their needed elements from
solution in water through their root systems. Animals, including
humans, obtain many of the elements and other chemicals needed
for their biochemical systems by dissolving these substances
from their food through the digestion process. In fact, almost all
processes that support the growth and function of living organ-
isms on our planet depend on the dissolving power of water. Life
as we know it would not exist if water did not have the ability
to dissolve and separate the ions, enabling them to be moved in
solution into and within living tissue.

SOURCES AND SINKS OF CHEMICALS DISSOLVED IN
SEAWATER

Seawater is a solution of many different chemical compounds:
cations, anions, and both organic and inorganic compounds that
are not ionized. Concentrations of the compounds in ocean water
are determined by their behavior in global biogeochemical cycles
(Fig. 5-4) and by their abundance in the materials of the Earth’s
crust. Compounds are both added to ocean water from sources

Table 5-3 Relative Strengths of Bonds between Atoms and
Molecules

Type of Bond Approximate Rela-
tive Strength

Van der Waals force (between molecules) 1

Hydrogen bond (between molecules) 10

Tonic bond (between atoms) 100

Covalent bond (between atoms) Usually >1000
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FIGURE 5-3 Compounds that are ionically bonded, such as common
salt, are readily dissolved in water because both the positively charged
ion (the sodium cation, Na*) and the negatively charged ion (the chloride
anion, Cl") are hydrated. Each ion is surrounded by polar water mol-
ecules oriented so that their positive sides (hydrogen atoms) face the an-
ion and their negative sides (oxygen atom opposite the hydrogen atoms)
face the cation. Hydration reduces the attraction between the cation and
the anion and promotes their dispersal (solution) in the water.

such as river runoff and removed from seawater to sinks such as
the seafloor sediments.

Biogeochemical Cycles

Continental rocks are weathered and transported to the
oceans both as particles and as dissolved ions. The particles
are deposited as ocean sediment. Many dissolved elements are
used in biological processes and subsequently are incorporated
in seafloor sediment in the form of the hard parts and detritus
of marine organisms. Elements dissolved in seawater also can
be precipitated directly or on particulate matter or they may be
adsorbed by (adhere to) mineral grains and detritus and thus be
removed to the sediment.

Over millions of years, ocean sediments are compacted by the
weight of overlying sediments. Water is squeezed out and miner-
als precipitate between the grains, cementing the grains together
to form sedimentary rock. Vast volumes of sedimentary rock
and sediment eventually enter a subduction zone. Some of this
material is scraped off the descending lithospheric plate edge
and raised to form sedimentary arc islands, continental margin
rocks, and exotic terranes (Chap. 4), where it is again weathered
and eroded, thus continuing the biogeochemical cycle. Much of
the sedimentary rock and sediment is subducted into the mantle,
where some of it is melted and ejected through volcanoes as ash
or lava. This material either reenters the oceans and returns to
the ocean sediment directly, or collects on the land, where it is
weathered and eroded to start a new cycle (Figure 5-4)

Biogeochemical cycles are actually much more complicated
than Figure 5-4 indicates. For example, many elements used by
marine organisms are rapidly recycled to seawater solution by the
decomposition of detritus. Similarly, some elements from oceanic
crustal rocks enter seawater in fluids discharged by hydrother-
mal vents at oceanic ridges (Chap. 15).

Steady-State Concentrations

The concentration of each element in ocean water is deter-
mined by the rate at which it enters the ocean water and the rate
at which it is removed. If the rate of input exceeds the rate of
removal, the concentration will rise, and vice versa. Although
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FIGURE 5-4 A simplified biogeochemical cycle.

global biogeochemical cycles include processes that take hun-
dreds of millions of years, these cycles have been ongoing for
billions of years and are thought to be at an approximate steady
state. Steady state is achieved when the total quantity of an ele-
ment in each of the compartments (square boxes) in Figure 5-4
remains approximately the same over time (its input rate equals
its removal rate).

To see how a steady state is achieved, consider what would

happen if an element’s rate of input to the oceans were increased.

The total quantity of an element within the global biogeochemi-
cal cycle does not change. Therefore, as the input to the oceans
increases and the total quantity of the element in the oceans
increases, the total quantity of the element in the other compart-
ments must decrease. Consequently, less of the element is in the
compartments that provide inputs to the oceans, and its input
must decrease. If an element’s input to the oceans (or any other
compartment) increases, so do the rates of the various removal
processes.

Here’s a simple analogy: If we pour orange juice
(the input) into a glass full of water and stir continu-
ously, the glass will overflow. At first, the overflow-

the output in some way (such as by allowing the orange juice
pulp to settle and accumulate at the bottom of the glass), the input
equals the output and the concentration of orange juice within the
glass does not vary. Biogeochemical cycles are more complicated
than our simple analogy because they have many inputs and out-
puts, and multiple “glasses” that empty into each other. However,
they reach steady state in a similar way, and this steady state can
be disturbed only by changes in one or more inputs or outputs.
Because the global biogeochemical cycles are approximately
at steady state the rate of input of most elements to the oceans
is approximately equal to the rate of removal. However, during
Earth’s long history changes such as plate tectonic movements
and climate changes have altered the rates of input or output of
the various elements to the oceans so the concentration of ele-
ments in the oceans has varied over long timescales.

Residence Time

The concentrations of elements in seawater are determined
largely by the effectiveness of the processes that remove them
from solution. Concentrations are high if the element is not
removed rapidly or effectively from solution in ocean waters and
if it is abundant in the Earth’s crust. The effectiveness of removal
is expressed by the residence time (CC8), which is a measure
of the mean length of time an atom of the element spends in the
oceans before being removed to the sediment (or atmosphere).

The relationships of crustal abundance, residence time, and
concentration in seawater for several elements are shown in
Table 5-4. Note that the effectiveness of the removal processes,
as expressed by residence time, is the principal determinant of
concentration. Concentrations in this table are expressed both as
mgekg the traditional units, that express weight of element per Kg of
seawater and, molality units that reflect the relative number of atoms of
each element in seawater rather that the total weight of the elements.

SALINITY

Many of the properties of water are modified by the presence
of dissolved salts. The total quantity of dissolved salts in seawa-
ter is expressed as salinity. Until the early 1980s, salinity was
expressed in grams of dissolved salts per kilogram of water or in
parts per thousand, for which the symbol is %o (note that this is
different from the percent symbol, %). The symbol %o is read as
“per mil.” Open-ocean seawater contains about 35 g of dissolved
salts per kilogram of seawater and thus has a salinity of 35%o.

Table 5-4 Crustal Abundance, Oceanic Residence Time, and Seawater Concentration
of Several Elements

ing liquid (the output) is almost pure water, with
only traces of orange juice mixed in it. The input
of orange juice has increased, but neither the con-
centration in the glass nor that in the output reach-
es a new steady level instantly. As we continue to
pour orange juice into the glass, the concentration
of juice in the glass increases progressively to full
concentration. The concentration of juice in the
output also increases progressively in response

to the change in concentration in the glass. When
the concentrations of orange juice in the glass and
in the output match the concentration of orange
juice in the input, the system has reached a new
steady state. Subsequently, unless we change the
concentration of orange juice in the input, or alter

Crustal Oceanic Resi- Concentration in Seawater
Element Abundance dence Time
(%) (years) (mgekg')  |(pmol-kg™)

Na (sodium) 2.4 55,000,000 10,780 4.69+10"
Cl (chlorine as CI') 0.013 87,000,000 19,360 5.46°10"
Mg (magnesium) 2.3 13,000,000 1,280 5.27 10"
K (potassium) 2.1 12,000,000 399 1.02 <10
S (sulfur as sulfate, SO,*) 0.026 8,700,000 898 2.80 <10
Ca (calcium) 4.1 1,100,000 412 1.02 <10
Fe (iron) 2.4 200 to 500 0.00003 540
Al (aluminum) 6.0 200 0.00003 1,110
Mn (manganese) 0.5 60 0.00002 360
Pb (lead) 0.001 80 0.0000027 13




The original approach to measuring salinity was to evaporate
water and weigh the salt residue. This tedious procedure was
inaccurate because some dissolved ions, such as bromide and
iodide, decomposed in the process and the elements were lost
as gases. Various other methods have been used to determine
salinity, including measuring the chloride concentration (which is
closely related to total dissolved solids because seawater follows
the principle of constant proportions, as discussed in the next
section).

The most precise and widely used method of salinity deter-
mination is the measurement of electrical conductivity. Salinity
is measured by comparison of the conductivity of two solutions,
one of which has a precisely known salinity. Until the early
1980s, the comparison was made with a standard seawater whose
salinity was determined precisely by a reference laboratory in Co-
penhagen, Denmark, and later in England. This method worked
well but became very difficult as oceanography grew and the
reference laboratory had to supply standard water samples to hun-
dreds of laboratories worldwide. For this reason, and to improve
the precision of salinity measurements, salinity has been rede-
fined as a ratio of the electrical conductivity of the seawater to the
electrical conductivity of a standard concentration of potassium
chloride solution.

Because salinity is now defined as a ratio of electrical conduc-
tivities, it is no longer measured in parts per thousand but is ex-
pressed in “practical salinity units” (PSU). The average seawater
salinity is now expressed as 35 without the %o symbol. However,
seawater with a salinity of 35 PSU does have a concentration of
almost exactly 35 g of dissolved salts per kilogram. All salinity
values in this text are stated without the %o symbol, as is consis-
tent with currently accepted practice. However, the symbol is still
used in some publications.

Very small salinity changes can significantly alter seawa-
ter density. Consequently, salinity often must be measured to
+0.001, and to achieve that precision, conductivity must be mea-
sured to +1 part in 40,000. Such precision is readily achievable
in the laboratory, and compact rapid reading conductivity sensors
achieve nearly that precision when mounted in the CTD probes
described in Chapter 3.

DISSOLVED CHEMICALS IN SEAWATER

The chemicals dissolved in seawater include most elements,
a variety of naturally occurring and human-made radionuclides
(radioisotopes), and numerous organic compounds. Elements
in solution are generally ionized. Many ions are compound ions,
such as nitrate (NO,” and phosphate (PO,*), in which atoms of
one element are combined with atoms of other elements. Hence,
although we talk about dissolved nitrogen or phosphorus, we
generally use the term “dissolved constituents,” not “dissolved
elements.” Dissolved constituents are designated major, minor, or
trace according to their concentration. Trace constituents include
organic compounds, radionuclides, and trace elements. The term
“trace elements” is widely used, although it is not accurate, be-
cause dissolved trace elements are present in seawater as simple
or compound ions. Dissolved gases are generally considered
separately.

Concentrations of dissolved constituents of seawater are
usually measured in parts per million (mg-kg') or parts per bil-
lion (ng-kg™"). One part per million is roughly equivalent to one
teaspoonful mixed into 5000 liters of water, or enough water to
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Total dissolved
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041g 090g  1.28¢g
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194 ¢

Potassium N7
040 ¢g

Sodium
10.78 g

Water
966.2 g

constituents

Bromine .067 g

Carbon .027g
Strontium.008 g
Boron .0045¢g
Silicon .003 g

Fluorine .0013 g

Trace constituents

Lithium 00018 g
Barium .00015g
Rubidium 00012 ¢
Phosphorus .00006 g
Iodine .00006 g
Molybdenum .00001 g

Other elements <.000001 g

FIGURE 5-5 The dissolved elements in 1 kg of seawater. The total mass
of dissolved elements is less than the total mass of dissolved salts (salin-
ity) because the mass of dissolved salts includes the H+ and OH— ions
associated with the dissolved species of some elements in seawater (see
Table 5-5).

fill more than 14,000 cans of soda. One part per billion is roughly
equivalent to mixing one teaspoonful into 5,000,000 liters of wa-
ter, enough water to fill about five Olympic-size swimming pools.
Some dissolved trace metal and organic constituents of seawater
occur at concentrations in the parts per trillion range. One part
per trillion is equivalent to one cent in 10 million dollars or one
second in 31,700 years. Oceanographers now routinely express
concentrations in molality units, discussed in Chapter 1.

Major Constituents

The major dissolved constituents have concentrations greater
than 100 parts per million by weight. The six major constituents
(Table 5-5) are chlorine, sodium, magnesium, sulfur (as sulfate),
calcium, and potassium. They occur as the ions identified in
Table 5-5. Together, these six ions constitute 99.28% of all dis-
solved salts in the oceans (Fig. 5-5), and sodium and chloride (the
constituents of table salt) alone constitute more than 85%.

With the exception of calcium, which is used by many marine
organisms to build calcium carbonate hard parts of their bodies
(Chap. 6), the major constituents are not utilized significantly in
biological processes and do not interact readily with inorganic
particles. Therefore, the primary process by which they are
removed from the oceans is by the precipitation of salt deposits.
This process occurs in shallow, partially enclosed marginal seas
or embayments where the rate of removal of water by evapora-
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TABLE 5.5 Concentrations and Speciation of the Elements in Seawater (Salinity 35)

[Chemical [Concentration Some Probable Chemical [Concentration Some Probable
Element ) i Element

Symbol  |(mg-kg™ IDissolved Species ymbol  |[(mg-kg™)
Chlorine Cl 1.936 x 10* Cl Lanthanum La 5.6x10°¢ La(OH),
Sodium Na 1.078 x 10* Na' Germanium Ge 5.5%x10° Ge(OH),
Magnesium __ Mg 1.28 x 10° Mg Hafnium Hf 3.4%10° Not known
Sulfur = 8.98 x 107 SO,”, NaSO,” Neodymium  |[Nd 33x10° Nd(OH)
Calcium Ca 4.12 x 10° Ca® o == RS = E’b(CO e
Potassium K 3.99 x 10? K* : 2 72
e Br 67 Br Tantalum Ta <2.5x10°° Not known
Carbon C 27 HCO,, CO*, CO, Silver Ag 2x10° AgCl
Nitrogen N 8.3 N, gas, NO~, NH, Cobalt Co 1.2 x10° Co?
Strontium Sr 7.8 Sr** Gallium Ga 1.2x10° Ga(OH),
Boron B 45 B(OH),, B(OH),’, Erbium Er 1.2 x 10 Er(OH),
Oxygen ) 78 O: ga; Ytterbiufn Yb 1.2 x10°¢ Yb(OH),
Silicon Si ) Si(OH), Dysprosium Dy 1.1 x 10°¢ Dy(OH),
Fetie F 13 F-, MgF~ Gadolinium Gd 9 x 107 Gd(OH),
Argon Ar 0.62 Ar gas Praseodymium |Pr 7 %107 Pr(OH),
Lithium Li 0.18 Li* Scandium Sc 7 % 107 Sc(OH),
Rubidium Rb 0.12 Rb* Cerium Ce 7 x 107 Ce(OH),
Phqsphorus P 6.2 x 102 HPOAZZ POA}, H_ PO, Samarium Sm 5.7 x 107 Sm(OH)z
lodine . R 0 10°.1, Tin Sn 5107 SnO(OH).
Barium Ba 1.5x107 Ba?* ; .
Molybdenum _|Mo 1 x 102 MoO > # (ol Ho 2o 10T LIC(OL)
Uranium U 32 %103 UO0,(CO.).* Lutetium Lu 2.3 x107 Lu(OH),
Vanadium v 2.0x10° H,VO,, HVO > Beryllium Be 2.1x107 BeOH"
Arsenic As 1.2 x103 HAsO >, H AsO~ Thulium Tm 2 x 107 Tm(OH)
Nickel Ni 4.8 x 10" Ni* Europium Eu 1.7 x 107 Eu(OH),
Zinc Zn 3.5x10* ZnOH*, Zn?*, ZnCO, Terbium Tb 1.7 x 10~ Tb(OH),
Krypton Kr 3.1x10% Kr gas Mercury Hg 1.4 x 1077 HgCl>, HgCl,
Cesium Cs 3.1 x10* Cs* Indium In 1x 107 In(OH)>*
Chromium Cr 2.1 x10* Cr(OH),, CrO > Rhodium Rh 8 x 108 Not known
Antimony Sb 2.0 x10°* Sb(OH), Palladium Pd 6% 10" Not known
Lo L e igj P ——— Platinum P 5x10° Not known
S:l?r)jim s: 1.55 x 10° S:O A el e Tk Te(OH),
Cadmium cd 7x10° CdCL? Bismuth Bi 3x10°® BiO", Bi(OH)*
Xenon Xe 6.6 x 1073 Xe gas Thorium Th 2x10% Th(OH)4
Aluminium Al 3x10° Al(OH), Gold Au 9.85 <107 AuCl,-
Iron Fe 3x107° Fe(OH),*, Fe(OH), Ruthenium Ru 5x107° Not known
Manganese Mn 2x10° Mn?, MnCIl* Osmium Os 2 x 107 Not known
Y_ttriun.l Y 1.7 x 107 Y(OH), Radium Ra 1.3 x 1010 Ra2
%E:ﬁﬂ;ﬁlm %{ ig i ig:z %{EOH)‘ Iridium. : Ir 1.3 x1071° Not known
e W 1% 105 WO 2 Protactinium  |Pa S5x 10" Not known
Niobium Nb 5x10°¢ Not known Radon Rn 6x107 Rn gas
Rheniam Re 7.8 % 10° ReO - Note: Even for the more abundant constituents, concentration may vary
Helium He 76 x 106 He gas slightly. For the_ rarer elemen_ts, the listed c_oncentrations are uncertain
T — Ti 6.5 % 10 Ti(OH), and may be revised as analytical methods improve.

tion far exceeds its replacement by precipitation, river flow, and
mixing with the open ocean (Chap. 6).

Inputs of major constituents from rivers and other sources are

very small in comparison with the quantities in the oceans. Be-

cause concentrations of these constituents are not affected signifi-
cantly by inputs or removal processes, their residence time is very

long and the relative concentrations of these major constituents
do not vary significantly. This principle of constant proportions
is a cornerstone of chemical oceanography. The ratios of major
constituent concentrations in seawater vary significantly only in
enclosed seas, where evaporation leads to salt precipitation (Chap. solved gases are considered separately later in the chapter. To-

6), and in estuaries, where the ocean water is mixed with substan-
tial quantities of river water. River water has a much more variable
composition of the constituents.

Minor Constituents
The minor constituents of seawater include bromine, carbon,
strontium, boron, silicon, and fluorine. They have concentrations
between 1 part per million and 100 parts per million (Table 5-5,
Fig. 5-5). Nitrogen and oxygen are not considered to be among the
minor constituents, because they are present in seawater primarily
as dissolved molecular oxygen (O,) and nitrogen (N,) gases. Dis-




gether, the six major and six minor constituents constitute more
than 99.6% of all the dissolved solids. Several minor constituents,
notably carbon and silicon, are utilized extensively in biological
processes. Therefore, the concentrations of these constituents in
ocean waters are variable geographically and with time, chang-
ing in response to uptake by marine organisms and release during
decay of organic matter. Such variations are discussed in Chap-
ter 12.

Trace Elements

Other than the 12 major and minor constituents and the dis-
solved gases, all the elements listed in Table 5-5 have concentra-
tions in seawater of less than 1 part per million. Together, these
trace elements constitute only about 0.4% of the total dissolved
solids in seawater. Most trace elements are used extensively in
biological processes or attach easily to particles that remove them
from seawater. Many are introduced in significant quantities
by hydrothermal vents, undersea volcanoes, decomposition of
organic matter, atmospheric sources such as volcanic gases, river
outflows, and release from seafloor sediment. Concentrations of
the various trace constituents vary substantially in different parts
of the ocean in response to variations in the input and removal
processes.

Many trace elements are essential minerals for marine life,
others are toxic, and many are essential for marine life at low
concentrations but toxic at higher concentrations (CC18). Mea-
surements of the concentrations of trace metals and observations
of their spatial and temporal variations in the oceans are impor-
tant to marine biological and pollution studies.

Many trace elements that are essential (e.g., iron, zinc, and
copper) or toxic (e.g., lead and mercury) have seawater concen-
trations of about one part per billion (10°) down to less than one
part in 10" (Table 5-5). Marine chemists have great difficulty
measuring such extremely small concentrations. For many ele-
ments, the amount that dissolves from surfaces of samplers and
sample bottles or is contributed by dust in laboratory air can be
greater than the quantity in the water sample itself.

Radionuclides

A variety of naturally occurring and human-made radionu-
clides are present in seawater at extremely low concentrations
(CC7). Radioactivity emanating from individual isotopes can
be measured at exceedingly low levels, and sample contamina-
tion is generally a less critical problem than it is for trace metals.
Therefore, determining even extremely small concentrations of
radionuclides in seawater is relatively easy. In addition, many ra-
dionuclides are introduced to the oceans at known locations, and
thus radionuclides can be used to trace the movements of ocean
water (Chap. 8).

Radionuclides behave in biogeochemical cycles in ways that
are virtually identical to those of the stable (nonradioactive)
isotopes of their elements. Therefore, radionuclide distributions
in seawater, sediments, and marine organisms, and movements of
radionuclides among them, are used to infer movements of stable
isotopes through the marine biogeosphere.

Organic Compounds

Thousands of different dissolved organic compounds are
present in seawater. They include naturally occurring compounds
such as proteins, carbohydrates, lipids, amino acids, vitamins,
and petroleum hydrocarbons, as well as synthetic contaminants,
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including DDT and PCBs (polychlorinated biphenyls). The
number of organic compounds is so large that probably less than
1% of them have been identified. Most organic compounds are
very difficult to study because they are present in the parts per
trillion concentration range (one teaspoonful in 5000 Olympic-
size swimming pools). However, we believe that marine algae
and perhaps some animals cannot grow successfully without
dissolved compounds, such as vitamins (Chaps. 12, 13). We also
know that certain organic compounds are highly toxic, even at
concentrations in the parts per trillion range.

Most organic compounds in seawater are naturally occur-
ring compounds. Many are produced by marine organisms and
released to seawater, either through excretions (similar to urine)
or by being dissolved after the death and decomposition of the
organism. Organic compounds are also transported from land to
the ocean in rivers and through the atmosphere. In some areas,
especially where runoff from mangrove swamps or salt marshes
carries large quantities of organic matter, the concentrations of
colored dissolved organic compounds (sometimes called “gelbst-
off””) are high enough to make the water appear brownish yellow.

Some dissolved organic compounds are removed from solu-
tion by attachment to particles that sink to the seafloor. However,
most such compounds are taken up by marine organisms or
decomposed to their inorganic constituents in the water column,
primarily by bacteria and archaea (Chap. 12).

Dissolved Gases

Gases are free to move between the atmosphere and the
oceans at the ocean surface. The net direction of the exchange is
determined by the saturation solubility and concentration of the
gas in seawater. The saturation solubility is the maximum amount
of the gas that can be dissolved in water at a specific temperature,
salinity, and pressure. If seawater is undersaturated, a net transfer
of gas molecules into the water occurs. If seawater is oversatu-
rated, the net transfer is from the water into the atmosphere.

The atmosphere is composed primarily of nitrogen (78%) and
oxygen (21%) and contains several other minor gases. Carbon
dioxide constitutes about 0.037% of all atmospheric gases. The
distribution of gases dissolved in ocean waters is very differ-
ent (Table 5-6). The oceans have proportionally more oxygen
and less nitrogen than the atmosphere because of differences in
the saturation solubility of these gases. In addition, the ratios of
carbon dioxide concentration to oxygen and nitrogen concentra-
tions are much higher in seawater than in the atmosphere because
carbon dioxide reacts with water in a complicated way to produce
highly soluble carbonate (CO,*) and bicarbonate (HCO,") anions.

Oxygen and Carbon Dioxide

Gases can be exchanged between the ocean and the atmo-
sphere only at the ocean surface. In the water column beneath
the ocean surface, the proportions of dissolved gases are changed
primarily by biochemical processes. In the shallow photic zone
where light penetrates, carbon dioxide is consumed, and oxygen
released during photosynthesis. However, in the much larger
volume of deep-ocean waters where no photosynthesis occurs,
the dominant process affecting dissolved gas concentrations is the
consumption of oxygen through respiration and decomposition.
The excess carbon dioxide produced by respiration and decom-
position can escape to the atmosphere only at the ocean surface,
and there is no mechanism for resupplying dissolved oxygen to
the water below the photic zone. Therefore, deep-ocean water is
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Table 5-6 Distribution of Gases in the Atmosphere and
Dissolved in Seawater

Percentage of Gas Phase by Volume
Gas Atmosphere |Surface Oceans O{Z‘:I:s
Nitrogen (N,) 78 48 11
Oxygen (O,) 21 36 6
Carbon dioxide® 0.037 15 83
* CO, in the atmosphere, CO, plus HCO, plus CO,*in the oceans.

depleted of oxygen and stores large quantities of carbon dioxide
(Table 5-6).

The total quantity of carbon dioxide dissolved in the oceans
is about 70 times as large as the total in the atmosphere. The
processes that control oxygen and carbon dioxide concentrations
at different depths and locations within the oceans are discussed
in more detail in Chapter 12. The role of the oceans in absorbing
and storing carbon dioxide is critical to the fate of carbon dioxide
that has been, or will be, released by industrialized civilization,
and to the severity of global climate change due to the enhanced
greenhouse effect (CC9).

The saturation solubility of gases varies with pressure,
temperature, and salinity. It increases with increasing pressure
and decreasing temperature. Therefore, seawater at depth in the
oceans can dissolve much higher concentrations of gases than
surface seawater can. There is continuous movement of water
from ocean surface layers to the deep layers and eventually back
to the surface (Chap. 8). As water moves through the ocean
depths, concentrations of dissolved gases are changed by bio-
chemical processes and by mixing with other water masses that
have different concentrations of the gases. Geological processes,
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including the release of gases from undersea volcanoes and
from decaying organic matter in sediments, can also change the
concentrations of some gases, but those processes are generally
of minor significance.

When water that is saturated with carbon dioxide sinks below
the surface layer, gases can no longer be exchanged with the
atmosphere. However, carbon dioxide is released into deep-
ocean waters by respiration and by decay of organic matter. The
added gas remains dissolved because the saturation solubility is
increased by the higher pressures.

The increase in solubility caused by increased pressure is
what keeps carbon dioxide dissolved in carbonated sodas. The
carbon dioxide is dissolved in the soda under increased pressure
at the bottling plant and then sealed in its container at the higher
pressure. When the container is opened, the internal pressure is
released, and the carbon dioxide bubbles out because the concen-
tration exceeds the saturation solubility at the lower pressure.

The saturation solubility of gases generally increases as tem-
perature decreases and is generally lower at ocean water salinities
than in pure water (Fig. 5-6). Oxygen concentrations are higher
in cold surface waters near the polar regions than in tropical wa-
ters. In tropical waters, the oxygen concentration is low enough
that, under certain circumstances, it can be inadequate for the
respiration needs of some marine species. For the same rea-
son, tropical waters are more vulnerable to marine pollution by
oxygen-consuming waste materials, such as sewage (Chap. 16).

Other Gases.

In addition to the major atmospheric gases, several other
gases are present in seawater (Table 5-7). With the exception
of sulfur dioxide, these gases are produced primarily by marine
organisms, so surface waters are oversaturated and net movement
of the gases is into the atmosphere (Table 5-7). The quantities of
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FIGURE 5-6 Solubility of oxygen (a) and nitrogen (b) in pure water and seawater. Note that the solubility of each gas is reduced as temperature

increases and is lower at seawater salinity than in freshwater



such gases supplied to the atmosphere by the oceans are relative-
ly small in comparison with those from other sources. However,
the ocean concentrations of methane, for example, must be taken
into account in global climate change studies because atmo-
spheric methane contributes significantly to the greenhouse effect
(CC9). Atmospheric sulfur dioxide comes primarily from fossil
fuel burning, industrial processes, and volcanoes. Sulfur dioxide
can be converted to sulfuric acid, the principal component of acid
rain. The oceans act as a sink for this air contaminant by absorb-
ing sulfur dioxide and the sulfate ions present in the runoff from
acid rain.

pH and Buffering

The acidic or alkaline property of water is expressed as pH,
which is a measure of the concentration of hydrogen ions (H").
The pH increases as the hydrogen ion concentration decreases,
and it is measured on a logarithmic scale of zero to 14: pH 0 is
the most acidic, pH 14 is the most alkaline, and pH 7 is neutral.
Pure water (free of dissolved carbon dioxide) is neutral, pH 7.
Seawater normally is about pH 8, mildly alkaline. The near-
neutral pH of natural waters is very important to aquatic biology.
For example, persistent acid rain, which can be about pH 5, can
severely damage or destroy aquatic life in lakes by reducing the
natural pH of the lake water. In addition, the numerous marine
species with calcium carbonate hard body parts cannot construct
these parts if the water is even mildly acidic.

Seawater pH is buffered (maintained within a narrow range of
pH 7.5 to 8.1) through the reactions of dissolved carbon dioxide.
Dissolved carbon dioxide combines with water to form carbonic
acid (H,CO,). The carbonic acid partially dissociates (separates
into ions) to form a hydrogen ion and a bicarbonate ion (HCO,"),
or two hydrogen ions and a carbonate ion (CO,* Carbon diox-
ide, carbonic acid, bicarbonate, carbonate, and hydrogen ions
coexist in equilibrium in seawater:

CO,(gas) +H,O S H,CO, S H"+HCO,; S 2H"+ CO>
The addition of acid to seawater increases the number of
hydrogen ions, which reduces the pH of the seawater and forces
the equilibrium to shift so that less carbonate and bicarbonate are

present. This shift reduces the number of hydrogen ions pres-

ent, which offsets the reduction of pH. The opposite shift occurs
if alkali is added to seawater. Such buffering capacity partially
protects the ocean waters from pH changes that otherwise might
result from acid rain or from acidic or alkaline industrial efflu-
ents. However, the amount of carbon dioxide released by humans
is so large that ocean pH is indeed changing slowly. Some of the

Table 5-7 Estimated Flux of Gases between Oceans and Atmosphere
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possible consequences of this change were discussed in Chapter 1.

HEAT PROPERTIES OF WATER

Of the properties of water, perhaps none are more important
than the unique responses of water, ice, and water vapor to the
application and removal of heat.

Heat Energy and Phase Changes

All substances can exist in three different phases: solid, liquid,
or gas. In a solid, attractive forces between molecules (van der
Waals forces, and hydrogen bonds if present) are strong enough
to ensure that the molecules stay firmly fixed in place relative to
each other, even though the molecules (or atoms in a pure ele-
ment) vibrate. Heating the solid increases the strength of these
vibrations. When the heat energy of each molecule is sufficient
to overcome most of the attractive forces, the solid melts and
becomes liquid. In a liquid, the molecules have enough energy to
vibrate, rotate, and translate (temporarily move about in rela-
tion to each other). However, they do not have enough energy to
escape completely from the attractive forces of their neighbors.
If more heat is added to a liquid, each molecule eventually has
enough energy to break free of the attractive forces. The com-
pound then becomes a gas, in which each molecule is free to
move about by itself. If heat is removed, the process is reversed;
gas becomes liquid, and then solid, as heat is progressively lost.

Molecules of different chemical compounds have van der
Waals forces of different strengths. As a result, each compound
requires a certain characteristic quantity of heat energy to con-
vert from solid to liquid or from liquid to gas. The stronger the
attractive force between the molecules, the more heat energy
each molecule must have to break free of this force. Therefore,
the temperature at which a solid melts (the melting, or freezing,
point) and the temperature at which a liquid vaporizes (the boil-
ing, or condensation, point) increase as the van der Waals attrac-
tive force increases.

Freezing and Boiling Points

To convert solid water (ice) to liquid water and liquid water
to gaseous water (water vapor), the heat energy supplied must
overcome both the van der Waals attractive force and the much
stronger attractive force of the hydrogen bond. Therefore, the
amount of heat energy that each molecule of water must have
to become free to rotate and move in relation to adjacent mol-
ecules (that is, to change from ice to water) is much greater than
it would be if the hydrogen bond were not present. Similarly, the
amount of heat energy that each water molecule must have to free
itself completely and enter the gaseous state
is much greater than it would be without the
hydrogen bond.

The extra energy needed to break the
hydrogen bond causes water’s freezing point

and boiling point temperatures to be anoma-

lously high. If there were no hydrogen bond,
water would freeze at about —90°C and boil

at about —70°C, and all water on the Earth
would be gaseous. There would be no oceans

or life as we know it. Comparison of the boil-

ing and freezing points of water with those of
other hydrogen compounds that are formed

Gas Total Transfer (g-yr') Direction of Net Transfer
Sulfur dioxide (SO,) 1.5 x 10 Atmosphere to ocean
Nitrous oxide (N,0) 1.2 x 10" Ocean to atmosphere
Carbon monoxide (CO) 43 %108 Ocean to atmosphere
Methane (CH,) 32 x 1012 Ocean to atmosphere
Methyl iodide (CH,I) 2.7 x 101 Ocean to atmosphere
Dimethyl sulfide (CH,),S 4.0 x 10" Ocean to atmosphere

with elements that, like oxygen, have two
electrons short of a full outer electron shell
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FIGURE 5-7 Freezing and boiling 100
points of hydrogen compounds. The
lines on the chart connect compounds
of hydrogen with elements that have
the same number of electrons in their
outer shell but a different number of
filled inner shells. If there were no
hydrogen bond, both the boiling point
and the melting point of compounds
would be expected to increase
progressively along these lines as

the number of filled shells increased. HF
However, water (H,0), hydrogen
fluoride (HF), and ammonia (NH,) all
have strong hydrogen bonds between
their polar molecules, whereas there

is no appreciable hydrogen bond in
the compounds of hydrogen that are
formed with sulfur (S), selenium (Se),
tellurium (Te), chlorine (Cl), bromine
(Br), iodine (I), phosphorus (P), arse-
nic (As), and antimony (Sb). In this
latter group of compounds, the hydro-
gen bond is virtually absent because
the atom combined with the hydrogen
is much larger, and, therefore, the
polarity of the molecules is much

less. Since the hydrogen bond must

be broken to convert solid to liquid or
liquid to gas, the boiling points (a) and
melting (freezing) points (b) of water,
hydrogen fluoride, and ammonia are
much higher than would be expected
if they were not held by hydrogen
bonds.
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illustrates the anomalous nature of water (Fig. 5-7). Molecules
in which hydrogen is combined with elements whose atoms are
similar in size to oxygen but have a different number of outer-
shell electrons (hydrogen fluoride, HF; ammonia, NH,) are also
polar. They, too, have hydrogen bonds and anomalous melting
and boiling points (Fig. 5-7).

As discussed later in this chapter, adding salt to water raises
the boiling point and lowers the freezing point.

Heat Capacity and Latent Heat

In addition to the freezing and boiling points, the numerical
values of three other related heat properties of water are anoma-
lously high because of the hydrogen bond: the heat capacity, the
latent heat of fusion, and the latent heat of vaporization. These
properties express the quantity of heat per specified quantity of
a substance needed to raise the temperature, to convert solid to
liquid, and to convert liquid to gas, respectively. Heat is a form
of energy, and as such, it is quantified by a unit of energy. The SI
unit of energy is the joule (abbreviated J). This SI unit is not yet
in common usage in the United Sates, although it is widely used
elsewhere. Many students will be more familiar with the calorie
(abbreviated cal) widely used as the unit of energy in the United
States. In this text, we will use the calorie, and we will also iden-
tify the equivalent value in joules.

To understand the concepts of heat capacity and latent heat,
we can consider the sequence of events that occurs when we add
heat to ice (Fig. 5-8). Within the solid ice, the individual mol-

[ [ -150 [ [ [ [
3 4 (b) 1 2 3 4

Number of filled inner
electron shells

ecules vibrate, but the vibrations are suppressed by the hydrogen
bonds. Adding heat energy to the ice increases the intensity of
vibration of each water molecule and increases the temperature
of the ice. The temperature of 1 g of ice is increased by 1°C when
approximately 0.5 calorie (2.1 J) is added. As heat continues to
be added, the temperature continues to rise until the ice reaches
its melting point. Heat that raises (or lowers) the temperature of
a substance to which it is added (or removed) is called sensible
heat. The quantity of heat needed to increase the temperature of
a specified quantity of a substance is called the “heat capacity.”
For ice, the heat capacity is approximately 0.5 cal-g*'-°C' (2.1
J-g'-°C™"). That is, one-half of a calorie (2.1 J) is needed to raise
the temperature of 1 gram of ice by 1°C.

After the ice has reached the melting point temperature, the
temperature of the solid—liquid (ice—water) mixture does not
increase again until an additional 80 calories (334 J) of heat
energy has been added for each gram of ice (Fig. 5-8b,c). That
is, as heat is added, the ice is progressively converted to water.
Heat added to a substance that does not raise its temperature but
instead changes its state (solid to liquid or liquid to gas) is called
“latent” heat. The heat added to melt a specified quantity of ice
is the latent heat of fusion (melting). The term latent is used be-
cause the heat is stored in the molecules of the liquid water and is
released when the water is refrozen (fused). Hence, the latent heat
of fusion of ice is 80 cal-g' (334 J-g™).

If we continue to add heat after all the ice is converted to
water, the heat is again taken up as sensible heat and the tem-
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perature of the water rises. The heat capacity of water is about
twice that of ice, or 1 cal-g'-°C™'. That is, 1 calorie (4.2 J) of heat
energy must be added to raise the temperature of 1 gram of water
by 1°C.

After 100 cal-g' (418 J-g') of heat energy has been added to
the water (starting as melted ice water at 0°C), the water tem-
perature reaches the boiling point. With the continued addition
of heat, the temperature does not rise again until an additional
540 cal-g (2,260 J-g) of heat energy has been added and all
the water has been converted to a gas. Hence, the latent heat of
vaporization of water is 540 cal-g™' (2,260 J-g™'). Finally, if we
add more heat to the gaseous water (water vapor), its tempera-
ture rises by about 1°C for each additional 0.5 cal-g™' (2.1 J-g™),
so the heat capacity of water vapor is about 0.5 cal-g'-°C™" (2.1
J'g’l'OC’l).

The latent heats and heat capacity of water are very high pri-
marily because the hydrogen bond is stronger than van der Waals
forces. More heat energy is needed to overcome the attraction
between molecules in solid, liquid, and gaseous forms of water
than in substances whose molecules are bound only by van der
Waals forces. Consequently, the heat capacity of liquid water is
the highest of all liquids other than liquid ammonia and is higher
than that of all solids; the latent heat of fusion of water is the
highest of all substances other than ammonia; and the latent heat
of vaporization of water is the highest of all known substances.

Implications of the High Heat Capacity and Latent Heats of
Water

The anomalously high heat capacity and latent heats of water
have many implications. In our everyday experience, we rely on
the high latent heat of fusion to keep our iced drinks cold. When
we add ice cubes to a cold drink, the drink remains cold for a
long time, until all the ice has melted. The drink, a mixture of ice
and water, remains cold as it gains heat from its surroundings,
until it has absorbed 80 calories (334 J) for each gram of ice,
converting the ice to water. Subsequently, when all the ice has
melted, the drink warms quickly because each calorie (each 4.2 J)
gained can raise the temperature of 1 g of water by 1°C.

The high heat capacity of water is illustrated by the behav-
ior of hot drinks. A hot drink cools much more slowly than, for
example, an empty cup or glass taken out of a hot dishwasher.
The reason is that more heat must be lost per unit weight of water
than of any other substance (other than liquid ammonia) to lower
its temperature by a given number of degrees.

The high heat capacity of water allows large amounts of heat
energy from the sun to be stored in ocean waters without caus-
ing much of a temperature change. The heat is released to the
atmosphere when atmospheric temperatures fall. Because water
has this heat-buffering capability, coastal locations have milder
climates than inland locations (Chap. 7). The heat-buffering
capacity of the oceans and the transfer of latent heat between ice,
oceans, and atmosphere are important to global climatic control
and to studies of the effects of releases of gases that contribute to
the greenhouse effect (Chap. 7).

In the polar ocean and coastal regions, water’s high latent
heat of fusion acts to control the air and water temperatures in
much the same way that ice cubes cool an iced drink. During
winter, latent heat is released to the atmosphere as water freezes
to form more sea ice. Conversely, in summer, heat added to the
polar regions is used to melt the ice. Because the heat lost or

gained is latent heat, not sensible heat, the ocean surface water
and sea ice remain at or close to the freezing point throughout the
year. Because air temperatures are partially controlled by ocean
temperatures, the annual climatic temperature ranges in polar
ocean regions are small (Chap. 7, CC5)

Evaporation

Liquids, such as water, can be converted to a gas at tempera-
tures below their boiling point by a process known as “evapora-
tion.” For example, puddles of cold water can evaporate from
the ground after a rainstorm. Although the average energy level
of water molecules remains the same unless there is a change
of temperature, the energy level of individual molecules varies
around this average. Some molecules that temporarily possess
higher amounts of energy can overcome their hydrogen bonds
and escape completely from the liquid phase (evaporate).

Water evaporating from the oceans carries its latent heat of
vaporization into the atmosphere and releases it when the water
subsequently condenses as rain. Because the latent heat of vapor-
ization is high, water can transport large quantities of heat energy
from ocean to atmosphere, where that energy can be redistributed
geographically. For example, areas of the Earth where evapo-
ration is slow and precipitation is high are warmed, and areas
where evaporation is high are cooled (Chap. 7, CC5).

Water’s high latent heat of vaporization facilitates cooking
and can be observed in a kitchen. If we heat a saucepan of water
on a stove, the water can be brought to a boil quickly, but then,
even if we do not change the heat setting, it takes much longer
for the pan to boil dry. It takes only 100 cal-g! (418 J-g™) to
heat water from its freezing point to its boiling point, but more
than five times as much, 540 cal-g' (2260 J-g'), to vaporize or
convert the water to steam. Water’s high latent heat of vaporiza-
tion is also apparent when we bake food for substantial lengths of
time at temperatures well above 100°C and find that the food is
still moist.

Because evaporating molecules gain the energy to escape by
colliding with molecules that remain behind in the liquid, the
average energy level (temperature) of the water molecules that
remain behind is reduced. This is why we feel colder when we
first climb out of a swimming pool or shower. While we are wet,
water molecules evaporate, using heat energy gained from our
skin and the air and leaving behind colder skin. After toweling
off, we have less water on our skin and the amount of evapora-
tion is reduced. Another example of this phenomenon is the wind
chill factor used in weather forecasts. Increasing the speed of
wind blowing across a wet or damp surface, such as the skin, in-
creases the evaporation rate and thus increases the rate of surface
cooling.

At temperatures below the boiling point, the average water
molecule has less energy than it does at the boiling point. There-
fore, more heat must be supplied to evaporate each molecule of
water than is needed to vaporize it at the boiling point, and the
latent heat of vaporization increases with decreasing temperature.
For example, the latent heat of vaporization at 20°C is 585 cal-g!
(2449 J-g") which is 45 cal-g ' (189 J-g!) higher than at 100°C.

EFFECTS OF PRESSURE, TEMPERATURE, AND DIS-
SOLVED SALTS ON SEAWATER DENSITY

Many of the movements of water masses in the oceans are
driven by differences in density. Solid objects that have higher
density than water sink, and those that have lower density rise



and float. Liquid water can also rise or sink if its density is dif-
ferent from that of the surrounding water (CC1, CC3). Water
density is controlled by changes in pressure, temperature (CC6),
and concentration of dissolved constituents (salinity).

Pressure

Because water molecules in a liquid form can be forced
together only slightly as pressure increases, seawater is virtually
incompressible, and its volume decreases and density increases
only very slightly with pressure. Therefore, pressure changes
are not as important to controlling water density in the oceans as
changes in temperature and salinity are. However, the pressure at
the greatest depths in the oceans is more than 1000 times as great
as atmospheric pressure. This pressure change causes seawater
density to be approximately 2% higher than it is in shallow water
at the same temperature and salinity. This small difference must
be taken into account in some research studies. Like all other
gases, water vapor is compressible, and its density varies substan-
tially with pressure.

Temperature
Increasing temperature adds energy that enables the mol-
ecules of solids and liquids to vibrate, rotate, and/or translate
more vigorously. Thus, the average distance between the mol-
ecules generally increases. As the same number of molecules
occupies a larger volume (the material expands),
increasing the temperature causes the density to
decrease. Ice is no exception to this rule. However,
pure water (but not seawater, as discussed later)
behaves anomalously, because liquid water has a
density maximum at 4°C. Between 0°C and 4°C,
water density actually increases with increasing
temperature (Fig. 5-9). In the rest of liquid water’s
temperature range—4°C to 100°C— pure water be-
haves normally and density decreases with increas-
ing temperature.
The reason for the anomalous effect of tempera-
ture on water density is the hydrogen bond. Water
molecules form clusters in which the molecules are
arranged in a lattice-like structure. The atoms in the
cluster are held in place by hydrogen bonds (Fig.
5-10). The structure is similar to that of ice, and
the molecules of water in a cluster occupy a larger
volume than molecules that are not clustered. The
ordered clusters remain together for only a few ten-
millionths of a second, but they are continuously
forming, breaking, and re-forming. Both the num-
ber of clusters present at any time and the number

FIGURE 5-10 The hydrogen bond plays a major role

in the properties of ice and water. (a) Molecules in the
ice crystal lattice are bonded to each other by hydrogen
bonds and arranged in a hexagonal lattice. The resulting
structure is very open, which explains the low density

of ice. (b) Water molecules constantly form clusters that
are temporarily held together by hydrogen bonds. The
clusters consist of chains or networks of water molecules
arranged in hexagons. The representation here shows this
hexagonal form but, for simplicity, does not show the hy-
drogen bonds. (c) When water molecules are unclustered,
the molecules are closer to each other than they are in
clusters. Clusters are more likely to form and may persist
longer at low temperatures, which is why water’s density
decreases below 3.98°C.

(@)

(b)
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FIGURE 5-9 Density of pure water plotted against temperature. Water
with no dissolved salts has a maximum density at 3.98°C. At lower
temperatures, water density decreases until the freezing point is reached.
There is a discontinuity in the density scale. The density of ice is much
less than that of liquid water because of the open structure of the ice
crystal lattice. When solid ice and liquid water occur together at 0°C, the
ice floats on the water because its density is less than that of the water

of molecules in each cluster increase as the temperature decreases
(more unbroken hydrogen bonds are present). Because clustered
molecules occupy a greater volume than unclustered molecules,
an increase in the number of clusters and in the number of mol-
ecules per cluster decreases the density of the water. Above 4°C,
there are too few clusters to counteract completely the normal

*+++ Hydrogen bond

= Covalent bond

Clustered (simplified)

() Unclustered (simplified)
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FIGURE 5-11 The effects of temperature and salinity on the density

of water. (a) The relationships among salinity, temperature, and density

are complex. The effects of temperature and salinity individually are

more obvious if we examine (b) the relationship of temperature (—3°C to

30°C) to density at a fixed salinity, and (c) the relationship of salinity (30

to 40 PSU) to density at fixed temperature. The shaded sections of the

plots in (b) and (c) represent the narrow ranges of salinity and tempera-

ture present in most ocean water.

temperature effect on density. Below 4°C (actually 3.98°C), how-
ever, clustering increases fast enough that the decrease in density
caused by the clustering is faster than the increase caused by the
normal temperature effect.

Dissolved Salts and Density

Salts dissolved in water increase the water density for sev-
eral reasons. First, the ions or molecules of most substances dis-
solved in seawater have a higher density than water molecules.
Dissolved substances also reduce the clustering of the water
molecules, further increasing the density, particularly at tempera-
tures near the freezing point.

Combined Effects of Salinity and Temperature

The density of ocean waters is determined primarily by salin-
ity and temperature. Figure 5-11a shows the relationships among
the salinity, temperature, and density of seawater. Raising the
temperature of freshwater from 4°C to 30°C (the range between
the temperature of maximum density and the highest temperature
generally found in surface waters) decreases its density by about
0.0043 (from 1.0000 to 0.9957), or about 0.4%. At a constant

temperature, changing the salinity from 0 to 40 (approximately
the range of salinity in surface waters) changes the density by
about 0.035, or about 3.5%. These observations suggest that
salinity is more important than temperature as a determinant of
density. This is often true in rivers and estuaries where the water
has a wide range of salinity, but the range of salinity in open-
ocean waters is much smaller. In fact, 99% of all ocean water has
salinity between 33 and 37, and 75% has salinity between 34 and
35 (Fig. 5-12). Similarly, 75% of ocean water has a temperature
between 0°C and 5°C, and the rest has a much wider temperature
range, between about —3°C and 30°C.

With the exception of water discharged by hydrothermal
vents, the highest temperatures in the oceans are in surface wa-
ters in tropical regions. Figure 5-11b,c relates salinity, tempera-
ture, and seawater density, and shows that, in most of the ocean,
temperature and salinity are of approximately equal importance in
determining the density of ocean waters. However, their relative
importance varies with location and depth. For example, tem-
perature changes are more important to density variations in the
tropical water column, where salinity variation is relatively small
but temperature variation with depth is relatively large. In contrast,
salinity is more important in some high-latitude regions, where
salinity variations are relatively large as a result of high volumes
of freshwater runoff and the formation and melting of ice, but
temperatures are generally uniform and near the freezing point.

ICE FORMATION
When surface water is cooled to the freezing point, the be-
havior of ice and water in lakes and oceans is determined by two
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FIGURE 5-12 Temperature and salinity characteristics of ocean waters.
Ninety-nine percent of all ocean water has salinity and temperature
within the range shown by the larger shaded area. Seventy-five percent
of all ocean water has the much narrower range of salinity and tempera-
ture within the inner darker-shaded area.




factors: the relative density of ice and water, and the variations
of water density with salinity at temperatures near the freezing
point.

Dissolved Salts and Freezing

Increasing the salinity lowers the freezing point of water
(Fig. 5-13). This is why salt is used to de-ice roads. Increasing
the concentration of dissolved salts also inhibits the clustering of
water molecules and therefore lowers the temperature at which
the density maximum occurs (Fig. 5-13). As salinity increases,
the temperature of the water density maximum decreases more
rapidly than the freezing point temperature. Therefore, as salinity
increases, the difference between the temperature of maximum
density (4°C in pure water) and the freezing point is narrowed. At
a salinity of 24.7, the density maximum and the freezing point are
the same temperature (—1.36°C). At any salinity above 24.7, the
freezing point is reached before a density maximum occurs. Since
open-ocean water generally has a salinity above 24.7, seawater
does not have an anomalous density maximum.

Because freshwater has a maximum density at 4°C and
seawater has no maximum density, lakes and rivers behave dif-
ferently from the oceans when freezing. As winter begins, the
surface water of a freshwater lake cools and its density increases.
This cold, dense surface water sinks and displaces bottom water
upward to be cooled in its turn. This convection process is called
“overturning” (CC3). Convection continues until all the water
in the lake is 4°C and is at the maximum density. As the surface
layer of water cools below 4°C, its density no longer increases.
Instead, it actually decreases. Therefore, this water does not sink.
The water in this surface layer continues to cool until it reaches
0°C and then the water freezes. The resulting ice has a lower
density than water and floats. With further cooling, the lake water
continues to lose heat, but because of the density maximum there
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FIGURE 5-13 Increasing the concentration of dissolved salts in water
reduces both the freezing point and the temperature at which the anoma-
lous density maximum occurs. However, the temperature of maximum
density is reduced more rapidly than the freezing point as salt concentra-
tion increases. Consequently, seawater (99% of which has salinity greater
than 33) has no anomalous density maximum.
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is no convection, so the heat is lost by conduction through the
overlying ice layer. As heat continues to be lost, the water im-
mediately under the ice cools to 0°C and freezes. Therefore, the
ice layer grows progressively thicker from underneath. Ice is not
a very good conductor of heat. In addition, a large amount of heat
must be lost to convert water to ice because of the high latent
heat of fusion. Consequently, the ice layer on a lake surface will
grow to a thickness of at most only a meter or two, depending on
the length and severity of the winter. If the lake is deep enough, a
pool of liquid water at 4°C will remain below the ice of the lake
throughout the winter. Many freshwater organisms that cannot
tolerate being frozen survive the winter in such pools of water.

In contrast to freshwater, as seawater (salinity greater than
24.7) cools, its density increases continuously until it reaches its
freezing point of about —2°C. Cooling water continues to sink
away from the surface until ice forms. This is why most of the
deep water in the oceans is cold, generally below 4°C (Chap.
10). As seawater freezes, most of the dissolved salts are excluded
from the ice and remain in the unfrozen water. Therefore, salinity
increases in the remaining water, and as a result, the freezing
point decreases (Fig. 5-13). If freezing occurs quickly, or if winds
break up the surface ice and splash water onto the ice surface,
isolated pockets or pools of liquid water can be present within the
ice. The water in the pockets has high salinity, and its temperature
may be several degrees below the freezing point of seawater with
normal salinity. Some microscopic algae, bacteria and animals
survive the Arctic and Antarctic winters in such isolated pockets
of liquid inside the sea ice.

Density of Ice

Most substances have higher density in the solid phase than in
the liquid phase. Water is an exception to this rule. Ice at 0°C has
a density of 0.917 g-cm™3, about 8% less than the density of water
of the same temperature. Hence, water expands when it freezes.
The reason is that the ice crystal has an open lattice structure,
and fewer water molecules are packed into the volume that they
would occupy as water (Fig. 5-10). In winter, expansion of water
as it freezes bursts water pipes, breaks up rocks, and causes
potholes in street surfaces when small cracks are filled with water
and then freeze.

Ice floats because it is less dense than water. If ice did not
float, it would sink to the bottoms of ponds and lakes as they
froze, and surface water would continue to freeze and sink until
no liquid water was left. Hence, aquatic organisms would have no
liquid water refuge below the ice in which to survive the winter.
In addition, sea ice formed in the polar regions would sink to the
floor of the oceans and accumulate. Because there would be no
way to bring the ice to the surface to remelt it, the oceans would
have a warm-water surface layer over a solid ice layer extending
to the seafloor.

SURFACE TENSION AND VISCOSITY

As we have seen, hydrogen bonding plays an important role in
several thermal properties of water. Hydrogen bonding also con-
tributes to the high surface tension of water and its relatively high
viscosity. Surface tension and viscosity are major factors in deter-
mining the behavior of waves and controlling the processes by which
water molecules are transported across biological membranes.

Surface Tension
Molecules within a liquid are subject to attractive forces that
pull them toward all adjacent molecules. Moreover, molecules
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FIGURE 5-14 All molecules in a liquid are attracted to each other by
van der Waals forces. Liquids have surface tension because the mol-
ecules at the surface are attracted more strongly to other molecules of
the liquid than to the gas molecules above, which are more dispersed and
thus, on average, farther away. Molecules at the surface have a net in-
ward attraction that makes the surface behave somewhat like the rubber
of an inflated balloon. The surface tension of water is particularly high
because the water molecules are attracted to each other by both van der
Waals forces and the much stronger hydrogen bond.

at the surface of a liquid are attracted much more strongly to
their neighboring liquid molecules than to the more remote gas
molecules above the surface (Fig. 5-14). Therefore, all molecules
on the surface are pulled toward the interior of the liquid. The
attractive force tends to minimize the number of molecules at the
surface and creates a surface tension that pulls the liquid surface
into a configuration with the minimum possible surface area.
Because of the strong hydrogen bond attraction between water
molecules, the surface tension of water is higher than that of any
known liquid other than mercury.

Surface tension tends to pull water droplets into a spherical
shape because a sphere has the lowest possible ratio of surface
area to volume. We can see the approximately spherical shape in
beads of water on a newly waxed automobile, and in drips from a
leaky faucet.

If we pour water into one side of a saucepan (or ocean),
gravity distributes the water so that all parts of the water surface
are at the same level. Similarly, if we disturb a surface—say,
by sloshing the saucepan—the water will quickly return to its
original state, in which its surface is flat and horizontal. Surface
tension “pulls” the surface into the minimum area possible, which
in the saucepan is a flat horizontal plane. For this reason, the high
surface tension of water critically affects the generation and dis-
sipation of small waves on the ocean surface (Chap. 11).

If an object is to break through a water surface, it must be
heavy enough to push aside the water molecules and break the
surface tension. Any object with a density greater than that of
water can be made to float on the water surface if its weight per
unit of water surface area is too low to break the surface tension.
For example, a steel sewing needle can be positioned to float on
the water surface. Similarly, insects such as the water strider can
walk on water because of its high surface tension.

The high surface tension of water has significant effects on the
formation and behavior of gas bubbles and spray, which are cre-
ated in the oceans primarily by breaking waves. Once they have
formed in water, small gas bubbles cannot easily break through
the ocean surface to escape to the atmosphere. When bubbles do
break through the surface, a large number of small water droplets
are ejected into the air. Because of their high surface tension,

the droplets do not readily combine into larger drops that would
fall back to the water surface faster. The high surface tension of
water helps to retain gas bubbles in the water and water droplets
in the air, enhancing the efficiency of gas transfer between oceans
and atmosphere. Because small droplets have large surface areas
in relation to their volume, evaporation from the oceans is also
enhanced.

Because of the high surface tension of water, many small
aquatic organisms, such as mosquito larvae, can anchor them-
selves from below in a very thin surface water layer called the
surface microlayer. The surface microlayer is just a few mol-
ecules thick.

Viscosity

Viscosity is a measure of a liquid’s internal resistance to
flow or the resistance of the liquid to the movement of an object
through it. A low-viscosity liquid flows easily, whereas a high-
viscosity, or “viscous,” liquid flows slowly. Water has a lower
viscosity than many liquids, such as honey or motor oil. How-
ever, the viscosity of water is high enough to provide substantial
resistance to minute organisms that swim or sink in water. To
these tiny organisms, moving through water is equivalent to our
swimming through tomato ketchup. In fact, many microscopic
organisms rely on the viscosity of water to prevent them from
sinking out of the upper layers of ocean water where they live.

Water viscosity varies with salinity and temperature. Viscos-
ity increases as temperature decreases (slightly less than 1% per
°C within the normal range of ocean water temperatures) because
more structured water molecule clusters are present at lower tem-
peratures. The clusters do not move out of the way as easily as
individual molecules do. Hence, microscopic organisms in warm
tropical waters have more difficulty in avoiding sinking than
do organisms in cold polar waters. Many tropical microorgan-
isms have compensated by evolving elongated spines or frilled
appendages that increase “drag” as they move through the water.
Related polar species generally do not have these ornate features.

Viscosity also increases as salinity increases, because the
component ions of the dissolved salts are very effective in sur-
rounding themselves with water molecules to form clusters that
resemble water molecule clusters. However, the change in viscos-
ity caused by dissolved salts is small within the range of salinity
in freshwater and the oceans. Viscosity increases by less than 1%
from freshwater to salinity-35 seawater at the same temperature.

TRANSMISSION OF LIGHT AND OTHER ELECTRO-
MAGNETIC RADIATION

Light is a form of electromagnetic radiation emitted by the
sun and stars. However, visible light occupies only a small seg-
ment of the very wide electromagnetic radiation spectrum (Fig.
5-15). Ultraviolet light, X-rays, and gamma rays have progres-
sively shorter wavelengths than visible light, whereas infrared
light, microwaves, and radio waves have progressively longer
wavelengths.

Absorption

Water absorbs electromagnetic radiation, but the depth of wa-
ter penetrated varies with the intensity of the radiation and with
wavelength. At most wavelengths, absorption is so effective that,
even at very high intensity, the radiation can penetrate only a few
centimeters or meters of water. Absorption is less effective within
the narrow range of wavelengths of visible light and for very
long-wavelength radio waves. However, even at the wavelengths
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FIGURE 5-15 The electromagnetic radiation spectrum

of lowest absorption, the most intense radiation (e.g., lasers)
cannot penetrate more than a few tens or hundreds of meters of
water. For this reason, oceanographers cannot use electromag-
netic radiation, such as radar, radio waves, or laser light, to “see”
through the oceans in the same way that radar can see through
clouds to the Earth’s surface or even the surface of Venus.

Because radio waves and other forms of electromagnetic
radiation do not penetrate far through water, they cannot be used
for underwater communication. For example, long-range com-
munication with submarines is a considerable problem. Very
low-frequency radio waves can penetrate a few tens of meters
into the ocean and are used to communicate with submarines near
the surface. Because intense visible light can penetrate up to sev-
eral hundred meters below the ocean surface, satellite-mounted
lasers also are used to communicate with submarines at shallow
depths. The inability of electromagnetic radiation, such as radar,
to penetrate ocean water is the principal reason why submarines
are among the best places to hide strategic missiles. Detection of
submarines relies primarily on sound waves, which are transmit-
ted easily through ocean water.

The greater transmissibility of visible light through water
(compared to other electromagnetic wavelengths) is critically
important to life in the oceans (Chaps. 12, 13). Like life on the
land, most non-microbial life in the oceans depends on algae and
bacteria that need light to grow by photosynthesis (CC14).

Some wavelengths of visible light are better absorbed by
water than others (Fig. 5-16a). Wavelengths at the red end of
the visible spectrum are the most rapidly absorbed, and violet
wavelengths also are absorbed relatively quickly; blue and green
light penetrate farthest. Outside the visible light spectrum, infra-
red radiation (wavelengths longer than red light) and ultraviolet
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radiation (wavelengths shorter than violet light) are strongly
absorbed by water

As light penetrates the ocean, it is absorbed not only by water
molecules, but also by suspended particles. Accordingly, light
penetrates deeper in clear ocean waters than in high-turbidity
coastal waters with high suspended sediment loads or high
plankton concentrations (Fig. 5-16b—d).

Scattering and Reflection

We are all familiar with the idea that light is reflected by
smooth “shiny” surfaces such as the silvered surface of a mir-
ror. Light is also reflected when it encounters a rough surface.
However, individual light rays meet different parts of the rough
surface at different angles, and as a result, they are reflected in
different directions. When this occurs, the light is said to be scat-
tered.

As light penetrates the ocean water column, scattering occurs
when some of the photons of light bounce off water molecules,
molecules of dissolved substances, or suspended particles. The
light scatters in all directions, but some is directed upward and
is said to be backscattered. In very clear ocean waters with few
suspended particles or plankton, most of the red and yellow light
is absorbed rather than scattered (Fig. 5-16b—d). Light of blue
wavelengths has a greater probability of being backscattered
because blue light travels through a greater length of the water
column. Therefore, most of the backscattered light in clear ocean
waters is of blue wavelengths, and it is this backscattered light
that gives the ocean its deep blue color.

In waters with more suspended particles or plankton, there is
a higher probability of backscattering of all visible wavelengths.
Hence, in more turbid waters, the backscattered light comprises
a much wider range of wavelengths, and the water appears not
blue, but green or brownish. The specific color is determined by
the nature of the suspended particles. All particles absorb light
more effectively at some wavelengths, and their color is deter-
mined by which wavelengths of the light they do not absorb.
Light of these nonabsorbed wavelengths is scattered and, there-
fore, constitutes the wavelengths we see when looking at the par-
ticles. Most particles in the oceans are either green, such as many
phytoplankton cells, or brown, such as sand and other mineral
particles. Ocean waters with large phytoplankton populations
(Chap. 14) tend to appear greenish, whereas coastal waters with
large loads of suspended mineral grains appear muddy brown.
Therefore, color variations of the ocean surface indicate the quan-
tity of particulate material and phytoplankton in the near-surface
water. Ocean surface color measured by sophisticated sensors
aboard satellites (Fig. 5-17) is used to investigate distributions of
the living and nonliving particles in the oceans (Chaps. 6, 12).

The underwater world seen in movies or video is a blaze of
colored creatures. However, scuba divers see such colors only
in very shallow water. Just a few meters below the surface, the
red and yellow wavelengths of natural sunlight are absorbed, so
bright red fishes appear black and most objects appear blue or
bluish green. The true colors are revealed only when lights with a
full spectrum of visible wavelengths are shone on the marine life.
For this reason, underwater photographers or videographers must
carry powerful lights.

Scuba divers can observe scattering and absorption of light
by particles by noting changes in the visibility and lighting of
the water. In turbid water with more particles, daylight does not
penetrate very far. In addition, at shallow levels to which some
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FIGURE 5-16 (Above and right) Light penetration and absorption in
ocean waters. (a) Absorption of electromagnetic energy by ocean water.
Note that energy in the infrared (about 700—1000 nm) and ultraviolet
(about 300400 nm) wavelengths is absorbed very rapidly compared to
energy in the visible light wavelengths (400-680 nm). Also, energy at
longer wavelengths of visible light (red/orange) is absorbed more quickly
than energy at shorter (blue/green) wavelengths. The remaining parts of
the figure show the depth at which light of visible wavelengths is reduced
to less than 1% of the intensity at the surface in (b) clear open-ocean water,
(c) coastal-ocean water, and (d) estuarine water. The aphotic zone begins at
the depth where the ambient light intensity is approximately 1% of that at
the surface. Note that the photic zone depth is much reduced in coastal and
estuarine waters. Below the photic zone, light is insufficient for phyto-
plankton to produce enough organic matter by photosynthesis to survive.
Note also that the wavelength range of light reaching the lower part of the
photic zone moves from the blue/green part of the spectrum toward the red
end of the spectrum in coastal and estuarine waters. This is the reason why
open-ocean waters usually appear blue while coastal and estuarine waters
do not.
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FIGURE 5-17 (Left) This image of the Northwest Atlantic Ocean shows data ob-
tained from a satellite-mounted instrument called the Coastal Zone Color Scanner,

which measures the intensity of light reflected or backscattered by the Earth’s surface.
The data are from a narrow wavelength band, in which the intensity of the light re-
ceived by the scanner from the ocean surface increases with increasing concentrations
of chlorophyll-containing phytoplankton in the photic zone. Intensities of light in

this wavelength band are depicted by the false colors in this image. Red colors show
the areas of highest chlorophyll and phytoplankton concentration; and progressively
lower concentrations are depicted by the orange, yellow, green, and blue shades. Note
that the highest concentrations of chlorophyll are found in the coastal region and that
the image reveals the complex patterns associated with different water masses.



natural light penetrates, horizontal visibility is reduced. Just as
daylight is blocked from penetrating vertically into the water by
scattering and absorption, light traveling from an object horizon-
tal to the diver is absorbed and scattered. If the absorption and
scattering are substantial, the light from distant objects does not
reach the diver and the objects cannot be seen. When light is scat-
tered equally in all directions, a scuba diver may not be able to
visually distinguish between up and down.

Refraction

The speed of light in seawater is less than that in air. As light
waves pass from air into water or from water into air, they are
refracted (their direction is changed because of the change in
speed) (Fig. 5-18a). An easy way to see refraction is to sight
down the length of a ruler and dip the end of the ruler into a
tumbler of water (Fig. 5-18b). The tip of the ruler appears to be
bent upward as it passes into the water. Refraction causes fishes
in an aquarium to appear bigger and closer than they really are.
Similarly, fishes and other objects seen through a scuba mask ap-
pear larger and closer than they are.

Refraction between air and water increases as salinity in-
creases. Therefore, measurements of refraction are often used to
determine approximate salinity.

TRANSMISSION OF SOUND

Electromagnetic radiation travels both through a vacuum and
through substances such as air and water. Sound is fundamentally
different because it cannot be transmitted through a vacuum. The
sound effects in space movies are pure fantasy, because sound
cannot travel across the vacuum of space. Sound is transmitted
as a vibration in which adjacent molecules are compressed in
sequence. One molecule is pushed into the next, increasing the
“pressure” between the two molecules. The second molecule
pushes on a third, increasing the pressure between the second and
third molecules and relieving the pressure between the first two
molecules, and so on. Hence, sound waves are pressure waves
transmitted through gases, liquids, and solids. The pressure waves
can range from very high frequencies, which the human ear can-
not hear (ultrasound), to low frequencies below the audible range
that we sometimes feel as vibrations from our surroundings.

Sound waves are absorbed, reflected, and scattered as they
pass through water much less than electromagnetic radiation is.
Therefore, sound travels much greater distances in water and
sound waves are the principal tools of communication and remote
sensing for both oceanographers and marine animals.

Sound Velocity

The speed of sound is about four times greater in water than
in air. In seawater, the speed of sound increases with increases in
salinity, pressure, and temperature (Fig. 5-19a,b). However, the
changes due to salinity variations are relatively small within the
range of salinities in ocean waters. Thus, sound velocity generally
decreases with depth in the upper layers of the oceans, where the
temperature change is large, but then increases again with depth
in the deep layers, where temperature variations are small and
pressure changes are more important (Fig. 5-19¢). Sound velocity
in the oceans can be determined if the salinity, temperature, and
depth (pressure) are known.

Sonar

Sound velocity is important because sound waves are used
to measure distances in water. Sound pulses sent through water
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FIGURE 5-18 (a) Light rays are bent, or refracted, when they pass be-
tween air and water. (b) Inserting a ruler or stick through a water surface
at an angle illustrates the distortion in the way refraction makes objects
appear. The ruler looks as if it is bent at the point it enters the water.

bounce off objects and the seafloor. If the sound velocity at all
points within the sound path is known and the time taken for the
sound to go out and the echo to return is measured, the distance
to the object or seafloor can be calculated. This is the principle of
sonar.

Sonar systems send and receive sound pulses to measure
ocean depths or to measure the distance and direction of objects
that reflect sound, such as submarines. Schools of fish, concen-
trations of tiny animals called zooplankton on which fishes
feed, and concentrations of suspended mineral grains also can be
detected with sonar.

Different frequencies are employed for different applications.
For example, low frequencies are used for deep-ocean sound-
ing. Higher frequencies allow smaller particles (or animals) to be
detected, but higher-frequency sound is more effectively absorbed
by water. Therefore, higher frequencies are used in applications
involving small objects in shallow water, such as finding fishes
and tracing plumes of particles from river discharges or ocean
dumping. Dolphins use their natural sonar to locate objects such
as fishes, and they can tune the sound frequencies they use: low
frequencies for long distance, and higher frequencies for more
detailed echo “vision” at shorter distances.

Sound Refraction and the Sound Channel
Just as light is refracted as it passes between air and water
(Fig. 5-18a), sound waves are refracted as they pass between
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FIGURE 5-19 The velocity of sound in ocean water varies with temperature, pressure, and salinity. Sound velocity increases with (a) increasing tem-
perature or salinity and (b) increasing pressure. Salinity is comparatively less important in determining sound velocity than temperature or pressure.
(c) Variations of pressure and temperature with depth in the oceans produce changes in the sound velocity that are sometimes complex. Generally
sound velocity decreases with depth until it reaches a minimum at about 1000 m (1 km) and then increases as depth increases.

air and water (Fig. 5-20a), or through water in which the sound
velocity varies. At any specific ocean depth, the parameters that
determine sound velocity are fairly constant over great distances
(Chap. 10). Hence, sound waves that travel horizontally are little

affected by refraction. Sound waves that travel vertically are

also not affected significantly by refraction, because they pass
perpendicularly to the horizontal layers of varying sound velocity.
In contrast, sound waves that pass through the ocean at any angle

other than horizontal or vertical are refracted in complicated

Sound velocity slow

Refracted sound

Reflected sound

curving paths. The paths are determined by the initial direction of
the sound waves and their varying velocity in the waters through
which they pass (Fig. 5-20b).

Two important consequences of sound refraction in the oceans
are of interest. First, sonar sound pulses sent out by a vessel at
any downward angle not close to the vertical are refracted away
from a zone called the “shadow zone” (Fig. 5-20b). The zone
starts at a depth where sound velocity is at a maximum, being
slower at both shallower and deeper levels. Such a maximum is
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be refracted. (b) Sound can be reflected and refracted in complex ways. A sonar
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emitted by a surface vessel cannot enter the zone, submarines hide in this shadow
zone. (c) A sound generated at the depth of minimum sound velocity can be
refracted back and forth within the low-velocity sound layer as it travels out from
the source. This layer is called the “sound channel.” Sound can be transmitted
(d) very long distances horizontally within the sound channel with little loss of in-
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tensity. (d) Outside the sound channel, sound spreads spherically, and its intensity
is reduced in proportion to the square of the distance from the source. Within the

sound channel, sound spreads cylindrically and loses intensity only in proportion
to the distance from the source.



present within submarine operating depths in many parts of the
oceans. Hence, submarines can hide from sonar detection if they
can remain in the shadow zone. This is one reason why the navies
of the world continuously monitor changes in the temperature and
salinity of the upper few hundred meters of the ocean through-
out their operating areas. Small changes in these characteristics
can change the location and effectiveness of the shadow zone.
Because sound travels in complicated curved paths between the
sources and echoing objects, knowledge of salinity and tempera-
ture distributions is essential in determining the sound velocity
distribution and estimating the location and depth of an object
detected by sonar.

The second important consequence of sound refraction in
the oceans is that sound emitted at or about the depth of a sound
velocity minimum is focused in what is called the “sound chan-
nel” (Fig. 5-20c¢). With the exception of sound waves traveling
out vertically (or nearly so) from such a source, all sound waves
are refracted back and forth as they pass alternately up and down
across the depth of the velocity minimum. A sound velocity
minimum, and therefore a sound channel, is present at a depth of
several hundred meters throughout most of the world’s oceans.
Sound normally spreads out spherically (in all directions), and
the loss in intensity (attenuation) due to the spreading is propor-
tional to the square of the distance from the source (Fig. 5-20d).
In contrast, sound is focused in the sound channel and spreads
cylindrically, so that the attenuation is proportional only to the
distance from the source. Hence, sound can travel very large
distances within the sound channel with relatively little attenua-
tion. For example, sounds of small underwater explosions in the
sound channel near Australia have been detected as far away as
Bermuda in the North Atlantic Ocean.

Acoustic Thermometry

The vast distance over which sound can travel in the sound
channel is the basis of an experiment, begun in 1991, that pro-
vides a sensitive means to determine of average ocean tempera-
ture.

Determining whether the Earth’s average surface and/or
atmospheric temperature has recently changed or is now chang-
ing as a result of greenhouse effect enhancement is very difficult.
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Changes of only one-tenth of a degree per year in the global
average temperature could drastically change the Earth’s climate
in just a few decades. However, because of the high temporal
and spatial variability of temperatures in the ocean, land sur-
face, and atmosphere, the best measurements currently possible
from conventional thermometers or satellites are not accurate
enough to identify changes in the global average temperature of
less than about a tenth of a degree. In contrast, changes of only a
few thousandths of a degree per year in the average temperature
of ocean water can be identified by measurement of the travel
times of sounds over distances of thousands of kilometers in the
sound channel. This method of monitoring is known as “acoustic
thermometry.”

The principle of acoustic thermometry is simple and was
proven in 1991 with a preliminary experiment, the Acoustic Ther-
mometry of Ocean Climate (ATOC) program. A large underwater
transducer (a sound producer like a loudspeaker) is lowered into
the sound channel. In the preliminary experiment, the transducer
was placed in the ocean near Heard Island in the southern Indian
Ocean (Fig. 5-21). The transducer transmits low-frequency
sound pulses into the sound channel. At several locations tens
of thousands of kilometers away, sensitive hydrophones detect
the incoming sound and precisely record its arrival time. The
travel time is measured to within a fraction of a second and used
to compute the average speed of sound between transducer and
receiver.

The speed of sound in seawater increases with increasing
temperature. Therefore, if the travel time between a transducer
and a listening point in the system decreases from year to year, it
indicates that the average temperature within the sound chan-
nel between those two points has increased (unless the average
salinity or average depth of the sound channel has changed). An
experimental acoustic array with the sound source located just
north of the Hawaiian Islands and receiving stations surrounding
the Pacific Ocean basin at distances of 3000 to 5000 km from this
source has demonstrated that average ocean temperature mea-
surements can be made with a precision of about 0.006°C. Re-
sults from this program have revealed surprisingly large seasonal
and other short-term variations of average temperatures. The
program operated between 1996 and 2006 but did not continue
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FIGURE 5-21 The Heard Island
experiment. Sound pulses were
emitted from a source in the
sound channel at Heard Island,
and the time of travel to the
various receiving sites (shown
by the black dots) was measured
very precisely. Because the travel
time of sound would change if
the average temperature of the
ocean water in the sound chan-
nel changed, arrays such as this
could be used to monitor changes
in the average temperature of
ocean waters at the depth of the
sound channel.
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long enough to reveal any long-term trends. The program was
abandoned, at least in part, by controversies concerning the pos-
sible effects of the sounds produced on marine species, especially
whales, dolphins, and other marine mammals.

Recently the idea of monitoring ocean temperatures by acous-
tic thermometry has been revived by studies of acoustic waves
that are created by earthquakes and that travel in the sound chan-
nel. Results obtained using this technique have identified tem-
perature fluctuations in the East India Ocean on timescales of 12
months, 6 months and approximately 10 days and an estimate of
the decadal warming trend that is consistent with but significantly
higher than the trend estimated from Argo float data. As with all
environmental measurements, the existence of two independent
techniques for measuring trends and assessing temporal variabil-
ity promises to substantially improve the accuracy and detail of
ocean water temperature change monitoring studies.

Ocean Noise

Scuba divers know that the undersea world is not silent.
Besides the sounds of breathing regulators and boat propellers, an
observant scuba diver hears a variety of other noises. They often
sound like a well-known snap-crackle-pop cereal. The 