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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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FIGURE 4-1 A cross section of the Earth

5-90 km showing its layers. Note that the thickness
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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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zones. The oldest sutures that have been identified are in the interior of continents and are more than 570 million years old.
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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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Sea level

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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Continental
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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,
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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
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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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