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Components 10 about Earth's surface and interior. Why

An Overview of Geologic Time 14 do the continents expose dry land?

Why are the oceans so deep? How did

the Himalaya, Alps, and Rocky Moun-

tains reach their great heights? What
process generated island chains such as Hawaii in the middle of the
Pacific Ocean and the deep trenches near the ocean's margins? More
generally, how does the face of our planet change over time, and what
forces drive these changes? We think you will find the answers to
these questions quite fascinating—they will allow you to look at the
world around you with new eyes. Welcome to the science of geology!

We have organized the discussion of geology in this book around
three basic concepts that will appear in almost every chapter: (1) Earth
as a system of interacting components, (2) plate tectonics as a unify-
ing theory of geology, and (3) changes in the Earth system through
geologic time.

This chapter gives a broad picture of how geologists think. It
starts with the scientific method, the observational approach to
the physical universe on which all scientific inquiry is based.
Throughout the book, you will see the scientific method in action
as you discover how Earth scientists gather and interpret infor-
mation about our planet. In this first chapter, we will illustrate
how the scientific method was applied to discover some of Earth's
basic features—its shape and internal layering.

We will also introduce you to a geologist's view of time. You
may start to think about time differently as you begin to comprehend
the immense span of geologic history. Earth and the other planets in
our solar system formed about 4.5 billion years ago. More than
3 billion years ago, living cells developed on Earth's surface, and life
has been evolving ever since. Yet our human origins date back only a
few million years—a mere few hundredths of a percent of Earth's
existence. The scales that measure individual lives in decades and

First image of the whole Earth showing the Antarctic and African
continents, taken by the Apollo 17 astronauts on December 7, 1972.
[NASA.]
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mark off periods of human history in hundreds or thousands
of years are inadequate to study Earth.

To explain features that are millions or even billions of
years old, we look at what is happening on Earth today. We
study our complex natural world as an Earth system involv-
ing many interacting components, some beneath its solid
surface, others in its atmosphere and oceans. Many of these
components—for example, the Los Angeles air basin, the
Great Lakes, Hawaii's Mauna Loa volcano, and the con-
tinent of North America—are themselves complex subsys-
tems or geosystems. To understand the various parts of
Earth, geologists often study its geosystems separately, as if
each existed alone. To get a complete perspective on how
Earth works, however, scientists must learn how its geosys-
tems interact with one another—how gases from volcanic
systems can trigger changes in the climate system, for exam-
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Figure 1.1 An outline of the scientific method.
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ple, or how living organisms can modify the climate system
and, in turn, be affected by climate changes.

THE SCIENTIFIC METHOD

The goal of all science is to explain how the universe works.
The scientific method, on which all scientists rely, is a gen-
eral plan based on methodical observations and experiments
(Figure 1.1). Scientists believe that physical events have
physical explanations, even if they may be beyond our pres-
ent capacity to understand them.

When scientists propose a hypothesis—a tentative
explanation based on data collected through observations
and experiments—they present it to the community of sci-
entists for criticism and repeated testing. A hypothesis that
is confirmed by other scientists gains credibil-
ity, particularly if it explains new data or pre-
dicts the outcome of new experiments.

A set of hypotheses that has survived re-
peated challenges and accumulated a substantial
body of experimental support can be elevated to
the status of a theory. Although a theory can
explain and predict observations, it can never be
considered finally proved. The essence of science
is that no explanation, no matter how believable
or appealing, is closed to question. If convincing
new evidence indicates that a theory is wrong,
scientists may modify it or discard it. The longer
a theory holds up to all scientific challenges,
however, the more confidently it is held.

Knowledge based on many hypotheses and
theories can be used to create a scientific
model—a precise representation of how a natu-
ral system is built or should behave. Models
combine a set of related ideas to make predic-
tions, allowing scientists to test the consistency
of their knowledge. Like a good hypothesis or
theory, a good model makes predictions that
agree with observations. These days, scientific
models are often formulated as computer pro-
grams that simulate the behavior of natural sys-
tems through numerical calculations. In the vir-
tual reality of a computer, numerical simulations
can reproduce phenomena that are just too diffi-
cult to replicate in a real laboratory, including
the behavior of natural systems that operate over
long periods of time or large expanses of space.

To encourage discussion of their ideas, sci-
entists share them and the data on which they
are based. They present their findings at profes-
sional meetings, publish them in professional
journals, and explain them in informal conversa-
tions with colleagues. Scientists learn from one
another's work as well as from the discoveries of
the past. Most of the great concepts of science,
whether they emerge as a flash ofinsight or in the



course of painstaking analysis, result from untold numbers
of such interactions. Albert Einstein put it this way: "In sci-
. the work of the individual is so bound up with that
of his scientific predecessors and contemporaries that it

ence . .

appears almost as an impersonal product of his generation."

Because such free intellectual exchange can be subject
to abuses, a code ofethics has evolved among scientists. Sci-
entists must acknowledge the contributions of all others on
whose work they have drawn. They must not falsify data,
use the work of others without recognizing them, or be
otherwise deceitful in their work. They must also accept
responsibility for training the next generation of researchers
and teachers. These principles are supported by the basic
values of scientific cooperation, which a president of the
National Academy of Sciences, Bruce Alberts, has aptly
described as "honesty, generosity, a respect for evidence,
openness to all ideas and opinions."

EARTH’S SHAPE AND SURFACE

The scientific method has its roots in geodesy, a very old
branch of Earth science that studies Earth's shape and sur-
face. In 1492, Columbus set a westward course for India
because he believed in a theory of geodesy favored by Greek
philosophers: we live on a sphere. His math was poor, how-
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ever, so he badly underestimated Earth's circumference. In-
stead of a shortcut, he took the long way around, finding a
New World instead of the Spice Islands! Had Columbus
properly understood the ancient Greeks, he might not have
made this fortuitous mistake, because they had accurately
measured Earth's size more than 17 centuries earlier.

The credit for determining Earth's size goes to Eratos-
thenes, a Greek librarian who lived in Alexandria, Egypt.
Sometime around 250 B.C., a traveler told him about a very
interesting observation. At noon on the first day of summer
(June 21), a deep well in the city of Syene, about 800 km
south of Alexandria, was completely lit up by sunlight
because the Sun was directly overhead. Acting on a hunch,
Eratosthenes did an experiment. He set up a vertical pole in
his own city, and at high noon on the summer solstice, the
pole cast a shadow. By assuming the Sun was very far away
so that the light rays falling on the two cities were parallel,
Eratosthenes could demonstrate from simple geometry that
the ground surface must be curved. The most perfect curved
surface was a sphere, so he hypothesized that Earth had a
spherical shape (the Greeks admired geometrical perfection).
By measuring the length of the pole's shadow in Alexandria,
he calculated that if vertical lines through the two cities
could be extended to Earth's center, they would intersect at
an angle of about 7°, which is about 1/50 of 360°, a full cir-
cle (Figure 1.2). Multiplying 50 times the distance between

Sun’s rays at Syene;
perpendicular

Sun's rays from a distance;
approximately parallel

Figure 1.2 How Eratosthenes measured
o Earth's circumference. At noon on the
= summer solstice (June 21),a vertical well
in the southern Egyptian town of Syene
(near modern Aswan) was filled with
light, indicating that the Sun was directly
overhead, whereas a vertical pole in his
hometown of Alexandria cast a shadow.
From the length of the shadow, he found
that Syene and Alexandria were
separated by about 1/50 of Earth's
circumference, about 7° out of 360°.
Since the measured distance between the
two towns was approximately 800 km,
he calculated a circumference close to its
modern value of 40,000 km.

s
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Key Figure 1.3 Earth’s topography is measured with respect to sea level.
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the two cities, he deduced a circumference close to its mod-
ern value of 40,000 km.

In this powerful demonstration of the scientific method,
Eratosthenes made observations (the shadow angle), formed
a hypothesis (spherical shape), and applied some mathemat-
ical theory (spherical geometry) to propose a remarkably
accurate model of Earth's physical form. His model was a
good one because it correctly predicted other types of meas-
urements, such as the distance at which a ship's tall mast
disappears over the horizon. Moreover, it makes clear why
well-designed experiments and good measurements are cen-
tral to the scientific method: they give us new information
about the natural world.

Much more precise measurements have shown that
Earth is not a perfect sphere. Owing to its daily rotation, the
planet bulges out slightly at its equator, so that it is slightly
squashed at the poles. In addition, the smooth curvature of
Earth's surface is disturbed by changes in the ground eleva-
tion. This TOPOGRAPHY is measured with respect to sea level,
a smooth surface that conforms closely with the squashed
spherical shape expected for the rotating Earth. Many fea-
tures of geological significance stand out in Earth's topogra-
phy (FIGURE 1.3), such as the continental mountain belts

and the deep ocean trenches. The elevation of the solid
surface changes by nearly 20 km from the highest point in
the Himalayan Mountains (Mount Everest at 8848 m above
sea level) to the lowest point in the Pacific Ocean (Chal-
lenger Deep at 11,030 m below sea level). Although the
Himalaya loom large to us, their elevation is a small frac-
tion of Earth's radius, only about one part in a thousand,
which is why the globe looks like a smooth sphere from
outer space.

THE GEOLOGIC RECORD

Like many sciences, geology depends on laboratory experi-
ments and computer simulations to describe and study
Earth's surface and interior. Geology has its own particular
style and outlook, however. It is an outdoor science in that
essential data are collected by geologists in the field and
by remote sensing devices, such as Earth-orbiting satellites.
Specifically, geologists compare direct observations with
what they infer from the geologic record. The geologic re-
cord is the information preserved in rocks formed at various
times throughout Earth's long history.



In the eighteenth century, the Scottish physician and
geologist James Hutton advanced a historic principle of
geology that can be summarized as "the present is the key to
the past." Hutton's concept became known as the principle
of uniformitarianism, and it holds that the geologic pro-
cesses we see in action today have worked in much the same
way throughout geologic time.

The principle of uniformitarianism does not mean that all
geologic phenomena are slow. Some of the most important
processes happen as sudden events. A large meteorite that
impacts Earth can gouge out a vast crater in a matter of sec-
onds. A volcano can blow its top and a fault can rupture the
ground in an earthquake almost as quickly. Other processes
do occur much more slowly. Millions of'years are required for
continents to drift apart, for mountains to be raised and
eroded, and for river systems to deposit thick layers of sedi-
ments. Geologic processes take place over a tremendous
range of scales in both space and time (Figure 1.4).

2 Over millions of years, layers of
sediments built up over that rock.
The most recent layer—the top—
. is about 250 million years old.

1 The rocks at the bottom of the Grand
Canyon are 1.7-2.0 billion years old.

Figure 1.4 Geologic phenomena can stretch over thousands
of centuries or can occur with dazzling speed. (left) The Grand
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Nor does the principle of uniformitarianism mean that
we have to observe geologic phenomena directly to know
that they are important in the current Earth system. In re-
corded history, humans have never witnessed a large mete-
orite impact, but we know they have occurred many times
in the geologic past and will certainly happen again. The
same can be said for the vast volcanic outpourings that have
covered areas bigger than Texas with lava and poisoned the
global atmosphere with volcanic gases. The long-term evo-
lution of Earth is punctuated by many extreme, though
infrequent, events involving rapid changes in the Earth sys-
tem. Geology is the study of extreme events as well as pro-
gressive change.

From Hutton's day onward, geologists have observed
nature at work and used the principle of uniformitarianism to
interpret features found in old rock formations. This approach
has been very successful. However, Hutton's principle is too
confining for geologic science as it is now practiced. Modern

About 50,000 years ago, the explosive
impact of a meteorite (perhaps weighing
300,000 tons) created this 1.2-km-wide
crater in just a few seconds.

Canyon, Arizona. [John Wang/PhotoDisc/Getty Images.]

(right) Meteor Crater, Arizona. [John Sanford/Photo Researchers.]
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geology must deal with the entire range of Earth's history,
which began more than 4.5 billion years ago. As we will see,
the violent processes that shaped Earth's early history were
distinctly different from those that operate today. To under-
stand that history, we will need some information about
Earth's deep interior, which is layered like an onion.

PEELING THE ONION:
Discovery of a Layered Earth

Ancient thinkers divided the universe into two parts, the
Heavens above and Hades below. The sky was transparent
and full of light, and they could directly observe its stars and
track its wandering planets. In places, the ground quaked
and erupted hot lava. Surely something terrible was going on
down there! But Earth's interior was dark and closed to
human view.

So.it remained until about a century ago, when geolo-
gists began to look downward into Earth's interior, not with
waves of light but with waves produced by earthquakes. An
earthquake occurs when geologic forces cause brittle rocks
to fracture, sending out vibrations like those sent out by the
cracking of ice in a river. These seismic waves (from the
Greek word for earthquake, seismos) illuminate the interior
and can be recorded on seismometers, sensitive instruments
that allow geologists to make pictures of Earth's inner
workings, much as doctors use ultrasound and CAT scans
to image the inside of your body. When the first networks
of seismometers were installed around the world at the
end of the nineteenth century, geologists began to discover
that Earth's interior was divided into concentric layers of dif-
ferent compositions, separated by sharp, nearly spherical
boundaries (Figure 1.5).

| Earth’s Density

Evidence for Earth's layering was first proposed at the end
of the nineteenth century by the German physicist Emil
Wiechert, before much seismic data had become available.
He wanted to understand why our planet is so heavy, or
more precisely, so dense. The density of a substance is easy
to calculate: just measure its mass on a scale and divide by
its volume. A typical rock, such as the granite used for tomb-
stones, has a density of about 2.7 g/cm’. Estimating the den-
sity of the entire planet is a little harder, but not much.
Eratosthenes had shown how to measure Earth's volume in
250 B.C., and sometime around 1680, the great English sci-
entist Isaac Newton figured out how to calculate its mass
from the force of gravity that pulls objects to its surface.
The details, which involved careful laboratory experiments
to calibrate Newton's law of gravity, were worked out by
another Englishman, Henry Cavendish. In 1798, he calcu-
lated Earth's average density to be about 5.5 g/cm’, twice as
dense as tombstone granite.

Crust Mantle

(0-40 km) (40-2890 km)
0.4% of 67.1% of
Earth’'s mass  Earth's mass

Liquid iron outer core
(2890-5150 km)
30.8% of Earth’s mass

Solid iron

inner core
(5150-6370 km)
1.7% of Earth's mz

Figure t.5 Earth's major layers, showing their volume and mass

expressed as a percentage of Earth's total volume and mass.

Wiechert was puzzled. He knew that a planet made
entirely of common rocks, which are silicates (contain Si0,),
could not have such a high density. Some iron-rich rocks
brought to the surface by volcanoes have densities as high as
3.5 g/em’, but no ordinary rock approached Cavendish's
value. He also knew that, going downward into Earth's inte-
rior, the pressure on rock increases from the weight of the
overlying mass. The pressure squeezes the rock into a
smaller volume, making its density higher. But Wiechert
found that the pressure effect was too small to account for the
density Cavendish had calculated.

| The Mantle and Core

In thinking about what lay beneath him, Wiechert turned
outward to the solar system and, in particular, to meteorites,

which are pieces of the solar system that have fallen to
Earth. He knew that some meteorites are made of a mixture
of two heavy metals, iron and nickel, and thus had densities
as high as 8 g/cm’ (Figure 1.6). He also knew that these
elements are relatively abundant throughout our solar sys-
tem. So, in 1896, he stated a grand hypothesis. Sometime in
Earth's past, most of the iron and nickel in its interior had
dropped inward to its center under the force of gravity. This
created a dense core, which was surrounded by a shell
of silicate-rich rocks that he called the mantle (using the
German word for "coat"). With this hypothesis, he could
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Figure 1.6 Two common types of
meteorites. (a) A stony meteorite similar in
composition to Earth’s silicate mantle; (b) an
iron-nickel meteorite similar in composition
to Earth’s core.The former has a density of
about 3 g/cm’, the latter a density of about
8 g/cm?. [John Grotzinger/Ramén Rivera-Moret/
Harvard Mineralogical Museum.)

come up with a two-layer Earth model that agreed with
Cavendish's value for the average density. Moreover, he
could also explain the existence of iron-nickel meteorites:
they were chunks of the core from an Earthlike planet (or
planets) that had broken apart, most likely by collisions
with other planets.

Wiechert got busy testing his hypothesis using waves
recorded by seismometers located around the globe (he
designed one himself). The first results showed a shadowy
inner mass that he took to be the core, but he had problems
identifying some of'the seismic waves. These waves come in
two basic types: compressional waves, which expand and
compress as they travel through solid, liquid, or gas; and
shear waves, which involve side-to-side motion (shearing).
Shear waves can propagate only through solids, which resist

shearing, and not through fluids such as air and water, which
have no resistance to this type of motion.

In 1906, a British seismologist, Robert Oldham, was
able to sort out the paths traveled by the various types of
seismic waves and show that shear waves did not propagate
through the core. The core, at least in its outer part, is liquid!
This turns out to be not too surprising. Iron melts at a lower
temperature than silicates, which is why metallurgists can
use containers made of ceramic (a type of silicate) to hold
molten iron. Earth's deep interior is hot enough to melt the
iron-nickel alloy but not silicate rock. Beno Gutenberg, one
of Wiechert's students, confirmed Oldham's observations
that the outer part of the core is liquid and, in 1914, deter-
mined that the depth to the core-mantle boundary is just shy
0f 2900 km (see Figure 1.5).
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1 Less dense continental crust
floats on denser mantle.

2 Continental crust is less
dense than oceanic crust
and therefore rides high.
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Figure 1.7 Continents float high because they are made of rocks with lower

densities than rocks of the mantle or oceanic crust.

The Crust

Five years earlier, a Croatian scientist had detected another
boundary at the relatively shallow depth of 40 km beneath the
European continent. This boundary, named the Mohorovicic

discontinuity ("Mono" for short) after its discoverer, sepa-
rates a crust composed of low-density silicates, which are
rich in aluminum and potassium, from mantle silicates of
higher density, which contain more magnesium and iron.

Like the core-mantle boundary, the Moho boundary is
global. However, it was found to be substantially shallower
beneath the oceans than beneath the continents. On a global
basis, the average thickness of oceanic crust is only about
7 km, compared to almost 40 km for the continents. More-
over, rocks in the oceanic crust contain more iron and are
therefore denser than continental rocks. Because the con-
tinental crust is thicker but less dense than oceanic crust,
the continents ride high by floating like buoyant rafts on the
denser mantle (Figure 1.7), much as icebergs float on the
ocean. Continental buoyancy explains the most striking fea-
ture of Earth's surface: why the elevations shown in Figure
1.3 fall in two main groups, 0-1 km above sea level for much
of the land surface and 4-5 km below sea level for much of
the deep oceans.

Shear waves travel well through the mantle and crust,
so we know that both are solid rock. How can continents
float on solid rock? Rocks can be solid and strong over the
short term (seconds to years) but weak over the long term
(thousands to millions of years). Over very long intervals,
the mantle below a depth of about 100 km has little strength
and flows when it must adjust to support the weight of con-
tinents and mountains.

| The Inner Core

Because the mantle is solid and the outer part of the core is
liquid, the core-mantle boundary reflects seismic waves just
as a mirror reflects light waves. In 1936, Danish seismolo-

gist Inge Lehmann discovered another sharp spherical sur-
face at the much greater depth of 5150 km, indicating a cen-
tral mass with a higher density than the liquid core. Later
studies showed that this inner core can transmit both shear
waves and compressional waves. The inner core is there-
fore a solid metallic sphere with a radius of 1220 km—about
two-thirds the size of the Moon—suspended within the lig-
uid outer core.

Geologists were puzzled by the existence of a "frozen"
inner core. From other considerations, they knew that tem-
peratures inside Earth should increase with depth. Accord-
ing to the best current estimates, the temperature rises from
about 3500°C at the core-mantle boundary to almost 5000°C
at its center. If the inner core is hotter, how could it be frozen
while the outer core is molten? The mystery was eventually
solved by laboratory experiments on iron-nickel alloys,
which showed that the "freezing" was due to higher pres-
sures rather than lower temperatures at Earth's center.

Chemical Composition
| of Earth’s Major Layers

By the mid-twentieth century, geologists had discovered all
of Earth's major layers—crust, mantle, outer core, and inner
core—plus a number of more subtle features in its interior.
They found, for example, that the mantle itself is layered
into an upper mantle and a lower mantle, separated by a
transition zone where the rock density increases in a series
of steps. These density steps are not caused by changes in
the rock's chemical composition but rather by changes in its
compactness due to the increasing pressure with depth. The
two largest density jumps in the transition zone are located
at depths of about 400 km and 650 km, but they are smaller
than the density increases across the Moho discontinuity and
core-mantle boundary, which are due to changes in compo-
sition (see Figure 1.5).

Geologists were also able to show that Earth's outer core
could not be made of a pure iron-nickel alloy, because the
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densities of these metals are higher than the observed den-
sity of the outer core. About 10 percent of the outer core's
mass must be made of lighter elements, such as oxygen and
sulfur. On the other hand, the density of the solid inner core
is slightly higher than that of the outer core and is consistent
with a nearly pure iron-nickel alloy.

By bringing together many lines of evidence, geologists
have put together a model of the composition of Earth and its
various layers. The data include the composition of crustal
and mantle rocks as well as the compositions of meteorites,
thought to be samples of the cosmic material from which
planets like Earth were originally made.

Only 8 elements, out of more than 100, make up 99 per-
cent of Earth's mass (Figure 1.8). In fact, about 90 percent
of the Earth consists of only four elements: iron, oxygen, sil-
icon, and magnesium. The first two are the most abundant
elements, each accounting for nearly a third of the planet's
overall mass, but they are distributed very differently. Iron,
the densest common element, is concentrated in the core,
whereas oxygen, the lightest common element, is concen-
trated in the crust and mantle. These relationships show that
the different compositions of Earth's layers are primarily the
work of gravity. As you can see in Figure 1.8, the crustal
rocks on which we stand are almost 50 percent oxygen.
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_ 1gure 1.9 Earth is an open system that exchanges energy and mass with its surroundings. .

| The Sun drives Earth’s
external engine.

Sun

5 Heat radiating from Earth balances
solar input and heat from interior.

EARTH AS A SYSTEM
I\ OF INTERACTING COMPONENTS

Earth is a restless planet, continually changing through geo-
logic activity such as earthquakes, volcanoes, and glaciation.
This activity is powered by two heat engines: one internal,
the other external (Figure 1.9). A heat engine—for exam-
ple, the gasoline engine of an automobile—transforms heat
into mechanical motion or work. Earth's internal engine is
powered by the heat energy trapped during the planet's vio-
lent origin and generated by radioactivity in its deep interior.
The internal heat drives motions in the mantle and core, sup-
plying the energy to melt rock, move continents, and lift
up mountains. Earth's external engine is driven by solar
energy—heat supplied to Earth's surface by the Sun. Heat
from the Sun energizes the atmosphere and oceans and is
responsible for our climate and weather. Rain, wind, and ice
erode mountains and shape the landscape, and the shape of
the landscape, in turn, changes the climate.

All the parts of our planet and all their interactions,
taken together, constitute the Earth system. Although Earth
scientists have long thought in terms of natural systems, it
was not until the late twentieth century that they had the
tools to investigate how the Earth system actually works.
Networks of instruments and Earth-orbiting satellites now

2 Solar energy is responsible
for our climate and weather.

3 Earth’s internal engine
is powered by heat
trapped during its origin...

4 ...and radioactivity
In its interior.

6 Meteors move mass from
the cosmos to Earth.

collect information about the Earth system on a global scale,
and computers are powerful enough to calculate the mass
and energy transfers within the system. The major compo-
nents of the Earth system are depicted in Figure 1.10. We
have discussed some of them already; we will define the
others shortly.

We will talk about the Earth system throughout this
text. Let's get started by thinking about some of its basic
features. Earth is an open system in the sense that it ex-
changes mass and energy with the rest of the cosmos. Radi-
ant energy from the Sun energizes the weathering and ero-
sion of Earth's surface, as well as the growth of plants,
which feed almost all living things. Our climate is controlled
by the balance between the solar energy coming into the
Earth system and the energy Earth radiates back into space.
These days, the exchange of material between Earth and
space is relatively small—only about a million tons of mete-
orites, equivalent to a cube 70 m on a side, fall to Earth each
year—but the mass transfer was much greater during the
early life of the solar system.

Although we think of Earth as a single system, it is a
challenge to study the whole thing all at once. Instead, we
will focus our attention on parts of the system (subsystems)
we are trying to understand. For instance, in the discussion of
recent climate changes, we will primarily consider interac-
tions among the atmosphere, hydrosphere, and biosphere that
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_ The Earth system is all parts of our planet and their interactions.
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Mantle beneath the asthenosphere, extending from about 400 km deep to the core-mantle boundary

Liquid shell composed primarily of molten iron, extending from about 2900 km to 5150 km in depth
Inner sphere composed primarily of solid iron, extending from about 5150 km deep to Earth’s center

are driven by solar energy. Our coverage of how the conti-
nents are deformed to make mountains will focus on inter-
actions between the crust and the deeper mantle that are
driven by Earth's internal energy. Specialized subsystems
that describe specific types of terrestrial behavior, such as cli-
mate changes or mountain building, are called geosystems.
The Earth system can be thought of as the collection of all
these open, interacting (and often overlapping) geosystems.

In this chapter, we will introduce three important geo-
systems that operate on a global scale: the climate system,
the plate tectonic system, and the geodynamo. Later in the
book, we will have occasion to discuss a number of smaller
geosystems. Here are three examples: volcanoes that erupt
hot lava (Chapter 12), hydrologic systems that give us our
drinking water (Chapter 17), and petroleum reservoirs that
produce oil and gas (Chapter 23).
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i The Climate System

Weather is the term we use to describe the temperature, pre-
cipitation, cloud cover, and winds observed at a particular
location and time on Earth's surface. We all know how vari-
able the weather can be—hot and rainy one day, cool and dry
the next—depending on the movements of storm systems,
warm and cold fronts, and other atmospheric disturbances.
Because the atmosphere is so complex, even the best forecast-
ers have a hard time predicting the weather more than four or
five days in advance. However, we can guess in rough terms
what our weather will be much further into the future, because
the weather is governed primarily by the changes in solar
energy input on seasonal and daily cycles: summers are hot,
winters cold; days are warmer, nights cooler. Climate is a
description of these weather cycles obtained by averaging
temperature and other variables over many years of observa-
tion. A complete description of climate also includes meas-
ures of how variable the weather has been, such as the high-
est and lowest temperatures ever recorded on a given day.

The climate system includes all the Earth system com-
ponents that determine climate on a global scale and how
climate changes with time. In other words, the climate sys-
tem describes not only the behavior of the atmosphere but
also how climate is influenced by the hydrosphere, cryo-
sphere, biosphere, and lithosphere (see Figure 1.10).

When the Sun warms Earth's surface, some of the heat
is trapped by water vapor, carbon dioxide, and other gases in
the atmosphere, much as heat is trapped by frosted glass in
a greenhouse, This greenhouse effect explains why Earth has
a pleasant climate that makes life possible. If its atmosphere
contained no greenhouse gases, its surface would be frozen
solid! Therefore, greenhouse gases, particularly carbon dio-
xide, play an essential role in regulating climate. As we will
learn in later chapters, the concentration of carbon dioxide
in the atmosphere is a balance between the amount spewed

out of Earth's interior in volcanic eruptions and the amount
withdrawn during the weathering of silicate rocks. In this
way, the climate system is regulated by interactions with the
solid Earth.

To understand these types of interactions, scientists
build numerical models—uvirtual climate systems—on large
computers, and they compare the results of their computer
simulations with observed data. They hope to improve the
models by testing them against additional observations, so
that they can accurately predict how climate will change in
the future. A particularly urgent problem is to understand the
global warming that might be caused by human-generated
emissions of carbon dioxide and other greenhouse gases.
Part of the public debate about global warming centers on
the accuracy of computer predictions. Skeptics argue that
even the most sophisticated computer models are unreliable
because they lack many features of the real Earth system. In
Chapter 15, we will discuss some aspects of how the climate
system works and, in Chapter 23, the practical problems of
climate change caused by human activities.

| The Plate Tectonic System

Some of Earth's more dramatic geologic events—volcanic
eruptions and earthquakes, for example—also result from
interactions within the Earth system. These phenomena are
driven by Earth's internal heat, which escapes through the
circulation of material in Earth's solid mantle.

We have seen that Earth is zoned by chemistry: its crust,
mantle, and core are chemically distinct layers. Earth is also
zoned by strength, a property that measures how much an
Earth material can resist being deformed. Material strength
depends on chemical composition (bricks are strong, soap
bars are weak) and temperature (cold wax is strong, hot wax
is weak). In some ways, the outer part of the solid Earth
behaves like a ball of hot wax. Cooling of the surface forms

Key Pfg imese i Convection carries heat upward by the motion of matter.
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the strong outer shell or lithosphere (from the Greek /ithos,
meaning "stone") that encases a hot, weak asthenosphere
(from the Greek asthenes, meaning "weak"). The litho-
sphere includes the crust and the top part of the mantle down
to an average depth of about 100 km. When subjected to
force, the lithosphere tends to behave as a nearly rigid and
brittle shell, whereas the underlying asthenosphere flows as
a moldable, or ductile, solid.

According to the remarkable theory of plate tectonics,
the lithosphere is not a continuous shell; it is broken into
about a dozen large plates that move over Earth's surface at
rates of a few centimeters per year. Each plate is a rigid unit
that rides on the asthenosphere, which also is in motion. The
lithosphere that forms a plate may be just a few kilometers
thick in volcanically active areas and perhaps 200 km thick
or more beneath the older, colder parts of the continents. The
discovery of plate tectonics in the 1960s led to the first uni-
fied theory that explained the worldwide distribution of
earthquakes and volcanoes, continental drift, mountain build-
ing, and many other geologic phenomena. Chapter 2 will be
devoted to a detailed description of plate tectonics.

Why do the plates move across Earth's surface instead
of locking up into a completely rigid shell? The forces that
push and pull the plates around the surface come from the
heat engine in Earth's solid mantle. Driven by internal heat,
hot mantle material rises where plates separate. The litho-
sphere cools and becomes more rigid as it moves away,
eventually sinking into the mantle under the pull of gravity
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at boundaries where plates converge. This general process,
in which hotter material rises and cooler material sinks, is
called convection (Figure 1.11). We note that the flow in
ductile solids is usually slower than fluid flow, because even
"weak" solids (say, wax or taffy) are more resistant to defor-
mation than ordinary fluids (say, water or mercury).

The convecting mantle and its overlying mosaic of litho-
spheric plates constitute the plate tectonic system. As with
the climate system (which involves a wide range of convec-
tive processes in the atmosphere and oceans), scientists use
computer simulations to study plate tectonics, and they revise
the models when their implications disagree with actual data.

| The Geodynamo System

The third global geosystem involves interactions that pro-
duce a magnetic field deep inside the Earth, in its fluid outer
core. This magnetic field reaches far into outer space, caus-
ing compass needles to point north and shielding the bio-
sphere from the Sun's harmful radiation. When rocks form,
they become slightly magnetized by this field, so geologists
can study how the magnetic field behaved in the past and use
it to help them decipher the geologic record.

Earth's internal magnetic field behaves as if a powerful
bar magnet were located at Earth's center and inclined about
11° from its axis of rotation. The magnetic force points into
Earth at the north magnetic pole and outward at the south
magnetic pole (Figure 1.12). A compass needle free to

gy )
Geographic North -
north pole magnetic pole

Magnet
Iron filings

Figure 1.12 (left) The magnetic field of a bar magnet is revealed by
the alignment of iron filings on paper. [After PSSC Physics, 3d ed.
(Lexington, Mass.: D. C. Heath, 1971).] (right) Earth’s magnetic field is
much like the field that would be produced if a giant bar magnet

were placed at the Earth’s center and slightly inclined (I 1°) from the
axis of rotation. Lines of magnetic force produced by such a bar
magnet are shown. A compass needle points to the north magnetic
pole because it orients in the direction of the local line of force.



14 | CHAPTER | The Earth System

swing under the influence of the magnetic field will rotate
into a position parallel to the local line of force, approxi-
mately in the north-south direction.

Although a permanent magnet at Earth's center can ex-
plain the dipolar ("two-pole") nature of the observed mag-
netic field, this hypothesis can be easily rejected. Labora-
tory experiments demonstrate that the field of a permanent
magnet is destroyed when the magnet is heated above about
500°C. We know that the temperatures in Earth's deep inte-
rior are much higher than that—thousands of degrees at its
center—so, unless the magnetism is constantly regenerated,
it cannot be maintained.

Scientists theorize that heat flowing out of Earth's core
causes convection that generates and maintains the magnetic
field. Why is a magnetic field created by convection in the
outer core but not by convection in the mantle? First, the
outer core is made primarily of iron, which is a very good
electrical conductor, whereas the silicate rocks of the man-
tle are very poor electrical conductors. Second, the convec-
tive motions are a million times more rapid in the liquid
outer core than in the solid mantle. These rapid motions stir
up electric currents in the iron to create a geodynamo with
a strong magnetic field.

,A dynamo is an engine that produces electricity by rotat-
ing a coil of conducting wire through a magnetic field. The
magnetic field can come from a permanent magnet or be
generated by passing electricity through another coil—an
electromagnet. The big dynamos in all commercial power
plants use electromagnets (permanent magnets are too
weak). The energy needed to keep the magnetic field going,
as well as the electricity sent out to customers, comes from
the mechanical work required to rotate the coil. In most
power plants, this work is done by steam or falling water.
The geodynamo in Earth's outer core operates on the same
basic principles, except that the work comes from convec-
tion powered by the core's internal heat. Similar convective
dynamos are thought to generate the strong magnetic fields
observed on Jupiter and the Sun.

For some 400 years, scientists have known that a com-
pass needle points to the north because of Earth's magnetic
field. Imagine how stunned they were a few decades ago
when they found geologic evidence that the magnetic field
can completely reverse itself—that is, it can flip its north
magnetic pole with its south magnetic pole. Over about half
of geologic time, a compass needle would have pointed to
the south!

These magnetic reversals occur at irregular intervals
ranging from tens of thousands to millions of years. The
processes that cause them are not well understood, but com-
puter models of the geodynamo show sporadic reversals in
the absence of any other external factors—that is, purely
through internal interactions. As we will see in the next
chapter, geologists have found magnetic reversals to be
very useful, because they can use their imprint on the geo-
logic record to help them figure out the motions of the tec-
tonic plates.

AN OVERVIEW

|
OF GEOLOGIC TIME }

So far, we have discussed Earth's size and shape, its internal
layering and composition, and the operation of its three
major geosystems. How did Earth get its layered structure in
the first place? How have the global geosystems evolved
through geologic time? To begin to answer these questions,
we present a brief overview of geologic time from the birth of
the planet to the present. Later chapters will fill in the details.

Comprehending the immensity of geologic time is a
challenge. The popular writer John McPhee has eloquently
noted that geologists look into the "deep time" of Earth's
early history (measured in billions of years), just as
astronomers look into the "deep space" of the outer universe
(measured in billions of light-years). Figure 1.13 presents
geologic time as a ribbon marked with some major events
and transitions.

Origin of Earth and
| Its Global Geosystems

From meteorites, geologists have been able to show that
Earth and the other planets formed about 4.56 billion years
ago by the rapid condensation of a dust cloud that circu-
lated around the young Sun. This violent process, which
involved the aggregation and collision of progressively
larger clumps of matter, will be described in more detail in
Chapter 9. Within just 100 million years (a relatively short
period of time, geologically speaking), the Moon had
formed and Earth's core had separated from its mantle.
Exactly what happened during the next several hundred
million years is hard to figure out, because very little of the
rock record survived the intense bombardment by the large
meteorites that were constantly smashing into Earth. This
early period of Earth's history can be appropriately called
the geologic "dark ages."

The oldest rocks now found on Earth's surface are about
4 billion years old. Rocks as ancient as 3.8 billion years
show evidence of erosion by water, indicating the existence
of a hydrosphere and the operation of a climate system not
too different from that of the present. Rocks only slightly
younger, 3.5 billion years old, record a magnetic field about
as strong as the one we see today, which puts a bound on
the age of the geodynamo. By 2.5 billion years ago, enough
low-density crust had collected at Earth's surface to form
large continental masses. The geologic processes that then
modified these continents were very similar to those we see
operating today in plate tectonics.

| The Evolution of Life

Life also began very early in Earth's history, as we can tell

from the study of fossils, traces of organisms preserved in
the geologic record. Fossils of primitive bacteria have been
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found in rocks dated at 3.5 billion years. A key event was the
evolution of organisms such as plants that release oxygen
into the atmosphere and oceans. The buildup of oxygen in
the atmosphere was under way by 2.5 billion years ago. The
increase to modern levels of atmospheric oxygen most likely
occurred in a series of steps over a period perhaps as long as
2 billion years.

Life on early Earth was primitive, consisting mostly of
small, single-celled organisms that floated near the surface
ofthe oceans or lived on the seafloor. Between 1 billion and
2 billion years ago, more complex life-forms such as algae
and seaweed evolved. The first animals appeared about
600 million years ago, evolving in a series of waves. In a
period starting 542 million years ago and probably lasting
less than 10 million years, eight entirely new branches ofthe
animal kingdom were established, including ancestors to

nearly all animals inhabiting the Earth today. It was during
this evolutionary explosion, sometimes called biology's Big
Bang, that animals with shells first left their shelly fossils.

Although biological evolution is often viewed as a very
slow process, it is punctuated by brief periods of rapid
change. Spectacular examples are major mass extinctions,
during which many types of animals and plants suddenly
disappeared from the geologic record. Five of these huge
turnovers are marked on the time ribbon in Figure 1.13. The
last was caused by a major meteorite impact 65 million
years ago. The meteorite, not much larger than about 10 km
in diameter, caused the extinction of half of Earth's species,
including all dinosaurs. This extreme event may have made
it possible for mammals to become the dominant species
and paved the way for humankind's emergence in the last
200,000 years.
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The causes of the other mass extinction are still being
debated. In addition to meteorite impacts, scientists have pro-
posed other types of extreme events, such as rapid climate
changes brought on by glaciations and massive eruptions of
volcanic material. The evidence is often ambiguous or-
inconsistent. For example, the largest extinction event of all
time took place about 250 million years ago, wiping out
nearly 95 percent of all species. A meteorite impact has been
proposed by some investigators, but the geologic record
shows that the ice sheets expanded at this time and seawater
chemistry changed, consistent with a major climate crisis.
At the same time, an enormous volcanic eruption covered an
area in Siberia almost half the size of the United States
with 2 or 3 million cubic kilometers of lava. This mass
extinction has been dubbed "Murder on the Orient Express,"
because there are so many suspects!

SUMMARY

What is geology? Geology is the science that deals with
Earth—its history, its composition and internal structure,
and its surface features.

How do geologists study Earth? Geologists, like other sci-
entists, use the scientific method. They share the data that
they develop and check one another's work. A hypothesis is
a tentative explanation of a body of data. A set of related
hypotheses confirmed by other data and experiments may be
elevated to a theory. A theory may be abandoned or modi-
fied when subsequent observations shows it to be false. Con-
fidence grows in those theories that withstand repeated tests
and are able to predict the results of new experiments.

What is Earth's size and shape? Earth's overall shape is a
sphere with an average radius of 6370 km that bulges
slightly at the equator and is slightly squashed at the poles,
owing to the planet's rotation. Its solid surface has topogra-
phy that deviates from this overall shape by about 10 km.
Elevations fall into two main groups: 0-1 km above sea level
for much of the land surface and 4-5 km below sea level for
much of the deep oceans.

What are Earth's major layers? Earth's interior is divided
into concentric layers of different compositions, separated
by sharp, nearly spherical boundaries. The outer layer is the
crust, which varies from about 40 km thick beneath conti-
nents to about 8 km thick beneath oceans. Below the crust is
the mantle, a thick shell of denser rock that extends to the
core-mantle boundary at a depth of 2900 km. The central
core, which is composed primarily of iron and nickel, is
divided into two layers: a liquid outer core and a solid inner
core, separated by a boundary at a depth of 5150 km.

How do we study Earth as a system of interacting com-
ponents? When we try to understand a complex system
such as Earth, we find that it is often easier to break the sys-
tem down into subsystems (geosystems) to see how they

work and interact with one another. There are three major
global geosystems: the climate system, which mainly in-
volves interactions among the atmosphere, hydrosphere, and
biosphere; the plate tectonic system, which mainly involves
interactions among Earth's solid components (lithosphere,
asthenosphere, and deep mantle); and the geodynamo sys-
tem, which mainly involves interactions within Earth's cen-
tral core. The climate system is driven by heat from the Sun,
whereas the plate tectonic and geodynamo systems are
driven by Earth's internal heat.

What are the basic elements of plate tectonics? The litho-
sphere is not a continuous shell; it is broken into about a
dozen large plates. Driven by convection in the mantle,
plates move over Earth's surface at rates of a few centi-
meters per year. Each plate acts as a rigid unit, riding on the
asthenosphere, which also is in motion. The lithosphere
begins to form from rising hot mantle material where plates
separate, cooling and becoming more rigid as it moves away
from this divergent boundary. Eventually, it sinks into the
asthenosphere, dragging material back into the mantle at
boundaries where plates converge.

What are some major events in Earth's history? Earth
formed as a planet 4.56 billion years ago. Rocks as old as
4 billion years have survived in Earth's crust. Liquid water
existed on Earth's surface by 3.8 billion years ago, and the
geodynamo was generating a magnetic field by 3.5 billion
years ago. The earliest evidence of life has been found in
rocks of this latter age. By 2.5 billion years ago, the oxygen
content of the atmosphere was rising because of oxygen pro-
duction by early plant life, and the geologic processes at
Earth's surface were very similar to those operating today in
plate tectonics. Animals appeared suddenly about 600 mil-
lion years ago, diversifying rapidly in a great evolutionary
explosion. The subsequent evolution of life was marked by
a series of mass extinctions, the last caused by a large mete-
orite impact 65 million years ago, which killed off the
dinosaurs. Our species, Homo sapiens, first appeared about
160,000 years ago.

KEY TERMS AND CONCEPTS
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EXERCISES

1. Illustrate the differences between a hypothesis, a the-
ory, and a model with some examples drawn from this
chapter.

2. Give an example of how the model of Earth's spherical
shape developed by Eratosthenes can be experimentally
tested.

3. Give two reasons why Earth's shape is not a perfect
sphere.

4, If you made a model of Earth's spherical shape that was
10 cm in radius, how high would Mount Everest rise above
sea level?

5. It is thought that a large meteorite impact 65 million
years ago caused the extinction of half of Earth's living
species, including all the dinosaurs. Does this event disprove
the principle of uniformitarianism? Explain your answer.

6. How does the chemical composition of Earth's crust dif-
fer from that of its deeper interior? From that of its core?

7. Explain how the outer core can be a liquid while the
deep mantle is a solid.

8. How do the terms weather and climate differ? Express
the relationship between climate and weather using exam-
ples from your experience.

9. Earth's mantle is solid, but it convects as part of the
plate tectonic system. Explain why these statements are
not contradictory.

Thought Questions | 17

THOUGHT QUESTIONS

1. How does science differ from religion as a way to
understand the world?

2. Imagine you are a tour guide on ajourney from Earth's
surface to its center. How would you describe the material
that your tour group encounters on the way down? Why is
the density of the material always increasing as you go
deeper?

3. How does viewing Earth as a system of interacting
components help us to understand our planet? Give an
example of an interaction between two or more geosys-
tems that could affect the geologic record.

4. In what general ways are the climate system, the plate
tectonic system, and the geodynamo system similar? In
what ways are they different?

5. Not every planet has a geodynamo. Why not? If Earth
did not have a magnetic field, what might be different
about our planet?

6. Based on the material presented in this chapter, what
can we say about how long ago the three major global
geosystems began to operate?

7. Ifno theory can be proved true, why do almost all geol-
ogists believe strongly in Darwin's theory of evolution?
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PLATE TECTONICS
The Unifying Theory

he lithosphere—Earth's strong,

\ rigid outer shell of rock—is

broken into about a dozen
The Mosaic of Plates 22 plates, which slide by, converge with,
or separate from each other as they
move over the weaker, ductile astheno-
The Grand Reconstruction 35 sphere. Plates are created where they

Mantle CERGhaEE separate and recycled where they con-

; ! verge, in a continuous process of cre-
The Engine of Plate Tectonics 37

ation and destruction. Continents, em-
The Theory of Plate Tectonics bedded in the lithosphere, drift along

and the Scientific Method 42 with the moving plates. The theory of
plate tectonics describes the move-

ment of plates and the forces acting

between them. It also explains volca-
noes; earthquakes; and the distribution of mountain chains, rock
assemblages, and structures on the seafloor—all of which result
from movements at plate boundaries. Plate tectonics provides a
conceptual framework for a large part of this book and, indeed, for
much of geology. This chapter lays out the plate tectonics the-
ory and examines how the forces that drive plate motions
arise from the mantle convection system.

THE DISCOVERY
OF PLATE TECTONICS

In the 1960s, a great revolution in thinking shook the world of
geology. For almost 200 years, geologists had developed various
theories of tectonics (from the Greek tekton, meaning "builder")—
the general term used to describe mountain building, volcanism,
and other processes that construct geologic features on Earth's sur-
face. It was not until the discovery of plate tectonics, however, that
a single theory could satisfactorily explain the whole range of geo-
logic processes. Physics had a comparable revolution at the begin-
ning of the twentieth century, when the theory of relativity unified
the physical laws that govern space, time, mass, and motion. Biol-
ogy had a comparable revolution in the middle of the twentieth
century, when the discovery of DNA allowed biologists to explain
how organisms transmit the information that controls their growth,
development, and functioning from generation to generation.

Mount Everest, Nepal, the highest mountain in the world, as viewed
from Kala Pattar. [Michael C. Klesius/National Geographic/Getty Images.]
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The basic ideas of plate tectonics were put together as a
unified theory of geology about 40 years ago. The scientific
synthesis that led to plate tectonics, however, really began
much earlier in the twentieth century, with the recognition of
evidence for continental drift.

| Continental Drift

Such changes in the superficial parts of the globe seemed to
me unlikely to happen if the earth were solid to the center. 1
therefore imagined that the internal parts might be a fluid
more dense, and of greater specific gravity than any of the
solids we are acquainted with, which therefore might swim in
or upon that fluid. Thus the surface of the earth would be a
shell, capable of being broken and disordered by the violent
movements of the fluid on which it rested.

(Benjamin Franklin, 1782, in a letter to French geologist
Abbd J. L. Giraud-Soulavie)

The concept of continental drift—large-scale movements
of continents over the globe—has been around for a long
time. In the late sixteenth century and in the seventeenth
century, European scientists noticed the jigsaw-puzzle fit of
the coasts on both sides of the Atlantic, as if the Americas,
Europe, and Africa had been part of a single continent and
had subsequently drifted apart. By the close of the nine-
teenth century, the Austrian geologist Eduard Suess had put
together some of the pieces of the puzzle. He postulated that
the present-day southern continents had once formed a sin-
gle giant continent called Gondwanaland (or Gondwana). In
1915, Alfred Wegener, a German meteorologist who was
recovering from wounds suffered in World War I, wrote a
book on the breakup and drift of continents. In it, he laid out
the remarkable similarity of rocks, geologic structures, and
fossils on opposite sides of the Atlantic (Figure 2.1). In the
years that followed, Wegener postulated a supercontinent,
which he called Pangaea (Greek for "all lands"), that broke
up into the continents as we know them today.

Although Wegener was correct in asserting that the con-
tinents had drifted apart, his hypotheses about how fast they
were moving and what forces were pushing them across
Earth's surface turned out to be wrong, which reduced his
credibility among other scientists. After about a decade of
spirited debate, physicists convinced geologists that Earth's
outer layers were too rigid for continental drift to occur, and
Wegener's ideas fell into disrepute among all except a few
geologists.

The advocates of the drift hypothesis pointed not only to
geographic matching but also to similarities in rock ages and
trends in geologic structures on opposite sides of the Atlantic
(see Figure 2.1). They also offered arguments, accepted now
as good evidence of drift, based on fossil and climate data.
Identical 300-million-year-old fossils of the reptile Meso-
saurus, for example, are found only in Africa and South
America, suggesting that the two continents were joined
at that time (Figure 2.2). The animals and plants on differ-
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Figure 2.1 The jigsaw-puzzle fit of continents bordering the
Atlantic Ocean formed the basis of Alfred Wegener's theory of
continental drift. In his book The Origin of Continents and Oceans,
Wegener cited as additional evidence the similarity of geologic
features on opposite sides of the Atlantic. The matchup of ancient
crystalline rocks is shown in adjacent regions of South America
and Africa and of North America and Europe. [Geographic fit from
data of E. C. Bullard; geological data from P M. Hurley.]

ent continents showed similarities in evolution until the pos-
tulated breakup time. After that, they followed different evo-
lutionary paths, presumably because of the isolation and
changing environments of the separating continents. In addi-
tion, rocks deposited by glaciers that existed 300 million
years ago are now distributed across South America, Africa,
India, and Australia. If the southern continents had once been
part of Gondwanaland near the South Pole, a single continen-
tal glacier could account for these glacial deposits.

| Seafloor Spreading

The geologic evidence did not convince the skeptics, who
maintained that continental drift was physically impossible.
No one had yet come up with a plausible driving force that
could have split Pangaca and moved the continents apart.
Wegener, for example, thought the continents floated like



2.2 Fossils of the reptile Mesosaurus, 300 million years
e found in South America and Africa and nowhere else in
world. If Mesosaurus could swim across the South Atlantic

,it could have crossed other oceans and should have
more widely. The observation that it did not suggests that
America and Africa must have been joined 300 million
 ago. [After A. Hallam, “Continental Drift and the Fossil Record,”
American (November |972): 57-66.]

The Discovery of Plate Tectonics | 21

boats across the solid oceanic crust, dragged along by the
tidal forces of the Sun and Moon. His hypothesis was
quickly rejected, however, because it could be shown that
tidal forces are much too weak to move continents.

The breakthrough came when scientists realized that
convection in Earth's mantle (discussed in Chapter 1) could
push and pull the continents apart, creating new oceanic
crust through the process of seafloor spreading. In 1928,
the British geologist Arthur Holmes proposed that convec-
tion currents "dragged the two halves of the original conti-
nent apart, with consequent mountain building in the front
where the currents are descending, and the ocean floor
development on the site of the gap, where the currents are
ascending." Given the physicists' arguments that Earth's
crust and mantle are rigid and immobile, Holmes conceded
that "purely speculative ideas of this kind, specially invented
to match the requirements, can have no scientific value until
they acquire support from independent evidence."

Convincing evidence emerged from extensive explo-
ration of the seafloor after World War II. The mapping of the
undersea Mid-Atlantic Ridge and the discovery of the deep,
cracklike valley, or rift, running down its center sparked
much speculation (Figure 2.3). Geologists found that almost
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Figure 2.3 The North Adantic Ocean
floor, showing the cracklike rift valley
running down the center of the Mid-
Adlantic Ridge and associated

ar T A earthquakes (black dots).
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Figure 2.4 The Pacific Ring of Fire,
showing active volcanoes (large red
circles) and earthquakes (small black
1 dots).

all earthquakes in the Atlantic Ocean occur near this rift val-

ley. Because tectonic faulting generates most earthquakes,
these results indicated that the rift was a tectonically active
feature. Other mid-ocean ridges with similar rifts and earth-
quake activity were found in the Pacific and Indian oceans.

In the early 1960s, Harry Hess of Princeton University
and Robert Dietz of the Scripps Institution of Oceanography
proposed that the crust separates along the rifts in mid-ocean
ridges and that new seafloor forms by upwelling of hot new
crust into these cracks. The new seafloor—actually the top
of newly created lithosphere—spreads laterally away from
the rift and is replaced by even newer crust in a continuing
process of plate creation.

| The Great Synthesis: 1963—1968

The seafloor spreading hypothesis put forward by Hess and

Dietz in 1962 explained how the continents could drift apart
through the creation of new lithosphere at mid-ocean rifts.
Could the seafloor and its underlying lithosphere be
destroyed by recycling back into Earth's interior? If not,
Earth's surface area would have to increase over time. For a
period in the early 1960s, some physicists and geologists
actually believed in this idea of an expanding Earth. Other
geologists recognized that the seafloor was indeed being
recycled in regions of intense volcanic and earthquake activ-
ity around the margins of the Pacific Ocean basin, known

collectively as the Ring of Fire (Figure 2.4). The details of
this process, however, remained unclear.

In 1965, the Canadian geologist J. Tuzo Wilson first
described tectonics around the globe in terms of rigid plates
moving over Earth's surface. He characterized the three
basic types of boundaries where plates move apart, come
together, or slide past each other. Soon after, other scientists
showed that almost all current tectonic deformations—the
processes by which rocks are folded, faulted, sheared, or
compressed by Earth stresses—are concentrated at these
boundaries. They measured the rates and directions of the
tectonic motions and demonstrated that these motions are
mathematically consistent with a system of rigid plates mov-
ing over the planet's spherical surface. The basic elements
of the plate tectonics theory were established by the end
of 1968. By 1970, the evidence for plate tectonics had be-
come so persuasive that almost all Earth scientists em-
braced the theory. Textbooks were revised, and specialists
began to consider the implications of the new concept for
their own fields.

THE MOSAIC OF PLATES

According to the theory of plate tectonics, the rigid litho-
sphere is not a continuous shell but is broken into a mosaic
of about a dozen large, rigid plates that move over Earth's



surface. Each plate moves as a distinct unit, riding on the
asthenosphere, which is also in motion. The largest is the
Pacific Plate, which comprises much (though not all) of
the Pacific Ocean basin. Some of the plates are named after
the continents they include, but in no case is a plate identi-
cal with a continent. The North American Plate, for instance,
extends from the Pacific coast of North America to the mid-
dle of the Atlantic Ocean, where it meets the Eurasian and
African plates. The major plates and their present-day mo-
tions are represented in Figure 2.5.

In addition to the major plates, there are a number of
smaller ones. An example is the tiny Juan de Fuca Plate, a
piece of oceanic lithosphere trapped between the giant
Pacific and North American plates just offshore of the
northwestern United States. Others are continental frag-
ments, such as the small Anatolian Plate, which includes
much of Turkey. (Not all of the smaller plates are shown in
Figure 2.5.)

To see geology in action, go to a plate boundary. De-
pending on which boundary you visit, you will find earth-
quakes; volcanoes; mountains; long, narrow rifts; folding;
and faulting. Many geologic features develop through the
interactions of plates at their boundaries. The three basic
types of plate boundaries are depicted in Figure 2.6 (pages
26-27) and discussed in the following pages.

At divergent boundaries, plates move apart and new litho-
sphere is created (plate area increases).

* At convergent boundaries, plates come together and one
is recycled back into the mantle (plate area decreases).

* At transform-fault boundaries, plates slide horizontally
past each other (plate area remains constant).

Like many models of nature, the three types of plates
shown in Figure 2.6 are idealized. Besides these basic types,
there are "oblique" boundaries that combine divergence or
convergence with some amount of transform faulting. More-
over, what actually goes on at a plate boundary depends on
the type of lithosphere involved, because continental and
oceanic lithosphere behave differently. The continental crust
is made of rocks that are both lighter and weaker than either
the oceanic crust or the mantle beneath the crust. Later chap-
ters will examine these differences in more detail, so for
now you need to keep in mind only two consequences:
(1) because it is lighter, continental crust is not as easily recy-
cled as oceanic crust, and (2) because continental crust is
weaker, plate boundaries that involve continental crust tend
to be more spread out and more complicated than oceanic
plate boundaries.

LDivergent Boundaries

Divergent boundaries within the ocean basins are narrow
rifts that approximate the idealization of plate tectonics.
Divergence within the continents is usually more compli-
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cated and distributed over a wider area. This difference is
illustrated in Figure 2.6.

Oceanic Plate Separation On the seafloor, the bound-
ary between separating plates is marked by a mid-ocean
ridge that exhibits active volcanism, earthquakes, and rift-
ing caused by tensional (stretching) forces that are pulling
the two plates apart. Figure 2.6a shows what happens in one
example, the Mid-Atlantic Ridge. Here seafloor spreading
is at work as the North American and Eurasian plates sepa-
rate and new Atlantic seafloor is created by mantle up-
welling. (A more detailed portrait of the Mid-Atlantic
Ridge is shown in Figure 2.3.) The island of Iceland ex-
poses a segment of the otherwise submerged Mid-Atlantic
Ridge, allowing geologists to view the process of plate sep-
aration and seafloor spreading directly (Figure 2.7, page
28). The Mid-Atlantic Ridge continues in the Arctic Ocean
north of Iceland and connects to a nearly globe-encircling
system of mid-ocean ridges that winds through the Indian
and Pacific oceans, ending along the western coast of North
America. These spreading centers have created the mil-
lions of square kilometers of oceanic crust that now floor
the world's oceans.

Continental Plate Separation Early stages of plate
separation, such as the Great Rift Valley of East Africa (see
Figure 2.6b), can be found on some continents. These diver-
gent boundaries are characterized by rift valleys, volcanic
activity, and earthquakes distributed over a wider zone than
is found at oceanic spreading centers. The Red Sea and
the Gulf of California are rifts that are further along in the
spreading process (Figure 2.8, page 29). In these cases,
the continents have separated enough for new seafloor to
form along the spreading axis, and the ocean has flooded
the rift valleys. Sometimes continental rifting slows or stops
before the continent splits apart and a new ocean basin
opens. The Rhine Valley along the border of Germany and
France is a weakly active continental rift that may be this
type of "failed" spreading center. Will the East African Rift
continue to open, causing the Somali Subplate to split away
from Africa completely and form a new ocean basin, as
happened between Africa and the island of Madagascar? Or
will the spreading slow and eventually stop, as appears to
be happening in western Europe? Geologists don't know
the answers.

| Convergent Boundaries

Plates cover the globe, so ifthey separate in one place, they

must converge somewhere else, to conserve Earth's sur- *
face area. (As far as we can tell, our planet is not expand-

ing!) Where plates collide, they form convergent bound-

aries. The profusion of geologic events resulting from plate

collisions makes convergent boundaries the most complex

type observed.
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Key Figure 2.5 |
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s surface is a mosaic of 13 major
1gid plates of lithosphere, as well as
a number of smaller plates. that move
slowly over the asthenosphere.
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the relative plate speeds in millimeters
per year.
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_ Interactions at plate boundaries depend on the direction of relative plate

motion and the type of crust.

DIVERGENT BOUNDARIES

Rifting and spreading along a narrow zone have created the
Mid-Atlantic Ridge, a mid-ocean mountain chain where
volcanoes and earthquakes are concentrated.

i Pl ’
(a) Oceanic Plate Separation Mid-Atlantic

In East Africa, an earlier stage of rifting and spreading
has created parallel valleys in a zone with volcanoes

.(b) Continental Plate Separation and earthquakes.

CONVERGENT BOUNDARIES

When two oceanic plates converge, they form
(c) Ocean-Ocean Convergence a deep-sea trench and a volcanic island arc.

Mariana Islands Marianas Trench

e
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(d) Ocean-Continent Convergence

When an oceanic plate meets a continental plate,
the oceanic plate subducts and a volcanic belt of
mountains is formed at the continental plate margin.

Andes Mountains

Nazca Plate
South

American
Plate

When two continental plates collide, the crust crumples and

{8} Lantinent-Continient Convergence - thickens, creating high mountains and a wide plateau,

Himalaya Tibetan

Plateau

Main
thrust
fault

~—~ Eurasian i
Plate

TRANSFORM-FAULT BOUNDARIES Spreading centers are offset by mid-ocean ridge transform faults,
(f) Mid-Ocean Ridge Transform Fault where the two oceanic plates slide horizontally past each other.

The San Andreas fault in California, where the Pacific Plate slides past the
North American Plate, is an example of a transform fault that offsets continental crust.




28 | CHAPTER 2 Plate Tectonics: The Unifying Theory

Ocean-0Ocean Convergence Ifthe two plates involved
are oceanic, one descends beneath the other in a process
known as subduction (see Figure 2.6¢c). The oceanic litho-
sphere of the subducting plate sinks into the asthenosphere
and is eventually recycled by the mantle convection system.
This sinking produces a long, narrow deep-sea trench. In the
Marianas Trench of the western Pacific, the ocean reaches
its greatest depth, about 11 km—deeper than the height of
Mount Everest. As the cold lithospheric slab descends, the
pressure increases. Water trapped in the rocks is squeezed
out and rises into the asthenosphere above the slab. This
fluid melts the mantle, producing a chain of volcanoes,
called an island arc, on the seafloor behind the trench. The
subduction of the Pacific Plate has formed the volcanically
active Aleutian Islands west of Alaska as well as the abun-
dant island arcs of the western Pacific. The cold slabs of
lithosphere descending into the mantle cause earthquakes as
deep as 690 km beneath these island arcs.

Ocean-Continent Convergence Ifone plate has a con-
tinental edge, it overrides the oceanic plate, because conti-
nental crust is lighter and much less easily subducted than
oceanic crust (see Figure 2.6d). The continental margin
crumples and is uplifted into a mountain chain roughly par-
allel to the deep-sea trench. The enormous forces of colli-
sion and subduction produce great earthquakes along the
subduction interface. Over time, materials are scraped off
the descending slab and incorporated into the adjacent
mountains, leaving geologists with a complex (and often
confusing) record of the subduction process. As in the case
of ocean-ocean convergence, the water carried down by the
subducting oceanic plate melts the mantle wedge and forms
volcanoes in the mountain belts behind the trench.

The western coast of South America, where the South
American Plate collides with the oceanic Nazca Plate, is a
subduction zone of this type. A great chain of high moun-
tains, the Andes, rises on the continental side of the collision
boundary, and a deep-sea trench lies just off the coast. The
volcanoes here are active and deadly. One of them, Nevado
del Ruiz in Colombia, killed 25,000 people when it erupted
in 1985. Some of the world's greatest earthquakes have been
recorded along this boundary. Another example occurs
where the small Juan de Fuca Plate subducts beneath the
North American Plate off the coast of western North Amer-
ica. This convergent boundary gives rise to the dangerous
volcanoes of the Cascade Range, such as Mount St. Helens,
which had a major eruption in 1980 and a minor one in
2004. As our understanding of the Cascadia subduction zone
grows, scientists are increasingly worried that a great earth-
quake could occur there and cause devastating damage
along the coasts of Oregon, Washington, and British Colum-
bia. Such an earthquake could possibly cause a large tsunami
like the disastrous one generated by the great Sumatra earth-
quake of December 26, 2004, which occurred in a subduc-
tion zone in the Indian Ocean.

Figure 2.7 The Mid-Atlantic Ridge, a divergent plate boundary,
surfaces above sea level in Iceland. The cracklike rift valley filled
with new volcanic rocks indicates that plates are being pulled
apart. [Gudmundur E. Sigvaldason, Nordic Volcanological Institute.]

Continent-Continent Convergence Where plate
convergence involves two continents (see Figure 2.6e),
oceanic-type subduction cannot occur. The geologic con-
sequences of such a collision are impressive. The collision
of the Indian and Eurasian plates, both with continents at
their leading edges, provides the best example. The Eura-
sian Plate overrides the Indian Plate, but India and Asia
remain afloat. The collision creates a double thickness of
crust forming the highest mountain range in the world,
the Himalaya, as well as the vast high plateau of Tibet.
Severe earthquakes occur in the crumpling crust of this and
other continent-continent collision zones. Geologists have
been able to show that many episodes of mountain build-
ing throughout Earth's history were caused by continent-
continent collisions. An example is the Appalachian Moun-
tains that run along the eastern coast of North America.
This chain was uplifted when North America, Eurasia, and



Figure 2.8 (a) The Red Sea (lower right) divides to form the Guilf
of Suez on the left and the Gulf of 'Aqaba on the right. The
Arabian Peninsula, on the right, splitting away from Africa on the
left, has opened these great rifts, which are now flooded by the
sea. The Nile River (far left) flows north into the Mediterranean

Africa collided to form the supercontinent of Pangaea
about 300 million years ago.

I Transform-Fault Boundaries

At boundaries where plates slide past each other, lithosphere
is neither created nor destroyed. Such boundaries are trans-
form faults: fractures along which relative displacement
occurs as horizontal slip between the adjacent blocks (see Fig-
ure 2.6f, g). Transform-fault boundaries are typically found
along mid-ocean ridges where the continuity of a divergent
boundary is broken and the boundary is offset in a steplike
pattern.

The San Andreas fault in California, where the Pacific
Plate slides by the North American Plate, is a prime example
of a transform fault on land, as shown in Figure 2.9. Because
the plates have been sliding past each other for millions of
years, rocks facing each other on the two sides of the fault are
of different types and ages. Large earthquakes, such as the one
that destroyed San Francisco in 1906, can occur on transform-
fault boundaries. There is much concern that within the next
several decades, a sudden slip could occur along the San
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Andreas fault or related faults near Los Angeles and San
Francisco, resulting in an extremely destructive earthquake.

Transform faults can connect divergent plate boundaries
with convergent boundaries and convergent boundaries with
other convergent boundaries. Can you find examples of these
types of transform-fault boundaries in Figure 2.5?

| Combinations of Plate Boundaries

Each plate is bordered by some combination of divergent,
convergent, and transform-fault boundaries. As we can see
in Figure 2.5, the Nazca Plate in the Pacific is bounded on
three sides by divergence zones, where new lithosphere is
generated along mid-ocean ridge segments offset in a step-
wise pattern by transform faults. It is bounded on one side
by the Peru-Chile subduction zone, where lithosphere is
consumed at a deep-sea trench. The North American Plate is
bounded on the east by the Mid-Atlantic Ridge, a diver-
gence zone; on the west by the San Andreas fault and other
transform-fault boundaries; and on the northwest by subduc-
tion zones and transform-fault boundaries that run from
Oregon to the Aleutians.
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1 As the Pacific Plate and North
American Plate move past each
other in opposite directions...

2 ...creek beds crossing the fault <Jg
have been offset.

Figure 2.9 The view northwest along the San Andreas fault in
the Carrizo Plain of central California. The San Andreas is a
transform fault, forming a portion of the sliding boundary

RATES AND HISTORY
OF PLATE MOTIONS

How fast do plates move? Do some plates move faster than
others, and if so, why? Is the velocity of plate movements
today the same as it was in the geologic past? Geologists
have developed ingenious methods to answer these ques-
tions and thereby gain a better understanding of plate tecton-
ics. In this section, we will examine three of these methods.

The Seafloor as a
| Magnetic Tape Recorder

In World War II, extremely sensitive instruments were
developed to detect submarines by the magnetic fields
emanating from their steel hulls. Geologists modified these
instruments slightly and towed them behind research ships
to measure the local magnetic field created by magnetized
rocks beneath the sea. Steaming back and forth across the
ocean, seagoing scientists discovered regular patterns in
the strength of the local magnetic field that completely sur-
prised them. In many areas, the magnetic field alternated
between high and low values in long, narrow parallel
bands, called magnetic anomalies, that were almost per-
fectly symmetrical with respect to the crest of the mid-
ocean ridge. An example is shown in Figure 2.10. The
detection of these patterns was one of the great discoveries
that confirmed seafloor spreading and led to the plate tec-
tonics theory. It also allowed geologists to measure plate
motions far back into geologic time. To understand these
advances, we need to look more closely at how rocks
become magnetized.

Los Angeles

between the Pacific Plate on the left and the North American
Plate on the right. Notice how movement on the fault has offset
the streams flowing across it. [John Shelton.]

The Rock Record of Magnetic Reversals on Land
Magnetic anomalies are evidence that Earth's magnetic field
does not remain constant over time. At present, the north
magnetic pole is closely aligned with the geographic north
pole (see Figure 1.12), but small changes in the geodynamo
can flip the orientation of the north and south magnetic poles
by 180°, causing a magnetic reversal.

In the early 1960s, geologists discovered that a precise
record of this peculiar behavior can be obtained from layered
flows of volcanic lava. When iron-rich lavas cool, they
become slightly magnetized in the direction of Earth's mag-
netic field. This phenomenon is called thermoremanent mag-
netization, because the rock "remembers" the magnetization
long after the magnetizing field existing at the time it formed
has changed.

In layered lava flows, each layer of rock from the top
down represents a progressively earlier period of geologic
time: layers deeper in the stack are older. The age of each
layer can then be determined by various dating methods
(described in Chapter 8). Measuring the thermoremanent
magnetization of rock samples from each layer reveals the
direction of Earth's magnetic field when that layer cooled. By
repeating these measurements at hundreds of places around
the world, geologists have worked out the detailed history of
reversals going back into geologic time. The magnetic time
scale of the past 5 million years is given in Figure 2.10.

About half of all rocks studied are found to be magnet-
ized in a direction opposite that of Earth's present magnetic
field. Apparently, the field has flipped frequently over geo-
logic time, and normal fields (same as now) and reversed
fields (opposite to now) are equally likely. Major periods
when the field is normal or reversed are called magnetic
citrons; they seem to last about half a million years,



although the pattern of reversals becomes highly irregular as
we move back in geologic time. Within the major chrons are
short-lived reversals of the field, known as magnetic sub-
chrons, which may last anywhere from several thousand to
200,000 years.

Magnetic Anomaly Patterns on the Seafloor The pe-
culiar banded magnetic patterns found on the seafloor (see
Figure 2.10) puzzled scientists until 1963, when two English-
men, F. J. Vine and D. H. Mathews—and, independently, two
Canadians, L. Morley and A. Larochelle—made a startling
proposal. Based on the new evidence for magnetic reversals
that land geologists had collected from lava flows, they rea-
soned that the high and low magnetic bands on the seafloor
corresponded to bands of rock that were magnetized during
ancient episodes of normal and reversed magnetism. That is,
when a research ship was above rocks magnetized in the nor-
mal direction, it would record a locally stronger field, or a
positive magnetic anomaly. When it was above rocks mag-
netized in the reversed direction, it would record a locally
weaker field, or a negative magnetic anomaly.

This idea provided a powerful test of the seafloor
spreading hypothesis, which states that new seafloor is
created along the rift at the crest of a mid-ocean ridge as
the plates move apart (see Figure 2.10). Magma flowing
up from the interior solidifies in the crack and becomes
magnetized in the direction of Earth's field at the time. As
the seafloor splits and moves away from the ridge, approx-
imately half of the newly magnetized material moves to
one side and half to the other, forming two symmetrical
magnetized bands. Newer material fills the crack, con-
tinuing the process. In this way, the seafloor acts like a
tape recorder that encodes the history of the opening of
the oceans by imprinting the reversals of Earth's mag-
netic field.

Within a few years, marine scientists were able to show
that this model provides a consistent explanation for the
symmetrical patterns of seafloor magnetic anomalies found
on mid-ocean ridges around the world. Moreover, it gave
them a precise tool for measuring the rates of seafloor
spreading now and in the geologic past. This evidence con-
tributed substantially to the discovery and confirmation of
plate tectonics.

Inferring Seafloor Ages and Relative Plate Velocity
By using the ages of reversals that had been worked out from
magnetized lavas on land, geologists could assign ages to the
bands of magnetized rocks on the seafloor. They could then
calculate how fast the seafloor opened by using the formula
speed = distance/time, where distance is measured from
the ridge axis and time equals seafloor age. For instance, the
magnetic anomaly pattern in Figure 2.10 shows that the
boundary between the Gauss normal polarity chron and
the Gilbert reverse polarity chron, which was dated from lava
flows at 3.3 million years, is located about 30 km away from
the Reykjanes Ridge crest. Here, seafloor spreading moved
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the North American and Eurasian plates apart by about
60 km in 3.3 million years, giving a spreading rate of 18 km
per million years or, equivalently, 18 mm/year.

On a divergent plate boundary, the combination of the
spreading rate and the spreading direction gives the relative
plate velocity: the velocity at which one plate moves rela-
tive to the other.

If you look at Figure 2.5, you will see that the spreading
rate at the Mid-Atlantic Ridge south of Iceland is fairly low
compared to the rate at many other places on the mid-ocean
ridges. The speed record for spreading can be found on the
East Pacific Rise just south of the equator, where the Pacific
and Nazca plates are separating at a rate of about 150 mm/
year—an order of magnitude faster than the rate in the North
Atlantic. A rough average for mid-ocean ridges around the
world is 50 mm/year. This is approximately the rate at which
your fingernails grow—so, geologically speaking, the plates
move very fast indeed. These spreading rates provide impor-
tant data for the study of the mantle convection system, a
topic we will return to later in this chapter.

We can follow the magnetic time scale through many
reversals of Earth's magnetic field. The corresponding mag-
netic bands on the seafloor, which can be thought of as age
bands, have been mapped in detail from the ridge crests
across the ocean basins over a time span of almost 200 mil-
lion years.

The power and convenience of using seafloor magneti-
zation to work out the history of ocean basins cannot be
overemphasized. Simply by steaming back and forth over
the ocean, measuring the magnetic fields of the seafloor
rocks and correlating the pattern of reversals with the time
sequence worked out by the methods just described, geolo-
gists determined the ages of various regions of the seafloor
without even examining rock samples. In effect, they
learned how to "replay the tape."

Although seafloor magnetization is a very effective tool,
it is an indirect, or remote, sensing method in that rocks are
not recovered from the seafloor and their ages are not directly
determined in the laboratory. Direct evidence of seafloor
spreading and plate movement was still needed to convince
the few remaining skeptics. Deep-sea drilling supplied it.

| Deep-Sea Drilling

In 1968, a program of drilling into the seafloor was launched
as ajoint project of major oceanographic institutions and the
National Science Foundation. Later, many nations joined the
effort. This global experiment aimed to drill through, re-
trieve, and study seafloor rocks from many places in the
world's oceans. Using hollow drills, scientists brought up
cores containing sections of seafloor rocks. In some cases,
the drilling penetrated thousands of meters below the sea-
floor surface. Geologists now had an opportunity to work out
the history of the ocean basins from direct evidence.

One of the most important facts geologists sought was
the age of each sample. Small particles falling through the
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Key Figure 2.10

An oceanographic survey over the Reykjanes Ridge, part of the Mid-Atlantic
Ridge southwest of Iceland, showed an oscillating pattern of magnetic field strength.
This figure illustrates how scientists worked out the explanation of this pattern.

1 A ship towing a sensitive magnetometer 2 ...alternating bands of high
recorded magnetic anomalies.... and low magnetism.
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3 The bands proved to be roughly symmetrical on both
sides of the Mid-Atlantic Ridge. But what was the meaning of
these anomalies? Volcanoes would provide a clue.

4 Scientists studying volcanic lavas also observed magnetic
anomalies. When iron-rich lava cools, it becomes magnetized
in the direction of Earth’s magnetic field.

5 Earth’s magnetic field reverses
direction at intervals of hundreds of
thousands of years.

Normal

6 Layers “remember” the magnetic
field (thermoremanent
magnetization).

Reversed

7 Older, deeper layers preserve the
direction of the magnetic field at
earlier times.

8 By determining the ages of magnetic
reversals at many volcanoes,
scientists constructed a magnetic
time scale.
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Scientists concluded that the bands of anomalies on the seafloor were a recording
of seafloor spreading. Seafloor spreading acts like a tape recorder. The speed of seafloor
spreading can be calculated from speed = distance/time.




34 | CHAPTER 2 Plate Tectonics: The Unifying Theory

ocean water—dust from the atmosphere, organic material
from marine plants and animals—begin to accumulate as
seafloor sediments as soon as new oceanic crust forms.
Therefore, the age of the oldest sediments in the core, those
immediately on top of the crust, tells the geologist how old
the ocean floor is at that spot. The age of sediments is
obtained primarily from the fossil skeletons of tiny, single-
celled animals that live in the ocean and sink to the bottom
when they die (see Chapter 8). Geologists found that the
sediments in the cores become older with increasing dis-
tance from mid-ocean ridges and that the age of the seafloor
at any one place agrees almost perfectly with the age deter-
mined from magnetic reversal data. This agreement vali-
dated magnetic dating of the seafloor and clinched the con-
cept of seafloor spreading.

Measurements of Plate
| Motions by Geodesy

In his publications advocating continental drift, Alfred
Wegener made a big mistake: he proposed that North
America and Europe were drifting apart at a rate of nearly
30 meters per year—a thousand times faster than the
Atlantic seafloor is actually spreading! This unbelievably
high speed was one of the reasons that many scientists
roundly rejected his notions of continental drift. Wegener
made his estimate by incorrectly assuming that the conti-
nents were joined together as Pangaea as recently as the last
ice age (which occurred only about 20,000 years ago). His
belief in a rapid rate also involved some wishful thinking: he
hoped that the drift hypothesis could be confirmed by
repeated accurate measurements of the distance across the
Atlantic Ocean using astronomical positioning.

Astronomical Positioning Astronomical positioning—
measuring the positions of points on Earth's surface in rela-
tion to the fixed stars in the night sky—is a technique of
geodesy, the ancient science of measuring the shape of the
Earth and locating points on its surface. Surveyors have
used astronomical positioning for centuries to determine
geographic boundaries on land, and sailors have used it to
locate their ships at sea. Four thousand years ago, Egyptian
builders used astronomical positioning to aim the Great
Pyramid due north.

Wegener imagined that geodesy could be used to meas-
ure continental drift in the following way. Two observers, one
in Europe and the other in North America, would simultane-
ously determine their positions relative to the fixed stars.
From these positions, they would calculate the distance be-
tween their two observing posts at that instant. They would
then repeat this distance measurement from the same observ-
ing posts sometime later—say, after 1 year. If the continents
are drifting apart, then the distance should have increased,
and the value of the increase would determine the speed of
the drift.

For this technique to work, however, one must deter-
mine the relative positions of the observing posts accurately

enough to measure the motion. In Wegener's day, the accu-
racy of astronomical positioning was poor; uncertainties in
fixing intercontinental distances exceeded 100 m. Therefore,
even at the high rates of motion he was proposing, it would
take a number of years to observe drift. He claimed that two
astronomical surveys of the distance between Europe and
Greenland (where he worked as a meteorologist), taken
6 years apart, supported his high rate, but he was wrong
again. We now know that the spreading of the Mid-Atlantic
Ridge from one survey to the next was only about a tenth of
a meter—a thousand times too small to be observed by the
techniques that were then available.

Owing to the high accuracy required to observe plate
motions directly, geodetic techniques did not play a signifi-
cant role in the discovery of plate tectonics. Geologists had
to rely on the evidence for seafloor spreading from the geo-
logic record—the magnetic stripes and ages from fossils
described earlier. Beginning in the late 1970s, however, an
astronomical positioning method was developed that used
signals from distant "quasi-stellar radio sources" (quasars)
recorded by huge dish antennas. This method can measure
intercontinental distances to an amazing accuracy of 1 mm.
In 1986, a team of scientists using this method showed that
the distance between antennas in Europe (Sweden) and
North America (Massachusetts) had increased 19 mm/year
over a period of 5 years, very close to the rate predicted by
geologic models of plate tectonics. Wegener's dream of
directly measuring continental drift by astronomical posi-
tioning was realized at last.

Postscript:  Today, the Great Pyramid of Egypt is not
aimed directly north, as stated previously, but slightly east
of north. Did the ancient Egyptian astronomers make a
mistake in orienting the pyramid 40 centuries ago? Archae-
ologists think probably not. Over this period, Africa drifted
enough to rotate the pyramid out of alignment with true
north.

Global Positioning System Doing geodesy with big radio
telescopes is expensive and is not a practical tool for investi-
gating plate tectonic motions in remote areas of the world.
Since the mid-1980s, geologists have used a constellation of
24 Earth-orbiting satellites, called the Global Positioning Sys-
tem (GPS), to make the same types of measurements with the
same astounding accuracy using inexpensive, portable radio
receivers not much bigger than this book (Figure 2.11). GPS
receivers record high-frequency radio waves keyed to precise
atomic clocks aboard the satellites. The satellite constellation
serves as an outside frame of reference, just as the fixed stars
and quasars do in astronomical positioning.

The changes in distance between land-based GPS re-
ceivers placed on different plates, recorded over several
years, agree in both magnitude and direction with those
found from magnetic anomalies on the seafloor. These ex-
periments indicate that plate motions are remarkably steady
over periods of time ranging from a few years to millions of
years. Geologists are now using GPS to measure plate
motions on a yearly bpsis at many locations around the globe.
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Figure 2.11 Signals from GPS satellites can be used to monitor
plate motions. [Photo courtesy Southern California Earthquake Center.]

Postscript: GPS receivers are now used in automobiles,
as part of a navigating system that will lead the driver to a
specific street address. It is interesting that the scientists
who developed the atomic clocks used in GPS did so for
research infundamental physics and had no idea they would
be creating a multibillion-dollar industry. Along with the
transistor, laser, and many other technologies, GPS demon-
strates the serendipitous manner in which basic research
repays the society that supports it.

THE GRAND RECONSTRUCTION

The supercontinent of Pangaea was the only major land-
mass that existed 250 million years ago. One of the great
triumphs of modern geology is the reconstruction of events
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that led to the assembly of Pangaea and to its later fragmen-
tation into the continents we know today. Let's use what we
have learned about plate tectonics to see how this feat was
accomplished.

| Seafloor Isochrons

The color map in Figure 2.12 shows the ages of the world's
ocean floors as determined by magnetic reversal data and
fossils from deep-sea drilling. Each colored band represents
a span of time corresponding to the age of the crust within
that band. The boundaries between bands, called isochrons,
are contours that connect rocks of equal age. Isochrons tell us
the time that has elapsed since the crustal rocks were injected
as magma into a mid-ocean rift and, therefore, the amount of
spreading that has occurred since they formed. Notice how
the seafloor becomes progressively older on both sides of the
mid-ocean rifts. For example, the distance from a ridge axis
to a 140-million-year isochron (boundary between green and
blue bands) indicates the extent of new ocean floor created
over that time span. The more widely spaced isochrons (the
wider colored bands) of the eastern Pacific signify faster
spreading rates than those in the Atlantic.

In 1990, after a 20-year search, geologists found the old-
est oceanic rocks by drilling into the seafloor of the western
Pacific. These rocks turned out to be about 200 million years
old, only about 4 percent of Earth's age. This date indicates
how geologically young the seafloor is compared with the
continents. Over a period of 100 million to 200 million years
in some places and only tens of millions of years in others,
the ocean lithosphere forms, spreads, cools, and subducts
back into the underlying mantle. In contrast, the oldest con-
tinental rocks are about 4 billion years old.

Reconstructing the
| History of Plate Motions

Earth's plates behave as rigid bodies. That is, the distances
between three points on the same rigid plate—say, New
York, Miami, and Bermuda on the North American Plate—
do not change very much, no matter how far the plate
moves. But the distance between, say, New York and Lisbon
increases because the two cities are on different plates that
are separating along a narrow zone of spreading on the Mid-
Atlantic Ridge. The direction of the movement of one plate
in relation to another depends on geometric principles that
govern the behavior of rigid plates on a sphere. Two primary
principles are

1.  Transform-fault boundaries indicate the directions of
relative plate movement. With few exceptions, no overlap,
buckling, or separation occurs along typical transform-
fault boundaries in the oceans. The two plates merely slide
past each other without creating or destroying plate mate-
rial. Look for a transform-fault boundary if you want to
deduce the direction of relative plate motion, because the
orientation of the fault is the direction in which one plate
slides with respect to the other, as Figure 2.6 shows.
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Figure 2.12 Age of seafloor crust. Each colored band represents
a span of time covering the age of the crust within the band. The
boundaries between bands are contours of equal age called
isochrons. Isochrons give the age of the seafloor in millions of
vears since irs creation at mid-ocean ridses. Lisht erav indicates

2. Seafloor isochrons reveal the positions of divergent
boundaries in earlier times. Isochrons on the seafloor are
roughly parallel and symmetrical with the ridge axis along
which they were created (see Figure 2.12). Because each
isochron was at the boundary of plate separation at an earlier
time, isochrons that are of the same age but on opposite sides
of an ocean ridge can be brought together to show the posi-
tions of the plates and the configuration of the continents
embedded in them as they were in that earlier time.

| The Breakup of Pangaea

Using these principles, geologists have reconstructed the
opening of the Atlantic Ocean and the breakup of Pangaea.
Figure 2.13a shows the supercontinent of Pangaea as it
existed 240 million years ago. It began to break apart when
North America rifted away from Europe about 200 million
years ago (Figure 2.13b). The opening of the North Atlantic
was accompanied by the separation of the northern conti-
nents (Laurasia) from the southern continents (Gondwana)
and the rifting of Gondwana along what is now the eastern
coast of Africa (Figure 2.13c). The breakup of Gondwana
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land. Dark gray indicates shallow water over continental shelves.
Mid-ocean ridges, along which new seafloor is extruded, coincide
with the youngest seafloor (red). [Journal of Geophysical Research 102
(1997): 321 1-3214. Courtesy of R. Dietmar Miiller.]

separated South America, Africa, India, and Antarctica, cre-
ating the South Atlantic and Southern oceans and narrowing
the Tethys Ocean (Figure 2.13d). The separation of Australia
from Antarctica and the ramming of India into Eurasia
closed the Tethys Ocean, giving us the world we see today
(Figure 2.13e).

The plate motions have not ceased, of course, so the
configuration of the continents will continue to evolve. A
plausible scenario for the distribution of continents and plate
boundaries 50 million years in the future is displayed in Fig-
ure 2.13f.

The Assembly of Pangaea
| by Continental Drift

The isochron map in Figure 2.12 tells us that all of the
seafloor on Earth's surface today has been created since the
breakup of Pangaea. We know from the geologic record in
older continental mountain belts, however, that plate tecton-
ics was operating for billions of years before this breakup.
Evidently, seafloor spreading took place as it does today, and
there were previous episodes of continental drift and colli-



sion. Subduction back into the mantle has destroyed the sea-
floor created in these earlier times, so we must rely on the
older evidence preserved on continents to identify and chart
the movements of ancient continents (paleocontinents).

Old mountain belts such as the Appalachians of North
America and the Urals, which separate Europe from Asia,
help us locate ancient collisions of the paleocontinents. In
many places, the rocks reveal ancient episodes of rifting and
subduction. Rock types and fossils also indicate the distribu-
tion of ancient seas, glaciers, lowlands, mountains, and cli-
mates. Knowledge of ancient climates enables geologists to
locate the latitudes at which the continental rocks formed,
which in turn helps them to assemble the jigsaw puzzle of
paleocontinents. When volcanism or mountain building pro-
duces new continental rocks, these rocks also record the
direction of Earth's magnetic field, just as oceanic rocks do
when they are created by seafloor spreading. Like a compass
frozen in time, the fossil magnetism of a continental frag-
ment records its ancient orientation and position.

The left side of Figure 2.13 shows one of the latest
efforts to depict the pre-Pangaean configuration of conti-
nents. It is truly impressive that modern science can recover
the geography of this strange world of hundreds of millions
of'years ago. The evidence from rock types, fossils, climate,
and paleomagnetism has allowed scientists to reconstruct
an earlier supercontinent, called Rodinia, that formed about
1.1 billion years ago and began to break up about 750 mil-
lion years ago. They have been able to chart its fragments
over the subsequent 500 million years as these fragments
drifted and reassembled into the supercontinent of Pangaea.
Geologists continue to sort out more details of this complex
jigsaw puzzle, whose individual pieces change shape over
geologic time.

Implications of the
| Grand Reconstruction

Hardly any branch of geology remains untouched by this
grand reconstruction of the continents. Economic geologists
have used the fit of the continents to find mineral and oil
deposits by correlating the rock formations in which they
exist on one continent with their predrift continuations on
another continent. Paleontologists have rethought some as-
pects of evolution in light of continental drift. Geologists
have broadened their focus from the geology of a particular
region to a world-encompassing picture. The concept of
plate tectonics provides a way to interpret, in global terms,
such geologic processes as rock formation, mountain build-
ing, and climate change.

Oceanographers are reconstructing currents as they
might have existed in the ancestral oceans to understand the
modern circulation better and to account for the variations in
deep-sea sediments that are affected by such currents. Sci-
entists are "forecasting" backward in time to describe tem-
peratures, winds, the extent of continental glaciers, and the
level of the sea as they were in ancient times. They hope to
learn from the past so that they can predict the future of the
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climate system better—a matter of great urgency because of
the possibility of greenhouse warming triggered by human
activity. What better testimony to the triumph of this once
outrageous hypothesis than its ability to revitalize and shed
light on so many diverse topics?

MANTLE CONVECTION:
The Engine of Plate Tectonics

Everything discussed so far might be called descriptive plate
tectonics. But a description is hardly an explanation. We
need a more comprehensive theory that explains why plates
move. Finding such a theory remains one of the major chal-
lenges confronting scientists who study the Earth system. In
this section, we will discuss several aspects of the problem
that have been central to recent research by these scientists.

As Arthur Holmes and other early advocates of continen-
tal drift realized, mantle convection is the "engine" that
drives the large-scale tectonic processes operating on Earth's
surface. In Chapter 1, we described the mantle as a hot solid
capable of flowing like a sticky fluid (warm wax or cold
syrup, for example). Heat escaping from Earth's deep interior
causes this material to convect (circulate upward and down-
ward) at speeds of a few tens of millimeters per year.

Almost all scientists now accept that the lithospheric
plates somehow participate in the flow of this mantle con-
vection system. As is often the case, however, "the devil is
in the details." Many different hypotheses have been
advanced on the basis of one piece of evidence or another,
but no one has yet come up with a satisfactory, comprehen-
sive theory that ties everything together. In what follows, we
will pose three questions that get at the heart of the matter
and give you our opinions about their answers. But you
should be careful not to accept these tentative answers as
facts. Our understanding of the mantle convection system
remains a work in progress, which we may have to alter as
new evidence becomes available. Future editions of this
book may contain different answers!

Where Do the Plate-
| Driving Forces Originate?

Here's an experiment you can do in your kitchen: heat a pan
of water until it is about to boil, then sprinkle some dry tea
leaves in the center of the pan. You will notice that the leaves
move across the surface of the water, dragged along by the
convection currents in the hot water. Is this the way plates
move about, passively dragged to and fro on the backs of
convection currents rising up from the mantle?

The answer appears to be no. The main evidence comes
from the rates of plate motion we discussed earlier in this
chapter. From Figure 2.5, we see that the faster-moving
plates (the Pacific, Nazca, Cocos, and Indian plates) are
being subducted along a large fraction of their boundaries. In
contrast, the slower-moving plates (the North American,
South American, African, Eurasian, and Antarctic plates) do
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ago and began to break up about 750 million years ago.
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not have significant attachments of downgoing slabs. These
observations suggest that the gravitational pull exerted by the
cold (and thus heavy) slabs of old lithosphere cause rapid
plate motions. In other words, the plates are not dragged
along by convection currents from the deep mantle but rather
"fall back" into the mantle under their own weight. Accord-
ing to this hypothesis, seafloor spreading is the passive up-
welling of mantle material where the plates have been pulled
apart by subduction forces.

But if the only important force in plate tectonics is the
gravitational pull of subducting slabs, why did Pangaea break
apart and the Atlantic Ocean open up? The only subducting
slabs of lithosphere currently attached to the North and South
American plates are found in the small island arcs that bound
the Caribbean and Scotia seas, which are thought to be too
small to drag the Atlantic apart. One possibility is that the
overriding plates, as well as the subducting plates, are pulled
toward their convergent boundaries. For example, as the
Nazca Plate subducts beneath South America, it may cause
the plate boundary at the Peru-Chile Trench to retreat toward
the Pacific, "sucking" the South American Plate to the west.

Another possibility is that Pangaea acted as an insulat-
ing blanket, preventing heat from getting out of Earth's man-
tle (as it otherwise would through the process of seafloor
spreading). The heat presumably built up over time, forming
hot bulges in the mantle beneath the supercontinent. These
bulges raised Pangaea slightly and caused it to rift apart in a
kind of "landslide" off the top of the bulges. Gravitational
forces continued to drive subsequent seafloor spreading as
the plates "slid downhill" off the crest of the Mid-Atlantic
Ridge. Earthquakes that sometimes occur in plate interiors
show direct evidence of the compression of plates by these
"ridge push" forces.

(a) Whole-mantle convection

Mantle

Quter core

Inner core

Mantle convection circulates as deep /' 2900 km

as the core-mantle boundary.

Oceanic lithosphere

Outer core

The driving forces of plate tectonics are manifestations
of convection in the mantle, in the sense that they involve
hot matter rising in one place and cold matter sinking in
another. Although many questions remain, we can be rea-
sonably sure that (1) the plates themselves play an active
role in this system, and (2) the forces associated with the
sinking slabs and elevated ridges are probably the most
important in governing the rates of plate motion. Scientists
are attempting to resolve other issues raised in this discus-
sion by comparing observations with detailed computer
models of the mantle convection system. Some results will
be discussed in Chapter 14.

How Deep Does
| Plate Recycling Occur?

For plate tectonics to work, the lithospheric material that
goes down in subduction zones must be recycled through
the mantle and eventually come back up as new lithosphere
created along the spreading centers of the mid-ocean ridges.
How deep into the mantle does this recycling process ex-
tend? That is, where is the lower boundary of the mantle
convection system?

The deepest the boundary can be is about 2900 km
below Earth's outer surface, where a sharp boundary sepa-
rates the mantle from the core. As we saw in Chapter 1, the
iron-rich liquid below this core-mantle boundary is much
denser than the solid rocks of the mantle, preventing any sig-
nificant exchange of material between the two layers. We
can thus imagine a system of whole-mantle convection in
which the material from the plates circulates all the way
through the mantle, down as far as the core-mantle bound-
ary (Figure 2.14a).

(b) Stratifed convection

Plate convection is confined
to the upper mantle.

Lower mantle convects more
sluggishly than upper mantle.

- - -

Figure 2.14 Two competing hypotheses for the mantle convection system.



In the early days of plate tectonics theory, however,
many scientists were convinced that plate recycling takes
place at much shallower depths in the mantle. The evidence
came from deep earthquakes that mark the descent of litho-
spheric slabs in subduction zones. The greatest depth ofthese
earthquakes varies among subduction zones, depending on
how cold the descending slabs are, but geologists found that
no earthquakes were occurring below about 700 km. More-
over, the properties of earthquakes at these great depths indi-
cated that the slabs were encountering more rigid material
that slowed and perhaps blocked their downward progress.

Based on this and other evidence, scientists hypothe-
sized that the mantle might be divided into two layers: an
upper mantle system in the outer 700 km, where the recy-
cling of lithosphere takes place, and a lower mantle system,
from 700 km deep to the core-mantle boundary, where con-
vection is much more sluggish. According to this hypothe-
sis, called stratified convection, the separation of the two
systems is maintained because the upper system consists of
lighter rocks than the lower system and thus floats on top, in
the same way the mantle floats on the core (Figure 2.14b).

The way to test these two competing hypotheses is to
look for "lithospheric graveyards" below the convergent
zones where old plates have been subducted. Old subducted
lithosphere is colder than the surrounding mantle and can
therefore be "seen" using earthquake waves (much as doc-
tors use ultrasound waves to look into your body). More-
over, there should be lots of it down there. From our knowl-
edge of past plate motions, we can estimate that, just since
the breakup of Pangaea, lithosphere equivalent to the surface
area of Earth has been recycled back into the mantle. Sure
enough, scientists have found regions of colder material in
the deep mantle under North and South America, eastern

Active volcano

Spreading center

Slender plumes of fast-rising
material come from the deep mantle.
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Asia, and other sites adjacent to plate collision boundaries.
These zones occur as extensions of descending lithospheric
slabs, and some appear to go down as far as the core-
mantle boundary. From this evidence, most scientists have
concluded that plate recycling takes place through whole-
mantle convection rather than stratified convection.

What Is the Nature of Rising
| Convection Currents?

Mantle convection implies that what goes down must come
up. Scientists have learned a lot about downgoing convec-
tion currents because they are marked by narrow zones of
cold subducted lithosphere that can be detected by earth-
quake waves. What about the rising currents of mantle mate-
rial needed to balance subduction? Are there concentrated,
sheetlike upwellings directly beneath the mid-ocean ridges?
Most scientists who study the problem think not. Instead,
they believe that the rising currents are slower and spread
out over broader regions. This view is consistent with the
idea, discussed above, that seafloor spreading is a rather pas-
sive process: pull the plates apart almost anywhere, and you
will generate a spreading center.

There is one big exception, however: a type of narrow,
jetlike upwelling called a mantle plume (Figure 2.15). The
best evidence for mantle plumes comes from regions of in-
tense, localized volcanism (called kot spots), such as Hawaii,
where huge volcanoes are forming in the middle of plates, far
away from any spreading center. The plumes are thought to
be slender cylinders of fast-rising material, less than 100 km
across, that come from the deep mantle, perhaps forming in
very hot regions near the core-mantle boundary. Mantle
plumes are so intense that they can literally burn holes in the

Chain of
extinct volcanoes

Figure 2.15 An illustration of the
mantle plume hypothesis.
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plates and erupt tremendous volumes of lava. Plumes may
be responsible for the massive outpourings of lava—mil-
lions of cubic kilometers—found in such places as Siberia
and the Columbia Plateau of eastern Washington and Ore-
gon. Some of these lava floods were so large and occurred
so quickly that they may have changed Earth's climate and
killed off many life-forms in mass extinction events (see
Chapter 1). We will describe plume volcanism in more detail
in Chapter 12.

The plume hypothesis was first put forward in 1970,
soon after the plate theory had been established, by*one of
the founders of plate tectonics, W. Jason Morgan of Prince-
ton University. Like other aspects of the mantle convection
system, however, the observations that bear on rising con-
vection currents are indirect, and the plume hypothesis re-
mains very controversial.

THE THEORY OF PLATE
TECTONICS AND THE
SCIENTIFIC METHOD

Earlier, we considered the scientific method and how it
guides the-work of geologists. In the context of the scientific
method, plate tectonics is not a dogma but a confirmed the-
ory whose strength lies in its simplicity, its generality, and its
consistency with many types of observations. Theories can
always be overturned or modified. As we have seen, compet-
ing hypotheses have been advanced about how convection
generates plate tectonics. But the theory of plate tectonics—
like the theories of Earth's age, the evolution of life, and
genetics—explains so much so well and has survived so
many efforts to prove it false that geologists treat it as fact.

The question remains, why wasn't plate tectonics dis-
covered earlier? Why did it take the scientific establishment
so long to move from skepticism about continental drift to
acceptance of plate tectonics? Scientists approach their sub-
jects differently. Scientists with particularly inquiring, unin-
hibited, and synthesizing minds are often the first to per-
ceive great truths. Although their perceptions frequently turn
out to be false (think of the mistakes Wegener made in pro-
posing continental drift), these visionary people are often
the first to see the great generalizations of science. De-
servedly, they are the ones history remembers.

Most scientists, however, proceed more cautiously and
wait out the slow process of gathering supporting evidence.
Continental drift and seafloor spreading were slow to be
accepted largely because the audacious ideas came far ahead
of the firm evidence. Scientists had to explore the oceans,
develop new instruments, and drill the seafloor before the
majority could be convinced. Today, many scientists are still
waiting to be convinced of ideas about how the mantle con-
vection system really works.

SUMMARY

What is the theory of plate tectonics? According to the the-
ory of plate tectonics, the lithosphere is broken into about a
dozen rigid, moving plates. Three types of plate boundaries
are defined by the relative motion between plates: divergent,
convergent, and transform fault. The area of Earth's surface
does not change through geologic time; therefore, the area of
new plate created at divergent boundaries—the spreading
centers of mid-ocean ridges—equals the plate area consumed
at convergent boundaries by the process of subduction.

What are some of the geologic characteristics of plate
boundaries? In addition to earthquake belts, many large-
scale geologic features, such as narrow mountain belts and
chains of volcanoes, are associated with plate boundaries.
Convergent boundaries are marked by deep-sea trenches,
earthquake belts, mountains, and volcanoes. The Andes and
the trenches of the western coast of South America are mod-
ern examples. Old mountain belts, such as the Appalachians
and the Urals, are the remnants of ancient continental colli-
sions. Divergent boundaries are typically marked by volcanic
activity and earthquakes at the crest of a mid-ocean ridge,
such as the Mid-Atlantic Ridge. Transform-fault boundaries,
along which plates slide past each other, can be recognized
by their linear topography, earthquake activity, and, in the
oceans, offsets in magnetic anomaly bands.

How can the age of the seafloor be determined? We can
measure the age of the ocean's floor by comparing magnetic
anomaly bands mapped on the seafloor with the sequence of
magnetic reversals worked out on land. The procedure has
been verified and extended by deep-sea drilling. Geologists
can now draw isochrons for most of the world's oceans,
enabling them to reconstruct the history of seafloor spread-
ing over the past 200 million years. Using this method and
other geologic data, geologists have developed a detailed
model of how Pangaea broke apart and the continents drifted
into their present configuration.

What is the engine that drives plate tectonics? The plate
tectonic system is driven by mantle convection, and the
energy comes from Earth's internal heat. The plates them-
selves play an active role in this system. For example, the
most important forces in plate tectonics come from the cool-
ing lithosphere as it slides away from spreading centers and
sinks back into the mantle in subduction zones. Lithospheric
slabs extend as deep as the core-mantle boundary, indicating
that the whole mantle is involved in the convection system
that recycles the plates. Rising convection currents may
include mantle plumes, intense upwellings from the deep
mantle that cause localized volcanism at hot spots such as
Hawaii.
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ERCISES

1. From Figure 2.5, trace the boundaries of the South Amer-
ican Plate on a sheet of paper and identify segments that are
divergent, convergent, and transform-fault boundaries. Ap-
proximately what fraction of the plate area is occupied by
the South American continent? Is the fraction of the South
American Plate occupied by oceanic crust increasing or
decreasing over time? Explain your answer using the princi-
ples of plate tectonics.

2. In Figure 2.5, identify an example of a transform-fault
boundary that (a) connects a divergent plate boundary with
a convergent plate boundary and (b) connects a convergent
plate boundary with another convergent plate boundary.

3. From the isochron map in Figure 2.12, estimate how long
ago the continents of Australia and Antarctica were sepa-
rated by seafloor spreading. Did this happen before or after
South America separated from Africa?
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4. Name three mountain belts that formed by continental col-
lisions that are occurring now or have occurred in the past.

5. Most active volcanoes are located on or near plate
boundaries. Give an example of a volcano that is not on a
plate boundary and describe a hypothesis consistent with
plate tectonics that can explain it.

!7 1

I THOUCHT QUESTIONS

1. Why are there active volcanoes along the Pacific coast
in Washington and Oregon but not along the eastern coast
of the United States?

2. What mistakes did Wegener make in formulating his
theory of continental drift? Do you think the geologists of
his era were justified in rejecting his theory?

3. Would you characterize plate tectonics as a hypothesis,
a theory, or a fact? Why?

4. In Figure 2.12, the isochrons are symmetrically distrib-
uted in the Atlantic Ocean but not in the Pacific. For exam-
ple, the oldest seafloor (in darkest blue) is found in the
western Pacific Ocean but not in the eastern Pacific. Why?

5. The theory of plate tectonics was not widely accepted
until the magnetic striping of the ocean floor was discovered.
In light of earlier observations—the jigsaw-puzzle fit of the
continents, the occurrence of fossils of the same life-forms
on both sides of the Atlantic, and paleoclimatic conditions—
why is the magnetic striping such a key piece of evidence?

6. How do the differences between continental and
oceanic crust affect the way plates interact?
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EARTH
MATERIALS
Minerals and Rocks

n Chapter 2, we saw how plate tecton-

ics describes Earth's large-scale struc-

ture and dynamics, but we touched
only briefly on the wide variety of materials
that appear in plate tectonic settings. In
this chapter, we focus on rocks, the re-
cords of geologic processes, and miner-
als, the building blocks of rocks.

Rocks and minerals help determine the
structure of the Earth system, much as
concrete, steel, and plastic determine the
structure, design, and architecture of large
buildings. To tell Earth's story, geologists
often adopt a "Sherlock Holmes" approach:
they use current evidence to deduce the
processes and events that occurred in the
past at some particular place. The kinds of
minerals found in volcanic rocks, for exam-
ple, give evidence of eruptions that brought
molten rock to Earth's surface. The miner-
als of a granite reveal that it crystallized
deep in the crust under the very high tem-
peratures and pressures that occur when
two continental plates collide and form
mountains such as the Himalaya. Under-
standing the geology of a region allows us

to make informed guesses about where undiscovered deposits of
economically important mineral resources might lie.

We turn first to mineralogy—the branch of geology that stud-
ies the composition, structure, appearance, stability, occurrence,
and associations of minerals.

WHAT ARE MINERALS?

the atoms that make up the crystals. [John Grotzinger/Ramon
Rivera-Moret/Harvard Mineralogical Museum.]

Minerals are the building blocks of rocks: with the proper tools,
most rocks can be separated into their constituent minerals. A few
rocks, such as limestone, contain only a single mineral (in this
case, calcite). Other rocks, such as granite, are made of several

Crystals of amethyst and quartz, growing on top of epidote
crystals (green).The planar surfaces are crystal faces, whose
geometries are determined by the underlying arrangement of
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Figure 3.1 The mineral calcite is found in the shells of many organisms, such as foraminifera. [left: john
Grotzinger/Ramén Rivera-Moret/Harvard Mineralogical Museum; right: Andrew Syred/Photo Researchers.]

different minerals. To identify and classify the many kinds
of rocks that compose the Earth and understand how they
formed, we must know about minerals.

Geologists define a mineral as a naturally occurring,
solid crystalline substance, generally inorganic, with a spe-
cific chemical composition. Minerals are homogeneous: they
cannot be divided mechanically into smaller components.

Let's examine each part of our definition of a mineral in
a little more detail.

Naturally Occurring ... To qualify as a mineral, a sub-
stance must be found in nature. Diamonds mined in South
Africa are minerals. Synthetic versions produced in indus-
trial laboratories are not minerals. Nor are the thousands of
laboratory products invented by chemists.

Solid Crystalline Substance . . . Minerals are solid sub-
stances—they are neither liquids nor gases. When we say
that a mineral is crystalline, we mean that the tiny particles
of matter, or atoms, that compose it are arranged in an
orderly, repeating, three-dimensional array. Solid materials
that have no such orderly arrangement are referred to as
glassy or amorphous (without form) and are not convention-
ally called minerals. Windowpane glass is amorphous, as are
some natural glasses formed during volcanic eruptions.
Later in this chapter, we will explore in detail the process by
which crystalline materials form.

Generally Inorganic ... Minerals are defined as inorganic
substances and so exclude the organic materials that make
up plant and animal bodies. Organic matter is composed of
organic carbon, the form of carbon found in all organisms,
living or dead. Decaying vegetation in a swamp may be
geologically transformed into coal, which also is made
of organic carbon; but although it is found as a natural
deposit, coal is not considered a mineral. Many minerals,

however, are secreted by organisms. One such mineral, cal-
cite (Figure 3.1), forms the shells of oysters and many
other organisms, and it contains inorganic carbon. The cal-
cite of these shells, which constitute the bulk of many lime-
stones, fits the definition of a mineral because it is inorganic
and crystalline.

With a Specific Chemical Composition . . . The key t(
understanding the composition of Earth's materials lies it
knowing how the chemical elements are organized into min
erals. What makes each mineral unique is its chemical com
position and the arrangement of its atoms in an internal stmc
tore. A mineral's chemical composition either is fixed c
varies within defined limits. The mineral quartz, for exampk
has a fixed ratio of two atoms of oxygen to one atom of sil
con. This ratio never varies, even though quartz is found i
many different kinds of rock. The chemical elements th;
make up the mineral olivine—iron, magnesium, and silicon-
always have a fixed ratio. Although the number of iron ar
magnesium atoms may vary, the sum of those atoms in rel
tion to the number of silicon atoms always forms a fixed rati

THE ATOMIC STRUCTURE
OF MATTER

A modern dictionary lists many meanings for the word ate
and its derivatives. Ona of the first is "anything consider
the smallest possible unit of any material." To the anck
Greeks, atomos meant "indivisible." John Dalton (176
1844), an English chemist and the father of modern aton
theory, proposed that atoms are particles of matter so sm
that they cannot be seen with any microscope and so univ
sal that they compose all substances. In 1805, Dali
hypothesized that each of the various chemical eleme
consists of a different kind of atom, that all atoms of i



given element are identical, and that chemical compounds
are formed by various combinations of atoms of different
elements in definite proportions.

By the early twentieth century, physicists, chemists, and
mineralogists, building on Dalton's ideas, had come to
understand the structure of matter much as we do today. We
now know that an atom is the smallest unit of an element
that retains the physical and chemical properties of that ele-
ment. We also know that atoms are the small units of matter
that combine in chemical reactions and that atoms them-
selves are divisible into even smaller units.

ée Structure of Atoms

Understanding the structure of atoms allows us to predict

how chemical elements will react with one another and form
new crystal structures. For more detailed information about
the structure of atoms, see Appendix 4.

The Nucleus: Protons and Neutrons At the center of
every atom is a dense nucleus containing virtually all the
mass of the atom in two kinds of particles: protons and neu-
trons (Figure 3.2). A proton has a positive electrical charge
of+1. A neutron is electrically neutral—that is, uncharged.
Atoms of the same chemical element may have different
numbers of neutrons, but the number of protons does not
vary. For instance, all carbon atoms have six protons.

Electrons Surrounding the nucleus is a cloud of moving
particles called electrons, each with a mass so small that it
is conventionally taken to be zero. Each electron carries a
negative electrical charge of - 1. The number of protons in
the nucleus of any atom is balanced by the same number of
electrons in the cloud surrounding the nucleus, so an atom is
electrically neutral. Thus the nucleus of the carbon atom is
surrounded by six electrons (see Figure 3.2).

‘Atomic Number and Atomic Mass

The number of protons in the nucleus of an atom is called
its atomic number. Because all atoms of the same element
have the same number of protons, they also have the same
atomic number. All atoms with six protons, for example,
are carbon atoms (atomic number 6). In fact, the atomic
number of an element can tell us so much about an ele-
ment's behavior that the periodic table organizes elements
according to their atomic number (see Appendix 4). Ele-
ments in the same vertical group, such as carbon and sili-
con, tend to react similarly.

The atomic mass of an element is the sum of the
masses of its protons and neutrons. (Electrons, because
they have so little mass, are not included in this sum.)
Atoms of the same chemical element always have the same
number of protons but may have different numbers of neu-
trons and therefore different atomic masses. Atoms with
different numbers of neutrons are called isotopes. Isotopes
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Carbon atom

Electron cloud

Nucleus

Carbon has 6
negatively charged
electrons in a cloud...

..surrounding a nucleus
of 6 positively charged

protons ) ...

..and 6 neutrons )
having no charge.

Electron( )
Proton (+)
Neutron

Figure 3.2 Electron structure of the carbon atom (carbon-12).
The electrons, each with a charge of —|, are represented as a
negatively charged cloud surrounding the nucleus, which contains
six protons, each with a charge of +1,and six neutrons, each
with zero charge. The size of the nucleus is greatly exaggerated;
it is much too small to show at a true scale.

of the element carbon, for example, all with six protons,
may have six, seven, or eight neutrons, giving atomic
masses of 12, 13, and 14.

In nature, the chemical elements exist as mixtures of iso-
topes, so their atomic masses are never whole numbers. Car-
bon's atomic mass, for example, is 12.011. It is close to 12
because the isotope carbon-12 is overwhelmingly abundant.
The relative abundance of the various isotopes of an element
on Earth is determined by processes that enhance the abun-
dance of some isotopes over others. Carbon-12, for exam-
ple, is favored by some reactions, such as photosynthesis, in
which organic carbon compounds are produced from inor-
ganic carbon compounds.

CHEMICAL REACTIONS

The structure of an atom determines its chemical reactions
with other atoms. Chemical reactions are interactions of the
atoms of two or more chemical elements in certain fixed pro-
portions that produce chemical compounds. For example,
when two hydrogen atoms combine with one oxygen atom,
they form a new chemical compound, water (H,0). The
properties of a chemical compound may be entirely different
from those of its constituent elements. For example, when an
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atom of sodium, a metal, combines with an atom of chlorine,
a noxious gas, they form the chemical compound sodium
chloride, better known as table salt. We represent this com-
pound by the chemical formula NaCl, the symbol Na stand-
ing for the element sodium and the symbol CI for the element
chlorine. (Every chemical element has been assigned its own
symbol, which we use as a kind of shorthand for writing
chemical formulas and equations.)

Chemical compounds, such as minerals, are formed
either by electron sharing between the reacting atoms or by
electron transfer between the reacting atoms. Carbon and
silicon, two of the most abundant elements in Earth's crust,
tend to form compounds by electron sharing. Diamond is a
compound composed entirely of carbon atoms sharing elec-
trons (Figure 3.3).

In the reaction between sodium (Na) and chlorine (CI)
atoms to form sodium chloride (NaCl), electrons are trans-
ferred. The sodium atom loses one electron, which the chlo-
rine atom gains (Figure 3.4). Because the chlorine atom

Key Figure 3.3 B
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has gained a negatively charged electron, it is now nega-
tively charged, CI . Likewise, the loss of an electron gives
sodium a positive charge, Na". The compound NaCl itself
remains electrically neutral because the positive charge on
Na' is exactly balanced by the negative charge on CL. A
positively charged ion is a cation, and a negatively charged
ion is an anion.

CHEMICAL BONDS

When a chemical compound is formed by either electron
sharing or electron transfer, the ions or atoms that make up
the compound are held together by electrical forces of
attraction between electrons and protons. These electrical
attractions, or chemical bonds, between shared electrons or
between gained or lost electrons may be strong or weak, and
the bonds created by these attractions are correspondingly
strong or weak. Strong bonds keep a substance from decom-
posing into its elements or into other compounds. They also
make minerals hard and keep them from cracking or split-
ting. Two major types of bonds are found in most rock-
forming minerals: ionic bonds and covalent bonds.

| lonic Bonds

The simplest form of chemical bond is the ionic bond.
Bonds of this type form by electrical attraction between ions
of opposite charge, such as Na' and Cl~ in sodium chloride
(see Figure 3.4). This attraction is of exactly the same nature
as the static electricity that can make clothing of nylon or
sikk cling to the body. The strength of an ionic bond de-
creases greatly as the distance between ions increases. Bond
strength increases as the electrical charges of the ions in-
crease. lonic bonds are the dominant type of chemical bonds
in mineral structures; about 90 percent of all minerals are
essentially ionic compounds.

| Covalent Bonds

Elements that do not readily gain or lose electrons to form
ions and instead form compounds by sharing electrons are
held together by covalent bonds. These are generally
stronger than ionic bonds. One mineral with a covalently
bonded crystal structure is diamond, consisting of the sin-
gle element carbon. Carbon atoms have four electrons and
acquire four more by electron sharing. In diamond, every
carbon atom (not an ion) is surrounded by four others ar-
ranged in a regular tetrahedron, a four-sided pyramidal
form, each side a triangle (see Figure 3.3). In this configu-
ration, each carbon atom shares an electron with each of'its
four neighbors, resulting in a very stable configuration.
Figure 3.3 shows a network of carbon tetrahedra linked
together.
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I| Metallic Bonds

Atoms of metallic elements, which have strong tendencies to
lose electrons, pack together as cations, and the freely mobile
electrons are shared and dispersed among the ions. This free
electron sharing results in a kind of covalent bond that we
call a metallic bond. It is found in a small number of miner-
als, among them the metal copper and some sulfides.

The chemical bonds of some minerals are intermediate
between pure ionic and pure covalent bonds because some
electrons are exchanged and others are shared.

THE ATOMIC STRUCTURE
OF MINERALS

Minerals can be viewed in two complementary ways: as
crystals (or grains) that we can see with the naked eye and
as assemblages of submicroscopic atoms organized in an
ordered three-dimensional array. We will now look more
closely at the orderly forms that characterize mineral struc-
ture and at the conditions under which minerals form. Later
in this chapter, we will see that the crystal structures of min-
erals are manifested in their physical properties. First, how-
ever, we turn to the question of how minerals form.

How Do Minerals Form?

Minerals form by the process of crystallization, in which
the atoms of a gas or liquid come together in the proper
chemical proportions and crystalline arrangement. (Re-
member that the atoms in a mineral are arranged in an
ordered three-dimensional array.) The bonding of carbon
atoms in diamond, a covalently bonded mineral, is one
example of crystal structure. Carbon atoms bond together in
tetrahedra, each tetrahedron attaching to another and build-
ing up a regular three-dimensional structure from a great
many atoms (see Figure 3.3). As a diamond crystal grows, it
extends its tetrahedral structure in all directions, always
adding new atoms in the proper geometric arrangement.
Diamonds can be synthesized under very high pressures and
temperatures that mimic conditions in Earth's mantle.

The sodium and chloride ions that make up sodium
chloride, an ionically bonded mineral, also crystallize in an
orderly three-dimensional array. In Figure 3.4a, we can see
the geometry of their arrangement, with each ion of one kind
surrounded by six ions of the other in a series of cubic struc-
tures extending in three directions. We can think of ions as
solid spheres, packed together in close-fitting structural units.
Figure 3.4b shows the relative sizes of the ions in NaCl.
There are six neighboring ions in NaCl's basic structural unit.
The relative sizes of the sodium and chloride ions allow them
to fit together in a closely packed arrangement.
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CATIONS Silicon Aluminum Iron Magnesium Iron Sodium Calcium Potassium
(Si*") (AP (Fe3¥) (MgZ*) (FeZ™) (Na®) (Ca?h) (KH
0.27 0.53 0.65 0.72 0.73 0.99 1.00 1.38
ANIONS Oxygen Chloride Sulfide
(0%) (CI") (%)
Figure 3.5 Sizes of ions as they are commonly found in rock-
forming minerals. lonic radii are given in 1078 cm. [After L. G. Berry,
1.40 1.81 1.84 B. Mason, and R. V. Dietrich, Mineralogy. San Francisco: W. H. Freeman, 1983.]

Many of the cations of abundant minerals are relatively
small; most anions are large (Figure 3.5). This is the case
with the most common Earth anion, oxygen. Because anions
tend to be larger than cations, most of the space of a crystal
is occupied by the anions and the cations fit into the spaces
between them. As a result, crystal structures are determined
largely by how the anions are arranged and how the cations
fit between them.

Cations of similar sizes and charges tend to substitute
for one another and to form compounds having the same
crystal structure but differing chemical composition. Cation
substitution is common in minerals containing the silicate
ion (SiC>/~), such as olivine, which is abundant in many
volcanic rocks. Iron (Fe) and magnesium (Mg) ions are sim-
ilar in size, and both have two positive charges, so they eas-
ily substitute for each other in the structure of olivine. The
composition of pure magnesium olivine is Mg,Si0,; the pure
iron olivine is Fe,Si0,. The composition of olivine with both
iron and magnesium is given by the formula (Mg,Fe),.Si0,,
which simply means that the number of iron and magnesium
cations may vary, but their combined total (expressed as a
subscript 2) does not vary in relation to each Si0,'~ ion. The
proportion of iron to magnesium is determined by the rela-
tive abundance of the two elements in the molten material
from which the olivine crystallized. In many silicate miner-
als, aluminum (Al) substitutes for silicon (Si). Aluminum
and silicon ions are so similar in size that aluminum can take
the place of silicon in many crystal structures. The difference
in charge between aluminum (3+) and silicon (4+) ions is
balanced by an increase in the number of other cations, such
as sodium (1+).

Crystallization starts with the formation of microscopic
single crystals, ordered three-dimensional arrays of atoms
in which the basic arrangement is repeated in all directions.
The boundaries of crystals are natural flat (plane) surfaces
called crystal faces. The crystal faces of a mineral are the
external expression of the mineral's internal atomic struc-
ture. Figure 3.6 pairs a drawing of a perfect crystal (which

are very rare in nature) with a photograph of the actual min-
eral The six-sided (hexagonal) shape of the quartz crystal
corresponds to its hexagonal internal atomic structure.

During crystallization, the initially microscopic crystals
grow larger, maintaining their crystal faces as long as they
are free to grow. Large crystals with well-defined faces form
when growth is slow and steady and space is adequate to
allow growth without interference from other crystals nearby.
For this reason, most large mineral crystals form in open
spaces in rocks, such as fractures or cavities.

Often, however, the spaces between growing crystals fill
in, or crystallization proceeds too rapidly. Crystals then grow
over one another and coalesce to become a solid mass of
crystalline particles, or grains. In this case, few or no grains
show crystal faces. Large crystals that can be seen with the
naked eye are relatively unusual, but many microscopic min-
erals in rocks display crystal faces.

Unlike crystalline minerals, glassy materials—which
solidify from liquids so quickly that they lack any internal
atomic order—do not form crystals with plane faces. Instead
they are found as masses with curved, irregular surfaces.
The most common glass is volcanic glass.

Crystal faces

Quartz, a hexagonal crystal

Figure 3.6 A perfect crystal. A perfect crystal is rare, but no
matter how irregular the shapes of the faces may be, the angles
are always exactly the same. [Breck P. Kent.]



Lowering the temperature of a liquid below its freezing

point is one way to start the process of crystallization. In
water, for example, 0°C is the temperature below which
crystals of ice, a mineral, start to form. Similarly, a magma
—hot, molten liquid rock—crystallizes solid minerals when
it cools. As a magma falls below its melting point, which
may be higher than 1000°C, crystals of silicate minerals
such as olivine or feldspar begin to form. (Geologists usu-
ally refer to melting points of magmas rather than freezing
points, because freezing implies cold.)

Crystallization can also occur as liquids evaporate from a
solution. A solution is a homogeneous mixture of one chem-
ical substance with another, such as salt and water. As the
water evaporates from a salt solution, the concentration of salt
eventually gets so high that the solution can hold no more
salt and is said to be saturated. If evaporation continues, the
salt starts to precipitate, or drop out of solution as crystals.
Deposits of halite or table salt form under just these condi-
tions when seawater evaporates to the point of saturation in
some hot, arid bays or arms of the ocean (Figure 3.7).

Diamond and graphite exemplify the dramatic effects

that temperature and pressure can have on mineral forma-
tion. Diamond and graphite (the material used as the
"lead" in pencils) are polymorphs, alternative structures
for a single chemical compound (Figure 3.8). These two
minerals, both formed from carbon, have different crystal
structures and very different appearances (see Figure 3.8).
From experimentation and geological observation, we know

3.7 Halite crystals precipitating within a modern
aline lagoon. San Salvador Island, Bahamas. Note cubic
e of salt crystals. [John Grotzinger:]
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Key Figure 3.8 Atoms are the building

blocks of minerals.

Carbon forms two polymorphs, graphite and diamond, that are
alternative structures of a single chemical compound.

Graphite is formed at lower pressures and
temperatures than diamond. Its carbon forms sheets
whose atoms are more loosely packed than those in diamond.

Within its sheets, carbon atoms are joined by
strong covalent bonds.
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[John Grotzinger/Ramén Rivera-Moret/Harvard Mineralogical Museum. |
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that diamond forms and remains stable at the very high pres-
sures and temperatures of Earth's mantle. High pressure
forces the atoms in diamond to be closely packed. Dia-
mond therefore has a higher density (mass per unit volume),
3.5 g/cm’, than graphite, which is less closely packed and
has a density of only 2.1 g/cm’. Graphite forms and is sta-
ble at moderate pressures and temperatures, such as thof*
in Earth's crust.

Low temperatures also can produce closer packing. Quartz
and cristobalite are polymorphs of silica (SiOA Quartz forms
at low temperatures and is relatively dense (2.7 g/cm’).
Cristobalite, which forms at higher temperatures, has a more
open structure and is therefore less dense (2.3 g/cm’).

ROCK-FORMING MINERALS

All minerals have been grouped into eight classes according
to their chemical composition; six of those classes are listed
in Table 3.1. Some minerals, such as copper, occur naturally
as un-ionized pure elements, and they are classified as native
elements. Most others are classified by their anions. Olivine,
for example, is classed as a silicate by its silicate anion,
Si0,'~. Halite (NaCl) is classed as a halide by its chloride
anion, CL. So is its close relative sylvite, potassium chloride
(KC1).

Although many thousands of minerals are known, geolo-
gists commonly encounter only about 30 of them. These min-
erals are the building blocks of most crustal rocks and are
called rock-forming minerals. Their relatively small num-
ber corresponds to the small number of elements found in
major abundance in Earth's crust. As we learned in Chapter 1,
99 percent of the crust is made up of only nine elements.

In the following pages, we consider the most common
rock-forming minerals:

e Silicates, the most abundant minerals in Earth's crust, are
composed of oxygen (O) and silicon (Si)—the two most
abundant elements in the crust—mostly in combination with
the cations of other elements.

* Carbonates are minerals made of carbon and oxygen in the
form ofthe carbonate anion (C0,’~) in combination with cal-
cium and magnesium. Calcite (CaC0,) is one such mineral.

* Oxides are compounds of the oxygen anion (0’~) and
metallic cations; an example is the mineral hematite (Fe,0,).

* Sulfides are compounds of the sulfide anion (S~) and
metallic cations, a group that includes the mineral pyrite
(FeS)).

* Sulfates are compounds of the sulfate anion (S0,’~) and
metallic cations, a group that includes the mineral anhydrite
(CaSo0,).

The other chemical classes of minerals, including na-
tive elements and halides, are not as common as the rock-
forming minerals.

| Silicates

The basic building block of all silicate mineral structures is
the silicate ion. It is a tetrahedron—a pyramidal structure
with four sides—composed of a central silicon ion (Si")
surrounded by four oxygen ions (O*), giving the formula
Si0,'~ (Figure 3.9). Because the silicate ion has a negative
charge, it often bonds to cations to form electrically neutral
minerals. The silicate ion typically bonds with cations such
as sodium (Na’), potassium (K'), calcium (Ca’), magne-
sium (Mg"), and iron (Fe'). Alternatively, it can share
oxygen ions with other silicon-oxygen tetrahedra. Tetra-
hedra may be isolated (linked only to cations), or they may
be linked to other silica tetrahedra in rings, single chains,
double chains, sheets, or frameworks, some of which are
shown in Figure 3.9.

Isolated Tetrahedra Isolated tetrahedra are linked by the
bonding of each oxygen ion of the tetrahedron to a cation
(see Figure 3.9a). The cations, in turn, bond to the oxygen
ions of other tetrahedra. The tetrahedra are thus isolated
from one another by cations on all sides. Olivine is a rock-
forming mineral with this structure.

- Table 3.1

Some Chemical Classes of Minerals

Class Defining Anions

Native elements

Oxides and hydroxides

Example

None: no charged ions

Oxygen ion (0¥)
Hydroxyl ion (OH")

Copper metal (Cu)

Hematite (Fe,0,)
Brucite (Mg|OH],)

Halite (NaCl)

Calcite (CaCO,)
Anhydrite (CaSO,)

Halides Chloride (CI), fluoride (F),
bromide (Br), iodide (I")

Carbonates Carbonate ion (CO;*)

Sulfates Sulfate ion (SO, )

Silicates

Silicate ion (SiO,™)

Olivine {MngiOJ)
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silicate ion forms tetrahedra
ith a central silicon ion surrounded
four oxygen ions.

Silicate ion (SiO4*")

X

Oxygen ions Silicon ion
(0%) (si*h)

ahedra arranged in other ways are characteristic of other silicate
als and determine their cleavage directions.

Chemical formula of cleavage directions

1 plane

2 planes at 90°

(Mg, Fe)SiO;

2 planes at 60" and 120°

Ca; (Mg, Fe)sSig0,,(OH),

1 plane

Muscovite: KAl; (AlSizOq9) (OH);

Biotite: K(Mg, Fe)3AISiz01(OH),

2 planes at 90°

Orthoclase feldspar: KAISizOg
Plagioclase feldspar: (Ca, Na) AlSi;Og

Cleavage planes and number

2 Quartz is made of silicate tetrahedra
arranged in the same way as the
tetrahedra in diamond. Quartz is a
silicate polymorph.

Silicate structure Specimen

Isolated tetrahedra

Single chains

A,

Double chains

Ry

Three-dimensional R
frameworks

[John Grotzinger/Ramén Rivera-Moret/Harvard Mineralogical Museum. |



54 | CHAPTER 3 Earth Materials: Minerals and Rocks

Single-Chain Linkages Single chains also form by shar-
ing oxygen ions. Two oxygen ions of each tetrahedron bond
to adjacent tetrahedra in an open-ended chain (see Figure
3.9b). Single chains are linked to other chains by cations.
Minerals of the pyroxene group are single-chain silicate
minerals. Enstatite, a pyroxene, is composed of iron or mag-
nesium ions, or both, and is limited to a chain of tetrahedra
in which the two cations may substitute for each other, as in
olivine. The formula (Mg,Fe)Si0, represents this structure.

Double-Chain Linkages Two single chains may com-
bine to form double chains linked to each other by shared
oxygen ions (see Figure 3.9c). Adjacent double chains
linked by cations form the structure of the amphibole group
of minerals. Hornblende, a member of this group, is an ex-
tremely common mineral in both igneous and metamorphic
rocks. It has a complex composition that includes calcium
(Ca™), sodium (Na'), magnesium (Mg’'), iron (Fe’’), and
aluminum (Al").

SheetLinkages In sheet structures, each tetrahedron shares
three of its oxygen ions with adjacent tetrahedra to build
stacked sheets of tetrahedra (see Figure 3.9d). Cations may
be interlayered with tetrahedral sheets. The micas and clay
minerals are the most abundant sheet silicates. Muscovite,
KA1Si,0,,(OH),, is one of the most common sheet sili-
cates and is found in many types of rocks. It can be sepa-
rated into extremely thin, transparent sheets. Kaolinite,
Al,S1,0,(OH),, which also has this structure, is a common
clay mineral found in sediments and is the basic raw mate-
rial for pottery.

Frameworks Three-dimensional frameworks form as each
tetrahedron shares all its oxygen ions with other tetrahedra.
Feldspars, the most abundant minerals in Earth's crust, are
framework silicates (see Figure 3.9¢), as is another of the
most common minerals, quartz (Si0,).

Silicate Compositions Chemically, the simplest silicate is
silicon dioxide, also called silica (Si0,), which is found
most often as the mineral quartz. When the silicate tetra-

(a) Calcite (b) Carbonate ion

(COs%)
Oxygen

Carbon ion

Carbonate and calcium
are arranged in
alternating sheets.

(c) Calcium carbonate

Calcium ion -
b}

Carbonate

hedra of quartz are linked, sharing two oxygen ions for each
silicon ion, the total formula adds up to SiO,.

In other silicate minerals, the basic units—rings, chains,
sheets, and frameworks—are bonded to such cations as
sodium (Na’), potassium (K), calcium (Ca’’), magnesium
(Mg™), and iron (Fe™"). As noted in the discussion of cation
substitution, aluminum (A1) substitutes for silicon in many
silicate minerals.

| Carbonates

The nonsilicate mineral calcite (calcium carbonate, CaC0,)
is one of the abundant minerals in Earth's crust and is the
chief constituent of a group of rocks called limestones (Fig-
ure 3.10). Its basic building block, the carbonate ion (C0,’~),
consists of a carbon ion surrounded by three oxygen ions in
a triangle, as shown in Figure 3.10b. The carbon atom shares
electrons with the oxygen atoms. Groups of carbonate ions
are arranged in sheets somewhat like the sheet silicates and
are bonded by layers of cations (see Figure 3.10c). The
sheets of carbonate ions in calcite are separated by layers of
calcium ions. The mineral dolomite, CaMg (CO0,),, another
major mineral of crustal rocks, is made up of the same car-
bonate sheets separated by alternating layers of calcium ions
and magnesium ions.

| Oxides

Oxide minerals are compounds in which oxygen is bonded to

atoms or cations of other elements, usually metallic ions such
as iron (Fe’ or Fe’). Most oxide minerals are ionically
bonded, their structures varying with the size of the metallic
cations. This group is of great economic importance because
it includes the ores of most of the metals, such as chromium
and titanium, used in the industrial and technological manu-
facture of metallic materials and devices. Hematite (Fe,0,),
shown in Figure 3.11, is a chief ore of iron.

Another of the abundant minerals in this group, spinel,
is an oxide of two metals, magnesium and aluminum
(MgALOA Spinel (see Figure 3.11) has a closely packed
cubic structure and a high density (3.6 g/cm’), reflecting the

Figure 3.10 Carbonate minerals,
such as calcite (calcium

) carbonate, CaCO,), have a
layered structure. (a) Calcite.
[John Grotzinger/Ramén Rivera-
Moret/Harvard Mineralogical
Museum.] (b) Top view of the
carbonate building block, a
carbon ion surrounded in a
triangle by three oxygen ions,
with a net charge of 2.

(c) View of the alternating layers
of calcium and carbonate ions.

structure

)

-




conditions of high pressure and temperature under which it
forms. Transparent gem-quality spinel resembles ruby and
sapphire and is found in the crown jewels of England and
Russia.

| Sulfides

The chief ores of many valuable minerals—such as copper,
zinc, and nickel—are members of the sulfide group. This
group includes compounds of the sulfide ion (S’~) with
metallic cations. In the sulfide ion, a sulfur atom has gained
two electrons in its outer shell. Most sulfide minerals look
like metals, and almost all are opaque. The most common
sulfide mineral is pyrite (FeS.), often called "fool's gold"
because of its yellowish metallic appearance (Figure 3.12).

] Sulfates

The basic building block of all sulfates is the sulfate ion
(S0, ~). It is a tetrahedron made up of a central sulfur atom

Figure 3.12 A sample of pyrite, also known as “fool’s gold.”
[John Grotzinger/Ramén Rivera-Moret/Harvard Mineralogical
Museum.]
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Figure 3.11 Nonsilicate
minerals. left: hematite;
right: spinel. [ John Grotzinger/
Ramén Rivera-Moret/Harvard
Mineralogical Museum.]

surrounded by four oxygen ions (O*). One of the most abun-
dant minerals of this group is gypsum, the primary compo-
nent of plaster (Figure 3.13). Gypsum forms when seawater
evaporates. During evaporation, Ca’* and S0,’~, two ions
that are abundant in seawater, combine and precipitate as lay-
ers of sediment, forming calcium sulfate (CaS0,*2H.0).
(The dot in this formula signifies that two water molecules
are bonded to the calcium and sulfate ions.)

Another calcium sulfate, anhydrite (CaS0,), differs from
gypsum in that it contains no water. Its name is derived from
the word anhydrous, meaning "free from water." Gypsum is
stable at the low temperatures and pressures found at Earth's
surface, whereas anhydrite is stable at the higher tempera-
tures and pressures where sedimentary rocks are buried.

As we discovered in 2004, sulfate minerals were precip-
itated from water early in the history of Mars, the Red
Planet. Much as on Earth, these sulfate minerals were pre-
cipitated when lakes and shallow seas dried up and formed
sedimentary layers. However, many of these sulfate miner-
als are quite different from the sulfate mineral precipitates

Figure 3.13 Gypsum is a sulfate formed when seawater
evaporates. [ John Grotzinger/Ramon Rivera-Moret/Harvard
Mineralogical Museum.]
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commonly found on Earth and include strange iron-bearing
sulfates that precipitated from very harsh, acidic waters.

PHYSICAL PROPERTIES
OF MINERALS

Geologists use their knowledge of mineral composition and
structure to understand the origins of rocks. First they must
identify the minerals that make up a rock. To do so, they rely
greatly on chemical and physical properties that can be
observed relatively easily. In the nineteenth and early twen-
tieth centuries, geologists carried field kits for the rough
chemical analysis of minerals that would help in identifica-
tion. One such test is the origin of the phrase "the acid test."
It consists of dropping diluted hydrochloric acid (HC1) on a
mineral to see if it fizzes (Figure 3.14). The fizzing indi-
cates that carbon dioxide (CO,) is escaping, which means
that the mineral is likely to be calcite, a carbonate.

We will now review the physical properties of minerals,
many of which contribute to their practical and decorative
value.

I Hardness

Hardness is a measure of the ease with which the surface of
a mineral can be scratched. Just as a diamond, the hardest
mineral known, scratches glass, so a quartz crystal, which is
harder than feldspar, scratches a feldspar crystal. In 1822,
Friedrich Mohs, an Austrian mineralogist, devised a scale
(now known as the Mohs scale of hardness) based on the
ability of one mineral to scratch another. At one extreme is
the softest mineral (talc); at the other, the hardest (diamond)
(Table 3.2). The Mohs scale is still one of the best practical

Figure 3.14 The acid test. One easy but effective way to
identify certain minerals is to drop diluted hydrochloric acid
(HCI) on the substance. If it fizzes, indicating the escape of
carbon dioxide, the mineral is likely to be calcite. [Chip Clark.]

Table 2.2 Mohs Scale of Hardness

Mineral Scale Number Common Objects
Talc 1

Gypsum 2 Fingernail
Calcite 3 Copper coin
Fluorite 4

Apatite 5 Knife blade
Orthoclase 6 —— Window glass
Quartz 7 Steel file
Topaz 8

Corundum 9

Diamond 10

tools for identifying an unknown mineral. With a knife blade
and a few of the minerals on the hardness scale, a field geol-
ogist can gauge an unknown mineral's position on the scale.
If the unknown mineral is scratched by a piece of quartz
but not by the knife, for example, it lies between 5 and 7 on
the scale.

Recall that covalent bonds are generally stronger than
ionic bonds. The hardness of any mineral depends on the
strength of its chemical bonds: the stronger the bonds, the
harder the mineral. Crystal structure and hardness vary in
the silicate group of minerals. For example, hardness varies
from 1 in talc, a sheet silicate, to 8 in topaz, a silicate with
isolated tetrahedra. Most silicates fall in the 5 to 7 range on
the Mohs scale. Only sheet silicates are relatively soft, with
hardnesses between 1 and 3.

Within groups of minerals having similar crystal struc-
tures, increasing hardness is related to other factors that also
increase bond strength:

» Size: The smaller the atoms or ions, the smaller the dis-
tance between them and the greater the electrical attrac-
tion—and thus the stronger the bond.

* Charge: The larger the charge of ions, the greater the
attraction between them and thus the stronger the bond.

* Packing of atoms or ions: The closer the packing of atoms
or ions, the smaller the distance between them and thus the
stronger the bond.

Size is an especially important factor for most metallic
oxides and for most sulfides of metals with high atomic
numbers—such as gold, silver, copper, and lead. Minerals of
these groups are soft, with hardnesses of less than 3, because
their metallic cations are so large. The larger the atoms or
ions, the greater the distance between them, and the weaker
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EARTH

3.1 Sulfide Minerals React to Form
Acid Waters on Earth and Mars

Many economically significant mineral deposits are
I 1 associated with high concentrations of sulfide min-
erals. During the course of mining, rainwater and ground-
water may interact with these minerals to produce
highly acidic surface water and groundwater. Unfortu-
nately, acid water is lethal to most organisms. As these
acid waters spread throughout the environment, exten-
sive devastation may occur. In extreme cases, the only
organisms that can survive are acidophilic (acid-loving)
microbes that are specially adapted to live (and actually
thrive) in such an extreme environment. These microbes
live by eating sulfide!

In a few places on Earth, where sulfide minerals oc-
cur in concentrations high enough to start this process,
these acid waters are produced naturally. One of these
places is the Rio Tinto in Spain. Here, geologists have
been able to study a system in which a naturally occur-
ring ore deposit, almost 400 million years old, is interact-
ing with groundwater that flows through the ore deposit
by hydrothermal circulation. Sulfide minerals such as
pyrite (FeS.) in the ore deposit react with oxygen in
the groundwater to produce sulfuric acid, sulfate ions
(S0.~2), and iron ions (Fe:') dissolved in warm spring
water that flows out as a river (ho in Spanish). Microor-
ganisms help to stimulate this reaction.

The river is red (tinto in Spanish) because of the dis-
solved Fe:  ions.The Fe:: ions combine with oxygen to
produce the iron oxide minerals goethite and hematite,
which may be reddish or brownish in color. In addition,
unusual iron sulfate minerals such as jarosite (yellow-
brown in color) form abundantly in the Rio Tinto. When
geologists encounter this mineral on Earth, we know
that the water from which it precipitated must have
been extremely acidic.

What is a rare—and environmentally damaging—
geologic setting on Earth may once have been wide-
spread on Mars. Recent exploration of Mars has re-

vealed abundant sulfate minerals similar to those found

the bond. Carbonates and sulfates, groups in which the
structures are packed less closely, also are soft, with hard-
nesses of less than 5.

| Cleavage

Cleavage is the tendency of a crystal to break along flat pla-
nar surfaces. The term is also used to describe the geometric
pattern produced by such breakage. Cleavage varies in-

ISSUES

in the Rio Tinto, including jarosite. Understanding how
this unusual mineral forms on Earth allows geologists to
make inferences about past environments on Mars. In
this case, the presence of jarosite indicates that early
waters on Mars may have been very acidic and were
through the
groundwater with

likely formed interaction of oxidizing

igneous rocks composed of basalt
with trace amounts of sulfide.

In turn, this scenario has implications for how we
think about the possibility of life—past or present—on
other planets. Environments such as the Rio Tinto on
Earth show that microorganisms have learned to adapt
to such acidic conditions, and they help motivate the
search for ancient life on Mars. Some scientists, however,
think that although life may have learned to adapt to such
harsh conditions, it may not have been able to originate
under these conditions. In any event, future exploration
for life on other planets will be strongly guided by our
understanding of rocks, minerals, and extreme environ-
ments on Earth.

Microorganisms thrive in acid water. Rio Tinto, Spain.
[Courtesy of Andrew H. Knoll.]

versely with bond strength: high bond strength produces
poor cleavage; low bond strength produces good cleavage.
Because of their strength, covalent bonds generally give
poor or no cleavage. Ionic bonds are relatively weak, so they
give excellent cleavage.

If the bonds between some of the planes of atoms or
ions in a crystal are weak, the mineral can be made to split
along those planes. Muscovite, a mica sheet silicate, breaks
along smooth, lustrous, flat, parallel surfaces, forming
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Silicate layer ____ b A Ao A A A
Aluminum ' \ 4 o
hydroxide layer —__ % !

]
Aluminum atom e O v\
Silicate layer —— , y ]
Potassium ions—__ o 2

> “Sandwich”

> “Sandwich”

Figure 3.15 Cleavage of mica. The diagram shows the cleavage
planes in the mineral structure, oriented perpendicular to the
plane of the page. Horizontal lines mark the interfaces of silica-
oxygen tetrahedral sheets and sheets of aluminum hydroxide

transparent sheets less than a millimeter thick. Mica's ex-
cellent cleavage results from weakness of the bonds be-
tween the sandwiched layers of cations and tetrahedral sil-
ica sheets (Figure 3.15).

Cleavage is classified according to two primary sets of
characteristics: (1) the number of planes and pattern of cleav-
age, and (2) the quality of surfaces and ease of cleaving.

Number of Planes; Pattern of Cleavage The number
of planes and patterns of cleavage are identifying hallmarks
of many rock-forming minerals. Muscovite, for example, has
only one plane of cleavage, whereas calcite and dolomite
have three excellent cleavage directions that give them a
rhomboidal shape (Figure 3.16).

A crystal's structure determines its cleavage planes and
its crystal faces. Crystals have fewer cleavage planes than
possible crystal faces. Faces may be formed along any of
numerous planes defined by rows of atoms or ions. Cleavage
occurs along any of those planes across which the bonding is
weak. All crystals of a mineral exhibit its characteristic cleav-
age, whereas only some crystals display particular faces.

Galena (lead sulfide, PbS) and halite (sodium chloride,
NaCl) cleave along three planes, forming perfect cubes.
Distinctive angles of cleavage help identify two important
groups of silicates, the pyroxenes and amphiboles, that oth-
erwise often look alike (Figure 3.17). Pyroxenes have a
single-chain linkage and are bonded so that their cleavage
planes are almost at right angles (about 90°) to each other.
In cross section, the cleavage pattern of pyroxene is nearly a
square. In contrast, amphiboles, the double chains, bond to
give two cleavage planes, at about 60° and 120° to each
other. They produce a diamond-shaped cross section.

Quality of Surfaces; Ease of Cleaving A mineral's
cleavage is assessed as perfect, good, or fair, according to

Cleavage in mica
occurs between
“sandwich™ layers.

bonding the two tetrahedral layers into a sandwich. Cleavage
takes place between composite tetrahedral-aluminum hydroxide
sandwiches. The photograph shows thin sheets separating along
the cleavage planes. [Chip Clark.]

the quality of surfaces produced and the ease of cleaving.
Muscovite can be cleaved easily, producing extremely high
quality, smooth surfaces; its cleavage is perfect. The single-
and double-chain silicates (pyroxenes and amphiboles,
respectively) show good cleavage. Although these miner-
als break easily along the cleavage plane, they also break
across it, producing cleavage surfaces that are not as
smooth as those of mica. Fair cleavage is shown by the
ring silicate beryl. Beryl's cleavage is less regular, and the
mineral breaks relatively easily along directions other than
cleavage planes.

Many minerals are so strongly bonded that they lack even
fair cleavage. Quartz, a framework silicate, is so strongly
bonded in all directions that it breaks only along irregular

Figure 3.16 Example of rhomboidal cleavage in calcite.
[Charles D. Winters/Photo Researchers.]
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surfaces. Garnet, an isolated tetrahedral silicate, also is
bonded strongly in all directions and so has no cleavage. This
absence of a tendency to cleave is found in most framework
silicates and in silicates with isolated tetrahedra.

|
| Fracture

Fracture is the tendency of a crystal to break along irreg-
ular surfaces other than cleavage planes. All minerals show
fracture, either across cleavage planes or—in such miner-
als as quartz—with no cleavage in any direction. Fracture
is related to how bond strengths are distributed in direc-
tions that cut across crystal planes. Breakage of these
bonds results in irregular fractures. Fractures may be con-
choidal, showing smooth, curved surfaces like those of a
thick piece of broken glass. A common fracture surface
with an appearance like split wood is described as fibrous
or splintery. The shape and appearance of many kinds of
irregular fractures depend on the particular structure and
composition of the mineral.

| Luster

How the surface of a mineral reflects light gives it a charac-
teristic luster. Mineral lusters are described by the terms
listed in Table 3.3. Luster is controlled by the kinds of atoms
present and their bonding, both of which affect the way light
passes through or is reflected by the mineral. Ionically
bonded crystals tend to be glassy, or vitreous, but covalently
bonded materials are more variable. Many tend to have an
adamantine luster, like that of diamond. Metallic luster is
shown by pure metals, such as gold, and by many sulfides,
such as galena (lead sulfide, PbS). Pearly luster results from
multiple reflections of light from planes beneath the sur-

Enlarged
crystal face
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Figure 3.17 Comparison of cleavage
directions and typical crystal faces in
pyroxene and amphibole. These two
minerals often look very much alike,
but their angles of cleavage differ.
These angles are frequently used to
identify and classify them.

faces of translucent minerals, such as the mother-of-pearl
inner surfaces of many clam shells, which are made of the
mineral aragonite. Luster, although an important criterion
for field classification, depends heavily on the visual percep-
tion of reflected light. Textbook descriptions fall short of the
actual experience of holding the mineral in your hand.

| Color

The color of a mineral is imparted by light—either transmit-
ted through or reflected by crystals or irregular masses—or
a streak. Streak refers to the color of the fine deposit of min-
eral dust left on an abrasive surface, such as a tile of un-
glazed porcelain, when a mineral is scraped across it. Such

/0 Mineral Luster

Luster Characteristics

Metallic Strong reflections produced
by opaque substances
Vitreous Bright, as in glass
Characteristic of resins, such
as amber

Resinous

Greasy The appearance of being coated
with an oily substance

Pearly The whitish iridescence of such
materials as pearl

Silky The sheen of fibrous materials

such as silk

The brilliant luster of diamond
and similar minerals

Adamantine
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Figure 3.18 Hematite may be black, red, or brown, but it always
leaves a reddish brown streak when scratched along a ceramic
plate. [Breck P. Kent]

tiles are called streak plates (Figure 3.18). A streak plate is
a good diagnostic tool because the uniform small grains of
mineral that are present in the powder are revealed on the
plate. A mineral formed of hematite (Fe.0,), for example,
may be black, red, or brown, but this mineral will always
leave a trail of reddish brown dust on a streak plate.

Color is a complex and not yet fully understood property
of minerals. It is determined both by the kinds of ions found
in the pure mineral and by trace impurities.

lons and Mineral Color The color of pure substances de-
pends on the presence of certain ions, such as iron or
chromium, that strongly absorb portions of the light spec-
trum. Olivine that contains iron, for example, absorbs all
colors except green, which it reflects, so we see this type of
olivine as green. We see pure magnesium olivine as white
(transparent and colorless).

Trace Impurities and Mineral Color All minerals con-
tain impurities. Instruments can now measure even very
small quantities of some elements—as little as a billionth of
a gram in some cases. Elements that make up much less than
0.1 percent of a mineral are reported as "traces," and many
of them are called trace elements.

Some trace elements can be used to interpret the origins
of the minerals in which they are found. Others, such as the
trace amounts of uranium in some granites, contribute to
local natural radioactivity. Still others, such as small dis-
persed flakes of hematite that color a feldspar crystal brown-
ish or reddish, are notable because they give a general color
to an otherwise colorless mineral. Many of the gem varieties
of minerals, such as emerald (green beryl) and sapphire
(blue corundum), get their color from trace impurities dis-
solved in the solid crystal (Figure 3.19). Emerald derives its
color from chromium; the sources of sapphire's blue color
are iron and titanium.

The color of a mineral may be distinctive, but it is not
the most reliable clue to its identity. Some minerals always

show the same color; others may have a range of colors.
Many minerals show a characteristic color only on freshly
broken surfaces or only on weathered surfaces. Some—pre-
cious opals, for example—show a stunning display of colors
on reflecting surfaces. Others change color slightly with a
change in the angle of the light shining on their surfaces.

| Specific Gravity and Density

You can easily feel the difference in weight between a piece
of hematite iron ore and a piece of sulfur of the same size by
lifting the two pieces. A great many common rock-forming
minerals, however, are too similar in density—mass per unit
volume (usually expressed in grams per cubic centimeter,
g/cm’)—for such a simple test. Scientists therefore need
some easy method to measure this property of minerals. A
standard measure of density is specific gravity, which is the
weight of a mineral divided by the weight of an equal vol-
ume of pure water at 4°C.

Density depends on the atomic mass of a mineral's ions
and how closely they are packed in its crystal structure. Con-
sider the iron oxide magnetite, with a density of 5.2 g/cm’.
This high density results partly from the high atomic mass
of iron and partly from the closely packed structure that
magnetite has in common with the other members of the
spinel group of minerals (see page 54). The density of the
iron silicate olivine, 4.4 g/cm’, is lower than that of mag-
netite for two reasons. First, the atomic mass of silicon, one
of the elements that make up olivine, is lower than that of
iron. Second, this olivine has a more openly packed struc-
ture than minerals of the spinel group. The density of mag-
nesium olivine is even lower, 3.32 g/cm’, because magne-
sium's atomic mass is much lower than that of iron.

Increases in density caused by increases in pressure
affect the way minerals transmit light, heat, and earthquake
waves. Experiments at extremely high pressures have shown
that olivine converts into the denser structure of the spinel
group at pressures corresponding to a depth of 400 km. At a

Figure 3.19 Minerals can be gems. Rubies and sapphires are
formed of the same common mineral, corundum (aluminum
oxide). Small amounts of impurities produce the intense color that
we value. Ruby, for example, is red because of small amounts of
chromium, the same element that gives emeralds their green color.
[John Grotzinger/Ramén Rivera-Moret/Harvard Mineralogical Museum.]



greater depth, 670 km, mantle materials are further trans-
formed into silicate minerals with the even more densely
packed structure of the mineral perovskite (calcium titanate,
CaTiQj). Because of the huge volume of the lower mantle,
perovskite is probably the most abundant mineral in the
Earth as a whole. Some perovskite minerals have been syn-
thesized to be used as high-temperature semiconductors,
which conduct electricity without loss of current and may
have great commercial potential. Mineralogists experienced
with natural perovskites helped unravel the structure of
these newly created materials. Temperature also affects den-
sity: the higher the temperature, the more open and ex-
panded the structure and thus the lower the density.

| Crystal Habit

A mineral's crystal habit is the shape in which its individual
crystals or aggregates of crystals grow. Crystal habits are
often named after common geometric shapes, such as blades,
plates, and needles. Some minerals have such a distinctive
crystal habit that they are easily recognizable. An example is
quartz, with its six-sided column topped by a pyramid-like set
of faces. These shapes indicate not only the planes of atoms
or ions in the mineral's crystal structure but also the typical
speed and direction of crystal growth. Thus, a needlelike crys-
tal is one that grows very quickly in one direction and very
slowly in all other directions. In contrast, a plate-shaped crys-
tal (often referred to as platy) grows fast in all directions that
are perpendicular to its single direction of slow growth.
Fibrous crystals take shape as multiple long, narrow fibers,
essentially aggregates of long needles (Figure 3.20).
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Figure 3.20 Asbestos (chrysotile). Fibers are readily combed
from the solid mineral. [Runk/Schoenberger/Grant Heilman

Photography.]

Asbestos is a generic name for a group of silicates with a
more or less fibrous habit that allows the crystals to become
embedded in the lungs after having been inhaled. Other min-
erals with deleterious properties include arsenic-containing
pyrites, some of which are poisonous when ingested and oth-
ers of which release toxic fumes when heated. Mineral dust
diseases are found in many miners, who may face large occu-
pational exposures. An example is silicosis, a disease of the
lungs caused by inhaling quartz dust.

Table 3.4 summarizes the mineral physical properties
that we discussed in this section.

Table 2.4 Physical Properties of Minerals

Property Relation to Composition and Crystal Structure

Hardness Strong chemical bonds give high hardness. Covalently bonded minerals are generally harder than
ionically bonded minerals.

Cleavage Cleavage is poor if bonds in crystal structure are strong, good if bonds are weak. Covalent bonds
generally give poor or no cleavage; ionic bonds are weak and so give excellent cleavage.

Fracture Type is related to distribution of bond strengths across irregular surfaces other than cleavage planes.

Luster Tends to be glassy for ionically bonded crystals, more variable for covalently bonded crystals.

Color Determined by kinds of atoms or ions and trace impurities. Many ionically bonded crystals are
colorless. Iron tends to color strongly.

Streak Color of fine powder is more characteristic than that of massive mineral because of uniformly small
size of grains.

Density Depends on atomic weight of atoms or ions and their closeness of packing in crystal structure. Iron

minerals and metals have high density; covalently bonded minerals have more open packing and so

have lower density.

Crystal habit
of crystal growth.

Depends on planes of atoms or ions in a mineral’s crystal structure and the typical speed and direction
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WHAT ARE ROCKS?

A geologist's primary aim is to understand rock properties
and to deduce their geologic origins from these properties.
Such deductions further our understanding of our planet and
provide important information about fuel reserves. For ex-
ample, knowing that oil forms in certain kinds of sedimen-
tary rocks that are rich in organic matter allows us to explore
for new oil reserves more intelligently. Similarly, our knowl-
edge of the properties of rocks will help us find new reserves
of other useful and economically valuable mineral and
energy resources, such as gas, coal, and metal ores.
Understanding how rocks form also guides us in solv-
ing environmental problems. Will this rock be prone to
earthquake-triggered landslides? How might it transmit
polluted waters in the ground? The underground storage of

radioactive and other wastes depends on analysis of the rock
to be used as a repository. >

In the rest of this chapter, we turn our attention to the
major groups of rocks, the minerals that form them, and the
plate tectonic environments in which rocks form.

A rock is a naturally occurring solid aggregate of miner-
als or, in some cases, nonmineral solid matter. Some rocks,
such as white marble, are composed of just one mineral,
in this case calcite. A few rocks are composed of nonmineral
matter. These include the noncrystalline, glassy volcanic
rocks obsidian and pumice and coal, which is compacted
plant remains. In an aggregate, minerals are joined so that
they retain their individual identity (Figure 3.21).

What determines the physical appearance of a rock?
Rocks vary in color, in the sizes of their crystals or grains,
and in the kinds of minerals that compose them. Along a
road cut, for example, we might find a rough white and

(ARl F PR e Minerals are the building blocks of rocks.

Constituent minerals

Quartz

Orthoclase feldspar

Rocks are naturally occurring
aggregates of minerals.

Biotite Plagioclase feldspar

Plagioclase feldspar
Orthoclase feldspar
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- The three rock groups are formed in different environments by different geologic processes.

Type of rock and Rock-forming
source material process Example

IGNEOUS

Melting of rocks in
hot, deep crust and
upper mantle

Crystallization
(solidification of
magma or lava)

Coarsely crystallized

exposed at surface

granite S

SEDIMENTARY D iti ;:
Weathering and b e|:?aoISI '0':’ g
: urial, an =
erosion of rocks lithification §
Z

Cross-laminated
sandstone

METAMORPHIC
Rocks under high
temperatures and
pressures in deep
crust and upper

Recrystallization
in solid state of
new minerals

|Giranite and greiss: John Gro

mantle
Cneiss

pink-speckled rock composed of interlocking crystals large haps on a beach, and eventually were covered over, buried,
enough to be seen with the naked eye (Figure 3.22). and cemented together. All rocks formed as the burial prod-
Nearby, we might see a grayish rock with many large glit- ucts of layers of sediments (such as sand, mud, and calcium
tering crystals of mica and some grains of quartz and carbonate shells), whether they were laid down on the land
feldspar. Overlying both the white and pink rock and the or under the sea, are called SEDIMENTARY ROCKS.
gray one we might see the remains of a former beach: hor- The grayish rock of our road cut, a schist, contains crys-
izontal layers of striped white and mauve rock that appear tals of mica, quartz, and feldspar. It formed deep in Earth's
to be made up of sand grains cemented together. And these crust as high temperatures and pressures transformed the
rocks may all be overlain by a dark fine-grained rock, with mineralogy and texture of a buried sedimentary rock. All
tiny white dots in it. rocks formed by the transformation of preexisting solid rocks

The identity of a rock is determined partly by its miner- under the influence of high pressure and temperature are
alogy and partly by its texture. Mineralogy is the relative pro- called METAMORPHIC ROCKS.
portions of a rock's constituent minerals. TEXTURE describes The three types of rocks seen in our road cut represent
the sizes and shapes of its mineral crystals and the way they the three great families of rock: igneous, sedimentary, and
are put together. If the crystals (or grains), which are only a metamorphic. We will now look more closely at each rock
few millimeters in diameter in most rocks, are large enough type and trace the rock cycle—the set of geologic processes
to be seen with the naked eye, they are categorized as coarse. that convert each type of rock into the other two types.
If they are not large enough to be seen, they are categorized Finally, we will see how these processes are all driven by
as fine. The mineralogy and texture that determine a rock's plate tectonics and climate.
appearance are themselves determined by the rock's geologic
originr—where and how it formed (see Figure 3.22).

The dark rock that caps the sequence of rocks in our IGNEQUS ROCKS
road cut, called basalt, was formed by a volcanic eruption.
Its mineralogy and texture depend on the chemical compo- Igneous rocks (from the Latin ignis, meaning "fire") form by
sition of rocks that were melted deep in the Earth. All rocks crystallization from a magma, a mass of melted rock that
formed by the solidification of molten rock are called originates deep in the crust or upper mantle. Here tempera-
igneous rocks. tures reach the 700°C or more needed to melt most rocks.

The striped white and mauve layered rock of the road When a magma cools slowly in the interior, microscopic

cut, a sandstone, formed as sand particles accumulated, per- crystals start to form. As the magma cools below the melting
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point, some of these crystals have time to grow to several
millimeters in diameter or larger before the whole mass crys-
tallizes as a coarse-grained igneous rock. But when a magma
erupts from a volcano onto Earth's surface, it cools and solid-
ifies so rapidly that individual crystals have no time to grow
gradually. In that case, many tiny crystals form simultane-
ously, and the result is a fine-grained igneous rock. Geolo-
gists distinguish two major types of igneous rocks—intrusive
and extrusive—on the basis of the sizes of their crystals.

| Intrusive and Extrusive Igneous Rocks

Intrusive igneous rocks crystallize when magma intrudes
into unmelted rock masses deep in Earth's crust. Large crys-
tals grow as the magma cools, producing coarse-grained
rocks. Intrusive igneous rocks can be recognized by their
interlocking large crystals, which grew slowly as the magma
gradually cooled (Figure 3.23). Granite is an intrusive ig-
neous rock.

Extrusive igneous rocks form from rapidly cooled
magmas that erupt at the surface through volcanoes. Extru-
sive igneous rocks, such as basalt, are easily recognized by
their glassy or fine-grained texture (see Figure 3.23).

| Common Minerals

Most of the minerals of igneous rocks are silicates, partly
because silicon is so abundant and partly because many sil-
icate minerals melt at the high temperatures and pressures
reached in deeper parts of the crust and in the mantle. The

Igneous extrusion (lava)

Some Common Minerall
of Igneous, Sedimentary, -
and Metamorphic Rocks

Table 3.5

Igneous Sedimentary Metamorphic
Rocks Rocks Rocks
*Quartz *Quartz *Quartz
*Feldspar *Clay minerals *Feldspar
*Mica *Feldspar *Mica
*Pyroxene Calcite *Garnet
* Amphibole Dolomite *Pyroxene
*Olivine Gypsum *Staurolite
Halite *Kyanite

Note: Asterisk indicates that the mineral is a silicate.

common silicate minerals found in igneous rocks include
quartz, feldspar, mica, pyroxene, amphibole, and olivine
(Table 3.5).

SEDIMENTARY ROCKS

Sediments, the precursors of sedimentary rocks, are found
on Earth's surface as layers of loose particles, such as sand,
silt, and the shells of organisms. These particles form as

Extrusive igneous rocks form when
magma erupts at the surface, rapidly cooling to
fine ash or lava and developing tiny crystals.

The resulting rock, such as the .
basalt sample here, is fine-grained — o ————
or has a glassy texture.

Igneous intrusion

Intrusive igneous rocks crystallize
when molten rock intrudes into
unmelted rock masses in
Earth’s crust.

Large crystals grow during the
slow cooling process, producing
coarsely grained rocks such as
the granite sample shown here.

Figure 3.23 The formation of extrusive igneous rocks (basalt is shown here) and
intrusive igneous rocks (granite is shown here). [John Grotzinger/Ramén Rivera-Moret/

Harvard Mineralogical Museum.]



rocks undergo weathering and erosion. Weathering is all of
the chemical and physical processes that break up and decay
rocks into fragments of various sizes. The fragmented rock
particles are then transported by erosion, the set of processes
that loosen soil and rock and move them to the spot where
they are deposited as layers of sediment (Figure 3.24).
Weathering and erosion produce two types of sediments:

e Siliciclastic sediments are physically deposited particles,
such as grains of quartz and feldspar derived from a weath-
ered granite. (Clastic is derived from the Greek word klas-
tos, meaning "broken.") These sediments are laid down by
running water, wind, and ice and form layers of sand, silt,
and gravel.

¢ Chemical and biochemical sediments are new chemical
substances that form by precipitation when some of'a rock's

1 Particles of rock created .
by weathering...

7 Chemical and biochemical
sediments are precipitated
from seawater or made by
coral reefs and shells.

6 Siliciclastic sediments are
made of deposited particles
of sand, silt, and gravel.

Figure 3.24 Weathering breaks down rock into smaller particles
that are then carried downhill and downstream by erosion to be
deposited as layers of sediment along continental margins. Other
sediment is produced by biochemical precipitation, such as in the

2 ..are transported
downhill by erosion...
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components dissolve during weathering and are carried in
river waters to the sea. These sediments include layers of
such minerals as halite (sodium chloride) and calcite (cal-
cium carbonate, most often found in the form of reefs and
shells).

| From Sediment to Solid Rock

Lithification is the process that converts sediments into
solid rock, and it occurs in one of two ways:

* By compaction, as grains are squeezed together by the
weight of overlying sediment into a mass denser than the
original.

* By cementation, as minerals precipitate around deposited
particles and bind them together.

3 ...and deposited as layers of
sediment on land or in water,...

Continental

4 ...where they form parallel
layers, or bedding.

5 Buried sediments lithify
by compaction and
cementation.

Metamorphic rock

formation of coral reefs. Some corals are lithified during their
growth phase and therefore may experience little change during
deep burial. left: Cross-laminated sandstone; right: fossilized coral.
[John Grotzinger/Ramén Rivera-Moret/MIT)]
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Sediments are compacted and cemented after burial
under additional layers of sediment. Thus sandstone forms
by the lithification of sand particles, and limestone forms by
the lithification of shells and other particles of calcium
carbonate.

| Layers of Sediment

Sediments and sedimentary rocks are characterized by bed-
ding, the formation of parallel layers of sediment as particles
settle to the bottom of the sea, a river, or a land surface.
Because sedimentary rocks are formed by surface processes,
they cover much of Earth's land surface and seafloor. In
terms of surface area, most rocks found at Earth's surface are
sedimentary, but they are difficult to preserve, and so their
volume is small compared to that of the igneous and meta-
morphic rocks that make up the main volume of the crust.

| Common Minerals

The common minerals of siliciclastic sediments are sili-
cates, because silicate minerals predominate in rocks that
weather to form sedimentary particles (see Table 3.5). The
most abundant minerals in siliciclastic sedimentary rocks
are quartz, feldspar, and clay minerals.

The most abundant minerals of chemically or biochem-
ically precipitated sediments are carbonates, such as calcite,
the main constituent of limestone. Dolomite, also found in
limestone, is a calcium-magnesium carbonate formed by
precipitation during lithification. Two other chemical sedi-
ments—gypsum and halite—form by precipitation as sea-
water evaporates.

METAMORPHIC ROCKS

Metamorphic rocks take their name from the Greek words
for "change" (meta) and "form" (morphe). These rocks are
produced when high temperatures and pressures deep in the
Earth cause any kind of rock—igneous, sedimentary, or
other metamorphic rock—to change its mineralogy, texture,
or chemical composition while maintaining its solid form.
The temperatures of metamorphism are below the melting
points of the rocks (about 700°C) but high enough (above
250°C) for the rocks to change by recrystallization and
chemical reactions.

Regional and Contact
| Metamorphism

Metamorphism may take place over a widespread area or a
limited one (Figure 3.25). Regional metamorphism occurs
where high pressures and temperatures extend over large
regions, as happens where plates collide. Regional meta-
morphism accompanies plate collisions that result in moun-

tain building and the folding and breaking of sedimentary
layers that were once horizontal. Where high temperatures
are restricted to smaller areas, such as the rocks near and in
contact with an intrusion, rocks are transformed by contact
metamorphism.

Many regionally metamorphosed rocks, such as schists,
have characteristic foliation, wavy or flat planes produced
when the rock was structurally deformed into folds. Granu-
lar textures are more typical of most contact metamorphic
rocks and of some regional metamorphic rocks formed by
very high pressure and temperature.

| Common Minerals

Silicates are the most abundant minerals of metamorphic
rocks because the parent rocks are also rich in silicates (see
Table 3.5). Typical minerals of metamorphic rocks are
quartz, feldspar, mica, pyroxene, and amphibole—the same
kinds of silicates characteristic of igneous rocks. Several
other silicates—kyanite, staurolite, and some varieties of
garnet—are characteristic of metamorphic rocks alone.
These minerals form under conditions of high pressure and
temperature in the crust and are not characteristic of igneous
rocks. They are therefore good indicators of metamorphism.
Calcite is the main mineral of marbles, which are metamor-
phosed limestones.

THE ROCK CYCLE: Interactions
Between the Plate Tectonic and
Climate Systems

Earth scientists have known for over 200 years that the three
basic groups of rocks—igneous, metamorphic, and sedimen-
tary—all can evolve from one to another and that this signi-
fies important processes operating in and on the Earth. This
knowledge has given rise to the concept of a rock cycle,
which is now known to be the result of interactions between
two of the three fundamental Earth systems: plate tectonics
and climate. Driven by interactions between these two sys-
tems, material and energy are transferred among the Earth's
interior, the land surface, the oceans, and the atmosphere. For
example, the melting of subducting lithospheric slabs and the
formation of magma result from processes operating within
the plate tectonic system. When these molten rocks erupt,
matter and energy are transferred to the land surface, where
the materials (newly formed rocks) are subject to weathering
by the climate system. The same process injects volcanic ash
and carbon dioxide gas high into the atmosphere, where they
may affect global climate. As global climate changes, per-
haps becoming warmer or cooler, the rate of rock weathering
changes, which in turn influences the rate at which material
(sediment) is returned to Earth's interior.

The rock cycle begins with the creation of new oceanic
lithosphere at a mid-ocean ridge spreading center as two
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Continental
crust

Continental
lithosphere ——

Asthenosphere

Hornfels
formation

Magma

Eclogite

Contact metamorphism
oceurs in limited areas

where magma intrusion meta-
morphoses neighboring rock
by its heat, forming hornfels.

Ultra-high-pressure
metamorphism occurs deep
in the continental lithosphere
and oceanic crust.

Figure 3.25 Metamorphic rocks form under four main
conditions. Examples of rocks shown here are (from left to right)

continents drift apart (Figure 3.26). The ocean gets wider
and wider until at some point the process reverses itself and
the ocean closes. As the basin closes, igneous rocks created
at the mid-ocean ridge eventually descend into a subduction
zone beneath a continental plate. Sediments that were
formed on the continent and transported to its edge may
also be dragged down into the subduction zone. Ultimately,
the two continents, which were once drifting apart, may
now collide. As the igneous rocks and sediments that
descend into the subduction zone go deeper and deeper into
Earth's interior, they begin to melt to form a new generation
of igneous rocks. The great heat associated with the intru-
sion of these igneous rocks, coupled with the heat and pres-
sure that comes with being pushed to levels deep in the
Earth, transforms these igneous rocks—and other sur-
rounding rocks—into metamorphic rocks. During the colli-
sion process, these igneous and metamorphic rocks are then

Trench

Oceanic crust

> Oceanic lithosphere

Sediments

Micaschist Blueschist

Regional metamorphism
occurs where high pressures
and temperatures extend over
large regions.

High-pressure, low-
temperature metamorphism
occurs where oceanic crust
subducts beneath the leading
edge of a continental plate.

hornfels [Biophoto Associates/Photo Researchers], eclogite [Julie
Baldwin], micaschist [John Grotzinger], and blueschist [Mark Cloos].

uplifted into a high mountain chain as a section of Earth's
crust crumples and deforms. The uplifted igneous and
metamorphic rocks slowly weather.

Interaction between the plate tectonic system (uplift of
rocks) and climate system (weathering of uplifted rocks)
results in the transformation of igneous and metamorphic
rocks into loose sediment that erosion then strips away. Water
and wind transport some of these sediments across the conti-
nents and eventually to the edges of the continents, where the
land meets the ocean. The sediments laid down in the sea
are buried under successive layers of sediment, where they
slowly lithify into sedimentary rock. These oceans, like those
mentioned at the beginning of the cycle, may also have
formed by spreading along mid-ocean ridges, thus complet-
ing the rock cycle.

The particular pathway illustrated here—that of a conti-
nent breaking apart, forming new seafloor, then closing back
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The rock cycle is the interaction of plate tectonic and climate systems.

1 The cycle begins with rifting and development of a divergent
margin within a continent. Sediments erode from the conti-
nental interior and are deposited in rift basins, where they are
buried 1o form sedimentary rocks.

Sediment rock

6 Streams transport sediment away from collision zones
to oceans, where it is deposited as layers of sand and
silt. Layers of sediment are buried and lithify to form
sedimentary rock.

Sediment Sedimentary
rock
Sedimentary

2 Rifting and spreading continue, and a new ocean basin
develops. Magma rises from the asthenosphere at mid-ocean
ridges and chills to form basalt. an igneous rock.

Oceanic crust
Continental crust

Continental lithosphere

Magma

lgneous rock

Metamorphic rock

5 Further closing of the ocean basin leads to continental
collision, forming high mountain ranges. Where continents
collide, rocks are buried deeper or modified by heat and
pressure, forming metamorphic rocks. Uplifted mountains force
moisture-laden air to rise, cool, condense, and precipitate.
Weathering creates loose material—soils and sediment—that
erosion strips away.

up again—is only one variation among the many that may
take place in the rock cycle. Any type of rock—igneous,
sedimentary, or metamorphic—can be uplifted during a
mountain-building event and weathered and eroded to form
new sediments. Some stages may be omitted: as a sedimen-
tary rock is uplifted and eroded, for example, metamorphism
and melting are skipped. Also, we know from deep drilling
that some igneous and metamorphic rocks many kilometers
deep in the crust may never have been uplifted or exposed to
weathering and erosion.

The rock cycle never ends. It is always operating at dif-
ferent stages in various parts of the world, forming and erod-
ing mountains in one place and laying down and burying
sediments in another. The rocks that make up the solid Earth
are recycled continuously, but we can see only the surface

parts of the cycle. We must deduce the recycling of the deep
crust and the mantle from indirect evidence.

MINERALS OCCUR IN ROCKS AS
VALUABLE RESOURCES

We have now learned the basics of what minerals and rocks
are and how the plate tectonic and climate systems interact
to form a rock cycle. The rock cycle also turns out to be cru-
cial in creating economically important concentrations of
valuable minerals in Earth's crust. Finding these minerals
and extracting them is a vital job for Earth scientists, and so
we now turn our attention to learning about where and how
some of these geological prizes formed.



idence of the continental margin—sinking of Earth's
hosphere—leads to accumulation of sediment and
rmation of sedimentary rock during burial.

Sedimentary
rock

Magma Igneous rock

ceanic crust subducts beneath a continent, building a vol-
ic mountain chain. The subducting plate melts as it
ends. Magma rises from the melting plate and mantle and
0ls to make granitic igneous rocks.

The chemical elements of Earth's crust are widely dis-
tributed in many kinds of minerals, and those minerals are
found in a great variety of rocks. In most places, any given
element will be found homogenized with other elements in
amounts close to its average concentration in the crust. An
ordinary granitic rock, for example, may contain a few per-
centage points of iron, close to the average concentration of
iron in Earth's crust.

When an element is present in higher concentrations, it
means the rock underwent some geologic process that con-
centrated larger quantities of the element than normal. In
some cases, the rock cycle contributes to this concentration
of important minerals. The concentration factor of an ele-
ment in a mineral deposit is the ratio of the element's abun-
dance in the deposit to its average abundance in the crust.
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High concentrations of elements are found in a limited num-
ber of specific geological settings. Some examples are given
later in this chapter. These settings are of economic interest,
because the higher the concentration of a resource in a given
deposit, the lower the cost to recover it.

| Ore Minerals

Ores are rich deposits of minerals from which valuable met-
als can be recovered profitably. The minerals containing
these metals are ore minerals. Ore minerals include sulfides
(the main group), oxides, and silicates. Ore minerals in each
of these groups are compounds of metallic elements with
sulfur, oxygen, and silicon oxide, respectively. The copper
ore mineral covelite, for example, is a copper sulfide (CuS).
The iron ore mineral hematite (Fe,0,) is an iron oxide. The
nickel ore mineral garnierite is a nickel silicate, Ni,S1,0,
(OH).. In addition, some metals, such as gold, are found in
their native state—that is, uncombined with other elements
(Figure 3.27).

Recall in our discussion of the rock cycle that continen-
tal margins where subduction occurs may be associated with
melting of oceanic lithosphere to form igneous rocks. Very
large ore deposits can be formed in such a tectonic setting,
when hot solutions—also known as hydrothermal solu-
tions—are formed around bodies of molten rock. This hap-
pens when circulating groundwater comes into contact with
a hot intrusion, reacts with it, and carries off significant
quantities of elements and ions released by the reaction.
These elements and their ions then interact with one another
to deposit ore minerals, usually as the fluid cools.

Figure 3.27 Gold occurring in the free state (native gold) on a
quartz crystal. [Chip Clark.]
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Groundwater percolating through cracks
and jointed rock dissolves metal oxides
and sulfides. Heated by the magma, it
rises, precipitating metal ores in joints.

Deformed
country rock

Geysers and
hot springs

Plutonic
intrusion

Figure 3.28 Many ore deposits are found in hydrothermal veins
formed by hot solutions rising from magmatic intrusions. Quartz

| Vein Deposits

Hydrothermal fluids moving through fractured rocks often
deposit ore minerals. These fluids flow easily through the
fractures, cooling rapidly in the process. Quick cooling causes
fast precipitation of the ore minerals. The tabular (sheetlike)
deposits of precipitated minerals in the fractures and joints are
called vein deposits or simply veins. Some ores are found in
veins; others are found in the country rock adjacent to the
veins, which were altered when the hot solutions heated and
infiltrated the country rock. As the solutions react with sur-
rounding rocks, they may precipitate ore minerals together
with quartz, calcite, or other common vein-filling minerals.
Vein deposits are a major source of gold (Figure 3.28).

% > : A _:.‘-‘ﬁ.u
N ¥‘_-.:: Vein g_epos_'yg .

iy,

vein deposit (about | c¢m thick) containing gold and silver ores.
Oatman, Arizona. [Peter Kresan.]

Hydrothermal vein deposits are among the most impor-
tant sources of metal ores. Typically, metallic ores exist as
sulfides, such as iron sulfide (pyrite), lead sulfide (galena),
zinc sulfide (sphalerite), mercury sulfide (cinnabar)—shown
in Figure 3.29—and copper sulfide (covelite and chalcocite).
Hydrothermal solutions reach the surface as hot springs and
geysers, many of which precipitate metallic ores—including
ores of lead, zinc, and mercury—as they cool.

| Disseminated Deposits

Mineral deposits that are scattered through volumes of rock
much larger than veins are called disseminated deposits. In
both igneous and sedimentary rocks, minerals are dissemi-
nated along abundant cracks and fractures. Among the eco-

Cinnabar
(mercury sulfide)

Galena
(lead sulfide)

Pyrite Sphalerite
(iron sulfide) (zinc sulfide)

Figure 3.29 Metal sulfide ores. Sulfides are the most common types of metallic ores. [Chip Clark.]



Malachite
(a copper carbonate)

Chalcopyrite
(a copper sulfide)

nomically important disseminated deposits are the copper
deposits of Chile and the southwestern United States. These
deposits develop in geologic provinces with abundant ig-
neous rocks, usually emplaced as large intrusive bodies. In
Chile, these intrusive igneous rocks are related to subduc-
tion of oceanic lithosphere beneath the Andes Mountains,
very similar to what was described in our example of the
rock cycle. The most common copper mineral is chalcopy-
rite, a copper sulfide (Figure 3.30). The copper was de-
posited when ore-forming minerals were introduced into a
great number of tiny fractures in granitic intrusive rocks
and in the country rocks surrounding the higher parts of
igneous intrusions. Some unknown process associated with
the intrusion or its aftermath broke the rocks into millions
of pieces. Hydrothermal solutions penetrated and rece-
mented the rocks by precipitating ore minerals throughout
the extensive network of tiny fractures. This widespread
dispersal produced a low-grade but very large resource of
many millions of tons of ore, which can be mined econom-
ically by large-scale methods (Figure 331).
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Figure 3.30 Copper ores.
Chalcopyrite and chalcocite are
copper sulfide ores. Malachite is a
carbonate of copper found in
association with sulfides of copper.
[Chip Clark.]

Chalcocite
(a copper sulfide)

Extensive disseminated hydrothermal deposits may
also be present in sedimentary rocks. This is the case in the
lead-zinc province of the Upper Mississippi Valley, which
extends from southwestern Wisconsin to Kansas and Okla-
homa. The ores in this province are not associated with a
known magmatic intrusion that could have been a source of
hydrothermal fluids, and so their origin is very different.
Some geologists speculate that the ores were deposited by
groundwater that was driven out of the ancestral
Appalachian Mountains when they were much higher. Con-
tinental collision between North America and Africa may
have created a continental-scale squeegee that pushed flu-
ids from deep within the collision zone all the way into the
continental interior of North America. Groundwater may
have penetrated hot crustal rocks at great depths and dis-
solved soluble ore minerals, then moved upward into the
overlying sedimentary rocks, where it precipitated the min-
erals as fillings in cavities. In some cases, it appears that ore
fluids infiltrated limestone formations and dissolved some
carbonates, then replaced the carbonates with equal volumes

Figure 3.31 Kennecott Copper
Mine, Utah, an open-pit mine. Open-
pit mining is typical of the large-
scale methods used to exploit
widely disseminated ore deposits.
[David R. Frazier/The Image Works.]
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of new crystals of sulfide. The major minerals of the hydro-
thermal deposits in this province are lead sulfide (galena)
and zinc sulfide (sphalerite).

| Igneous Deposits

The most important igneous ore deposits—deposits of ore in
igneous rocks—are found as segregations of ore minerals
near the bottom of intrusions. The deposits form when min-
erals crystallize from molten magma, settle, and accumulate
on the floor of a magma chamber. Most of the chromium
and platinum ores in the world, such as the deposits in South
Africa and Montana, are found as layered accumulations of
minerals that formed in this way (Figure 3.32). One of the
richest ore bodies ever found, at Sudbury, Ontario, is a large
mafic intrusion containing great quantities of layered nickel,
copper, and iron sulfides near its base. Geologists believe
that these sulfide deposits formed from crystallization of a
dense, sulfide-rich liquid that separated from the rest of the
cooling magma and sank to the bottom of the chamber
before it congealed.

Pegmatites are extremely coarse grained intrusive rocks of
granitic composition. As the magma in a large granitic intru-
sion cools, the last melt to freeze solidifies as pegmatites, in
which minerals present in only trace amounts in the parent
rock are concentrated. Pegmatites may contain rare mineral
deposits rich in such elements as boron, lithium, fluorine, nio-
bium, and uranium and in such gem minerals as tourmaline.

| Sedimentary Deposits

Sedimentary mineral deposits include some of the world's
most valuable mineral sources. Many economically important
minerals segregate as an ordinary result of sedimentary
processes. Sedimentary mineral deposits are also important

sources of copper, iron, and other metals. These deposits were

chemically precipitated in sedimentary environments to
which large quantities of metals were transported in solution.
Some of the important sedimentary copper ores, such as those
of the Permian Kupferschiefer (German for "copper slate")
beds of Germany, may have precipitated from hot brines of
hydrothermal origin, rich in metal sulfides, that interacted
with sediments on the ocean bottom. The tectonic setting of
these deposits may have been more like the mid-ocean ridge
described in our example of the rock cycle, except that it
developed on a continent. Here, rifting of the continental crust
led to development of'a deep trough, where sediments and ore
minerals were deposited in a very still, narrow ocean.

Many rich deposits of gold, diamonds, and other heavy
minerals such as magnetite and chromite are found in plac-
ers, ore deposits that have been concentrated by the mechan-
ical sorting action of river currents. These ore deposits owe
their origin to processes associated with weathering and sed-
iment transport during the surface phase of the rock cycle.
Uplifted rocks weather to form grains of sediment, which are
then sorted by weight when currents of water flow over them.
Because heavy minerals settle out of a current more quickly
than lighter minerals such as quartz and feldspar, the heavy
minerals tend to accumulate on river bottoms and sandbars,
where the current is strong enough to keep the lighter miner-
als suspended and in transport but is too weak to move the
heavier minerals. Similarly, ocean waves preferentially de-
posit heavy minerals on beaches or shallow offshore bars.
The gold panner accomplishes the same thing: the shaking of
a water-filled pan allows the lighter minerals to be washed
away, leaving the heavier gold in the bottom of the pan.

Some placers can be traced upstream to the location of
the original mineral deposit, usually of igneous origin, from
which the minerals were eroded. Erosion of the Mother
Lode, an extensive gold-bearing vein system lying along the
western flanks of the Sierra Nevada batholith, produced the
placers that were discovered in 1848 and led to the Califor-

Figure 3.32 Chromite (chrome
ore, dark layers) in a layered igneous
intrusive. Bushveldt Complex, South
Africa. [Spence Titley.]



nia gold rush. The placers were found before their source
was discovered. Placers also led to the discovery of the Kim-
berley diamond mines of South Africa two decades later.

SUMMARY

What is a mineral? Minerals, the building blocks of rocks,
are naturally occurring, inorganic solids with specific crys-
tal structures and chemical compositions that either are
fixed or vary within a defined range. A mineral is con-
structed of atoms, the small units of matter that combine in
chemical reactions. An atom is composed of a nucleus of
protons and neutrons, surrounded by electrons. The atomic
number of an element is the number of protons in its
nucleus, and its atomic mass is the sum of the masses of its
protons and neutrons.

How do atoms combine to form the crystal structures of
minerals? Chemical substances react with one another to
foom compounds either by gaining or losing electrons to
become ions or by sharing electrons. The ions in a chemical
compound are held together by ionic bonds, which form by
electrostatic attraction between positive ions (cations) and
negative ions (anions). Atoms that share electrons to form a
compound are held together by covalent bonds. When a min-
eral crystallizes, atoms or ions come together in the proper
proportions to form a crystal structure—an orderly three-
dimensional geometric array in which the basic arrangement
is repeated in all directions.

What are the major rock-forming minerals? Silicates, the
most abundant minerals in Earth's crust, are crystal struc-
tures built of silicate tetrahedra linked in various ways.
Tetrahedra may be isolated (olivines) or in single chains
(pyroxenes), double chains (amphiboles), sheets (micas), or
frameworks (feldspars). Carbonate minerals are made of
carbonate ions bonded to calcium or magnesium or both.
Oxide minerals are compounds of oxygen and metallic ele-
ments. Sulfide and sulfate minerals are composed of sulfur
atoms in combination with metallic elements.

What are the physical properties of minerals? A min-
eral's physical properties, which indicate its composition
and structure, include hardness—the ease with which its
surface is scratched; cleavage—its ability to split or break
along flat surfaces; fracture—the way in which it breaks
along irregular surfaces; luster—the nature of its reflection
of light; color—imparted by transmitted or reflected light to
crystals, irregular masses, or a streak (the color of a fine
powder); density—the mass per unit volume; and crystal
habit—the shapes of individual crystals or aggregates.

What determines the properties of the various kinds of
rocks that form in and on Earth's surface? Mineralogy
(the kinds and proportions of minerals that make up a rock)
and texture (the sizes, shapes, and spatial arrangement of its
crystals or grains) define a rock. The mineralogy and texture
of a rock are determined by the geologic conditions, includ-
ing chemical composition, under which it formed, either in
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the interior under various conditions of high temperature
and pressure or at the surface, where temperatures and pres-
sures are low.

What are the three types of rock and how do they form?
Igneous rocks form by the crystallization of magmas as they
cool. Intrusive igneous rocks form in Earth's interior and
have large crystals. Extrusive igneous rocks, which form at
the surface where lavas and ash erupt from volcanoes, have
a glassy or fine-grained texture. Sedimentary rocks form by
the lithification of sediments after burial. Sediments are
derived from the weathering and erosion of rocks exposed at
Earth's surface. Metamorphic rocks form by alteration in the
solid state of igneous, sedimentary, or other metamorphic
rocks as they are subjected to high temperatures and pres-
sures in Earth's interior.

How does the rock cycle describe the formation of rocks
as the products of geologic processes? The rock cycle
relates geologic processes to the formation of the three types
ofrocks from one another. We can view the processes by start-
ing at any point in the cycle. We began with the creation of
new oceanic lithosphere at a mid-ocean ridge as two conti-
nents drift apart. The ocean gets wider until at some point the
process reverses itself and the ocean closes. As the basin
closes, igneous rocks created at the mid-ocean ridge eventu-
ally descend into a subduction zone beneath a continental
plate. Ultimately, the two continents, which were once drift-
ing apart, may now collide. As the igneous rocks and sedi-
ments that descend into the subduction zone go deeper and
deeper into Earth's interior, they begin to melt to form a new
generation of igneous rocks. The great heat associated with
the intrusion of these igneous rocks, coupled with the heat and
pressure that comes with being pushed to levels deep in the
Earth, transforms these igneous rocks—and other surround-
ing rocks—into metamorphic rocks. During the collision pro-
cess, these igneous and metamorphic rocks are then uplifted
into a high mountain chain as a section of Earth's crust crum-
ples and deforms. Igneous and metamorphic rocks are then
uplifted to the surface in the mountain-building process. The
uplifted igneous and metamorphic rocks slowly weather.
Plate tectonics is the mechanism by which the cycle operates.

What is hydrothermal mineral deposition? Hydrothermal
deposits, which are some of the most important ore deposits,
are formed by hot water that emanates from igneous intru-
sions or by heated circulating groundwater or seawater. The
heated water leaches soluble minerals in its path and trans-
ports them to cooler rocks, where they are precipitated in
fractures, joints, and voids. These ores may be found in
veins or in disseminated deposits, such as copper sulfides.

How do igneous ore deposits form? Igneous ore deposits
typically form when minerals crystallize from molten mag-
ma, settle, and accumulate on the floor of a magma cham-
ber. They are often found as layered accumulations of min-
erals. The rich ore body at Sudbury, Ontario, for example, is
a mafic intrusion that contains great quantities of layered
nickel, copper, and iron sulfides near its base.
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1. Define a mineral.

2. What is the difference between an atom and an ion?
3. Draw the atomic structure of sodium chloride.

4. What are two types of chemical bonds?

5. List the basic structures of silicate minerals.

6. Name three groups of minerals, other than silicates,
based on their chemical composition.

7. How would a field geologist measure hardness?

8. What is the difference between the carbonate minerals
calcite and dolomite?

9. What are the differences between extrusive and intru-
sive igneous rocks?

10. What are the differences between regional and contact
metamorphism?

11.What are the differences between siliciclastic and
chemical or biochemical sedimentary rocks?

12. List three common silicate minerals found in each
group of rocks: igneous, sedimentary, and metamorphic.

13. Of the three groups of rocks, which form at Earth's
surface and which in the interior of the crust?

14. What are the characteristics of an economical ore
deposit?

15. Describe the creation of an ore body by hydrothermal
activity.

THOUGHT QUESTIONS

1. Draw a simple diagram to show how silicon and oxy-
gen in silicate minerals share electrons.

2. Diopside, a pyroxene, has the formula (Ca,Mg),Si,0,.
What does this formula tell you about its crystal structure
and cation substitution?

3. In some bodies of granite, we can find very large crys-
tals, some as much as a meter across, yet these crystals
tend to have few crystal faces. What can you deduce about
the conditions under which these large crystals grew?

4. What physical properties of sheet silicates are related
to their crystal structure and bond strength?

5. Choose two minerals from Appendix 5 that you think
might make good abrasive or grinding stones for sharpen-
ing steel, and describe the physical property that causes
you to believe they would be suitable for this purpose.

6. Aragonite, with a density of 2.9 g/cm’, has exactly the
same chemical composition as calcite, with a density of
2.7 g/cm’. Other things being equal, which of these two
minerals is more likely to have formed under high pressure?

7. There are at least eight physical properties one can use
to identify an unknown mineral. Which ones are most use-
ful in discriminating between minerals that look similar?
Describe a strategy that would allow you to determine that
an unknown clear calcite crystal is not the same as a known
clear crystal of quartz.

8. Coal, which forms from decaying vegetation and is,
therefore, a natural substance, is not considered to be a
mineral. However, when coal is heated to high tempera-
tures and buried in high-pressure areas, it transforms into
the mineral graphite. Why is it, then, that coal is not con-
sidered a mineral but graphite is? Explain your reasoning.

9. What geologic processes transform a sedimentary
rock into an igneous rock?



10. Which igneous intrusion would you expect to have a
wider contact metamorphic zone: one intruded by a very
hot magma or one intruded by a cooler magma?

11. Describe the geologic processes by which an igneous
rock is transformed into a metamorphic rock and then
exposed to erosion.

12. Using the rock cycle, trace the path from a magma to
a granite intrusion to a metamorphic gneiss to a sandstone.
Be sure to include the role of tectonics and the specific
processes that create the rocks.

13. Where are igneous rocks most likely to be found?
How could you be certain that the rock is igneous and not
sedimentary or metamorphic?

14. Back in the late 1800s, gold miners used to pan for
gold by placing sediment from rivers into a pan and filter-
ing water through the pan while swirling the pan's content.
Specifically, the miners wanted to be certain that they had
found real gold and not pyrite ("fool's gold"). Why did this
method work? What mineral property does the process of
panning for gold use? What is another possible method for
distinguishing between gold and pyrite?
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Why Is the Hope Diamond Blue?

In late 1955, Robert H. Wentorf, Jr., achieved something
close to alchemy. He bought a jar of peanut butter at a local
food co-op, took it to his lab, and then turned a glob of the
spread into a few tiny (green) diamonds.* After all, peanuts
are rich in proteins, which are rich in nitrogen. Synthetic
diamonds are often black due to inclusions of graphite, and
traces of nitrogen within the crystal structure can turn dia-
monds brown, yellow, or green.

Diamonds form in the upper mantle at depths below
about 200 km where temperatures and pressures cause
graphite, diamond's sister mineral, to collapse into a more
tightly packed crystal structure (see Figure 3.8). Most dia-
monds weigh less than 1 carat (0.2 gram) and are colorless,
pale yellow, or brown. Larger diamonds, especially colored

* [van Amato, Diamond fever. Science News, August 4, 1990, p. 72.
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ones, are rare. The largest faceted diamond is the yellow
545.67-carat Golden Jubilee, unveiled in 1995. The Hope
diamond, on display at the Smithsonian Institution, may be
the best-known gemstone in the world. It is a very rare 45-
carat blue diamond.

What produces the color of gems and minerals? Color is
produced by the interaction of light with matter. You know
how a prism or even water drops break white light into a
spectrum or rainbow of colored light. When light strikes the
surface of a crystal or penetrates it, it interacts with atoms;
some components of the light may be absorbed and others
transmitted. As white light passes through the Hope dia-
mond, the crystal absorbs red light and transmits blue light.

Why are many diamonds colorless and others blue, red,
yellow, green, or brown? Trace amounts of impurities and
imperfections in the crystal structure of a mineral can change
how the mineral interacts with light and cause it to be col-
ored. Although diamonds are pure carbon, it takes only one
atom of another element among the millions of atoms to turn
a diamond blue. Rubies and sapphires are both crystals of
aluminum oxide; yet rubies are red and sapphires are blue.
Go to http://www.whfreeman.com/understandingearth to
figure out what causes the Hope diamond to be blue, rubies
to be red, and sapphires to be blue.

Identifying Building Stones

Building stones often are a clue to local geology. Local
stone is both cost-effective and a source of community
pride. With a partner, examine the building stones that you
find on campus or in your community. Choose four to six
types of stone that look different and note their locations on
a local map. Draw each stone on a separate piece of paper
and note such features as color, grain size, the presence or
absence of layering, and whether the stone appears to con-
tain one mineral or more than one. Also describe any evi-
dence of chemical or physical weathering and judge how
good the stone is for building. Then decide whether the
stone is most likely to be igneous, metamorphic, or sedi-
mentary, and explain why. Finally, compare a geologic map
of the area with your findings in the field and explain why
the stones you described do or do not record the local geol-
ogy. Submit an organized folder containing your drawings,
observations, and inferences.


http://www.whfreeman.com/understandingearth
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IGNEOUS ROCKS
Solida from Melts

ore than 2000 years ago,

the Greek scientist and
JL geographer Strabo trav-
eled to Sicily to view the volcanic
eruptions of Mount Etna. He ob-
served that the hot liquid lava
spilling down from the volcano onto
Earth's surface cooled and hardened
into solid rock within a few hours.
By the eighteenth century, geolo-
gists began to understand that some

sheets of rock that cut across other

rock formations also formed by the
cooling and solidifying of magma. In these cases, the magma
cooled slowly because it had remained buried in Earth's crust.
Today we know that deep in Earth's hot crust and mantle, rocks
melt and rise toward the surface. Some magmas solidify before
they reach the surface, and some break through and solidify on the
surface. Both processes produce igneous rocks.

As we saw in Chapter 3, much of Earth's crust is composed of
igneous rock, some metamorphosed and some not. Understanding
the processes that melt and resolidify rocks is a key to understand-
ing how Earth's crust forms. In this chapter, we examine the
wide range of igneous rocks, both intrusive and extrusive, and
the processes by which they form.

We also learned in Chapter 3 that plate tectonics creates a wide
variety ofigneous rocks. Specifically, igneous rocks form at spread-
ing centers where plates move apart and at convergent boundaries
where one plate descends beneath another. Although we still have
much to learn about the exact mechanisms of melting and solidifi-
cation, we do have good answers to some fundamental questions:
How do igneous rocks differ from one another? Where do igneous
rocks form? How do rocks solidify from a melt? Where do melts
form?

In answering these questions, we will focus on the central role
of igneous processes in the Earth system. When melted rock is
transported from magma chambers in Earth's interior to volcanoes,
for example, a variety of gases are also carried along. These gases,
especially carbon dioxide and sulfur gases, affect the atmosphere
and oceans. In this way, magmas may alter climate—an unex-
pected relationship drawn from analysis of the Earth system.

Columnar basalts, Devil's Post Pile National Monument, eastern Sierra
Nevada. Masses of this kind of extrusive igneous rock fracture along
columnar joints when they cool. [Jerry L. Ferrara/Photo Researchers.]
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HOW DO IGNEOUS ROCKS
DIFFER FROM ONE ANOTHER?

Today we classify rock samples in the same way that some
geologists did in the late nineteenth century:

*By texture

* By mineral and chemical composition

Texture

Two hundred years ago, the first division of igneous rocks
was made on the basis of texture, an aspect of rocks that
largely reflects differences in mineral crystal size. Geolo-
gists classified rocks as either coarsely or finely crystalline
(see Chapter 3). Crystal size is a simple characteristic that
geologists can easily see in the field. A coarse-grained rock
such as granite has separate crystals that are easily visible to
the naked eye. In contrast, the crystals of fine-grained rocks
such as basalt are too small to be seen, even with the aid of
a magnifying lens. Figure 4.1 shows samples of granite
and basalt, accompanied by photomicrographs of very thin,
transparent slices of each rock. Photomicrographs, which
are simply photographs taken through a microscope, give an
enlarged view of minerals and their textures. Textural differ-
ences were clear to early geologists, but more work was
needed to unravel the meaning of those differences.

First Clue: Volcanic Rocks Early geologists observed
volcanic rocks forming from lava during volcanic eruptions.
{Lava is the term that we apply to magma flowing out on the
surface.) Geologists noted that when lava cooled rapidly, it
formed either a finely crystalline rock or a glassy one in
which no crystals could be distinguished. Where lava cooled
more slowly, as in the middle of a thick flow many meters
high, somewhat larger crystals were present.

Seen with a
magnifying
glass

e |
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Second Clue: Laboratory Studies of Crystallization
Just over one-hundred years ago, experimental scientists
began to understand the nature of crystallization. Anyone
who has frozen an ice cube knows that water solidifies to ice
in a few hours as its temperature drops below the freezing
point. If you have ever attempted to retrieve your ice cubes
before they were completely solid, you may have seen thin
ice crystals forming at the surface and along the sides of the
tray. During crystallization, the water molecules take up
fixed positions in the solidifying crystal structure, and they
are no longer able to move freely, as they did when the water
was liquid. All other liquids, including magmas, crystallize
in this way.

The first tiny crystals form a pattern. Other atoms or ions
in the crystallizing liquid then attach themselves in such a
way that the tiny crystals grow larger. It takes some time for
the atoms or ions to "find" their correct places on a growing
crystal, and large crystals form only if they have time to grow
slowly. If a liquid solidifies very quickly, as a magma does
when it erupts onto the cool surface of the Earth, the crystals
have no time to grow. Instead, a large number of tiny crystals
form simultaneously as the liquid cools and solidifies.

Third Clue: Granite—Evidence of Slow Cooling By
studying volcanoes, early geologists determined that finely
crystalline textures indicate quick cooling at Earth's surface.
Moreover, finely crystalline igneous rocks are evidence of
former volcanism. But in the absence of direct observation,
how could geologists deduce that coarse-grained rocks form
by slow cooling deep in the interior? Granite—one of the
commonest rocks of the continents—turned out to be the
crucial clue (Figure 4.2). James Hutton, one of geology's
founding fathers, saw granites cutting across and disrupting
layers of sedimentary rocks as he worked in the field in
Scotland. He noticed that the granite had somehow fractured
and invaded the sedimentary rocks, as though the granite
had been forced into the fractures as a liquid.

Basalt

Figure 4.1 Igneous rocks were first
classified by texture. Early geologists
assessed texture with a small hand-
held magnifying lens. Modern geologists
have access to high-powered polarizing
microscopes, which produce
photomicrographs of thin, transparent
rock slices like those shown here.
John Grotzinger/Ramon Rivera-Moret/
Harvard Mineralogical Museum.
Photomicrographs by Raymond Siever.]
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Metamorphosed
sedimentary rock

Granite intrusion

ire 4.2 Granite intrusion (light colored) cutting across metamorphosed sedimentary rock. [Tom Bean/DRK PHOTO)]

As Hutton looked at more and more granites, he began to
focus on the sedimentary rocks bordering them. He observed
that the minerals of the sedimentary rocks in contact with the
granite were different from those found in sedimentary rocks
at some distance from the granite. He concluded that the
changes in the sedimentary rocks must have resulted from
great heat and that the heat must have come from the granite.
Hutton also noted that granite was composed of interlocked
crystals (see Figure 4.1). By this time, chemists had estab-
lished that a slow crystallization process produces this pattern.

With these three lines of evidence, Hutton proposed that
granite forms from a hot molten material that solidifies deep
in the Earth. The evidence was conclusive, because no other
explanation could accommodate all the facts. Other geolo-
gists, who saw the same characteristics of granites in widely
separated places in the world, came to recognize that gran-
ite and many similar coarsely crystalline rocks were the
products of magma that had crystallized slowly in the inte-
rior of the Earth.

Intrusive Igneous Rocks The full significance of an ig-
neous rock's texture is now clear. As we have seen, texture
is linked to the rate and therefore the place of cooling. Slow
cooling of magma in Earth's interior allows adequate time
for the growth of the interlocking large, coarse crystals that
characterize intrusive igneous rocks (Figure 4.3). An intru-
sive igneous rock is one that has forced its way into sur-
rounding rock. This surrounding rock is called country rock.
(Later in this chapter, we will examine some special forms of
intrusive igneous rocks.)

Extrusive Igneous Rocks Rapid cooling at Earth's sur-
face produces the finely grained texture or glassy appear-
ance of the extrusive igneous rocks (see Figure 4.3). These
rocks, composed partly or largely of volcanic glass, form
when lava or other material erupts from volcanoes. For this
reason, they are also known as volcanic rocks. They fall into
two major categories:

* Lavas Volcanic rocks formed from lavas range in appear-
ance from smooth and ropy to sharp, spiky, and jagged, de-
pending on the conditions under which the rocks formed.

* Pyroclastic rocks In more violent eruptions, pyroclasts
form when broken pieces of lava are thrown high into the air.
The finest pyroclasts are volecanic ash, extremely small frag-
ments, usually of glass, that form when escaping gases force
a fine spray of magma from a volcano. Bombs are larger par-
ticles, hurled from the volcano and streamlined by the air as
they hurtle through it. All volcanic rocks lithified from these
pyroclastic materials are called tuff (see Chapter 12 for
more details).

One pyroclastic rock is pumice, a frothy mass of vol-
canic glass with a great number of vesicles. Vesicles are
holes that remain after trapped gas has escaped from the
solidifying melt. Another wholly glassy volcanic rock is
obsidian; unlike pumice, it contains only tiny vesicles and
so is solid and dense. Chipped or fragmented obsidian pro-
duces very sharp edges, and Native Americans and many
other hunting groups used it for arrowheads and a variety of
cutting tools.
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RN ITIEVIRY  Igneous rock types can be identified by texture.

Pyroclasts

Volcanic ash

-Extrusive rocks

Mafic

Bomb

Pumice

1 Extrusive pyroclasts form
in violent eruptions from
lava thrown high in the air.

Felsic

Basalt

Rhyolite

2 Extrusive igneous rocks
cool rapidly on Earth’s
surface and are
fine-grained.

Cabbro

Cranite

3 Intrusive igneous rocks
cool slowly in Earth’s
interior, allowing large,
coarse crystals to form.

Intrusive rocks

Phenocrysts

4 Intrusive porphyritic crystals start
to grow beneath Earth's surface.

il *— Some crystals grow large, but the

remaining melt cools faster,

forming smaller crystals, either

because it is erupted to the

surface or is intruded close to

Earth's surface where it cools faster.

X

Porphyry

A porphyry is an igneous rock that has a mixed texture
in which large crystals "float" in a predominantly fine crys-
talline matrix (see Figure 4.3). The large crystals, called
phenocrysts, still below
Earth's surface. Then, before other crystals could grow, a

formed while the magma was

volcanic eruption brought the magma to the surface, where
it cooled quickly to a finely crystalline mass. In some cases,
porphyries form as intrusive igneous rocks; for example,
where magmas cool quickly at very shallow levels in the
crust. Porphyry textures are very important to geologists
because they indicate that different minerals grow at differ-
ent rates, a point that will be emphasized later in this chap-
ter. In Chapter 12, we will look more closely at how these
volcanic rocks and others form during volcanism. Now,
however, we turn to the second way in which the family of
igneous rocks is subdivided.

| Chemical and Mineral Composition

We have seen that igneous rocks can be subdivided accord-
ing to their texture. They can also be classified on the basis

of their chemical and mineral compositions. Volcanic glass,
which is formless even under the microscope, is often clas-
sified by chemical analysis. One of the earliest classifica-
tions of igneous rocks was based on a simple chemical
analysis of their silica (Si0,) content. Silica, as noted in
Chapter 3, is abundant in most igneous rocks and accounts
for 40 to 70 percent of their total weight. We still refer to
rocks rich in silica, such as granite, as silicic.

Modern classifications now group igneous rocks accord-
ing to their relative proportions of silicate minerals (Table
4.1). These minerals are described in Appendix 4. The sili-
cate minerals—quartz, feldspar (both orthoclase and plagio-
clase), muscovite and biotite micas, the amphibole and
pyroxene groups, and olivine—form a systematic series.
Felsic minerals are high in silica; mafic minerals are low in
silica. The adjectives felsic (from /e/dspar and 37'lica) and
mafic (from magnesium and /erric, from the Latin ferrum,
"iron") are applied to both the minerals and the rocks that
have high contents of these minerals. Mafic minerals crys-
tallize at higher temperatures—that is, earlier in the cooling
of a magma—than felsic minerals.



As the mineral and chemical compositions of igneous
rocks became known, geologists soon noticed that some
extrusive and intrusive rocks were identical in composition
and differed only in texture. Basalt, for example, is an extru-
sive rock formed from lava. Gabbro has exactly the same
mineral composition as basalt but forms deep in Earth's crust
(see Figure 4.3). Similarly, rhyolite and granite are identical
in composition but differ in texture. Thus, extrusive and
intrusive rocks form two chemically and mineralogically par-
allel sets of igneous rocks. Conversely, most chemical and
mineral compositions can appear in either extrusive or intru-
sive rocks. The only exceptions are very highly mafic rocks
that rarely appear as extrusive igneous rocks.

Figure 4.4 is a model that portrays these relationships.
The horizontal axis plots silica content as a percentage of a
given rock's weight. The percentages given—ifrom high sil-
ica content at 70 percent to low silica content at 40 per-
cent—cover the range found in igneous rocks. The vertical
axis displays a scale measuring the mineral content of a
given rock as a percentage of'its volume. If you know the sil-
ica content of a rock sample, you can determine its mineral
composition and, from that, the type of rock.

We can use Figure 4.4 to help with the discussion of the
intrusive and extrusive igneous rocks. We begin with the fel-
sic rocks, on the extreme left of the model.

Felsic Rocks Felsic rocks are poor in iron and magne-
sium and rich in minerals that are high in silica. Such min-
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erals include quartz, orthoclase feldspar, and plagioclase
feldspar. Orthoclase feldspar is more abundant than plagio-
clase feldspar. Plagioclase feldspars contain both calcium
and sodium. As Figure 4.4 indicates, they are richer in
sodium near the felsic end and richer in calcium near the
mafic end. Thus, just as mafic minerals crystallize at higher
temperatures than felsic minerals, calcium-rich plagio-
clases crystallize at higher temperatures than sodium-rich
plagioclases.

Felsic minerals and rocks tend to be light in color. Gran-
ite, one of the most abundant intrusive igneous rocks, con-
tains about 70 percent silica. Its composition includes abun-
dant quartz and orthoclase feldspar and a smaller amount of
plagioclase feldspar (see the left side of Figure 4.4). These
light-colored felsic minerals give granite its pink or gray
color. Granite also contains small amounts of muscovite and
biotite micas and amphibole.

Rhyolite is the extrusive equivalent of granite. This
light brown to gray rock has the same felsic composition
and light coloration as granite, but it is much more finely
grained. Many rhyolites are composed largely or entirely of
volcanic glass.

Intermediate Igneous Rocks Midway between the felsic
and mafic ends of the series are the intermediate igneous
rocks. As their name indicates, these rocks are neither as
rich in silica as the felsic rocks nor as poor in it as the mafic
rocks. We find the intermediate intrusive rocks to the right of

Common Minerals of Igneous Rocks

Mineral
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Potassium feldspar
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Biotite (mica)
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Felsic = Feldspar-Silica

Mafic = Magnesium-Ferric
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granite in Figure 4.4. The first is granodiorite, a light-colored
felsic rock that looks something like granite. It is also similar
to granite in having abundant quartz, but its predominant
feldspar is plagioclase, not orthoclase. To its right is diorite,
which contains still less silica and is dominated by plagioclase
feldspar, with little or no quartz. Diorites contain a moderate
amount of the mafic minerals biotite, amphibole, and pyrox-
ene. They tend to be darker than granite or granodiorite.

The volcanic equivalent of granodiorite is dacite. To its
right in the extrusive series is andesite, the volcanic equiva-
lent of diorite. Andesite derives its name from the Andes, the
volcanic mountain chain in South America.

Mafic Rocks Mafic rocks are high in pyroxenes and oli-
vines. These minerals are relatively poor in silica but rich in
magnesium and iron, from which they get their characteristic
dark colors. Gabbro, with even less silica than is found in the
intermediate igneous rocks, is a coarsely grained, dark gray
intrusive igneous rock. Gabbro has an abundance of mafic
minerals, especially pyroxene. It contains no quartz and only
moderate amounts of calcium-rich plagioclase feldspar.
Basalt, as we have seen, is dark gray to black and is the
fine-grained extrusive equivalent of gabbro. Basalt is the
most abundant igneous rock of the crust, and it underlies
virtually the entire seafloor. In some places on the conti-
nents, extensive thick sheets of basalt make up large
plateaus. The Columbia Plateau of Washington State and
the remarkable formation known as the Giant's Causeway
in Northern Ireland are two examples. The Deccan basalts
of India and the Siberian basalts of northern Russia are
enormous outpourings of basalt that appear to coincide

closely with two of the greatest periods of mass extinction
in the fossil record. These great episodes of basalt forma-
tion, and the mechanisms responsible for them, are dis-
cussed further in Chapter 12.

Ultramafic Rocks Ultramafic rocks consist primarily of
mafic minerals and contain less than 10 percent feldspar.
Here, at the very low silica composition of only about 45 per-
cent, we find peridotite. It is a coarsely grained, dark green-
ish gray rock made up primarily of olivine with smaller
amounts of pyroxene. Peridotites are the dominant rocks in
Earth's mantle and are the source of basaltic rocks formed
at mid-ocean ridges. Ultramafic rocks are rarely found as
extrusives. Because they form at such high temperatures,
through the accumulation of crystals at the bottom of a
magma chamber, they are rarely liquid and hence do not
form typical lavas.

The names and exact compositions of the various rocks
in the felsic-to-mafic series are less important than the trends
shown in Table 4.2. There is a strong correlation between
mineralogy and the temperatures of crystallization or melt-
ing. As Table 4.2 indicates, mafic minerals melt at higher
temperatures than felsic minerals. At temperatures below the
melting point, minerals crystallize. Therefore, mafic minerals
also crystallize at higher temperatures than felsic minerals.
We can also see from the table that silica content increases as
we move from the mafic group to the felsic group. Increas-
ing silica content results in increasingly complex silicate
structures (see Table 4.1), which interfere with a melted
rock's ability to flow. As a structure grows more complex, the
ability to flow decreases. Thus viscosity—the measure of a
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Changes in Some Major Chemical Elements from Felsic to Mafic Rocks

Felsic Intermediate Mafic
Coarse-Grained Granite Granodiorite Diorite Gabbro
(intrusive)
Fine-Grained Rhyolite Dacite Andesite Basalt
(extrusive) e — :
S - Silica increasing
“_ Sodium increasing
<L Potassium increasing
Calcium increasing ST
Magnesium increasing e
Iron increasing
(Viscosity increasing)
(Melting temperature increasing)
liquid's resistance to flow—increases as silica content in- given temperature. Instead, rocks undergo partial melting
creases. Viscosity is an important factor in the behavior of because the minerals that compose them melt at different
lavas, as we will see in Chapter 12. temperatures. As temperatures rise, some minerals melt and
It is clear that a rock's minerals are an indication of the others remain solid. If the same conditions are maintained at
conditions under which the rock's parent magma formed any given temperature, the same mixture of solid rock and
and crystallized. To interpret this information accurately, melt is maintained. The fraction of rock that has melted at a
however, we must understand more about igneous pro- given temperature is called a partial melt. To visualize a par-
cesses. We turn to that topic next. tial melt, think of how a chocolate chip cookie would look if

you heated it to the point at which the chocolate chips melted

while the main part of the cookie stayed solid.
jow DO MAGMAS FORM? The ratio of liquid to solid in a partial melt depends on the
5 composition and melting temperatures of the minerals that
make up the original rock. It also depends on the temperature
at the depth in the crust or mantle where melting takes place.

We know from the way Earth transmits earthquake waves
that the bulk of the planet is solid for thousands of kilome-
ters down to the core-mantle boundary (see Chapter 14).
The evidence of volcanic eruptions, however, tells us that
there must also be liquid regions where magmas originate.

How do we resolve this apparent contradiction? The answer o ﬂb[ €4.3 Factors Affecting Melting
lies in the processes that melt rocks and create magmas. 2 Temperatures

!low Do Rocks Melt?

Although we do not yet understand the exact mechanisms
of melting and solidification, geologists have learned a
great deal from laboratory experiments. From these experi-
ments, we know that a rock's melting point depends on its

Higher Melting Lower Melting
Temperatures Temperatures

Pressure increasing

) - Water content increasing
composition and on conditions of temperature and pressure e
(Table 4.3). Rock Composition
Temperature and Melting One hundred years ago, geol- More mafic More felsic i

ogists discovered that a rock does not melt completely at any NRU—
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At the lower end of its melting range, a partial melt might be
less than 1 percent of the volume of the original rock. Much
of the hot rock would still be solid, but appreciable amounts
of liquid would be present as small droplets in the tiny spaces
between crystals throughout the mass. In the upper mantle,
for example, some basaltic partial melts can be produced
by only 1 to 2 percent melting of peridotite. However, 15 to
20 percent partial melting of mantle peridotite to form basaltic
magmas is common beneath mid-ocean ridges. At the high
end ofthe melting temperature range, much ofthe rock would
be liquid, with lesser amounts of unmelted crystals in it. An
example would be a reservoir of a basaltic magma and crys-
tals just beneath a volcano such as the island of Hawaii.

Geologists used the new knowledge of partial melts to
help them determine how different kinds of magma form at
different temperatures and in different regions of Earth's
interior. As you can imagine, the composition of a partial
melt in which only the minerals with the lowest melting
points have melted may be significantly different from the
composition of a completely melted rock. Thus, basaltic
magmas that form in different regions of the mantle may
have somewhat different compositions. From this observa-
tion, geologists deduced that the different magmas come
from different proportions of partial melt.

Pressure and Melting To get the whole story on melting,
we must consider pressure, which increases with depth in the
Earth as a result of the increased weight of overlying rock.
Geologists found that as they melted rocks under various
pressures, higher pressures led to higher melting tempera-
tures. Thus, rocks that would melt at Earth's surface would
remain solid at the same temperature in the interior. For
example, a rock that melts at 1000°C at Earth's surface might
have a much higher melting temperature, perhaps 1300°C, at
depths in the interior. There, pressures are many thousands of
times greater than the pressure at Earth's surface. It is the
effect of pressure that explains why rocks in most of the crust
and mantle do not melt. Rock can melt only when both its
mineral composition and the temperature and pressure con-
ditions are right. Just as an increase in pressure can keep a
rock solid, a decrease in pressure can make a rock melt, given
a suitably high temperature. Because of convection, Earth's
mantle rises at mid-ocean ridges—at more or less constant
temperature. As the mantle material rises and the pressure
decreases below a critical point, solid rocks melt sponta-
neously, without the introduction of any additional heat. This
process, known as decompression melting, produces the
greatest volume of molten rock anywhere on Earth. It is the
process by which most basalts form on the seafloor. You will
learn more about pressure and its effects on rocks in Earth's
interior in Chapter 14.

Water and Melting The many experiments on melting
temperatures and partial melting paid other dividends as
well. One of them was a better understanding of the role of
water in rock melting. Geologists working on natural lavas in
the field determined that water was present in some magmas.

This gave them the idea to add water to their experimental
melts back in the laboratory. By adding small but differing
amounts of water, they discovered that the compositions of
partial and complete melts vary not only with temperature
and pressure but also with the amount of water present.

Consider, for example, the effect of dissolved water on
pure albite, the high-sodium plagioclase feldspar, at the low
pressures of the Earth's surface. If only a small amount of
water is present, pure albite will remain solid at tempera-
tures just over 1000°C, hundreds of degrees above the boil-
ing point of water. At these temperatures, the water in the
albite is present as a vapor (gas). If large amounts of water
are present, the melting temperature of the albite will de-
crease, dropping to as low as 800°C. This behavior follows
the general rule that dissolving some of one substance (in
this case, water vapor) in another (in this case, albite) low-
ers the melting point of the solution. If you live in a cold cli-
mate, you are probably familiar with this principle because
you know that towns and municipalities sprinkle salt on icy
roads to lower the melting point of the ice.

By the same principle, the melting temperature of the
albite—and of all the feldspars and other silicate minerals—
drops considerably in the presence of large amounts of
water. In this case, the melting points of various silicates
decrease in proportion to the amount of water dissolved in
the molten silicate. This is an important point in our knowl-
edge of how rocks melt. Water content is a significant factor
in determining the melting temperatures of mixtures of sed-
imentary and other rocks. Sedimentary rocks contain an
especially large volume of water in their pore spaces, more
than is found in igneous or metamorphic rocks. As we will
discuss later in this chapter, the water in sedimentary rocks
plays an important role in melting in Earth's interior.

| The Formation of Magma Chambers

Most substances are less dense in the liquid form than in the
solid form. The density of a melted rock is lower than the
density of a solid rock of the same composition. In other
words, a given volume of melt would weigh less than the
same volume of solid rock. Geologists reasoned that large
bodies of magma could form in the following way. Ifthe less
dense melt were given a chance to move, it would move
upward—just as oil, which is less dense than water, rises to
the surface of a mixture of oil and water. Being liquid, the
partial melt could move slowly upward through pores and
along the boundaries between crystals of the overlying
rocks. As the hot drops of melted rock moved upward, they
would mix with other drops, gradually forming larger pools
of molten rock within Earth's solid interior.

The ascent of magmas through the mantle and crust
may be slow or rapid. Magmas rise at rates of 0.3 m/year to
almost 50 m/year, over periods of tens of thousands or even
hundreds of thousands of years. As they ascend, magmas
may mix with other melts and may also affect the melting
of lithospheric crust. We now know that the large pools of



molten rock envisioned by early geologists form magma
chambers—magma-filled cavities in the lithosphere that
fom as rising drops of melted rock push aside surrounding
solid rock. A magma chamber may encompass a volume as
large as several cubic kilometers. Geologists are still study-
ing how magma chambers form, and we cannot yet say
exactly what they look like in three dimensions. We think
of them as large, liquid-filled cavities in solid rock, which
expand as more of the surrounding rock melts or as liquid
migrates through cracks and other small openings between
crystals. Magma chambers contract as they expel magma to
the surface in eruptions. We know for sure that magma
chambers exist because earthquake waves can show us the
depth, size, and general outlines of the chambers underly-
ing some active volcanoes.

With this knowledge of how rocks melt to form mag-
mas, we can now consider where in Earth's interior various
kinds of magmas form.

MERE DO MAGMAS FORM?

Our understanding of igneous processes stems from geolog-

ical inferences as well as laboratory experimentation. Our
inferences are based mainly on data from two sources. The
first is volcanoes on land and under the sea—everywhere that
molten rock erupts. Volcanoes give us information about
where magmas are located. The second source of data is the
record of temperatures measured in deep drill holes and mine
shafts. This record shows that the temperature of Earth's inte-
rior increases with depth. Using these measurements, scien-
tists have been able to estimate the rate at which temperature
rises as depth increases.

The temperatures recorded at a given depth in some
locations are much higher than the temperatures recorded at
the same depth in other locations. These results indicate that
some parts of Earth's mantle and crust are hotter than oth-
ers. For example, the Great Basin of the western United
States is an area where the North American continent is
being stretched and thinned, with the result that temperature
increases at an exceptionally rapid rate, reaching 1000°C at
a depth of 40 km, not far below the base of the crust. This
temperature is almost high enough to melt basalt. By con-
trast, in tectonically stable regions, such as the central parts
of continents, temperature increases much more slowly,
reaching only 500°C at the same depth.

We now know that various kinds of rock can solidify
fiom magmas formed by partial melting. And we know that
increasing temperatures in Earth's interior could create mag-
mas. Let's turn now to the question of why there are so many
different types of igneous rocks.

" MAGMATIC DIFFERENTIATION |

The processes we've discussed so far demonstrate how

rocks melt to form magmas. But what accounts for the vari-
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ety of igneous rocks? Are magmas of different chemical
compositions made by the melting of different kinds of
rocks? Or do some processes produce a variety of rocks
from an originally uniform parent material?

Again, the answers to these questions came from labora-
tory experiments. Geologists mixed chemical elements in
proportions that simulated the compositions of natural ig-
neous rocks, then melted these mixtures in high-temperature
furnaces. As the melts cooled and solidified, the experi-
menters carefully observed and recorded the temperatures
at which crystals formed as well as the chemical compo-
sitions of those crystals. This research gave rise to the theory
of magmatic differentiation, a process by which rocks of
varying composition can arise from a uniform parent magma.
Magmatic differentiation occurs because different minerals
crystallize at different temperatures. During crystallization,
the composition of the magma changes as it is depleted of the
chemical elements that form the crystallized minerals.

In a kind of mirror image of partial melting, the first min-
erals to crystallize from a cooling magma are the ones that
were the last to melt as determined in experiments of partial
melting. This initial crystallization withdraws chemical
elements from the melt, changing the magma's composition.
Continued cooling crystallizes the minerals that had melted
at the next lower temperature range during the partial melt-
ing experiments. Again, the magma's chemical composition
changes as various elements are withdrawn. Finally, as the
magma solidifies completely, the last minerals to crystallize
are the ones that melted first. This is how the same parent
magma, because of its changing chemical composition
throughout the crystallization process, can give rise to differ-
ent igneous rocks.

Fractional Crystallization:
| Laboratory and Field Observations

Fractional crystallization is the process by which the crys-
tals formed in a cooling magma are segregated from the
remaining liquid. This segregation happens in several ways
(Figure 4.5). In the simplest scenario, crystals formed in a
magma chamber settle to the chamber's floor and are thus
removed from further reaction with the remaining liquid.
The magma then migrates to new locations, forming new
chambers. Crystals that had formed early segregate from the
remaining magma, which continues to crystallize as it cools.

A good test case for the theory of fractional crystalliza-
tion is provided by the Palisades, a line of imposing cliffs
that faces the city of New York on the west bank of the Hud-
son River. This igneous formation is about 80 km long and,
in places, more than 300 m high. It formed as a melt of
basaltic composition intruded into almost horizontal sedi-
mentary rocks. It contains abundant olivine near the bottom,
pyroxene and plagioclase feldspar in the middle, and mostly
plagioclase feldspar near the top. These variations in mineral
composition from top to bottom made the Palisades a per-
fect site for testing the theory of fractional crystallization.
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Such testing showed how laboratory experiments could help
explain field observations.

Geologists melted rocks with about the same mineral
compositions as found in the Palisades intrusion and deter-
mined that the temperature of the melt had to have been
about 1200°C. The parts of the magma within a few meters
of the relatively cold upper and lower contacts with the sur-
rounding sedimentary rocks cooled quickly. The quick cool-
ing formed a fine-grained basalt and preserved the chemical
composition of the original melt. The hot interior cooled
more slowly, as evidenced by the slightly larger crystals
found in the intrusion's interior.

The ideas of fractional crystallization lead us to think
that the first mineral to crystallize from the slowly cooling
interior would have been olivine. This heavy mineral would
sink through the melt to the bottom of the intrusion. It
can be found today in the Palisades intrusion as a coarse-
grained, olivine-rich layer just above the chilled, fine-
grained basaltic layer along the bottom contact. Continued
cooling would have produced pyroxene crystals, followed
almost immediately by calcium-rich plagioclase feldspar.
These minerals, too, would have settled out through the
magma and accumulated in the lower third of the Palisades
intrusion. The abundance of plagioclase feldspar in the
upper parts of the intrusion is evidence that the melt contin-
ued to change composition until successive layers of settled
crystals were topped off by a layer of mostly sodium-rich
plagioclase feldspar crystals.

Being able to explain the layering of the Palisades intru-
sion as the result of fractional crystallization was an early
success of the first version of the theory of magmatic differ-
entiation. It firmly tied field observations to laboratory
experiments and was solidly based on chemical knowledge.
More than two-thirds of a century of geologic research has
passed since the Palisades was first seen as a test case, and
we now know that this intrusion actually has a more com-
plex history. This history includes several injections of
magma and a more complicated process of olivine settling.
Nevertheless, the Palisades intrusion remains a valid exam-
ple of fractional crystallization.

Granite and Basalt:
I Magmatic Differentiation

Studies of the lavas of volcanoes showed that basaltic mag-
mas are common—far more common than the rhyolitic
magmas that correspond in composition to granites. How
could the granites that are so abundant in the crust have been
derived from basaltic magmas?

The original idea of magmatic differentiation was that a
basaltic magma would gradually cool and differentiate into a
cooler, more silicic melt by fractional crystallization. The
carlly stages of this differentiation would produce andesitic
magma, which might erupt to form andesitic lavas or solidify
by slow crystallization to form diorite intrusives. Intermediate
stages would make magmas of granodiorite composition. If
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this process were carried far enough, its late stages would
form rhyolitic lavas and granite intrusions (see Figure 4.5).

Field and laboratory work in the latter part of the twen-
tieth century revealed that magmatic differentiation is a
more complex process than had been originally described.
One line of research showed that so much time would be
needed for small crystals of olivine to settle through a dense,
viscous magma that they might never reach the bottom of a
magma chamber. Other researchers demonstrated that many
layered intrusions—similar to but much larger than the Pal-
isades—do not show the simple progression of layers pre-
dicted by the original magmatic theory.

The first sticking point, however, was the source of gran-
ite. The great volume of granite found on Earth could not
have formed from basaltic magmas by magmatic differenti-
ation, because large quantities of liquid volume are lost by
crystallization during successive stages of differentiation. To
produce the existing amount of granite, an initial volume
of basaltic magma 10 times the size of a granitic intrusion
would be required. That abundance would imply the crystal-
lization of huge quantities of basalt underlying granite intru-
sions. But geologists could not find anything like that
amount of basalt. Even where great volumes of basalt are
found—at mid-ocean ridges—there is no wholesale conver-
sion into granite through magmatic differentiation.

Most in question is the original idea that all granitic rocks
evolve from the differentiation of a single type of magma, a
basaltic melt. Instead, geologists discovered that the melting
of varied source rocks of the upper mantle and crust is
responsible for much variation in magma composition:

1. Rocks in the upper mantle might partially melt to pro-
duce basaltic magma.

2. A mixture of sedimentary rocks and basaltic oceanic
rocks such as those found in subduction zones might melt
to form andesitic magma.

3. A melt of sedimentary, igneous, and metamorphic con-
tinental crustal rocks might produce granitic magma.

Magmatic differentiation does operate, but its mecha-
nisms are much more complex than first recognized:

* Magmatic differentiation can be achieved by the partial
melting of mantle and crustal rocks over a range of temper-
atures and water contents.

* Magmas do not cool uniformly; they may exist transiently
at a range of temperatures within a magma chamber. Such
differences in temperature in and among magma chambers
may cause the chemical composition of the magma to vary
from one region to another.

* A few magmas are immiscible—they do not mix with one
another, just as oil and water do not mix. When such mag-
mas coexist in one magma chamber, each forms its own
crystallization products. Magmas that are miscible—that do
mix—may give rise to a crystallization path different from
that followed by any one magma alone.



88 | CHAPTER 4 Igneous Rocks: Solids from Melts

1 Partial melting of country 2 Cooling causes minerals
rock creates a magma of derived from country rock
a particular composition. to crystallize and settle.

3 A basaltic magma chamber
breaks through, causing
turbulent flow.
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™~ a different composition,
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magma chamber due to
turbulence.

!
Partial melting Basaltic
of country rock magma
Figure 4.6 Modern ideas of magmatic differentiation, thought
to be a more complex process than first recognized. Melting
is usually partial. Some magmas derived from rocks of varying

We now know more about the physical processes that
interact with crystallization within magma chambers (Fig-
ure 4.6). Magma at various temperatures in different parts
of a magma chamber may flow turbulently, crystallizing as
it circulates. Crystals may settle, then be caught up in cur-
rents again, and eventually be deposited on the chamber's
walls. The margins of such a magma chamber may be a
"mushy" zone of crystals and melt lying between the solid
rock border of the chamber and the completely liquid magma
within the main part of the chamber. And, at some mid-ocean
ridges, such as the East Pacific Rise, a mushroom-shaped
magma chamber may be surrounded by hot basaltic rock
with only small amounts (1 to 3 percent) of partial melt.

FORMS OF MAGMATIC
INTRUSIONS

As noted earlier, geologists cannot directly observe the
shapes of intrusive igneous rocks formed when magmas
intrude the crust. We can deduce their shapes and distribu-
tions only by observing them today where intrusive rocks
have been uplifted and exposed by erosion, millions of years
after the magma intruded and cooled.

We do have indirect evidence of current magmatic
activity. Earthquake waves, for example, show us the gen-
eral outlines of magma chambers that underlie some active
volcanoes. But they cannot reveal the detailed shapes or
sizes of intrusions arising from those magma chambers. In
some nonvolcanic but tectonically active regions, such as
an area near the Sal ton Sea in southern California, measure-
ments of temperatures in deep drill holes reveal a crust
much hotter than normal, which may be evidence of an
intrusion at depth.

compositions may mix, whereas other magmas are immiscible.
Crystals may be transported to various parts of the magma
chamber by turbulent currents in the liquid.

But in the end, most of what we know about intrusive
igneous rock is based on the work of field geologists who
have examined and compared a wide variety of outcrops and
have reconstructed their history. In the following pages, we
consider some of these bodies: plutons, sills and dikes, and
veins. Figure 4.7 illustrates a variety of extrusive and intru-
sive structures.

| Plutons

Plutons are large igneous bodies formed at depth in Earth's
crust. They range in size from a cubic kilometer to hundreds
of cubic kilometers. We can study these large bodies when
uplift and erosion uncover them or when mines or drill holes
cut into them. Plutons are highly variable, not only in size
but also in shape and in their relationship to the surrounding
country rock.

This wide variability is due in part to the different ways
in which magma makes space for itself as it rises through
the crust. Most magmas intrude at depths greater than 8 to
10 km. At these depths, few holes or openings exist, be-
cause the great pressure of the overlying rock would close
them. But the upwelling magma overcomes even that high
pressure.

Magma rising through the crust makes space for itself in
three ways (Figure 4.8) that may be referred to collectively
as magmatic sloping:

1. Wedging open the overlying rock. As the magma lifts
that great weight, it fractures the rock, penetrates the
cracks, wedges them open, and so flows into the rock.
Overlying rocks may bow up during this process.

2. Breaking off large blocks of rock. Magma can push its
way upward by breaking off blocks of the invaded crust.
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ry Volcano Lavaflow Ash falls and pyroclastics  Volcanic neck with Figure 4.7, Basic extrusive and intrusive
radiating dikes igneous structures. Notice that dikes
cut across layers of country rock, but
sills run parallel to them. Batholiths are
the largest forms of plutons.

Dikes cut across layers
of country rock...

...but sills run parallel to them.

Batholiths are the largest forms of plutons,
covering at least 100 km?.

These blocks, known as xenoliths, sink into the magma, Batholiths, the largest plutons, are great irregular masses
melt, and blend into the liquid, in some places changing of coarse-grained igneous rock that by definition cover at least
the composition of the magma. 100 km® (see Figure 4.7). Batholiths are found in the cores of

tectonically deformed mountain belts. Accumulating field
evidence shows that batholiths are thick, horizontal, sheetlike
or lobe-shaped bodies extending from a funnel-shaped central

3. Melting surrounding rock. Magma also makes its way
by melting walls of country rock.

Most plutons show sharp contacts with country rock and region. Their bottoms may extend 10 to 15 km deep, and a
other evidence of the intrusion of a liquid magma into solid few are estimated to go even deeper. The coarse grains of
rock. Other plutons grade into country rock and have struc- batholiths result from slow cooling at great depths. The rest of
tures vaguely resembling those of sedimentary rocks. The the plutons, similar but smaller, are called stocks. Both
features of these plutons suggest that they formed by partial batholiths and stocks are discordant intrusions; that is, they
or complete melting of preexisting sedimentary rocks. cut across the layers of the country rock that they intrude.

'magma wedges open  The overlying The magma melts ...which mixes and The magma also breaks off blocks
es overlying rock may bow up.  surrounding rock,...  changes the magma’s  of overlying rock— xenoliths—
ntry rock. ccmposition.\ that sink into the magma.

Magmas make their way into country rock in completely dissolved in the magma. If many xenoliths are
ways: by invading cracks and wedging open overlying dissolved and the country rock differs in composition from the
eaking off rock, and by melting surrounding rock. magma, the composition of the magma will change.

broken-off country rock, called xenoliths, can become
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| Sills and Dikes

Sills and dikes are similar to plutons in many ways, but they

are smaller and have a different relationship to the layering
of the surrounding intruded rock. A sill is a sheetlike body
formed by the injection of magma between parallel layers of
preexisting bedded rock (Figure 4.9). Sills are concordant
intrusions; that is, their boundaries lie parallel to these lay-
ers, whether or not the layers are horizontal. Sills range in
thickness from a single centimeter to hundreds of meters, and
they can extend over considerable areas. Figure 4.9a shows
a large sill at Finger Mountain, Antarctica. The 300-m-thick
Palisades intrusion (see Figure 4.5) is another large sill.

Sills may superficially resemble layers of lava flows and
pyroclastic material, but they differ from these layers in four
ways:

1. They lack the ropy, blocky, and vesicle-filled structures
that characterize many volcanic rocks (see Chapter 12).

(a)

1 Asill runs parallel to
" country rock layers.

2 A dike cuts across
layers.

Figure 4.9 (a) Finger Mountain, situated in the Dry
Valleys of Antarctica, shows sandstone beds split by
diabase sill (parallel to bedding) and cross-cut by
diabase dike (cuts bedding at upper right of outcrop).
[Colin Monteath/ AUSCAPE.] (b) A dike of igneous rock
(dark) intruded into shaley sedimentary rock (reddish
brown) in Grand Canyon National Park, Arizona.
[Tom Bean/DRK PHOTO]

2. They are more coarsely grained than volcanics because
the sills have cooled more slowly.

3. Rocks above and below sills show the effects of heat-
ing: their color may have been changed or they may have
been mineralogically altered by contact metamorphism.

4. Many lava flows overlie weathered older flows or soils
formed between successive flows; sills do not.

Dikes are the major route of magma transport in the
crust. They are like sills in being sheetlike igneous bodies,
but dikes cut across layers of bedding in country rock and so
are discordant (see Figure 4.9b). Dikes sometimes form by
forcing open existing fractures, but they more often create
channels through new cracks opened by the pressure of mag-
matic injection. Some individual dikes can be followed in the
field for tens of kilometers. Their widths vary from many
meters to a few centimeters. In some dikes, xenoliths provide
good evidence of disruption of the surrounding rock during




the intrusion process. Dikes rarely exist alone; more typi-
cally, swarms of hundreds or thousands of dikes are found in
a region that has been deformed by a large igneous intrusion.

The texture of dikes and sills varies. Many are coarsely
crystalline, with an appearance typical of intrusive rocks.
Many others are finely grained and look much more like
volcanic rocks. Because texture corresponds to the rate of
cooling, we know that the fine-grained dikes and sills in-
vaded country rock nearer the Earth's surface, where rocks
are cold in comparison with intrusions. Their fine texture is
the result of fast cooling. The coarse-grained ones formed at
depths of many kilometers and invaded warmer rocks whose
temperatures were much closer to their own.

1 Veins

Veins are deposits of minerals found within a rock fracture
that are foreign to the host rock. Irregular pencil- or sheet-
shaped veins branch off the tops and sides of many intrusive
bodies. They may be a few millimeters to several meters
across, and they tend to be tens of meters to kilometers long
or wide. The well-known Mother Lode of the Gold Rush of
1849 in California is a vein of quartz-bearing crystals of gold.

Veins of extremely coarse-grained granite cutting across a
much finer grained country rock are called pegmatites (Fig-
ure 4.10). They crystallized from a water-rich magma in the

e 4.10 A granite pegmatite dike. The center of the intrusion
r right) cools more slowly and developed coarser crystals.
n of the intrusion (lower left) has finer crystals due to
rapid cooling. [John Grotzinger/Ramén Rivera-Moret/Harvard
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late stages of solidification. Pegmatites provide ores of many
rare elements, such as lithium and beryllium.

Some veins are filled with minerals that contain large
amounts of chemically bound water and are known to crys-
tallize from hot-water solutions. From laboratory experi-
ments, we know that these minerals crystallize at high tem-
peratures—typically 250° to 350°C—but not nearly as high
as the temperatures of magmas. The solubility and compo-
sition of the minerals in these hydrothermal veins indicate
that abundant water was present as the veins formed. Some
of the water may have come from the magma itself, but
some may be from underground water in the cracks and pore
spaces of the intruded rocks. Groundwaters originate as
rainwater seeps into the soil and surface rocks. Hydrother-
mal veins are abundant along mid-ocean ridges. In these
areas, seawater infiltrates cracks in basalt and circulates
down into hotter regions of the basalt ridge, emerging at hot
vents on the seafloor in the rift valley between the spreading
plates. Hydrothermal processes at mid-ocean ridges are
examined in more detail in Chapter 12.

IGNEOUS ACTIVITY
AND PLATE TECTONICS

Since the theory of plate tectonics arose in the 1960s, geol-
ogists have been trying to fit the facts and theories of
igneous rock formation into its framework. We noted that
batholiths, for example, are found in the cores of many
mountain ranges. These ranges were formed by the conver-
gence of two plates. This observation implies a connection
between plutonism and the mountain-building process and
between both of them and plate tectonics—the forces
responsible for plate movements.

Laboratory experiments have established the tempera-
tures and pressures at which different kinds of rock melt.
This information gives us some idea of where melting takes
place. For example, mixtures of sedimentary rocks, because
of their composition and water content, melt at temperatures
several hundred degrees below the melting point of basalt.
This leads us to expect that basalt starts to melt near the base
of the crust in tectonically active regions of the upper man-
tle and that sedimentary rocks melt at shallower depths. The
geometry of plate motions is the link we need to tie tectonic
activity and rock composition to melting (Figure 4.11).
Magma forms at two types of plate boundaries: mid-ocean
ridges, where two plates diverge and the seafloor spreads,
and subduction zones, where one plate dives beneath
another. Mantle plumes, though not associated with plate
boundaries, are also the result of partial melting and form
near the core-mantle boundary deep within Earth's interior
(see Chapter 12).

Most igneous rocks form at the globally extensive mid-
ocean ridge network. Throughout its great length, decom-
pression melting of the mantle creates magmas that well
up along rising convection currents. Magma is extruded as
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Magmatic activity is

related to plate tectonic settings.

Island arc volcanoes,
Java, Indonesia

Plate divergence boundary,
Mid-Atlantic Ridge, Iceland

ISLAND ARC PLATE
PLATE SUBDUCTION DIVERGENCE
A A

Mafic to intermediate
intrusives (plutonism)
Mafic to intermediate
extrusives (volcanism)

! Island arc Subduction
' volcano zone

lavas, fed by magma chambers below the ridge axis. At the
same time, intrusions of gabbro (the intrusive equivalent of
basalt) are emplaced at depth.

Spreading Centers
| as Magmatic Geosystems

Before the advent of plate tectonics, geologists were puz-
zled by unusual assemblages of rocks that were character-
istic of the seafloor but were found on land. Known as

Basaltic extrusives
Basaltic intrusives

Mid-ocean ridge

ophiolite suites, these assemblages consist of deep-sea sed-
iments, submarine basaltic lavas, and mafic igneous intru-
sions (Figure 4.12). Using data gathered from deep-diving
submarines, dredging, deep-sea drilling, and seismic explo-
ration, geologists now explain these rocks as fragments of
oceanic crust that were transported by seafloor spreading
and then raised above sea level and thrust onto a continent
in a later episode of plate collision. On some of the more
complete ophiolite sequences preserved on land, we can lit-
erally walk across rocks that used to lie along the boundary



volcano,
National Park, Hawaii
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Continental margin volcano,
Mt. Rainier, Washington

CONTINENTAL PLATE
SUBDUCTION
P

Basaltic extrusives
. Basaltic intrusives

Hot-spot volcano

between Earth's oceanic crust and mantle. Ocean drilling
has penetrated to the gabbro layer of the seafloor but not to
the crust-mantle boundary below. Sound-wave profiles
have found several small magma chambers similar to the

one shown in Figure 4.13.

How does seafloor spreading work as a magmatic geo-
system? We can think of this system as a huge machine that
processes mantle material to produce oceanic crust. Figure
4.13 is a highly schematic and simplified representation of
what may be happening, based in part on studies of ophio-

Mafic to felsic intrusives
Mafic to felsic extrusives

Subduction
zone

Continental
margin volcano

lites found on land and information gleaned from ocean
drilling and sound-wave profiling.

Input Material: Peridotite in the Mantle The raw ma-
terial fed into the machinery of seafloor spreading comes
from the asthenosphere of the convecting mantle. The domi-
nant rock type in the asthenosphere is peridotite. The mineral
composition of the average peridotite in the mantle is chiefly
olivine, with smaller amounts of pyroxene and garnet.
Temperatures in the asthenosphere are hot enough to melt a

\left 10 right: Mark Lewis/Stone/Getty Images; Gudmundur E. Sigvaldason, Nordic Volcanological Institute: G. Brad Lewis/Stone/Getty Images; Pat O'Haro/DRK PHOTO. |
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small fraction of this peridotite (less than 1 percent), but not
hot enough to generate substantial volumes of magma.

Process: Decompression Melting Decompression melt-
ing generates magma from peridotite in the mantle at sea-
floor spreading centers. Recall from earlier in this chapter
that the melting temperature of a mineral depends on the
pressure at which it melts as well as its composition: decreas-
ing the pressure will generally decrease a mineral's melting
temperature. Consequently, if a mineral is near its melting
point and the pressure on it is lowered while its temperature
is kept constant, the mineral will melt.

As the plates pull apart, the partially molten peridotites
are sucked inward and upward toward the spreading centers.
Because the peridotites rise too fast to cool, the decrease in
pressure melts a large fraction of the rock (up to 15 percent).
The buoyancy of the melt causes it to rise faster than the
denser surrounding rocks, separating the liquid from the
remaining crystal mush to produce large volumes of magma.

Output Material: Oceanic Crust Plus Mantle Litho-
sphere The peridotites subjected to this process do not
melt evenly; the garnet and pyroxene minerals melt more

Sediment layers
B

Figure 4.12 I|dealized section of an
ophiolite suite.The combination of
deep-sea sediments, submarine pillow
lavas, sheeted basaltic dikes, and mafic
igneous intrusions indicates a deep-sea
origin. Ophiolites are fragments of
ocean lithosphere emplaced on a
continent as a result of plate collisions.
Peridotite—a dominant rock in the
mantle—undergoes decompression
melting to form gabbro, which is then
erupted to form volcanic pillow basalt
(see Figure 4.13). [Photos courtesy of
John Grotzinger. Thin sections courtesy of
T.L.Grove]

than the olivine. For this reason, the magma generated by
decompression melting is not peridotitic in composition;
rather, it is enriched in silica and iron and has the same com-
position as basalt (see Figure 4.13).

This basaltic melt accumulates in a magma chamber
below the mid-ocean ridge crest, from which it separates
into three layers:

1. Some magma rises through the narrow cracks that open
where the plates separate and erupts into the ocean, form-
ing the basaltic pillow lavas that cover the seafloor (see
Figure 4.13).

2. Some magma freezes in the cracks as vertical, sheeted
dikes of gabbro.

3. The remaining magma freezes as massive gabbros as
the underlying magma chamber is pulled apart by seafloor
spreading.

These igneous units—pillow lavas, sheeted dikes, and
massive gabbros—are the basic layers of the crust that geol-
ogists have found throughout the world's oceans.

Seafloor spreading results in another layer beneath this
oceanic crust: the residual peridotite from which the basaltic
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2 A thin dike erupts from the molten
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magma was originally derived. Geologists consider this layer away from the mid-ocean ridge where this characteristic
to be part of the mantle, but its composition is different from sequence of rocks that make up the oceanic crust is assem-
that of the convecting asthenosphere. In particular, the ex- bled—almost like a production line.
traction of basaltic melt makes the residual peridotite richer
in olivine and stronger than ordinary mantle material. Geol- Subduction Zones
ogists now believe it is this olivine-rich layer at the top of the | as Magmatic Geosystems
mantle that gives the oceanic plates their great rigidity.

A thin blanket of deep-sea sediments begins to cover the Other kinds of magmas underlie regions in which volcanoes
newly formed ocean crust. As the seafloor spreads, the lay- are highly concentrated, such as the Andes Mountains of

ers of sediments, lavas, dikes, and gabbros are transported South America and the Aleutian Islands of Alaska. Both of
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these regions resulted from the sinking of one plate under
another. Subduction zones are also major magmatic geosys-
tems (Figure 4.14) that generate magmas of varying com-
position depending on how much and what kinds of materi-
als from the seafloor are subducted.

Input Material;: A Mixed Bag Input materials include
mixtures of seafloor sediments, mixtures of oceanic
basaltic crust and felsic continental crust, mantle peridotite,
and water (see Figure 4.14). These chemical variations are
clues that the volcanic geosystems at convergent plate
boundaries operate differently from those at divergent

boundaries. When an ocean plate collides with and over-
rides another ocean plate, several complex processes are set
in motion.

Process: Fluid-Induced Melting The basic mechanism is
fluid-induced melting, rather than decompression melting.
The fluid is primarily water. We learned earlier in this chapter
that water lowers the melting temperature of rock. Before the
oceanic lithosphere is subducted at a convergent boundary, a
lot of water has been incorporated into its outer layers. We
have already discussed one process responsible for this—
hydrothermal activity during the formation of the lithosphere.

Key Figure 4.14 :

7 As aresult of this mixing, magma
of intermediate composition
is erupted to form arc volcanoes.

Trench 3

Oceanic sediments
Oceanic crust basalt

Oceanic mantle
lithosphere
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1 Subducting oceanic crust
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between sediment grains as
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6 Above their melting depth in

the lithosphere. molten sediments
combine with lithospheric magma
and change its composition.

5 The water and molten sediments
move upward and melt parts of
the overlying plate.

4 ...causing the sedimentary rocks
to melt at lower temperatures than
surrounding dry mantle rocks.

3 The trapped water, as well as

chemically bound water, is
released as the temperature
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Some of the seawater circulating through the crust near a
spreading center reacts with basalt to form new minerals with
water bound into their structures. In addition, as the litho-
sphere ages and moves across the ocean basin, sediments con-
taining water are deposited on its surface. These sediments
include shales, which are very high in clay minerals contain-
ing much water chemically bound in their crystal structures.
Some of the sediments get scraped off at the deep-ocean
trench where the plate subducts, but much of this water-laden
material is carried downward into the subduction zone.

As the pressure increases, the water is squeezed out of
the minerals in the outer layers of the descending slab and
rises buoyantly into the mantle wedge above the slab. At
moderate depths of about 5 km, the temperature increases to
about 150°C and some of this water is released by metamor-
phic chemical reactions as basalt is converted to amphibo-
lite, which is composed of amphibole and plagioclase
feldspar (see Chapter 6). As other chemical reactions take
place, additional water is released at depths ranging from
10 to 20 km. Finally, at depths greater than 100 km, the tem-
perature increases to 1200° to 1500°C and the subducted
slab undergoes an additional metamorphic transition in-
duced by the increased pressure. Amphibolite is converted
to eclogite, which is composed of pyroxene and garnet (see
Chapter 6). The increase in both pressure and temperature in
the subducting slab releases all the remaining water in addi-
tion to other materials.

During subduction, the released water induces melting
of the descending basalt-rich oceanic crust and overlying
peridotite-rich mantle wedge. Most of the mafic magma
accumulates at the base of the crust of the overriding plate,
and some of it intrudes into the crust to form magma cham-
bers within volcanic arcs developed on oceanic crust (Fig-
ure 4.14) as well as continental crust (for example, the
Andes Mountains).

Output: Volcanic Arc Magmas of Varying Composi-
tion The magmas produced by this type of fluid-induced
melting are essentially basaltic in composition, although
their chemistry is more variable than that of mid-ocean
ridge basalts. The composition of the magmas is further
altered during their residence in the crust. Within the
magma chambers, the process of fractional crystallization
increases the magma's silica content, producing eruptions
of andesitic lavas. Where the overlying plate is continental,
the heat from the magmas can melt the felsic rocks in the
crust, forming magmas with even higher silica contents,
such as dacitic and rhyolitic compositions (see Table 4.2).
The contribution of slab fluids to the magma is inferred
because trace elements known to be present in ocean crust
and sediments are found in the magma.

Mantle Plumes

Basalts similar to those produced at mid-ocean ridges are
found in thick accumulations over some parts of continents
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distant from plate boundaries. In the states of Washington,
Oregon, and Idaho, the Columbia and Snake rivers flow over
a great area covered by this kind of basalt, which solidified
from lavas that flowed out millions of years ago. Large
quantities of basalt are also erupted in isolated volcanic
islands far from plate boundaries, such as the Hawaiian
Islands. In such places, slender, pencil-like plumes of hot
mantle rise from deep in the Earth, perhaps as deep as the
core-mantle boundary. Mantle plumes that reach the surface,
most of them far from plate boundaries, form the "hot spots"
of the Earth and are responsible for the outpouring of huge
quantities of basalt. The basalt is produced during decom-
pression melting of the mantle. Mantle plumes and hot spots
are discussed in more detail in Chapter 12.

In summary, basaltic magmas form in the upper mantle
beneath mid-ocean ridges and from plumes of deep origin
that give rise to interplate and intraplate hot spots. Magmas
of varying composition form over subduction zones, de-
pending on how much felsic material and water are incor-
porated into the mantle wedge rocks overlying the subduc-
tion zone.

SUMMARY

How are igneous rocks classified? All igneous rocks can
be divided into two broad textural classes: (1) the coarsely
crystalline rocks, which are intrusive and therefore cooled
slowly; and (2) the finely crystalline rocks, which are extru-
sive and cooled rapidly. Within each of these broad cate-
gories, the rocks are classified chemically as felsic, mafic, or
intermediate on the basis of their silica content, or miner-
alogically, based on their proportions of lighter-colored, fel-
sic minerals and darker, mafic minerals.

How and where do magmas form? Magmas form at
places in the lower crust and mantle where temperatures and
pressures are high enough for at least partial melting of
water-containing rock. Basalt can partially melt in the upper
mantle, where convection currents bring hot rock upward at
mid-ocean ridges. Mixtures of basalt and other igneous rocks
with sedimentary rocks, which contain significant quantities
of water, have lower melting points than dry igneous rocks.
Thus, different source rocks may melt at different tempera-
tures and thereby affect magma compositions.

How does magmatic differentiation account for the vari-
ety of igneous rocks? If a melt underwent fractional crys-
tallization because the crystals were separated and therefore
did not react with the melt, the final rocks may be more sili-
cic than the earlier, more mafic crystals. Fractional crystal-
lization can produce mafic igneous rocks from earlier
stages of crystallization and differentiation and felsic rocks
from later stages, but it does not adequately explain the
abundance of granite. Magmatic differentiation of basalt
does not explain the composition and abundance of igneous
rocks. Different kinds of igneous rocks may be produced by



98 | CHAPTER 4 Igneous Rocks: Solids from Melts

variations in the compositions of magmas caused by the
melting of different mixtures of sedimentary and other rocks
and by mixing of magmas.

What are the forms of intrusive igneous rocks? Large
igneous bodies are plutons. The largest plutons are batholiths,
which are thick tabular masses with a central funnel. Stocks
are smaller plutons. Less massive than plutons are sills, which
are concordant with the intruded rock, lying parallel to its lay-
ering, and dikes, which are discordant with the layering, cut-
ting across it. Hydrothermal veins form where water is abun-
dant, either in the magma or in surrounding country rock.

How are igneous rocks related to plate tectonics? The
two major magmatic geosystems are the mid-ocean ridges,
where basalt wells up from the upper mantle and melts dur-
ing decompression to form oceanic crust, and subduction
zones, where subducting oceanic lithosphere partially melts
by addition of fluid to generate differentiated magmas that
rise through the crust and form island or continental vol-
canic arcs.

KEY TERMS AND CONCEPTS

andesite (p. 82)

basalt (p. 82)

batholith (p. 89)

concordant intrusion
(p- 90)

country rock (p. 79)

dacite (p. 82)

decompression melting
(p. 84)

dike (p. 90)
diorite (p. 82)
discordant intrusion
(P- 89)
extrusive igneous rock
(p- 79)
felsic rock (p. 81)
fluid-induced melting
(p- 96)
fractional crystallization
(p- 85)
gabbro (p. 82)
granite (p. 81)
granodiorite (p. 82)
hydrothermal vein (p. 91)
intermediate igneous rock
(P- 81)

intrusive igneous rock
(P- 79)
mafic rock (p. 82)
magma chamber
(p- 85)
magmatic differentiation
(p- 85)
obsidian (p. 79)
ophiolite suite (p. 92)
partial melting (p. 83)
pegmatite (p. 91)
peridotite (p. 82)
pluton (p. 88)
porphyry (p. 80)
pumice (p. 79)
pyroclast (p. 79)
rhyolite (p. 81)
sill (p. 90)
stock (p. 89)
tuff (p. 79)
ultramafic rock
(p- 82)
vein (p. 91)
viscosity (p. 82)
volcanic ash (p. 79)

EXERCISES

1. Why are intrusive igneous rocks coarsely crystalline
and extrusive rocks finely crystalline?

2. What kinds of minerals would you find in a mafic
igneous rock?
3. What kinds of igneous rock contain quartz?

4. Name two intrusive igneous rocks with a higher silica
content than that of gabbro.

5. What is the difference between a magma formed by frac-
tional crystallization and one formed by ordinary cooling?

6. How does fractional crystallization lead to magmatic
differentiation?

7. Where in the crust, mantle, or core would you find a
partial melt of basaltic composition?

8. In which plate tectonic settings would you expect
magmas to form?

9. Why do melts migrate upward?

10. Where on the ocean floor would you find basaltic
magmas being extruded?

11. Much of Earth's crustal area, and nearly all of its mantle,
are composed of basaltic or ultramafic rocks. Why are granitic
and andesitic rocks as plentiful as they are on Earth? Where
do the materials that constitute these rocks come from?

THOUGHT QUESTIONS

1. How would you classify a coarse-grained igneous rock
that contains about 50 percent pyroxene and 50 percent
olivine?

2. What kind of rock would contain some plagioclase
feldspar crystals about 5 mm long "floating" in a dark gray
matrix of crystals of less than 1 mm?

3. What differences in crystal size might you expect to find
between two sills, one intruded at a depth of about 12 km,
where the country rock was very hot, and the other at a depth
of 0.5 km, where the country rock was moderately warm?

4. If you were to drill a hole through the crust of a mid-
ocean ridge, what intrusive or extrusive igneous rocks
might you expect to encounter at or near the surface? What
intrusive or extrusive igneous rocks might you expect at
the base of the crust?

5. Assume that a magma with a certain ratio of calcium to
sodium starts to crystallize. If fractional crystallization oc-
curs during the solidification process, will the plagioclase
feldspars formed after complete crystallization have the same
ratio of calcium to sodium that characterized the magma?

6. What observations might you make to show that a plu-
ton solidified during fractional crystallization?



7. Why are plutons more likely than dikes to show the
effects of fractional crystallization?

8. What might be the origin of a rock composed almost
entirely of olivine?

9. What processes create the unequal sizes of crystals in
porphyries?

10. Water is abundant in the sedimentary rocks and
oceanic crust of subduction zones. How would the water
affect melting in these zones?

11. Much of Earth's crustal area, and nearly all of its man-
tle, are composed of basaltic or ultramafic rocks. Why are
granitic and andesitic rocks as plentiful as they are on
Earth? Where do the materials that constitute these rocks
come from?

Reading the Geologic Story of Igneous Rocks:
Solids from Melts

All rocks tell a story. The story is deciphered from various
clues: texture, mineral and chemical composition, associa-
tion with other rocks, and geologic setting. With careful
analysis and interpretation of the rock record, the geologic
history of a region can be deciphered—we can read the rock
record like words on a page.

Igneous rocks are formed from a melt (a magma), so
cn\ stals of minerals can grow in the melt just as ice crystals
gow in freezing water. As the melt cools, it becomes a crys-
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tal slush and finally transforms into a solid with interlocking
crystals. The size of the crystals depends largely on the cool-
ing rate. Typically, volcanic rocks cool relatively quickly on
Earth's surface and therefore contain smaller crystals. Plu-
tonic rocks solidify slowly within the crust and contain
larger crystals. Igneous rocks may also contain gas bubbles,
inclusions of other rock fragments, glass, or a fine-grained
matrix of ash and pumice.

Magma generation on Earth is largely restricted to active
tectonic plate boundaries and hot spots. Processes and phys-
ical conditions associated with plate boundaries melt rocks
in the mantle and crust. The composition of the melt de-
pends on the rocks from which it was generated and what
happens in the magma chamber before it totally solidifies.
Therefore, magma composition is strongly linked to where
within the Earth the melt formed and, in turn, to the type of
active plate boundary. For example, decompression of rising
hot bodies of soft, plastic ultramafic rock within the mantle
is thought to produce partial melts of basaltic composition
beneath hot spots and divergent plate boundaries. No two
igneous rock bodies have exactly the same texture and com-
position. In fact, the characteristics of igneous rock often
vary within one rock body because of all the variables that
can affect rock composition and texture.

Information about various types of igneous rock, as
well as images, are available on the text's Web site:
www.whfreeman.com/understandingearth. The informa-

tion provided is essentially the same information that a pro-
fessional geologist would gather from field and laboratory
work. Given these observations, decipher the story each
rock has to tell.


http://www.whfreeman.com/understandingearth
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SEDIMENTATION
Rocks Formed by
Surface Procesaes

uch of Earth's surface,

including its seafloor, is
.covered with sediments.
These layers of loose particles have

Sedimentary Rocks Are Produced by
Surface Processes in the Rock Cycle 102

Sedimentary Basins: diverse origins. Most sediments are

The Sinks for Sediments 106 created by weathering of the conti-
nents. Some are the remains of or-

Sedimentary Environments 108 ganisms that secreted mineral shells.

Sedimentary Structures |11 Yet others consist of inorganic crys-
tals that precipitated when dissolved

Burial and Diagenesis: chemicals in oceans and lakes com-
From Sediment to Rock |14 bined to form new minerals.

; ’ o ¥ g Sedimentary rocks were once
Classification of Siliciclastic Sediments Y

. sediments, and so they are records
and Sedimentary Rocks |16

of the conditions at Earth's surface
Classification of Chemical and Biological when and where the sediments

Sediments and Sedimentary Rocks |19 were deposited. Geologists  can
work backward to infer the sources

of the sediments from which the
rocks were formed and the kinds of
places in which the sediments were originally deposited. For
example, the top of Mount Everest is composed of fossiliferous
(fossil-containing) limestones. Because such limestones are
formed by carbonate minerals in seawater, Mount Everest must
once have been part of an ocean floor!

The analysis used to determine the history of rock formations
at the top of Mount Everest applies just as well to ancient shore-
lines, mountains, plains, deserts, and swamps. In one area, for
example, sandstone may record an earlier time when beach sands
accumulated along a shoreline that no longer exists. In a bordering
area, carbonate reefs may have been laid down along the perimeter
of a tropical island. Beyond, there may have been a nearshore area
in which the sediments were shallow marine carbonate muds that
later became thin-bedded limestone. By reconstructing such envi-
ronments, we can map the continents and oceans of long ago.

Sedimentary rocks exposed at El Capitan, Guadalupe Mountains,
New Mexico, were formed in an ancient ocean, about 260 million
years ago.The lower slopes of the mountains contain siliciclastic
sedimentary rocks, formed in deep sea environments. The
overlying cliffs of El Capitan are limestone and dolostone, which
formed in a shallow sea when calcifying animals and plants died,
leaving their shells as sediment. [John Grotzinger.)
I 101
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Sedimentary rocks also reveal former plate tectonic
events and processes by their presence within or adjacent to
volcanic arcs, rift valleys, or collisional mountains. In some
cases, where the components of sediments and sedimentary
rocks are derived from the weathering of preexisting rocks,
we can form hypotheses about ancient climates and environ-
ments. We can also use sedimentary rocks formed by pre-
cipitation from seawater to read the history of changes in
Earth's climate and seawater chemistry.

The study of sediments and sedimentary rocks has great
practical value as well. Oil and gas, our most valuable
sources of energy, are found in these rocks. These precious
resources are becoming increasingly difficult to find, and so
it is more important than ever to understand how sedimen-
tary rocks form. As oil and gas decline in abundance, coal—
which is a distinct type of sedimentary rock—will be used
increasingly to generate energy. Another important energy
source that may accumulate in sedimentary rocks is ura-
nium, which is used for nuclear power. Phosphate rock used
for fertilizer is sedimentary, as is much of the world's iron
ore. Knowing how these kinds of sediments form helps us to
find and use these limited resources.

Finally, because virtually all sedimentary processes take
place at or near Earth's surface where we humans live, they
provide a background for our understanding of environmen-
tal problems. We once studied sedimentary rocks primarily
to understand how to exploit the natural resources just men-
tioned. Increasingly, however, we study these rocks to im-
prove our understanding of Earth's environment.

In this chapter, we will see how geologic surface pro-
cesses such as weathering, transportation, sedimentation,
and diagenesis produce sediments and sedimentary rocks.
We will describe the compositions, textures, and struc-
tures of sediments and sedimentary rocks and examine
how they correlate with the kinds of environments in
which the sediments and rocks are laid down. Throughout
the chapter, we will apply our understanding of sediment
origins to the study of human environmental problems
and to the exploration for energy and mineral resources.

SEDIMENTARY ROCKS ARE
PRODUCED BY SURFACE
PROCESSES IN THE ROCK CYCLE

Sediments, and the sedimentary rocks formed from them,
are produced by the surface processes of'the rock cycle (dis-
cussed in Chapter 3). They form after rocks have been
moved from Earth's interior to its surface by mountain
building and before they are returned to Earth's interior by
subduction.

These processes involve a source area, where the sedi-
ment particles are created, and a sink area where they are
deposited in layers. The path that the sediment particles fol-
low from source to sink may be a very long journey—one
that involves several important processes resulting from

interactions between the plate tectonic and climate geosys-
tems that govern Earth's surface and shallow crust.

The Mississippi River illustrates a typical process. Tec-
tonic plate movement lifts up rocks in the Rocky Mountains.
If rainfall increases in the Rocky Mountains, weathering of
the rocks there—one of the Mississippi River's source
areas—will increase. Faster weathering will produce more
sediment to be released into the river and transported down-
hill and downstream. At the same time, if the flow in the
river also increases because of the higher rainfall, trans-
portation of the sediment down the length of the river will
increase. This will increase the volume of sediment deliv-
ered to sites of deposition, known as sedimentary basins,
in the Mississippi delta and Gulf of Mexico. And in these
sedimentary basins, the sediments will pile up on top of one
another—Ilayer after layer—and be buried to depths where
they may become filled with valuable oil and gas.

The rock cycle processes that are important in the for-
mation of sedimentary rocks are reviewed in Figure 5.1 and
summarized here.

¢ Weathering is the general process by which rocks are bro-
ken down at Earth's surface to produce sediment particles.
There are two types of weathering. Physical weathering
takes place when solid rock is fragmented by mechanical
processes that do not change its chemical composition. The
rubble of broken stone at the tops of mountains and hills is
primarily the result of physical weathering. Physical weather-
ing also caused the cracks and breaks in the ancient tombs and
monuments of Egypt. Chemical weathering occurs when the
minerals in a rock are chemically altered or dissolved. The
blurring or disappearance of lettering on old gravestones and
monuments is caused mainly by chemical weathering.

» Erosion mobilizes the particles produced by weathering,
most commonly by rainwater running downbhill.

* Transportation occurs when currents of wind and water
and the moving ice of glaciers transport particles to new
locations—sediment sinks—downhill or downstream.

* Deposition (also called sedimentation) occurs when sedi-
mentary particles settle out as winds die down, water cur-
rents slow, or glacier edges melt. These particles form layers
of sediment on land or under the sea in sedimentary basins.
In the ocean or in land aquatic environments, chemical pre-
cipitates form and are deposited, and the shells of dead
organisms are broken up and deposited.

* Burial occurs as layers of sediment accumulate in sedi-
mentary basins and older, previously deposited sediments
are compacted and progressively buried deep within the
basin. These sediments will remain at depth, as part of
Earth's crust, until tectonic processes lift them and they
return to Earth's surface.

* Diagenesis refers to the physical and chemical changes—
including pressure, heat, and chemical reactions—by which
sediments buried within sedimentary basins are lithified, or
converted into sedimentary rocks.
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processes.

The sedimentary stages of the rock cycle comprise several overlapping

Glacier

Sedimentary — ‘
rocks

Metamorphic rocks

Plutons

Desert

/ Playa lake

2 Erosion carries away particles
produced by weathering.

3 Transportation via water, glaciers,
and wind moves particles downhill.

4 Deposition (or sedimentation) occurs
when particles settle out or dissolved
minerals precipitate.

5 Burial occurs as layers of
sediment accumulate and
compact previous layers.

6 Diagenesis, which
involves pressure,
heat, and chemical
reactions, lithifies the
sediment to make
sedimentary rocks.

yurce of Sediment:
1ering and Erosion Produce
zles and Dissolved Substances

Chemical and physical weathering reinforce each other.
Chemical decay weakens rocks and makes them more sus-
ceptible to breakage and the formation of fragments. The
smaller the fragments produced by physical weathering, the
greater the surface area available for chemical weathering.
Chemical weathering and mechanical fragmentation of rock
at the surface make both solid particles and dissolved prod-
ucts, and erosion carries away these materials. The end
products are grouped either as clastic sediments or as chem-
ical and biological sediments. We will explain more about
weathering in Chapter 16.

Siliciclastic Sediments The physical and chemical weath-
ering of preexisting rocks forms clastic particles that are
transported and deposited as clastic sediments. Clastic par-
ticles range in size from boulders and pebbles to particles of

sand, silt, and clay. They also vary widely in shape. Natural
breakage along joints, bedding planes, and other fractures in
the parent rock determines the shapes of boulders, cobbles,
and pebbles. Sand grains tend to inherit their shapes from the
individual crystals formerly interlocked in the parent rock.
The great majority of clastic sediments are produced by
the weathering of rocks composed largely of silicate miner-
als and are called siliciclastic sediments. The mixture of
minerals in siliciclastic sediments varies. Minerals such
as quartz resist weathering and thus are found unaltered in
siliciclastic sediments. There may be partly altered fragments
of minerals, such as feldspar, that are less resistant to weath-
ering and so less stable. Still other minerals in siliciclastic
sediments, such as clay minerals, may be newly formed.
Varying intensities of weathering can produce different sets
of minerals in sediments derived from the same parent rock.
Where weathering is intense, the sediment will contain only
clastic particles made of chemically stable minerals, mixed
with clay minerals. Where weathering is slight, many miner-
als that are unstable under surface conditions will survive as
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Minerals Present in a
Granite Outcrop Under
Varying Intensities of
Weathering

Table 5.1

INTENSITY OF WEATHERING

Low Medium High

Quartz Quartz Quartz
Feldspar Feldspar Clay minerals
Mica Mica

Pyroxene Clay minerals

Amphibole

clastic particles. Table 5.1 shows three possible sets of min-
erals in a typical granite outcrop.

Chemical and Biological Sediments Chemical weath-
ering produces dissolved ions and molecules that accumulate
in the waters of soils, rivers, lakes, and oceans. Chemical and
biological reactions then precipitate these substances to form
chemical and biological sediments. Chemical sediments
form at or near their place of deposition, usually from seawa-
ter. For example, the evaporation of seawater often leads to
the precipitation of gypsum or halite. These sediments form
in arid climates and in places where an arm of the sea be-
comes so isolated that evaporation concentrates the dissolved
chemicals in seawater to the point of precipitation.

Biological sediments also form near their place of de-
position but are the result of mineral precipitation within
organisms as they grow. The abundance of biological sedi-
ments depends strongly on climate. Most are restricted
to the subtropics and tropics, where carbonate-secreting
organisms grow well. After the organisms die, their mineral
remains, such as shells, accumulate as sediment. In the case
of shells, or corals, the organism directly controls mineral
precipitation. However, in a second but equally important
process, the organism may control mineral precipitation
only indirectly. Instead of taking minerals from the water to
form a shell, the organism changes its surrounding environ-
ment so that mineral precipitation occurs on the outside of
the organism, or even away from the organism. In sedimen-
tary rocks, the mineral pyrite is often precipitated by this
process (see Chapter 11).

In shallow marine environments, biological sediments
directly precipitated by organisms consist of layers of parti-
cles, such as whole or fragmented shells from marine organ-
isms. Many different types of organisms, ranging from corals
to clams to algae, can contribute sediment. Sometimes shells
can be transported, further broken up, and deposited as bio-
clastic sediments. These shallow-water sediments consist
predominantly of two calcium carbonate minerals—calcite
and aragonite—in variable proportions. Other minerals such
as phosphates and sulfates are only locally abundant.

In the deep ocean, biological sediments are made of the
shells of only a few kinds of organisms. They are co
posed predominantly of the calcium carbonate mineral ca
cite, but silica may be precipitated broadly over some parts
of the deep ocean. Because these biological particles accu-
mulate in very deep water where agitation by sediment-
transporting currents is uncommon, the shells rarely fom
bioclastic sediments.

We distinguish between chemical and biological sedi-
ments for convenience only; in practice, many chemical and I
biological sediments overlap. In most of the world, much
more rock is fragmented by physical weathering than is dis-
solved by chemical weathering. Thus, clastic sediments are |
about 10 times more abundant in Earth's crust than chemi-1
cal and biological sediments.

Transportation and Deposition:
The Downhill Journey to
| Sedimentation Sites

After clastic particles and dissolved ions have formed by
weathering and erosion, they start a journey to a sedimen-
tary basin. This journey may be very long; for example, it
might span thousands of kilometers from the tributaries of
the Mississippi in the highlands of the Rocky Mountains to
the swamps of Louisiana.

Most transportation agents carry material downhill.
Rocks falling from a cliff, sand carried by a river flowing to
the sea, and glacial ice slowly creeping downhill are all
responses to gravity. Although winds may blow material
from a low elevation to a higher one, in the long run the
effects of gravity prevail. When a windblown particle drops
to the ocean and settles through the water, it is trapped. It
can be picked up again only by an ocean current, which can
transport it and deposit it in another site on the seafloor.
Eventually, all the sediment transport paths, as complicated
as they may be, lead downhill into a sedimentary basin.
Marine currents such as tidal currents (see Chapter 20)
transport sediments over a shorter distance than do big rivers
on land. The short transport distance for chemical or biolog-
ical sediments contrasts with the much greater distances
over which siliciclastic sediments are transported.

Currents as Transport Agents for Clastic Particles
Most sediments are transported by air and water currents.
The enormous quantities of all kinds of sediment found in
the oceans result primarily from the transporting capabilities
of rivers, which annually carry a solid and dissolved sedi-
ment load of about 25 billion tons (25 x 10" g).

Air currents move material, too, but in far smaller quan-
tities than rivers or ocean currents. As particles are lifted into
the fluid air or water, the current carries them downwind or
downriver. The stronger the current—that is, the faster it
flows—the larger the particles it can transport.

Current Strength, Particle Size, and Sorting Sedi-
mentation starts where transportation stops. For clastic par-
ticles, gravity is the driving force of sedimentation. Parti-
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cles lend to settle under the pull of gravity. This tendency
Woaiks against a current's ability to carry a particle. The set-
tling velocity is proportional to the density of the particle
and to its size. Because all particles have roughly the same
density, we use particle size as the best indicator of how
quickly a particle will settle. In water, large grains settle
faster than small ones. This is also true in air, but the differ-
ence is much smaller.

As wind and water currents begin to slow, they can no
longer keep the largest particles suspended, and these settle.
As the cunent slows even more, smaller particles settle. When
the current stops completely, even the smallest particles settle.
Eurrents segregate particles in the following ways:

* Strung currents (faster than 50 cm/s) carry gravels, along
with an abundant supply of coarse and fine detritus. Such
eurrents are common in swiftly flowing streams in moun-
tainous terrains, where erosion is rapid. Beach gravels are
deposited where ocean waves erode rocky shores.

* Moderately strong currents (20-50 cm/s) lay down sand
beds. Currents of moderate strength are common in most
rivers, which carry and deposit sand in their channels.
Rapidly flowing floodwaters may spread sands over the
width of a river valley. Winds also blow and deposit sand,
especially in deserts, and waves and currents deposit sand on
beaches and in the ocean. However, because air is much less
dense than water, much higher current velocities are required
to move sediment of the same size and density in air.

* Weak currents (slower than 20 cm/s) carry muds com-
posed of the finest clastic particles. Weak currents are found
on the floor of a river valley when floodwaters recede slowly
or stop flowing entirely. Generally, muds are deposited in
the ocean some distance from shore, where currents are too
slow to keep even fine particles in suspension. Much of the

floor of the open ocean is covered with mud particles origi-
nally transported by surface waves and currents or by the
wind. These particles slowly settle to depths where currents

Well-sorted sand

5.2 As currents decrease in velocity, sediment is
ed according to particle size. The relatively homogeneous

and waves are stilled and, ultimately, all the way to the bot-
tom of the ocean.

As you can see, currents may begin by carrying particles
of widely varying size, which then become separated as the
strength of the current varies. A strong, fast current may lay
down a bed of gravel, while keeping sands and muds in sus-
pension. If the current weakens and slows, it will lay down
a bed of sand on top of the gravel. If the current then stops
altogether, it will deposit a layer of mud on top of the sand
bed. This tendency for variations in current velocity to
segregate sediments according to size is called sorting. A
well-sorted sediment consists mostly of particles of a uni-
form size. A poorly sorted sediment contains particles of
many sizes (Figure 5.2).

Particles are generally transported intermittently rather
than steadily. A river may transport large quantities of sand
and gravel when it floods but will drop them as the flood
recedes, only to pick them up again and carry them even far-
ther in the next flood. Likewise, strong winds may carry
large amounts of dust for a few days and then die down and
deposit the dust as a layer of sediment. Strong tidal currents
along some ocean margins may transport broken shell frag-
ments in calcium carbonate sediments to places farther off-
shore and drop them there.

While water and wind currents are transporting parti-
cles, the particles become abraded. Abrasion affects parti-
cles in two ways: it reduces particle size, and it rounds off
the rough edges (Figure 5.3). As pebbles and large grains
are transported, they tumble and strike one another or rub
against bedrock. These effects apply mostly to the larger
particles; there is little abrasion of sand and silt by impact.

The total time that clastic debris is transported may be
many hundreds or thousands of years, depending on the dis-
tance to the final depositional area and the number of stop-
offs along the way. Clastic particles eroded by the head-
waters of the Missouri River in the mountains of western
Montana, for example, take hundreds of years to travel the

Poorly sorted sand

group of sand grains on the left is well sorted; the group on the
right is poorly sorted. [Bill Lyons.]
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3200 km down the Missouri and Mississippi rivers to the
Gulf of Mexico.

Oceans and Lakes:
Chemical Mixing Vats

The driving force of chemical and biological sedimentation
is mineral precipitation rather than gravity. Chemical sub-
stances dissolved in water during weathering are carried
along with the water. Materials such as dissolved calcium
ions are part of the water solution itself, so gravity cannot
cause them to settle out. As dissolved materials flow down
rivers, they ultimately enter lake waters or the ocean.

Oceans may be thought of as huge chemical mixing
tanks. Rivers, rain, wind, and glaciers constantly bring in
dissolved materials. Smaller quantities of dissolved materi-
als enter the ocean by hydrothermal chemical reactions
between seawater and hot basalt at mid-ocean ridges. The
ocean loses water continuously by evaporation at the sur-
face. The inflow and outflow of water to and from the
oceans are so exactly balanced that the amount of water in
the oceans remains constant over such geologically short
times as years, decades, or even centuries. Over a time scale
of thousands to millions of years, however, the balance may
shift. During the Pleistocene Ice Age, for example, signifi-
cant quantities of seawater were converted into glacial ice,
and sea level was drawn down by more than 100 m.

The entry and exit of dissolved materials, too, are bal-
anced. Each of the many dissolved components of seawater
participates in some chemical or biological reaction that
eventually precipitates it out of the water and onto the
seafloor. As a result, the ocean's salinity—the total amount
of dissolved substances in a given volume of water—re-
mains constant. Totaled over all the oceans of the world, pre-
cipitation balances the total inflow of dissolved material
from continental weathering and from hydrothermal activity
at mid-ocean ridges—yet another way in which the Earth
system maintains balance.

Long Figure 5.3 Transportation reduces the
size and angularity of clastic particles.
Grains become rounded and slightly
smaller as they are transported,
although the general shape of the grain
may not change significantly.

Smaller,
more rounded

We can better understand this chemical balance by con-
sidering the element calcium. Calcium is a component of the
most abundant biological precipitate formed in the oceans,
calcium carbonate (CaC0,). Calcium dissolves when lime-
stone and silicates containing calcium, such as some feld-
spars and pyroxenes, are weathered on land and brought to
the oceans as calcium ions (Ca’’). There, a wide variety of
marine organisms combine the calcium ions with carbonate
ions (CO0,”), also present in seawater, to form their calcium
carbonate shells. The calcium that entered the ocean as dis-
solved ions leaves it as solid sediment when the organisms
die and their shells settle and accumulate as calcium carbon-
ate sediment on the seafloor. Ultimately, the calcium car-
bonate sediment will be buried and transformed into lime-
stone. The chemical balance that keeps the levels of calcium
dissolved in the ocean constant is thus controlled in part by
the activities of organisms.

Nonbiological mechanisms also maintain chemical bal-
ance in the oceans. For example, sodium ions (Na’) brought
into the oceans react chemically with chloride ions (CI") to
form the precipitate sodium chloride (NaCl). This happens
when evaporation raises the amounts of sodium and chloride
ions past the point of saturation. As we saw in Chapter 3,
solutions crystallize minerals when they become so satu-
rated with dissolved materials that they can hold no more.
The intense evaporation required to crystallize salt takes
place in warm, shallow arms of the sea.

SEDIMENTARY BASINS:
THE SINKS FOR SEDIMENTS

The currents that move sediment across Earth's surface
generally flow downhill. Therefore, sediments tend to
accumulate in depressions in the Earth's crust. Depressions
are formed by subsidence, in which a broad area of the
crust sinks (subsides) relative to the surrounding crust.
Subsidence is induced partly by the additional weight of



sediments on the crust but is caused mostly by tectonic
forces.

!ﬂ'\tary Basins

Sedimentary basins are regions of at least 10,000 km’* where
the combination of deposition and subsidence has formed

thick accumulations of sediment and sedimentary rock. Sed-
imentary basins are the Earth's primary sources of oil and
gas. Commercial exploration for these resources has helped
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us better understand the deep structure of basins and the
continental lithosphere.

Rift Basins and Thermal
| Subsidence Basins

When plate separation begins within a continent, basin sub-
sidence involves stretching, thinning, and heating of the
underlying lithosphere by the forces of plate separation
(Figure 5.4). A long, narrow rift develops, bounded by great
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downdropped crustal blocks. Hot ductile mantle rises and fills
the space created by the thinned lithosphere and crust, initiat-
ing the volcanic eruption of basaltic rocks in the rift zone. Rift
basins are deep, narrow, and long, with thick successions of
sedimentary rocks and extrusive and intrusive igneous rocks.
The rift valleys of East Africa, the Rio Grande, and the Jordan
Valley in the Middle East are examples of rift basins.

At later stages, when rifting has led to seafloor spreading
and the newly formed continental plates are drifting away
from each other, basin subsidence continues through the
cooling ofthe lithosphere that was thinned and heated during
the earlier rifting stage (see Figure 5.4). Cooling leads to an
increase in the density of lithosphere, which in turn leads to
its subsidence below sea level, where sediments can accumu-
late. Because cooling of the lithosphere is the main process
creating these basins, they are called thermal subsidence
basins. Sediments are supplied from erosion of the adjacent
land and fill the basin to sea level along the edge of the con-
tinent, thus creating the continental shelf.

The continental shelves off the Atlantic coasts of North
and South America, Europe, and Africa are good examples of
thermal subsidence basins. These basins began to form when
the supercontinent Pangaea split apart about 200 million
years ago and the American plates separated from the Euro-
pean and African plates. Figure 5.4 shows the wedge-shaped
deposit of sediments underlying the Atlantic continental shelf
and margin of North America, which formed during thermal
subsidence. The continental shelf continues to receive sedi-
ments for a long time because the trailing edge of the drift-
ing continent subsides slowly and because the continents
provide a tremendous area from which sediments can be
derived. The load of the growing mass of sediment further
depresses the crust, so the basins can receive still more mate-
rial from the land. As a result of the continuous subsidence
and sediment supply, the deposits can accumulate in an or-
derly fashion to thicknesses of 10 km or more.

| Flexural Basins

sedimentary rocks, sediments travel a path through many sed-
imentary environments. A sedimentary environment is a
geographic location characterized by a particular combina-
tion of climate conditions and physical, chemical, and bio-
logical processes (Figure 5.5). Important characteristics of
sedimentary environments include

* The type and amount of water (ocean, lake, river, arid
land)

» The type and strength of transport agent (water, air, ice)

* The topography (lowland, mountain, coastal plain, shal-
low ocean, deep ocean)

» Biological activity (precipitation of shells, growth of coral
reefs, churning of sediments by worms and other burrowing
organisms)

* The tectonic setting of sediment source areas (volcanic
arc, collision zone) and sedimentary basins (rift, thermal
subsidence, flexural)

* The climate (cold climates may form glaciers; arid cli-
mates form deserts and precipitate evaporite minerals)

Consider the beaches of Hawaii, famous for their un-
usual green sands, which are a result of their distinct sedi-
mentary environment. Hawaii is a volcanic island made of
olivine-bearing basalt, which is released during weathering.
Rivers transport the olivine to the beach, where waves ap-
proaching and breaking on the shore, and the resulting cur-
rents that develop, concentrate the olivine and remove frag-
ments of basalt to form olivine-rich sand deposits.

Sedimentary environments are often grouped by loca-
tion: on the continents, near shorelines, or in the ocean. This
very general subdivision highlights the processes that give
sedimentary environments their distinct identities.

\ Continental Environments

A third type of basin develops where tectonic plates con-
verge and one lithospheric plate pushes up over the other.
The weight of the overriding plate causes the underlying
plate to bend or flex down, producing a flexural basin. The
Mesopotamian Basin in Iraq is a flexural basin formed when
the Arabian Plate collided with and was subducted beneath
the Iranian Plate. The enormous oil reserves in Iraq (second
only to Saudi Arabia) owe their size to having the right in-
gredients in this important flexural basin. In effect, the oil
was squeezed out from the rocks now beneath the Zagros
Mountains in Iran, forming several great pools of oil with
volumes larger than 10 billion barrels.

|  SEDIMENTARY ENVIRONMENTS |

Between the source area where sediments are formed and a

sedimentary basin where they are buried and converted to

Sedimentary environments on continents are diverse, owing
to the wide range of temperature and rainfall on the surface
of the land. These environments are built around lakes,
rivers, deserts, and glaciers (see Figure 5.5).

* A lake environment includes inland bodies of both fresh
and saline water in which the transport agents are relatively
small waves and moderate currents. Chemical sedimenta-
tion of organic matter and carbonates may occur in fresh-
water lakes. Saline lakes such as those found in deserts evap-
orate and precipitate a variety of evaporite minerals, such as
halite. The Great Salt Lake in Utah is an example.

e An alluvial environment includes a river channel, its bor-
ders, and the flat valley floor on either side of the channel that
is covered by water when the river floods. Rivers are present
on all the continents but Antarctica, and so alluvial deposits
are widespread. Organisms are abundant in the muddy flood
deposits and are responsible for organic sediments that
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accumulate in swamplands adjacent to river channels. Cli-
mates vary from arid to humid. An example is the Missis-
sippi River and its floodplains.

* A desert environment is arid. Wind and the rivers that flow
intermittently through deserts transport sand and dust. The
dry climate inhibits abundant organic growth, so organisms
have little effect on the sediment. Desert sand dunes are an
example of such an environment.

* A glacial environment is dominated by the dynamics of
moving masses of ice and is characterized by a cold climate.
Vegetation is present but has small effects on sediment. At
the melting border of a glacier, meltwater streams form a
transitional alluvial environment.

The dynamics of waves, tides, and river currents on sandy
shores dominate shoreline environments (see Figure 5.5).
Shoreline environments include

* Deltaic environments, where rivers enter lakes or the sea

* Tidalflat environments, where extensive areas exposed at
low tide are dominated by tidal currents

* Beach environments, where the strong waves approaching
and breaking on the shore distribute sediments on the beach,
depositing strips of sand or gravel

In most cases, the sediments that accumulate are of
siliciclastic composition. Organisms affect these sediments
mostly by burrowing into them. However, in some tropical
and subtropical settings, sediment particles, particularly car-
bonate sediments, may be of biological origin. These bio-
logical carbonate sediments are also subject to waves and
tidal currents.

Marine Environments
Marine environments are usually classified on the basis of
water depth, which determines the kinds of currents present
(see Figure 5.5). Alternatively, they can be classified on the
basis of distance from land.

 Continental shelf environments are located in the shallow
waters off continental shores, where sedimentation is con-
trolled by relatively gentle currents. Sediments may be com-
posed of either siliciclastic particles or biological carbonate
particles, depending on how much siliciclastic sediment is
supplied by rivers and the abundance of carbonate-producing
organisms. Sedimentation may also be chemical if the cli-
mate is arid and an arm of the sea becomes isolated from the
rest of the sea.

* Organic reefs are composed of carbonate structures
formed by carbonate-secreting organisms built up on conti-
nental shelves or on oceanic volcanic islands.

* Continental margin and slope environments are found in
the deeper waters at and off the edges of the continents,
where sediment is deposited by turbidity currents. A turbid-
ity current is a turbulent submarine avalanche of sediment
and water that moves downslope. Sediments deposited by
turbidity currents are almost always siliciclastic, except for
sites where organisms produce a lot of carbonate sediment.
In this case, continental margin and slope sediments may be
rich in carbonates.

* Deep-sea environments include all the floors of the deep
ocean, far from the continents, where the waters are much
deeper than the reach of wave-generated currents and other
shallow-water currents, such as tides. These environments
include the continental slope, which is built up by turbid-
ity currents traveling far from continental margins; the
abyssal plains, which accumulate carbonate sediments
provided mostly by the skeletons of plankton; and the mid-
ocean ridges.

We have seen that sedimentary environments can be
defined by location. They can also be categorized accord-
ing to the kinds of sediments found in them or according
to the dominant type of sedimentation. Grouping in this
manner produces two broad classes: siliciclastic sedimen-
tary environments and chemical and biological sedimentary
environments.

Siliciclastic versus Chemical and
Biological Sedimentary Environments

Siliciclastic sedimentary environments are those domi-
nated by siliciclastic sediments. They include the continen-
tal alluvial (stream), desert, lake, and glacial environments,
as well as the shoreline environments transitional between
continental and marine: deltas, beaches, and tidal flats. They
also include oceanic environments of the continental shelf,
continental margin, and deep-ocean floor where siliciclastic
sands and muds are deposited. The sediments of these silici-
clastic environments are often called terrigenous sediments,
to indicate their origin on land.

Chemical and biological sedimentary environments
are characterized principally by chemical and biological pre-
cipitation (Table 5.2). By far the most abundant are carbon-
ate environments—marine settings where calcium carbonate,
mostly secreted by organisms, is the main sediment. Hun-
dreds of species of mollusks and other invertebrate organ-
isms, as well as calcareous (calcium-containing) algae, se-
crete carbonate shell materials. Various populations of these
organisms live at different depths of water, both in quiet areas
and in places where waves and currents are strong. As they
die, their shells accumulate to form sediment.

Except for those of the deep sea, carbonate environments
are found mostly in the warmer tropical or subtropical
regions of the oceans, where carbonate-secreting organisms
nourish. These regions include organic reefs, carbonate sand
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beaches, tidal flats, and shallow carbonate banks. In a few
places, carbonate sediments may form in cooler waters that
arc supersaturated with carbonate—waters that are generally
below 20°C, such as some regions of the Antarctic Ocean
south of Australia. Carbonate sediments in cool waters are
formed by a very limited group of organisms that mainly
secrete calcite shell materials.

Siliceous environments are special deep-sea enviro-
ments named for the remains of silica shells deposited
in them. The organisms that secrete silica grow in sur-
fae waters where nutrients are abundant. Their shells set-
tle to the ocean floor and accumulate as layers of siliceous
sediment.

An evaporite environment is created when the warm sea-
\aier of an arid inlet or arm of the sea evaporates more
rapidly than it can mix with the connected open marine sea-
\\ater. The degree of evaporation and the length of time it
has proceeded control the salinity of the evaporating seawa-
ter and thus the kinds of chemical sediment formed. Evap-
orite environments also form in lakes with no outlet rivers.
Such lakes may produce sediments of halite, borate, nitrates,
and other salts.

EQ,TARY STRUCTURES

Sedimentary structures include all kinds of features formed

at the time of deposition. Sediments and sedimentary rocks
arc characterized by bedding, or stratification, which occurs
when layers of different grain sizes or compositions are
deposited on top of one another. Bedding ranges from only
millimeters or centimeters thick to meters or even many

carbonates, other salts

Peat

meters thick. Most bedding is horizontal, or nearly so, at the
time of deposition. Some types of bedding, however, form at
a high angle relative to horizontal.

| Cross-Bedding

Cross-bedding consists of sets of bedded material de-
posited by wind or water and inclined at angles as large as
35° from the horizontal (Figure 5.6). Cross-beds form when

Figure 5.6 Cross-bedding in a desert environment. The varying
directions of cross-bedding in this sandstone are due to changes in
wind direction at the time the sand dunes were deposited. Navajo
sandstone, Zion National Park, southwestern Utah. [Peter Kresan.]
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Figure 5.7 Cross-beds form when grains are deposited on the
steeper, downcurrent (lee) slope of a dune or ripple.

grains are deposited on the steeper, downcurrent (lee) slopes
of sand dunes on land or of sandbars in rivers and under the
sea (Figure 5.7). Cross-bedding of wind-deposited sand
dunes may be complex, a result of rapidly changing wind
directions. Cross-bedding is common in sandstones and is
also found in gravels and some carbonate sediments. Cross-

bedding is easier to see in sandstones than in sands, which
must be excavated to see a cross section.

| Graded Bedding

Graded bedding is most abundant in continental slope and
deep-sea sediments deposited by dense, muddy currents
called turbidity currents, which hug the bottom topography
of the ocean as they move downhill. Each layer in a graded
bed progresses from coarse grains at the base to fine grains
at the top. As the current progressively slows, it drops pro-
gressively finer particles. The grading indicates a weaken-
ing of the current that deposited the grains. A graded bed
comprises one set of coarse-to-fine beds, normally ranging
from a few centimeters to several meters thick, that formed
horizontal or nearly horizontal layers at the time of deposi-
tion. Accumulations of many individual graded beds can
reach a total thickness of hundreds of meters. A bed formed
as a result of deposition from a turbidity current is called a
turbidite.

| Ripples

Ripples are very small dunes of sand or silt whose long
dimension is at right angles to the current. They form low,
narrow ridges, most only a centimeter or two high, separated
by wider troughs. These sedimentary structures are common
in both modern sands and ancient sandstones (Figure 5.8).
Ripples can be seen on the surfaces of windswept dunes, on
underwater sandbars in shallow streams, and under the waves
at beaches. Geologists can distinguish the symmetrical rip-
ples made by waves moving back and forth on a beach from

Figure 5.8 left: Ripples in modern sand on a beach.
[John Grotzinger.] right: Ancient ripple-marked sandstone.
[John Grotzinger/Ramén Rivera-Moret/MIT)]
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Bedding in many sedimentary rocks is broken or disrupted
by roughly cylindrical tubes a few centimeters in diameter
that extend vertically through several beds. These sedimen-
try structures are remnants of burrows and tunnels exca-

vated by clams, worms, and many other marine organisms
that live on the bottom of the sea. These organisms burrow
through muds and sands—a process called bioturbation.
They ingest sediment for the bits of organic matter it con-
tains and leave behind the reworked sediment, which fills
the burow (Figure 5.10). From bioturbation structures,
geologists can determine the behavior of organisms that

slope slope Wind or water

e
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dunes and river sandbars, produced by the movement of a
current in one direction, are asymmetrical.

burrowed the sediment. Since the behavior of burrowing or-
ganisms is controlled partly by environmental processes,
such as the strength of currents or the availability of nutri-
ents, bioturbation structures help us reconstruct past sedi-
mentary environments.

| Bedding Sequences

Betiding sequences are built of interbedded and vertically
stacked layers of sandstone, shale, and other sedimentary
rock types. A bedding sequence may consist of cross-bedded
sandstone, overlain by bioturbated siltstone, overlain in turn
by rippled sandstone—in any combination of thicknesses for
each rock type in the sequence.

Bedding sequences help geologists reconstruct how all
the sediments were deposited and so give insight into the
history of events that occurred at Earth's surface long ago.

Figure 5.10 Bioturbation structures. This rock
is crisscrossed with fossilized tunnels originally
made as the organisms burrowed through the
mud. [John Grotzinger/Ramon Rivera-MoretVHarvard
Mineralogical Museum.)
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Figure 5.11 Sands and gravels of a typical
alluvial cycle.This type of cycle is formed by -
the migration of a point bar in a meandering
river (see Chapter |8). [USDA-NRCS photo by
Jim R. Fortner]

Figure 5.11 shows a bedding sequence typically formed by
rivers. A river lays down sequences that form as its channel
migrates back and forth across the valley floor. The lower
part of each sequence contains the sediments deposited in the
deepest part of the channel, where the current was strongest.
The upper part contains the sediments deposited in the shal-
low parts of the channel, where the current was weakest.
Typically, a bedding sequence formed in this manner will
consist of sediments that grade upward from coarse to fine.
Most bedding sequences consist of a number of small-
scale subdivisions. In the example shown in Figure 5.11, the
basal layers of the bedding contain cross-bedding. These lay-
ers are overlain by more cross-bedded layers, but the cross-
beds are smaller scale. Horizontal bedding occurs at the top of
the bedding sequence. Today, computer models are used to
analyze how bedding sequences of sands were deposited in
alluvial environments. Other types of bedding sequences—
which consist of different arrangements of sedimentary struc-
tures—tell us about different sedimentary environments.
(Bedding sequences are discussed further in Chapter 20.)

BURIAL AND DIAGENESIS:
FROM SEDIMENT TO ROCK

Most of the siliciclastic particles produced by weathering
and erosion of the land end up deposited in various sedimen-
tary basins in the world's oceans, brought there by rivers,
wind, and glaciers. A smaller amount of siliciclastic sedi-
ment is deposited in sedimentary basins on land. Most
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chemical and biological sediments are also deposited in
ocean basins, although some are deposited in continental
basins containing lakes and swamps.

| Burial

Once sediments reach the ocean floor, they are trapped
there. The deep ocean is the ultimate sedimentary basin and,
for most sediments, their final resting place. Therefore, a
larger fraction of sediment deposited on the ocean floor is
buried and preserved, compared to the fraction of sediment
deposited on land.

Diagenesis: Heat, Pressure, and
Chemistry Transform Sediment
| into Rock

After sediments are deposited and buried, they are subject to
diagenesis—the many physical and chemical changes that
continue until the sediment or sedimentary rock is either
exposed to weathering or metamorphosed by heat and pres-
sure (Figure 5.12). Burial promotes diagenesis because
buried sediments are subjected to increasingly high temper-
atures and pressures in Earth's interior.

Temperature increases with depth in the Earth's crust at
an average rate of 30°C for each kilometer of depth. At a
depth of 4 km, buried sediments may reach 120°C or more,
the temperature at which certain types of organic matter may
be converted to oil and gas. Pressure also increases with
depth—on average, about 1 atmosphere for each 4.4 meters
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of depth. This increased pressure is responsible for the
paction of buried sediments.

Buried sediments are also continuously bathed in
groundwater full of dissolved minerals, which can precipitate
in the pores between the sediment particles and bind them
together, a chemical change called cementation. Cementa-
lion decreases porositv, the percentage of a rock's volume

com- example, calcium carbonate is precipitated as calcite, which

acts as a cement that binds the grains and hardens the result-

ing mass into sandstone (Figure 5.13). Other minerals, such

as quartz, may cement sands, muds, and gravels into sand-
stone, mudstone, and conglomerate,

The major physical diagenetic change is compaction,

a decrease in the volume and porosity of a sediment.

|Shale: John Grotzinger/Ramén Rivera-Moret/Harvard Mineralogical Muscum: Sandstone, conglomerate, coal: John Grotzinger/Ramén Rivera-MoretMIT, coal and gas: John Woolsey.|
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Calcite cement

Quartz sand grains

Figure 5.13 This photomicrograph of sandstone shows quartz
grains (white and gray) cemented by calcite (brightly colored and
variegated) introduced after deposition. [Peter Kresan.]

together by the weight of overlying sediment. Sands
are fairly well packed during deposition, so they do not
compact much. However, newly deposited muds, includ-
ing carbonate muds, are highly porous. Often, more than
60 percent of the sediment is water in pore spaces. As a
result, muds compact greatly after burial, losing more than
half their water.

Both cementation and compaction result in lithification,
the hardening of soft sediment into rock.

CLASSIFICATION OF
SILICICLASTIC SEDIMENTS
AND SEDIMENTARY ROCKS

We can now use our knowledge of sedimentation to classify
sediments and their lithified counterparts, sedimentary
rocks. The major divisions are the siliciclastic sediments and
sedimentary rocks and the chemical and biological sedi-
ments and sedimentary rocks. Siliciclastic sediments and
sedimentary rocks constitute more than three-quarters of the
total mass of all types of sediments and sedimentary rocks
in the Earth's crust. We therefore begin with them.

| Classification by Particle Size

Siliciclastic sediments and rocks are categorized primarily
by the size of their grains (Table 5.3):

* Coarse: gravel and conglomerate

e Medium: sand and sandstone

* Fine: silt and siltstone; mud, mudstone, and shale; clay
and claystone

We classify siliciclastic sediments and rocks on the basis
of their particle size because it distinguishes them by one
of the most important conditions of sedimentation: current
strength. As we have seen, the larger the particle, the stronger
the current needed to move and deposit it. This relationship
between current strength and particle size is the reason like-
sized particles tend to accumulate in sorted beds. That is,
most sand beds do not contain pebbles or mud, and most
muds consist only of particles finer than sand.

Of the various types of siliciclastic sediments and sedi-
mentary rocks, the fine-grained elastics are by far the most

Major Classes of Clastic Sediments and Sedimentary Rocks

Particle Size Sediment
COARSE GRAVEL
Larger than 256 mm Boulder
256-64 mm Cobble
64-2 mm Pebble
MEDIUM

2-0.062 mm SAND
FINE MUD
0.062—0.0039 mm Silt

Finer than 0.0039 mm Clay

Rock

Conglomerate

Sandstone

Siltstone

Mudstone (blocky fracture)
Shale (breaks along bedding)
Claystone
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ry rock types—including evaporites, cherts, and other
| sedimentary rocks—exist in only minor amounts.

abundant—about three times more common than the
coarser elastics (Figure 5.14). The abundance of the fine-
grained siliciclastics, which contain large amounts of clay
minerals, is due to the chemical weathering of the large
quantities of feldspar and other silicate minerals in Earth's
crust into clay minerals. We turn now to a consideration of
each of the three groups of siliciclastic sediments and sedi-
mentary rocks in more detail.

arse-Grained Siliciclastics:
vel and Conglomerate

Gravel is the coarsest siliciclastic sediment, consisting of
particles larger than 2 mm in diameter and including peb-
bles, cobbles, and boulders (see Table 5.3). Conglomerates
arc the lithified equivalents of gravel (Figure 5.15). Pebbles,
cobbles, and boulders are easy to study and identify because
of their large size. Their size can tell us the speed of the cur-
rents that transported them. In addition, their composition
can tell us about the nature of the distant terrain where they

were produced.

glomerate (b) Sandstone

There are relatively few environments—mountain
streams, rocky beaches with high waves, and glacier melt-
waters—in which currents are strong enough to transport
pebbles. Strong currents also carry sand, and we almost
always find sand between the pebbles. Some of it was
deposited with the gravel, and some infiltrated the spaces
between fragments after the gravel was deposited. Pebbles
and cobbles become rounded very quickly by abrasion in the
course of transport on land or in water.

Medium-Grained Siliciclastics:
| Sand and Sandstone

Sand consists of medium-sized particles, ranging from
0.062 to 2 mm in diameter (see Table 5.3). These sediments
are moved even by moderate currents, such as those of
rivers, waves at shorelines, and the winds that blow sand into
dunes. Sand particles are large enough to be seen with the
naked eye, and many of their features are easily discerned
with a low-power magnifying glass. The lithified equivalent
of sand is sandstone (see Figure 5.15).

Sizes and Shapes of Sand Grains The medium-sized
siliciclastics, sand particles, are subdivided into fine, me-
dium, and coarse. The average size of the grains in any one
sandstone can be an important clue to both the strength of
the current that carried them and the sizes of the crystals
eroded from the parent rock. The range and relative abun-
dance of the various sizes are also significant. If all the
grains are close to the average size, the sand is well sorted.
If many grains are much larger or smaller than the average,
the sand is poorly sorted. The degree of sorting can help
distinguish, for example, between sands of beaches (well
sorted) and muddy sands deposited by glaciers (poorly
sorted). The shapes of sand grains can also be important
clues to their origin. Sand grains, like pebbles, are rounded
during transport. Angular grains imply short transport dis-

tances; rounded ones indicate long journeys down a large
river system.

(c) Shale

te 5.15 Clastic sedimentary rocks. [Conglomerate and sandstone: John Grotzinger/Ramén Rivera-

SretMIT. Shale: John Grotzinger/Ramén Rivera-Moret/Harvard Mineralogical Museum.]
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Lithic sandstone:
rock fragment-rich

Arkose:
feldspar-rich
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1mm  Alluvial fan

Mineralogy of Sands and Sandstones Siliciclastics can
be further subdivided by mineralogy, which can help identify
the parent rocks. Thus, there are quartz-rich and feldspar-rich
sandstones. Some sands are bioclastic; they formed when
material such as carbonate originally precipitated as a shell
but then was broken and transported by currents. Thus, the
mineral composition of sands and sandstones indicates the
source areas that were eroded to produce the sand grains.
Sodium- and potassium-rich feldspars with abundant quartz,
for example, might indicate that the sediments were eroded
from a granitic terrain. Other minerals, as we will see in
Chapter 6, would indicate metamorphic parent rocks.

The mineral content of parent rocks depends on plate
tectonic settings. Sandstones containing abundant fragments
of mafic volcanic rocks, for example, are derived from the
volcanic arcs of subduction zones.

Major Kinds of Sandstone Sandstones fall into several
major groups on the basis of their mineralogy and texture
(Figure 5.16):

* Quartz arenites are made up almost entirely of quartz
grains, usually well sorted and rounded. These pure quartz
sands result from extensive weathering that occurred before
and during transport and removed everything but quartz, the
most stable mineral.

* Arkoses are more than 25 percent feldspar. The grains tend
to be poorly rounded and less well sorted than those of pure
quartz sandstones. These feldspar-rich sandstones come from
rapidly eroding granitic and metamorphic terrains where
chemical weathering is subordinate to physical weathering.

Quartz arenite:
pure quartz

Graywacke:
matrix-rich

¢

—
Deep-sea fan 1 mm

Figure 5.16 The mineralogy of four major
groups of sandstones.

e Lithic sandstones contain many fragments derived from
fine-grained rocks, mostly shales, volcanic rocks, and fine-
grained metamorphic rocks.

¢ Gray wacke is a heterogeneous mixture of rock fragments
and angular grains of quartz and feldspar, the sand grains be-
ing surrounded by a fine-grained clay matrix. Much of this
matrix is formed by relatively soft rock fragments, such as
shale and some volcanic rocks, that are chemically altered
and physically compacted after deep burial of the sandstone
formation.

Both groundwater geologists and petroleum geologists
have a special interest in sandstones. Groundwater geolo-
gists examine the origins of sandstones to predict possible
supplies of water in areas of porous sandstone, such as
those found in the western plains of North America. Petro-
leum geologists must know about the porosity and cemen-
tation of sandstones because much of the oil and gas dis-
covered in the past 150 years has been found in buried
sandstones. In addition, much of the uranium used for
nuclear power plants and weapons has come from diage-
netic uranium in sandstones.

Fine-Grained Siliciclastics: Silt and
Siltstone; Mud, Mudstone, and Shale;
| Clay and Claystone

The finest-grained siliciclastic sediments and sedimentary
rocks are the silts and siltstones; the muds, mudstones, and
shales; and the clays and claystones. These sediments con-
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sist of particles that are less than 0.062 mm in diameter, but
the sediments vary widely in their range of grain sizes and
mineral compositions. Fine-grained sediments are deposited
h\ the gentlest currents, which allow the finest particles to
settle slowly to the bottom in quiet waves.

Silt and Siltstone Siltstone is the lithified equivalent of
silt. a siliciclastic sediment in which most of the grains are
between 0.0039 and 0.062 mm in diameter. Siltstone looks
similar to mudstone or very fine grained sandstone.

Mud, Mudstone, and Shale Mud is a siliciclastic sedi-
ment, mixed with water, in which most of the particles are
tess than 0.062 mm in diameter (see Table 5.3). Thus, mud
cn be made of silt- or clay-sized sediments, or varying
quantities of both. This general term is very useful in field-
wak because it is often difficult to distinguish between silt-
tnd elay-sized sediment without a microscope. Muds are
deposited by rivers and tides. After a river has flooded its
lowlands and the flood recedes, the current slows and mud
settles, some of it containing abundant organic matter. This
mud contributes to the fertility of river bottomlands. Muds
a r e kff behind by ebbing tides along many tidal flats where
wave action is mild. Much of the deep-ocean floor, where
currents are weak or absent, is blanketed by mud.

The fine-grained rock equivalents of muds are mudstones
and shales. Mudstones are blocky and show poor or no
bedding. Bedding may have been well marked when the sed-
iments were first deposited but then was lost by biotur-
bation. Shales (see Figure 5.15) are composed of silt plus a

significant component of clay, which causes them to break
readily along bedding planes. Many muds, mudstones, and
shales are more than 10 percent carbonate, forming deposits
of calcareous shales. Black, or organic, shales contain abun-
dant organic matter. Some, called oil shales, contain large
quantities of oily organic material, which makes them a
potentially important source of oil. (We consider the oil
shales in more detail in Chapter 23.)

Clay and Claystone Clay is the most abundant compo-
nent of fine-grained sediments and sedimentary rocks and
consists largely of clay minerals. Clay-sized particles are less
than 0.0039 mm in diameter (see Table 5.3). Rocks made up
exclusively of clay-sized particles are called claystones.

CLASSIFICATION OF CHEMICAL
AND BIOLOGICAL SEDIMENTS
AND SEDIMENTARY ROCKS

We divide nonsiliciclastic sediments into chemical and bio-
logical sediments to emphasize the importance of organ-
isms as the chief mediators of this kind of sedimentation
(Table 5.4). Chemical and biological sediments tell us
about chemical conditions in the ocean, the predominant
environment of sedimentation. Carbonate environments,
by far the most abundant biological sedimentation environ-
ments, occur in marine settings where calcium carbonate is
the main sediment. The shells of organisms account for
much of this carbonate sediment. Chemical sedimentation

Classification of Biological and Chemical Sediments and Sedimentary Rocks

Chemical Composition

Calcium carbonate (CaCO,)

Minerals

Calcite (aragonite)

Carbon compounds; Carbon compounded
with oxygen and hydrogen

Rock
mud Limestone
ly bioclastic)
gous sediment Chert Silica (Si0,)
Organics
Phosphorite Calcium phosphate
(Ca,[PO,],)
Dolostone

e sediment

orite sediment

Iron formation

Evaporite

Calcium-magnesium carbonate
(CaMg[CO,],)

Iron silicate; oxide (Fe,O,);
limonite, carbonate

Sodium chloride (NaCl);
calcium sulfate (CaSO,)

Opal, chalcedony, quartz

(coal), (oil), (gas)

Apatite

Dolomite

Hematite, siderite

Gypsum, anhydrite,
halite, other salts
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occurs in marine settings when evaporation of seawater
exceeds replenishment. Chemical sedimentation also takes
place in some lakes, particularly those of arid regions where
evaporation is intense, such as the Great Salt Lake of Utah.
Such sediments account for only a very small fraction rela-
tive to the amounts deposited along the ocean's shorelines,
on continental shelves, and in the deep ocean. Chemical sed-
iments are less abundant than biological sediments.

Biological Sediments: Carbonate
| Sediments and Rocks

Carbonate sediments and carbonate rocks form mostly
from the accumulation of carbonate minerals that are directly
secreted by organisms. However, in some cases the organisms
do not secrete carbonate minerals but indirectly help stimulate
precipitation of carbonate mineral in the organism's external
environment. This process occurs because organisms can
change the chemistry of their surrounding environment. In a
third process—during burial and diagenesis—deposited car-
bonate sediments react with water to form a new suite of car-
bonate minerals. In all these processes, the minerals precipi-
tated are either calcium carbonates (calcite or aragonite) or
calcium-magnesium carbonate (dolomite).

The dominant biological sedimentary rock lithified from
carbonate sediments is limestone, which is composed mainly

of calcium carbonate (CaCQ0,) in the form of the mineral cal-
cite (Figure 5.17a; see Table 5.4). Limestone is formed from
carbonate sand and mud and, in some cases, ancient reefs.
Another abundant carbonate rock is dolostone, made up
of the mineral dolomite, which is composed of calcium-
magnesium carbonate, CaMg(CO0,), (see Table 5.4). Dolo-
stones are diagenetically altered carbonate sediments and
limestones. The mineral dolomite does not form as a pri-
mary precipitate from ordinary seawater, and no organisms
secrete shells of dolomite. Instead, the original calcite or
aragonite of a carbonate sediment is converted into dolomite
after deposition. Some calcium ions in the calcite or arago-
nite are exchanged for magnesium ions from seawater (or
magnesium-rich groundwater) slowly passing through the
pores of the sediment. This exchange converts the calcium
carbonate mineral, CaCO0,, into dolomite, CaMg(C0,)..

Direct Biological Precipitation of Carbonate Sedi-
ments Carbonate rocks are abundant because of the large
amounts of calcium and carbonate present in seawater,
which organisms can directly convert into shells. Calcium is
supplied by weathering of feldspars and other minerals in
igneous and metamorphic rocks. Carbonate is derived from
the carbon dioxide in the atmosphere. Calcium and carbon-
ate also come from the easily weathered limestone on the

continents.

(a) Limestone

(c) Halite (d) Chert

(b) Gypsum

Figure 5.17 Chemical and
biological sedimentary rocks.
(a) Limestone, lithified from
carbonate sediments;

(b) gypsum and (c) halite,
marine evaporites that
crystallize out of shallow
seawater basins; and (d) chert,
made up of silica sediment.
[John Grotzinger/ Ramén Rivera-
Moret/Harvard Mineralogical
Museum.]
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Most carbonate sediments of shallow marine environ-
ments are bioclastic. They were originally secreted biologi-
cally as shells by organisms living near the surface or on the
bottom of the oceans. After they die, the organisms break
apart, producing shells or fragments of shells that constitute
individual pieces or clasts of carbonate sediment. These sed-
iments are found from the coral reefs of the Pacific and
Caribbean to the shallow banks of the Bahama Islands. Car-
bonate is more accessible for study in these spectacular

vacation spots, but the oceanic abyssal plain is where most
carbonate is deposited today.

Most of the carbonate sediments deposited on the
ocean's abyssal plains are derived from the calcite shells of
foraminifera, tiny single-celled organisms that live in

surface waters, and from other organisms that secrete cal-
cium carbonate. When the organisms die, their shells and
skeletons settle to the seafloor and accumulate there as sed-
iment (Figure 5.18). In addition to calcite, most carbonate

ere, biosphere, and Ocean east of Florida.

in the coral reef lagoon, growth of carbonate-secreting
‘ , including foraminifera, coral, algae, and mollusks,
pic and carbonate sediment forms quickly,...

as in the open ocean outside the reef, sedimentation
uch slower.

level rises, the reef continues to grow toward the
sea level,...

sedimentation outpaces sedimentation in the

¢ carbonate also precipitates out of the supersaturated
water and adds to platform sedimentation.

ate platform building 2 The Bahamas are a carbonate
interactions of the platform system in the Atlantic

3 Carbonate platforms are built in warm shallow seas by reef-

building organisms such as coral and tiny foraminifera that
precipitate calcium carbonate as calcite aragonite.

Coral reef Light Lagoon Open ocean

Carbonate
platform

|left: NASA; middle: Joseph R. Melanson/Aerials Only Photographs; right: Stephen Frink/Index Stock Imagery; left center: Cheyron Corporation. |
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sediments contain aragonite, a less stable form of calcium
carbonate. As noted earlier in this chapter, some organisms
precipitate calcite, some precipitate aragonite, and some
precipitate both.

Reefs are moundlike or ridgelike organic structures
composed of the carbonate skeletons of millions of organ-
isms. In the warm seas of'the present, most reefs are built by
corals and hundreds of other organisms such as algae and
the familiar clams and snails of our shorelines. In contrast
with the soft, loose sediment produced in other environ-
ments, the calcium carbonate of the corals and other organ-
isms forms a rigid, wave-resistant structure of solid lime-
stone that is built up to and slightly above sea level (see
Figure 5.18 and Feature 5.1). The solid limestone of the reef
is produced directly by the action of organisms; there is no
soft sediment stage.

Indirect Biological Precipitation of Carbonate Sedi-
ments A significant fraction of the carbonate mud in
lagoons and on shallow banks such as those of the Bahama
Islands is precipitated indirectly from seawater. Microorgan-
isms may be involved in this process, but their role is still
uncertain. Their potential role would be to help shift the bal-
ance of calcium (Ca’’) and carbonate (CO”") ions in the
seawater surrounding the organism so that calcium carbon-
ate (CaCO”") is formed. Microbes can precipitate carbon-
ate only if the external environment already contains abun-
dant calcium and carbonate ions. In this case, the chemicals

that the microbe emits into the seawater cause the minerals

to precipitate. In contrast, shelled organisms will always
secrete carbonates as a normal part of their life cycle.
Carbonate platforms, both in past geological ages and at
present, are a major carbonate environment. Like the Bahama
Banks, these platforms are extensive flat, shallow areas where
both biological and nonbiological carbonates are deposited.
Below the level of the platform are carbonate ramps, gentle
slopes to deeper waters that also accumulate carbonate sedi-
ment, much of it fine-grained. In other times and places, plat-
forms may be rimmed carbonate shelves in which there is a
clear demarcation of the shelf margin by reefs of various
organisms and by buildups of shoals of bioclastic and other
materials. Below the rims are steep slopes covered with detri-
tus derived from the rim materials. The role of now-extinct
organisms in building ancient reefs will be discussed next.

Reefs and Evolutionary Processes Today, reefs are
constructed mainly by corals; but at earlier times in Earth's
history, they were constructed by other organisms—such as
a now-extinct variety of mollusk (Figure 5.19). The diversi-
fication and extinction of reef-building organisms over geo-
logic time show how ecology and environmental change
help regulate the process of evolution. Today, natural and
human-generated effects threaten the growth of coral reefs,
which are very sensitive to environmental change. In 1998,
an El Nino event raised sea surface temperatures to the point
where many reefs in the western Indian Ocean were killed.
The Florida Keys reefs are dying off for a completely differ-
ent reason: they're getting too much of a good thing. It turns

Figure 5.19 Reefal limestone made
of extinct clams (rudists) in the
Cretaceous Shuiba formation,
Sultanate of Oman. [John Grotzinger.]
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out that groundwaters originating in the farmlands of the
Florida Peninsula are seeping out near the reefs and expos-
ing them to lethal concentrations of nutrients.

The marine environments where carbonate sedimenta-
| Sediments: Evaporation

r to Produce Halite, Gypsum,
er Salts

Evaporite sediments and evaporite rocks are chemically
precipitated from evaporating seawater and from water in
arid-region lakes that have no river outlets.

Marine Evaporites Marine evaporites are the chemical
sediments and sedimentary rocks formed by the evaporation
Of seawater. This evaporite environment is created when the
wam seawater of an arid inlet or arm of the sea evaporates
more rapidly than it can mix with the connected open ma-
rne seawater. The degree of evaporation controls the salin-
ity of the evaporating seawater and thus the kinds of sedi-

2 Salt water entered the
Mediterranean through
a narrow channel.

TERRA

Salt water
from open ocean

marine evaporite environment.When seawater
a shallow basin, such as in the Mediterranean Sea,
d connection to the open ocean, gypsum formed

Evaporation

NEAN SEA -
AN

Gypsum and
halite crystals

5 As the basin became
more saline, gypsum and
halite precipitated....

ments formed. The sediments and rocks produced in these
environments contain minerals formed by the crystallization
of sodium chloride (halite), calcium sulfate (gypsum and
anhydrite), and other combinations of the ions commonly
found in seawater. As evaporation proceeds, seawater be-
comes more concentrated and minerals crystallize in a set
sequence. As dissolved ions precipitate to form each min-
eral, the evaporating seawater changes composition.

Seawater has the same composition in all the oceans,
which explains why marine evaporites are so similar the world
over. No matter where seawater evaporates, the same sequence
of minerals always forms. The history of evaporite minerals
shows that the composition of the world's oceans has stayed
more or less constant over the past 1.8 billion years. Before
that time, however, the precipitation sequence may have been
different, indicating that seawater composition changed.

The great volume of many marine evaporites, some hun-
dreds of meters thick, shows that they could not have formed
from the small amount of water that could be held in a shal-
low bay or pond. A huge amount of seawater must have
evaporated. The way in which such large quantities of sea-
water evaporate is very clear in bays or arms of the sea that
meet the following conditions (Figure 5.20):

1 During the Miocene epoch, the Mediterranean Sea became a shallow evaporite
basin. (We have greatly exaggerated the basin depth for this drawing.)

3 Evaporation removed 4 ...than was replaced
more water...

by freshwater inflow.

Freshwater
inflow (small)

Evaporite sediments

6 ...forming evaporite
sediments.

as an evaporite sediment. A further increase in salinity led to the
crystallization of halite.
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EARTH

ISSUES

5.1 Darwin's Coral Reefs and Atolls

For more than 200 years, coral reefs have attracted
explorers and travel writers. Ever since Charles
Darwin sailed the oceans on the Beagle from 1831 to
1836, these reefs have been a matter of scientific dis-
cussion, too. Darwin was one of the first to analyze
the geology of coral reefs, and his theory of their ori-
gin is still accepted today.

The coral reefs that Darwin studied were atolls,
islands in the open ocean with circular lagoons. The
outermost part of a reef is a slightly submerged, wave-
resistant reef front: a steep slope facing the ocean.The
reef front is composed of the interlaced skeletons of
actively growing coral and calcareous algae, forming a
tough, hard limestone. Behind the reef front is a flat plat-
form extending into a shallow lagoon. An island may lie
at the center of the lagoon. Parts of the reef, as well as a

central island, are above water and may become forested.
A great many plant and animal species inhabit the reef
and the lagoon.

Coral reefs are generally limited to waters less than
about 20 m deep because, below that depth, seawater
does not transmit enough light to enable reef-building
corals to grow. (Exceptions are some kinds of individ-
ual—noncolonial—corals that grow in much deeper
waters.) Darwin explained how coral reefs could be built
up from the bottom of the dark, deep ocean.The process
starts with a volcano building up to the surface from the
seafloor. As the volcano becomes dormant, temporarily
or permanently, coral and algae colonize the shore and
build fringing reefs—coral reefs similar to atolls that grow
around the edges of a central volcanic island. Erosion may
then lower the volcanic island almost to sea level.

Darwin reasoned that if such a volcanic island were

to subside slowly beneath the waves, actively growing

Bora Bora atoll, South Pacific Ocean. Reefal organisms have built a barrier around the
volcanic island, forming a protected lagoon. [Jean-Marc Truchet/Stone/Getty Images.]

* The freshwater supply from rivers is small.
* Connections to the open sea are constricted.

¢ The climate is arid.

In such locations, water evaporates steadily, but the
openings allow seawater to flow in to replenish the evaporat-
ing waters of the bay. As a result, those waters stay at con-
stant volume but become more saline than the open ocean.
The evaporating bay waters remain more or less constantly

supersaturated and steadily deposit evaporite minerals on
the floor of the evaporite basin.

As seawater evaporates, the first precipitates to form are
the carbonates. Continued evaporation leads to the precipi-
tation of gypsum, calcium sulfate (CaS0, x 2H,0) (see Fig-
ure 5.17b). By the time gypsum precipitates, almost no car-
bonate ions are left in the water. Gypsum is the principal
component of plaster of Paris and is used in the manufacture
of wallboard, which lines the walls of most new houses.
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coral and algae might keep pace with the subsidence,
continuously building up the reef so that the island
remained. In this way, the volcanic island would disappear
and we would be left with an atoll. More than 100 years
after Darwin proposed his theory, deep drilling on sev-
eral atolls penetrated volcanic rock below the coralline
limestone and confirmed the theory.And, some decades
later, the theory of plate tectonics explained both volcan-
ism and the subsidence that resulted from plate cooling
and contraction.

Evolution of a coral reef from a subsiding volcanic
island, first proposed by Charles Darwin in the
nineteenth century.

Affer still further evaporation, the mineral halite (NaCl) fates precipitate. The salt mines near Carlsbad, New Mex-
—one of the most common chemical sediments precipitated ico, contain commercial quantities of potassium chloride.
fom evaporating seawater—starts to form (see Figure Potassium chloride is often used as a substitute for table salt
5.17¢c). Halite, you may remember from Chapter 3, is table (sodium chloride) by people with certain dietary restrictions.
salt. Deep under the city of Detroit, Michigan, beds of salt This sequence of precipitation has been studied in the
laid down by an evaporating arm of an ancient ocean are laboratory and is matched by the bedding sequences found
commercially mined. in certain natural salt formations. Most of the world's

In the final stages of evaporation, after the sodium chlo- evaporites consist of thick sequences of dolomite, gypsum,

ride is gone, magnesium and potassium chlorides and sul- and halite and do not contain the final-stage precipitates.
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Many do not go even as far as halite. The absence of the
final stages indicates that the water did not evaporate com-
pletely but was replenished by normal seawater as evapo-
ration continued.

Nonmarine Evaporites Evaporite sediments also form
in arid-region lakes that typically have few or no river out-
lets. In such lakes, evaporation controls the lake level, and
incoming salts derived from chemical weathering accumu-
late. The Great Salt Lake is one of the best known of these
lakes. River waters enter the lake, bringing salts dissolved
in the course of weathering. In the dry climate of Utah,
evaporation has more than balanced the inflow of fresh
water from rivers and rain. As a result, concentrated dis-
solved ions in the lake make it one of the saltiest bodies of
water in the world—eight times saltier than seawater.

In arid regions, small lakes may collect unusual salts,
such as borates (compounds of the element boron), and
some become alkaline. The water in this kind of lake is poi-
sonous. Economically valuable resources of borates and
nitrates (minerals containing the element nitrogen) are
found in the sediments beneath some of these lakes.

Other Biological and Chemical
Sediments

Carbonate minerals secreted by organisms are the principal
source of biological sediments, and the minerals precipi-
tated from evaporating water are the principal source of
chemical sediments. However, there are several less abun-
dant biological and chemical sediments that are locally
abundant. These include chert, phosphorite, iron formations,
coal, and the organic-rich sediments that produce oil and
gas. The role of biological versus chemical processes in
forming these sediments is variable.

Silica Sediment: Source of Chert One of the first sed-
imentary rocks to be used for practical purposes by our pre-
historic ancestors was CHERT. Chert is made up of silica
(Si0,) (see Figure 5.17d). Early hunters used it for arrow-
heads and other tools because it could be chipped and
shaped to form hard, sharp implements. A common name
for chert isflint, and the terms are virtually interchangeable.
The silica in most cherts is in the form of extremely fine
crystalline quartz. Some geologically young cherts consist
of opal, a less well crystallized form of silica.

Like calcium carbonate, much silica sediment is precip-
itated biologically, secreted by ocean-dwelling organisms.
These organisms grow in surface waters where nutrients are
abundant. When they die, they sink to the deep-ocean floor,
where their shells accumulate as layers of silica sediment.
After these silica sediments are buried by later sediments,
they are diagenetically cemented into chert. Chert may also
form as diagenetic nodules and irregular masses replacing
carbonate in limestones and dolostones.

Phosphorite Sediment Among the many other kinds of
chemical and biological sediments deposited in the sea are
phosphorites. Sometimes called phosphate rock, PHOSPHO-
RIIE is composed of calcium phosphate precipitated from
phosphate-rich seawater in places where currents of deep,
cold water containing phosphate and other nutrients rise
along continental margins. The phosphorite forms diagenet-
ically by the interaction between muddy or carbonate sedi-
ments and the phosphate-rich water. Organisms play an
important role in creating phosphate-rich water, and bacteria
that live on sulfur may play a key role in precipitating phos-
phate minerals.

Iron Oxide Sediment: Source of Iron Formations
IRON FORMATIONS are sedimentary rocks that usually contain
more than 15 percent iron in the form of iron oxides and
some iron silicates and iron carbonates. Most of these rocks
formed early in Earth's history, when there was less oxygen
in the atmosphere and, as a result, iron dissolved more eas-
ily. Iron was transported to the sea in soluble form and pre-
cipitated where microorganisms were producing oxygen.
Once thought to be of chemical origin, there is now some
evidence that iron formations may have been precipitated
indirectly by microorganisms (see Chapter 11).

Organic Particles: Source of Coal, Oil, and Gas Coal
is a biologically produced sedimentary rock composed al-
most entirely of organic carbon formed by the diagenesis of
swamp vegetation. Vegetation may be preserved from decay
and accumulate as a rich organic material, PEAT, which con-
tains more than 50 percent carbon. Peat is ultimately buried
and transformed by diagenesis into coal. Coal is classified as
an ORGANIC SEDIMENTARY ROCK, a group that consists entirely
or partly of organic carbon-rich deposits formed by the decay
of once-living material that has been buried.

In both lake and ocean waters, the remains of algae,
bacteria, and other microscopic organisms may accumu-
late in sediments as organic matter that can be transformed
into oil and gas. However, OIL and GAS are fluids that are not
normally classed with sedimentary rocks. They can be
considered organic sediments, however, because they form
by the diagenesis of organic material in the pores of
sedimentary rocks. Deep burial changes organic matter
originally deposited along with inorganic sediments into
a fluid that then escapes to porous formations and becomes
trapped there. As noted earlier in this chapter, oil and
gas are found mainly in sandstones and limestones (see
Chapter 23).

Il SUMMARY

WHAT ARE THE MAJOR PROCESSES THAT FORM SEDIMENTARY
ROCK? Weathering and erosion produce the particles that
compose siliciclastic sediments and the dissolved ions that



precipitate to form biological and chemical sediments.
Currents of water and wind, and the flow of ice, transport
the sediment to its ultimate resting place, the site of sedi-
mentation. Sedimentation (also called deposition), a set-
tling of particles from the transporting agent, produces
bedded sediments in river channels and valleys, on sand
dunes, and at the edges and floors of the oceans. Lithifi-
cation and diagenesis harden the sediment into sedimen-

tary rock.

What are the two major divisions of sediments and sed-
imentary rocks? Sediments and sedimentary rocks are
classified as siliciclastic or chemical and biological. Silici-
clastic sediments form from the fragments of parent rock
produced by physical weathering and the clay minerals pro-
duced by chemical weathering. Water and wind currents
and ice carry these solid products to the oceans and some-
times deposit them along the way. Chemical and biological
sediments originate from the ions dissolved in water during
chemical weathering. These ions are transported in solution
to the oceans, where they are mixed into seawater. Through
chemical and biological reactions, the ions are precipitated
from solution, and the precipitated particles settle to the
ocean floor.

How do we classify the major kinds of siliciclastic sedi-
ments and chemical and biological sediments? Siliciclas-
tic sediments and sedimentary rocks are classified by the
size of their particles: as gravels and conglomerates; sands
and sandstones; silts and siltstones; muds, mudstones, and
shales; clays and claystones. This method of classifying
sediments emphasizes the importance of the strength of the
current as it transports and deposits solid materials. The
chemical and biological sediments and sedimentary rocks
are classified on the basis of their chemical composition.
The most abundant of these rocks are the carbonate rocks—
limestone and dolostone. Limestone is made up largely of
biologically precipitated shell materials. Dolostone is
formed by the diagenetic alteration of limestones. Other
chemical and biological sediments include evaporites;
siliceous sediments such as chert; phosphorites; iron forma-
tions; and peat and other organic matter that is transformed
into coal, oil, and gas.

KEY TERMS AND CONCEPTS

arkose (p. 118) bioturbation
bedding (p. I11) (p. H3)
bedding sequence (p. 113) carbonate environment
bioclastic sediment (p- 119)

(p. 104) carbonate platform
biological sediment (p. 122)

(p. 104) carbonate rock (p. 120)

carbonate sediment
(p. 120)
cementation (p. 115)

chemical and biological
sedimentary
environment (p. 110)

chemical sediment

(p. 104)
chemical weathering

(p. 102)
chert (p. 126)
clastic particle (p. 103)
clastic sediment

(p. 103)
clay (p. 119)
claystone (p. 119)
coal (p. 126)
compaction (p. 115)
conglomerate (p. 117)
continental shelf

(p. 108)
cross-bedding

(p. HI)
diagenesis (p. 114)
dolostone (p. 120)
evaporite rock

(p. 123)
evaporite sediment

(p. 123)
flexural basin (p. 108)
foraminifera (p. 121)
gas (p. 126)
graded bedding

(p. 112)
gravel (p. 117)
graywacke (p. 118)
iron formation

(p. 126)
limestone (p. 120)

lithic sandstone
(p. 118)
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lithification (p. 116)
mud (p. 119)
mudstone (p. 119)
oil (p. 126)
organic sedimentary
rock (p. 126)
peat (p. 126)
phosphorite (p. 126)
physical weathering
(p. 102)
porosity (p. 115)
quartz arenite
(p. 118)
reef (p. 122)
rift basin (p. 108)
ripple (p. 112)
salinity (p. 106)
sand (p. 117)
sandstone (p. 117)
sedimentary basin
(p. 102)

sedimentary
environment

(p. 108)

sedimentary structure
(p. I1D)

shale (p. 119)

siliciclastic sediment
(p. 103)

siliciclastic
sedimentary environ-
ment (p. 110)

silt (p. 119)

siltstone (p. 119)

sorting (p. 105)

subsidence (p. 106)

terrigenous sediment
(p. 110)

thermal subsidence
basin (p. 108)

weathering (p. 102)

EXERCISES

1. What processes change sediment into sedimentary

rock?

2. How do siliciclastic sedimentary rocks differ from

chemical and biological sedimentary rocks?
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3. How and on what basis are the siliciclastic sedimen-
tary rocks subdivided?

4. What kind of sedimentary rocks are formed by the
evaporation of seawater?

5. Define sedimentary environment, and name three sili-
ciclastic environments.

6. Explain how plate tectonic processes control the
development of sedimentary basins.

7. Name two kinds of carbonate rocks and explain how
they differ.

8. How do organisms produce or modify sediments?

9. Name two ions that take part in the precipitation of
calcium carbonate in a sedimentary environment.

10. In what two kinds of sedimentary rocks are oil and gas
found?

I THOUGHT QUESTIONS

1. Weathering of the continents has been much more

widespread and intense in the past 10 million years than it
was in earlier times. How might this observation be borne
out in the sediments that now cover Earth's surface?

2. If you drilled an oil well into the bottom of a sedimen-
tary basin that is 1 km deep and another that is 5 km deep,
which would have the higher pressures and temperatures?
Oil turns into gas at high basin temperatures. In which well
would you expect to find more gas?

3. A geologist is heard to say that a particular sandstone was
derived from a granite. What information could she have
gleaned from the sandstone to lead her to that conclusion?

4. You are looking at a cross section of a rippled sand-
stone. What sedimentary structure would tell you the
direction of the current that deposited the sand?

5. You discover a bedding sequence that has a conglom-
erate at the base; grades upward to a sandstone and then to
a shale; and finally, at the top, grades to a limestone of
cemented carbonate sand. What changes in the sediment's
source area or in the sedimentary environment would have
been responsible for this sequence?

6. From the base upward, a bedding sequence begins
with a bioclastic limestone, passes upward into a dense
carbonate rock made of carbonate-cementing organisms
(including algae normally found with coral), and ends with
beds of dolostone. Deduce the possible sedimentary envi-
ronments represented by this sequence.

7. In what sedimentary environments would you expect
to find carbonate muds? '

8. How can you use the size and sorting of sediments to
distinguish between sediments deposited in a glacial envi-
ronment and those deposited on a desert?

9. Describe the beach sands that you would expect to be
produced by the beating of waves on a coastal mountain
range consisting largely of basalt.

10. What role do organisms play in the origin of some kinds
of limestone? Compare the deposits formed in shallow envi-
ronments versus those formed in deep-sea environments.

11. Where are reefs likely to be found?

12. An ocean bay is separated from the open ocean by a
narrow, shallow inlet. What kind of sediment would you
expect to find on the floor of the bay if the climate were
warm and arid? What kind of sediment would you find if
the climate were cool and humid?

13. How are chert and limestone similar in origin? Discuss
the roles of biological versus chemical processes.

SHORT-TERM PROJECTS

Carbonate Sediments

The three main minerals of carbonate rocks are calcite,
CaC0,; aragonite, also CaC0,; and dolomite, CaMg(CO0,)..
Calcite and aragonite are polymorphs; they have the same
chemical composition but different crystal structures. Some
organisms make their shells and skeletons of aragonite, oth-
ers make them of calcite. Interestingly, fossils of very old
organisms are never made of aragonite. The explanation is
that aragonite is less stable than calcite and eventually breaks
down to form calcite.

The origin of dolomite, in contrast, is unresolved. Dolo-
mite is a mineral found in many sedimentary sequences, but
it is not a constituent of shells or newly deposited carbonate
sediment. Many sedimentologists regard it as a secondary
mineral that forms when calcite or aragonite (primary min-
erals) combine with magnesium. Others think that dolomite
does sometimes form as a primary mineral. Maybe you can
help to resolve this question. For this short-term project, you
and a partner should propose and explain a hypothesis for
the formation of dolomite. Describe how you could test your
hypothesis, perhaps using standard equipment in a college
laboratory. Ask your professor to help you set up such an
experiment in the laboratory and follow through with the
test for a few weeks.



Inferring the Origin of Interesting

Formations

The Shawangunk conglomerate is a well-known sedimen-
tary unit that runs through New Jersey and southern New
York. Parts of it are exposed in outcrops. The conglomerate
consists mostly of quartz pebbles, so it is very resistant to
erosion and forms spectacular cliffs at the eastern margins of
the Catskill Mountains. Only in a few locations does it dis-
play pebbles of different rock types.
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What type of source area would supply the coarse-
grained sediments for the Shawangunk conglomerate? How
could you determine the direction of the source area at the
time the conglomerate was deposited? What might the few
diverse pebble types tell you about the source? Using a geo-
logic map of your own region, locate a coarse conglomerate
unit and determine the source of its constituent particles. If
there are no coarse conglomerates in your area, determine
why this is the case.
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puts pressure on it, transforming it into
a rigid solid. In similar ways, rocks

Plate Tectonics and Metamorphism 144 change as they encounter high tempera-
tures and pressures. Deep in Earth's

crust, tens of kilometers below the sur-
face, temperatures and pressures are high enough to transform rock with-
out being high enough to melt it. Increases in heat and pressure and
changes in the chemical environment can alter the mineral compositions
and crystalline textures of sedimentary and igneous rocks, even though
they remain solid all the while. The result is the third large class of rocks:
the metamorphic, or "changed form," rocks, which have undergone
changes in mineralogy, texture, chemical composition, or all three.

Metamorphic changes occur when a rock is subjected to new tempera-
tures and pressures. Given enough time—short by geologic standards but
usually a million years or more—the rock changes mineralogically and tex-
turally until it is in equilibrium with the new temperatures and pressures. A
limestone filled with fossils, for example, might be transformed into a white
marble in which no trace of fossils remains. The mineral and chemical
composition of the rock may be unaltered, but its texture may have changed
drastically from small calcite crystals to large, intergrown calcite crystals
that erase such former features as fossils. Shale, a well-bedded rock so
finely grained that no individual mineral crystal can be seen with the naked
eye, might become a schist in which the original bedding is obscured and
the texture is dominated by large crystals of mica. In this metamorphic
transformation, both mineral composition and texture have changed, but
the overall chemical composition of the rock has remained the same.

Clay minerals are silicates but differ from micas in that they contain lots
of water molecules trapped between silicate sheets in the crystal structure.
During metamorphism, most of this water is lost as the clay minerals are
transformed to mica. Mineralogy, texture, and chemical composition

These rocks show both the layering and the deformation into

folds characteristic of sedimentary rocks metamorphosed into

marble, schist, and gneiss. Sequoia National Forest, California.

[Gregory G. Dimijian/Photo Researchers.] 131
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change in rocks altered by heat or by fluids derived from
igneous activity. Some silicate minerals are found mostly in
metamorphic rocks. These minerals include kyanite,
andalusite, and sillimanite; staurolite; garnet; and epidote.
However, these minerals and others such as quartz, mus-
covite, amphibole, and feldspar can also be found in igneous
rocks. Therefore, geologists must use distinctive textures as
well as mineral composition to help guide their studies of
metamorphic rocks.

Geologists study metamorphic rocks for many reasons,
but all relate to one common objective: to understand how
Earth's crust has evolved over geologic time.

Oceanic crust —

Pressure increases with
depth at about the same
rate everywhere,...

Volcanic arc
(subduction zone)

Pressure
(kilobars) Depth
Or—— Okm
2=
4=
6=

9= 30

In volcanic arcs, the
1300°C isotherm is
about 50 km deep,...

...but temperature increases
at different rates in
different regions.

Figure 6.1 Pressure and temperature increase with depth in all
regions, as shown in this cross section of a volcanic region,a
continental region, and a region of ancient stable continental

This chapter examines the causes of metamorphism,
the types of metamorphism that take place under certain I
sets of conditions, and the origins of the various texturesB
that characterize metamorphic rocks.

METAMORPHISM AND THE
EARTH SYSTEM

Metamorphism, like all other geologic processes, is part of the
Earth system. Earth's internal heat drives metamorphism that
is caused by high temperature. Thus, Earth's interior heat

Zone of continental plate
extension

1300°¢

Ancient stable
continental lithosphere

150

...and in stable
crust, it is about
150 km deep.

...in plate extension
areas, it is about
30 km deep,...

lithosphere. (Pressure is measured in kilobars; | kilobar is
approximately equal to 1000 times the atmospheric pressure at
Earth’s surface.)



powers the parts of the Earth system that govern metamorphic
—and igneous—processes. Plate tectonic processes push
rocks formed at Earth's surface down to great depths, thereby
subjecting them to high pressures as well as high tempera-
tures. As we will see later in this chapter, metamorphism
results in the release of water vapor, carbon dioxide, and other
gases. These gases leak to the surface and contribute to the
atmosphere, affecting processes that depend on atmospheric
composition, such as weathering.

CAUSES OF METAMORPHISM

Sediments and sedimentary rocks belong to Earth's surface
environments, whereas igneous rocks belong to the melts of
the lower crust and mantle. Metamorphic rocks exposed at
the surface are mainly the products of processes acting on
rocks at depths ranging from the upper to the lower crust.
Most have formed at depths of 10 to 30 km, the middle to
lower half of the crust. Although most metamorphism takes
place at depth, it can also occur at Earth's surface. We can
see metamorphic changes in the baked surfaces of soils and
sediments just beneath volcanic lava flows.

The internal heat of the Earth, its pressure, and its fluid
composition are the three principal factors that drive meta-
morphism. The contribution of pressure is the result of ver-
tically oriented forces exerted by the weight of overlying
rocks and horizontally oriented forces developed as the
rocks are deformed.

Temperature increases with depth at different rates in
different regions of the Earth, ranging from 20° to 60°C per
kilometer of depth (Figure 6.1). In much of Earth's crust,
temperature increases at a rate of 30°C per kilometer of
depth. Thus, at a depth of 15 km, the temperature will be
about 450°C —much higher than the average temperature of
the surface, which ranges from 10° to 20°C in most regions.
The pressure at a depth of 15 km comes from the weight of
all the overlying rock and amounts to about 4000 times the
pressure at the surface.

High as these temperatures and pressures may seem, they
are only in the middle range of metamorphism, as Figure 6.2
shows. We refer to the metamorphic rocks formed under the
lower temperatures and pressures of shallower crustal re-
gions as low-grade rocks and the ones formed at the higher
temperatures and pressures of deeper zones as high-grade
rocks. As the grade of metamorphism changes, the mineral
assemblages within metamorphic rocks also change.

LThe Role of Temperature

Heat greatly affects a rock's chemical composition, mineral-
ogy, and texture. In Chapter 4, we learned how important the
influence of heat can be in breaking chemical bonds and
altering the existing crystal structures of igneous rocks. Heat
has an equally important role in the formation of metamor-
phic rocks. For example, plate tectonic processes may move
sediments and rocks from Earth's surface to its interior,
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Figure 6.2 Temperatures, pressures, and depths at which low-
and high-grade metamorphic rocks form.The dark band shows
common rates at which temperature and pressure increase with
depth over much of the continents.

where temperatures are higher. As the rock adjusts to the
new temperature, its atoms and ions recrystallize, linking up
in new arrangements and creating new mineral assemblages.
Many new crystals will grow larger than the crystals in the
original rock.

The increase of temperature with increasing depth is
called a geothermal gradient (see Chapter 21 for further
discussion of geotherms). The geothermal gradient varies
depending on plate tectonic setting, but on average it is
about 30°C per kilometer of depth. In areas where plate
extension has thinned the continental lithosphere, such as in
Nevada's Great Basin, the geothermal gradient is steep (for
example, 50°C per kilometer of depth). In areas where the
continental lithosphere is old and thick, such as beneath
central North America, the geothermal gradient is shallow
(for example, 20°C per kilometer of depth) (see Figure 6.1).
As sedimentary rocks containing clay minerals are buried
deeper and deeper, the clay minerals begin to recrystallize
and form new minerals such as mica. With additional bur-
ial to greater depths—and temperatures—the micas be-
come unstable and begin to recrystallize into new minerals
such as garnet. Because different minerals crystallize and
remain stable at different temperatures, the metamorphic
geologist, like the igneous geologist, can use a rock's com-
position as a kind of geothermometer to gauge the temper-
ature at which the rock formed. Given a specific assem-
blage of minerals in a metamorphic rock, the geologist can
infer the temperature at which the rock formed.

Plate tectonic processes such as subduction and conti-
nental collision, which transport rocks and sediments into
the hot depths of the crust, are the primary mechanisms that
form most metamorphic rocks. In addition, limited meta-
morphism may occur where rocks are subjected to elevated
temperatures near recently intruded plutons. The heat is lo-
cally intense but does not penetrate deeply. Heat pulses pro-
duced by intruding plutons can metamorphose the surround-
ing country rock, but the effect is local in extent.
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| The Role of Pressure

Pressure, like temperature, changes a rock's chemical com-
position, mineralogy, and texture. Solid rock is subjected to
two basic kinds of pressure, also called stress:

1. Confining pressure is a general force applied equally in
all directions, like the pressure a swimmer feels when sub-
merged in a pool. Just as a swimmer feels greater pressure
when moving to greater depths in the pool, a rock descend-
ing to greater depths in the Earth is subjected to progres-
sively increasing confining pressure.

2. Directed pressure is force exerted in a particular direc-
tion, such as when a ball of clay is squeezed between thumb
and forefinger. Directed pressure, or differential stress, is
usually concentrated within zones or along discrete planes.
The compressive force that occurs where plates converge is a
form of directed pressure, and it results in deformation of the
rocks near the plate boundary. Heat reduces the strength of a
rock, so directed pressure is likely to cause severe folding
and deformation of metamorphic rocks in mountain belts
where temperatures are high. Rocks subjected to differential
stress may be severely distorted, becoming flattened in the
direction the force is applied and elongated in the direction
perpendicular to the force.

Metamorphic minerals may be compressed, elongated,
or rotated to line up in a particular direction, depending on
the kind of stress applied to the rocks. Thus, directed pressure
guides the shape and orientation of the new metamorphic
crystals formed as the minerals recrystallize under the influ-
ence of both heat and pressure. During the recrystallization
of micas, for example, the crystals grow with the planes of
their sheet-silicate structures aligned perpendicular to the
directed stress. During deformation, the rock may become
banded as minerals of different compositions are segregated
into separate planes. (See the chapter opening photograph.)

Pressure, like temperature, increases with depth in the
Earth. Pressure is usually recorded in kilobars (1000 bars,
abbreviated as kbar) and increases at a rate 0of 0.3 to 0.4 kbar
per kilometer of depth (see Figure 6.1). One bar is approxi-
mately equivalent to the pressure of air at the surface of the
Earth. A diver who is touring the deeper part of a coral reef
at a depth of 10 m would experience another 1 bar of pres-
sure. The pressure to which a rock is subjected deep in the
Earth is related to both the thickness of the overlying rocks
and the density of those rocks.

Minerals that are stable at the lower pressure near Earth's
surface become unstable and recrystallize to new minerals
under the increased pressure at depth in the crust. Using lab-
oratory data on the pressures required for these changes, we
can examine the mineralogy and texture of metamorphic
rock samples and infer what the pressures were in the area
where they formed. Thus, metamorphic mineral assemblages
can be used as pressure gauges, or geobarometers. Given a
specific assemblage of minerals in a metamorphic rock, the

geologist can determine the range of pressures, and therefore
depths, at which the rock formed.

| The Role of Fluids

Metamorphism can significantly alter a rock's mineralogy
by introducing or removing chemical components that dis-
solve in water. Hydrothermal fluids produced during meta-
morphism carry dissolved carbon dioxide as well as chemi-
cal substances—such as sodium, potassium, silica, copper,
and zinc—that are soluble in hot water under pressure. As
hydrothermal solutions percolate up to the shallower parts
of the crust, they react with the rocks they penetrate, chang-
ing their chemical and mineral compositions and sometimes
completely replacing one mineral with another without
changing the rock's texture. This kind of change in a rock's
bulk composition by fluid transport of chemical substances
into or out of the rock is called metasomatism. Many valu-
able deposits of copper, zinc, lead, and other metal ores are
formed by this kind of chemical substitution.

Hydrothermal fluids accelerate metamorphic chemical
reactions. Atoms and ions dissolved in the fluid can migrate
through a rock and react with the solids to form new miner-
als. As metamorphism proceeds, the water itself reacts with
the rock when chemical bonds between minerals and water
molecules form or break.

Where do these chemically reactive fluids originate?
Although most rocks appear to be completely dry and of
extremely low porosity, they characteristically contain fluid
in minute pores (the spaces between grains). This water
comes from chemically bound water in clay, not from sed-
imentary pore waters, which are largely expelled during
diagenesis. In other hydrous minerals, such as mica and
amphibole, water forms part of their crystalline structures.
The carbon dioxide dissolved in hydrothermal fluids is
derived largely from sedimentary carbonates—Ilimestones
and dolostones.

TYPES OF METAMORPHISM

Geologists can duplicate metamorphic conditions in the lab-
oratory and determine the precise combinations of pressure,
temperature, and chemical composition under which trans-
formations might take place. But to understand how any
particular combination relates to the geology of metamor-
phism—when, where, and how these conditions came about
in the Earth—geologists categorize metamorphic rocks on
the basis of the geological circumstances of their origins. We
describe these categories next; Figure 6.3 locates them in
relation to major plate tectonic settings.

| Regional Metamorphism

Regional metamorphism, the most widespread type, takes
place where both high temperature and high pressure are
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The lithosphere and asthenosphere interact to metamorphose rock.

Regional high-pressure metamorphism
Regional high-pressure metamorphism

along linear belts of volcanic arcs occurs at
high pressures and low-medium temperatures.

Regional metamorphism

Regional metamorphism, from continental plate
collision and mountain building, takes place at
moderate to deep levels under moderate to
ultra-high pressures and high temperatures.

Shock metamorphism
Shock metamorphism, from
and shock waves of meteorite

- T

km 5

Burial metamorphism
Burial metamorphism at lower

sedimentary rocks.

imposed over large parts of the crust. We use this term to
distinguish this type of metamorphism from more localized
changes near igneous intrusions or faults. Regional meta-
morphism is a characteristic feature of convergent plate tec-
tonic settings. It occurs in volcanic island arcs, such as the
Andes of South America, and in the cores of mountain
chains produced during the collision of continents, such as
the Himalaya of central Asia. These mountain belts are often
linear features, so ancient (and modern) zones of regional
metamorphism are often linear in their distribution. In fact,
geologists usually interpret belts of regionally extensive
metamorphic rocks as representing sites of former mountain
chains that were eroded over millions of years, exposing the
rocks at Earth's surface.

Some regional metamorphic belts are created by high
temperatures and moderate to high pressures near the vol-
canic arcs formed where subducted plates sink deep into the
mantle. Regional metamorphism under very high pressures
and temperatures takes place at deeper levels of the crust
along boundaries where colliding continents deform rock

temperatures and pressures changes

Contact metamorphism
Contact metamorphism affects

a thin band of country rock
around magmas and molten rock.,
and occurs at high temperature.

Seafloor metamorphism
Intruding magma and hot rocks drive
seawater circulation at mid-ocean
spreading centers, where it
metamorphoses extruded basalts.

and raise high mountain belts. During regional metamor-
phism, rocks are typically transported to significant depths in
the Earth's crust, then uplifted and eroded at Earth's surface.
However, a full understanding of the patterns of regional
metamorphism, including how rocks respond to systematic
changes in temperature and pressure over time, depends on
the specific tectonic setting. We will discuss this topic later in
the chapter.

| Contact Metamorphism

The heat from igneous intrusions metamorphoses the im-
mediately surrounding rock. This type of localized transfor-
mation, called contact metamorphism, normally affects
only a thin region of country rock along the contact. In many
contact metamorphic rocks, especially at the margins of
shallow intrusions, the mineral and chemical transforma-
tions are largely related to the high temperature of the
magma. Pressure effects are important only where the mag-
ma was intruded at great depths. Here, pressure results not
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from the intrusion forcing its way into the country rock but
from the presence of regional confining pressure. Contact
metamorphism by extrusives is limited to very thin zones
because lavas cool quickly at the surface and their heat has
little time to penetrate deep into the surrounding rocks and
cause metamorphic changes. Contact metamorphism may
also affect large blocks of rock up to several meters wide
that are torn off the sides of magma chambers. The blocks
become completely surrounded by hot magma, heat pro-
jects inward from all directions, and the blocks may be-
come completely metamorphosed.

\ Seafloor Metamorphism

Another type of metamorphism, called seafloor metamor-
phism or metasomatism, is often associated with mid-ocean
ridges (see Chapter 4). Hot, fractured basalts heat infiltrat-
ing seawater, which starts to circulate through the basaltic
upper crust by convection. The increase in temperature pro-
motes chemical reactions between the seawater and the
rock, forming altered basalts whose chemical compositions
differ distinctively from that of the original basalt. Metamor-
phism resulting from percolation of high-temperature fluids
also takes place on continents when fluids circulating near
igneous intrusions metamorphose the rocks they intrude.

| Other Types of Metamorphism

There are other types of metamorphism that produce smaller
amounts of metamorphic rock. Some of these, such as ultra-
high-pressure metamorphism, are extremely important in
helping geologists understand conditions deep within the
Earth.

Low-Grade (Burial) Metamorphism Recall from Chap-
ter 5 that when sedimentary rocks are gradually buried during
subsidence of the crust, they slowly heat up as they come
into equilibrium with the temperature of the crust around
them. In this process, diagenesis alters their mineralogy and
texture. Diagenesis grades into low-grade, or burial, meta-
morphism, which is caused by the progressive increase in
pressure exerted by the growing pile of overlying sediments
and sedimentary rocks and by the increase in heat associated
with increased depth of burial in the Earth.

Depending on the local geothermal gradient, low-grade
metamorphism typically begins at depths of 6 to 10 km,
where temperatures range between 100° and 200°C and
pressures are less than 3 kbar. This fact is of great impor-
tance to the oil and gas industry, which defines "economic
basement" as the depth where low-grade metamorphism
begins. Oil and gas wells are rarely drilled below this depth
because temperatures above 130°C convert organic matter
trapped in sedimentary rocks into carbon dioxide rather than
crude oil and natural gas.

High-Pressure and Ultra-High-Pressure Metamor-
phism Metamorphic rocks formed by high-pressure (8 to
12 kbar) and ultra-high-pressure (greater than 28 kbar)

metamorphism are rarely exposed at the surface for geolo-
gists to study. These rocks are unusual because they form at
such great depths that it takes a very long time for them to be
recycled back to the surface. Most high-pressure rocks form
in subduction zones where sediments scraped from subduct-
ing oceanic plates are plunged to depths of over 30 km,
where they experience pressures of up to 12 kbar.

Unusual metamorphic rocks once located at the base of
the crust can sometimes be found at the surface. These rocks
—called eclogites—may contain minerals such as coesite (a
very dense, high-pressure form of quartz) that indicate pres-
sures of greater than 28 kbar, suggesting depths of over
80 km. Such rocks form under moderate to high tempera-
tures, ranging up to 800° to 1000°C. In a few cases, these
rocks contain microscopic diamonds, indicative of pressures
greater than 40 kbar and depths greater than 120 km! Sur-
prisingly, outcrop exposures of these ultra-high-pressure
metamorphic rocks cover areas greater than 400 km by
200 km. The only other two rocks known to come from
these depths are diatremes and kimberlites (see Chapter 12),
igneous rocks that form narrow pipes just a few hundred
meters wide. Geologists agree that these rocks form by
"volcanic" eruption, albeit from very unusual depths. In
contrast, the mechanisms required to bring the ultra-high-
pressure metamorphic rocks to the surface are hotly de-
bated. It appears that these rocks represent pieces of the
leading edges of continents that were subducted during col-
lision and subsequently rebounded (via some unknown
mechanism) back to the surface before they had time to re-
crystallize at lower pressures.

Shock Metamorphism Shock metamorphism occurs
when a meteorite collides with Earth. Meteorites are frag-
ments of comets or asteroids that have been brought to Earth
by its gravitational field. Upon impact, the energy repre-
sented by the meteorite's mass and velocity is transformed to
heat and shock waves that pass through the impacted coun-
try rock. The country rock can be shattered and even partially
melted to produce tektites. The smallest tektites look like
droplets of glass. In some cases, quartz is transformed into
coesite and stishovite, two of its high-pressure forms.

Most large impacts on Earth have left no trace of a
meteorite because these bodies are usually destroyed in the
collision with Earth. The occurrence of coesite and craters
with distinctive fringing fracture textures, however, is evi-
dence of these collisions. Earth's dense atmosphere causes
most meteorites to burn up before they strike its surface, so
shock metamorphism is rare on Earth. On the surface of the
Moon, however, shock metamorphism is pervasive. It is
characterized by extremely high pressures of many tens to
hundreds of kilobars.

METAMORPHIC TEXTURES I

Metamorphism imprints new textures on the rocks that it al-
ters (Figure 6.4). The texture of a metamorphic rock is
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determined by the sizes, shapes, and arrangement of its
constituent crystals. Some metamorphic textures depend on
the particular kinds of minerals formed, such as the micas,
which are platy. Variation in grain size is also important. In
general, geologists find that the grain size of crystals in-
creases as metamorphic grade increases. Each textural vari-
ety tells us something about the metamorphic process that
created it.

‘ Foliation and Cleavage

The most prominent textural feature of regionally metamor-
phosed rocks is foliation, a set of flat or wavy parallel planes
produced by deformation. These foliation planes may cut the
bedding at any angle or be parallel to the bedding (see Fig-
ure 6.4a). In general, as the grade of regional metamorphism
increases, the foliation will become more pronounced.

A major cause of foliation is the presence of platy min-
erals, chiefly the micas and chlorite. Platy minerals tend to
crystallize as thin platelike crystals. The planes of all the
platy crystals are aligned parallel to the foliation, an align-
ment called the preferred orientation of the minerals (see
Figure 6.4b). As platy minerals crystallize, the preferred ori-
entation is usually perpendicular to the main direction of
the deformation forces squeezing the rock during metamor-
phism. Preexisting minerals may acquire a preferred orien-
tation and thus produce foliation by rotating until they lie
parallel to the developing plane.

Minerals whose crystals have an elongate, pencil-like
shape also tend to assume a preferred orientation during
metamorphism: the crystals normally line up parallel to the
foliation plane. Rocks that contain abundant amphiboles,
typically metamorphosed mafic volcanics, have this kind of
texture.

The most familiar form of foliation is seen in slate, a
common metamorphic rock, which is easily split into thin
sheets along smooth, parallel surfaces. This slaty cleavage
(not to be confused with the cleavage of a mineral such as
muscovite) develops along moderately thin, regular intervals
in the rock.

| Classification of Foliated Rocks

The foliated rocks are classified according to four main cri-
teria (Figure 6.4c):

1. The size of their crystals
2. The nature of their foliation

3. The degree to which their minerals are segregated into
lighter and darker bands

4. Their metamorphic grade

Figure 6.4d shows examples of the major types of foli-
ated rocks. In general, foliation progresses from one texture

to another, reflecting the increase in temperature and pres-
sure. In this progression, a shale may metamorphose first to
a slate, then to a phyllite, then to a schist, then to a gneiss,
and finally to a migmatite.

Slate Slates are the lowest grade of foliated rocks. These
rocks are so fine-grained that their individual minerals can-
not be seen easily without a microscope. They are com-
monly produced by the metamorphism of shales or, less fre-
quently, of volcanic ash deposits. Slates usually range from
dark gray to black, colored by small amounts of organic
material originally present in the parent shale. Slate splitters
learned long ago to recognize this foliation and use it to
make thick or thin slates for roofing tiles and blackboards.
We still use flat slabs of slate for flagstone walks in parts of
the country where slate is abundant.

Phyllite The phyllites are of a slightly higher grade than
the slates but are similar in character and origin. They tend
to have a more or less glossy sheen resulting from crystals
of mica and chlorite that have grown a little larger than those
of slates. Phyllites, like slates, tend to split into thin sheets,
but less perfectly than slates.

Schist At low grades of metamorphism, crystals of platy
minerals are generally too small to be seen, foliation is
closely spaced, and layers are very thin. As rocks are more
intensely metamorphosed into higher grades, the platy crys-
tals grow large enough to be visible to the naked eye, and the
minerals may tend to segregate in lighter and darker bands.
This parallel arrangement of sheet minerals produces the
pervasive coarse, wavy foliation known as schistosity, which
characterizes schists. Schists, which are intermediate-grade
rocks, are among the most abundant metamorphic rock
types. They contain more than 50 percent platy minerals,
mainly the micas muscovite and biotite. Schists may contain
thin layers of quartz, feldspar, or both, depending on the
quartz content of the parent shale.

Gneiss Even coarser foliation is shown by high-grade
gneisses, light-colored rocks with coarse bands of segre-
gated light and dark minerals throughout the rock. The
banding of gneisses into light and dark layers results from
the segregation of lighter-colored quartz and feldspar and
darker amphiboles and other mafic minerals. Gneisses are
coarse grained, and the ratio of granular to platy minerals is
higher than it is in slate or schist. The result is poor foliation
and thus little tendency to split. Under conditions of high
pressure and temperature, mineral assemblages of the lower-
grade rocks containing micas and chlorite change into new
assemblages dominated by quartz and feldspars, with lesser
amounts of micas and amphiboles.

Migmatite Temperatures higher than those necessary to
produce gneiss may begin to melt the country rock. In this



case, as with igneous rocks (see Chapter 4), the first min-
erals to melt will be those with the lowest melting temper-
atures. Therefore only part of the country rock melts, and
the melt may migrate only a short distance before freezing
again. Rocks produced in this way are badly deformed and
contorted, and they are penetrated by many veins, small
pods, and lenses of melted rock. The result is a mixture of
igneous and metamorphic rock called migmatite. Some
migmatites are mainly metamorphic, with only a small
proportion of igneous material. Others have been so af-
fected by melting that they are considered almost entirely
igneous.

"LGranobIastic Rocks

Granoblastic rocks are composed mainly of crystals that
grow in equant (equidimensional) shapes, such as cubes and
spheres, rather than in platy or elongate shapes. These rocks
result from metamorphism in which deformation is absent,
such as contact metamorphism. Granoblastic (nonfoliated)
rocks include hornfels, quartzite, marble, greenstone, am-
phibolite, and granulite (Figure 6.5). All granoblastic rocks,
except hornfels, are defined by their mineral composition
rather than their texture because all of them are massive in
appearance.

Hornfels is a high-temperature contact metamorphic
rock of uniform grain size that has undergone little or no
deformation. Its platy or elongate crystals are oriented ran-
domly, and foliated texture is absent. Hornfels has a granu-
lar texture overall, even though it commonly contains pyrox-
ene, which makes elongate crystals, and some micas.

Quartzites are very hard, nonfoliated white rocks de-
rived from quartz-rich sandstones. Some quartzites are mas-
sive, unbroken by preserved bedding or foliation (see Figure
6.5a). Others contain thin bands of slate or schist, relics of
former interbedded layers of clay or shale.

Marbles are the metamorphic products of heat and pres-
sure acting on limestones and dolomites. Some white, pure
marbles, such as the famous Italian Carrara marbles prized
by sculptors, show a smooth, even texture of intergrown cal-
cite crystals of uniform size. Other marbles show irregular
banding or mottling from silicate and other mineral impuri-
ties in the original limestone (see Figure 6.5b).

Greenstones are metamorphosed mafic volcanic rocks.
Many of these low-grade rocks form when mafic lavas and
ash deposits react with percolating seawater or other solu-
tions. Large areas of the seafloor are covered with basalts
slightly or extensively altered in this way at mid-ocean
ridges. An abundance of chlorite gives these rocks their
greenish cast.

Amphibolite is generally a nonfoliated rock made up of
amphibole and plagioclase feldspar. It is typically the prod-
uct of medium- to high-grade metamorphism of mafic vol-
canics. Foliated amphibolites are produced when deforma-
tion occurs.
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=

(b) Marble

Granoblastic (nonfoliated) metamorphic rocks,
(a) Quartzite [Breck P. Kent]; (b) marble [Diego Lezama Orezzoli/
Corbis].

The high-grade metamorphic rock granulite has a gra-
noblastic texture; these rocks are often referred to as grano-
fels. Granofels are medium- to coarse-grained rocks in
which the crystals are equant and show only faint foliation
at most. They are formed by the metamorphism of shale, im-
pure sandstone, and many kinds of igneous rock.
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I Large-Crystal Textures

New metamorphic minerals may grow into large crystals

surrounded by a much finer grained matrix of other miner-

als. These large crystals are porphyroblasts and are found

Figure 6.6 Garnet porphyroblasts in a schist matrix. Matrix
minerals are continuously recrystallized as pressure and
temperature change and therefore grow only to small size. In
contrast, porphyroblasts grow to large size because they are
stable over a broad range of pressures and temperatures.
[Chip Clark.]

in both contact and regionally metamorphosed rocks (Fig-
ure 6.6). They grow as the chemical components of the
matrix are reorganized and thus replace parts of the matrix.
Porphyroblasts form when there is a strong contrast be-
tween the chemical and crystallographic properties of the
matrix and those of the porphyroblast minerals. This con
trast causes the porphyroblast crystals to grow faster than
the slow-growing minerals of the matrix, at the expense of
the matrix. Porphyroblasts vary in size, ranging from a fw
millimeters to several centimeters in diameter. Their com-
position also varies. Garnet and staurolite are two common
minerals that form porphyroblasts, but many others are also
found. The precise composition and distribution of por-
phyroblasts of these two minerals can be used to infer
the paths of pressure and temperature that occurred during
metamorphism.

Table 6.1 summarizes the textural classes of metamor-
phic rocks and their main characteristics.

Table 6.1 Classification of Metamorphic Rocks by Texture !

Typical
Classification Characteristics Rock Name Parent Rock
Foliated Distinguished by slaty cleavage, Slate Shale, sandstone
schistosity, or gneissic foliation; Phyllite
mineral grains show preferred Schist
orientation Gneiss
Granoblastic Granular, characterized by coarse Hornfels Shale, volcanics
(nonfoliated) or fine interlocking grains; little Quartzite Quartz-rich sandstone
or no preferred orientation Marble Limestone, dolomite
Argillite Shale
Greenstone Basalt
Amphibolite* Shale, basalt
Granulite” Shale, basalt
Porphyroblastic Large crystals set in fine matrix Slate to gneiss Shale

“Typically contains much amphibole, which may show alignment of long, narrow crystals.

"High-temperature, high-pressure rock.




~ REGIONAL METAMORPHISM
- AND METAMORPHIC GRADE

Metamorphic rocks form under a wide range of conditions,
and their minerals and textures are clues to the pressures and
temperatures in the crust where and when they formed. Geol-
ogists who study the formation of metamorphic rocks con-
stantly seek to determine the intensity and character of meta-
morphism more precisely than is indicated by a designation
of "low grade" or "high grade." To make these finer distinc-
tions, geologists read minerals as though they were pressure
gauges and thermometers. The techniques are best illustrated
by their application to regional metamorphism.

Mineral Isograds: Mapping Zones
| of Change

When geologists study broad belts of regionally metamor-
phosed rocks, they can see many outcrops, some showing
one set of minerals, some showing others. Different zones
within these belts may be distinguished by their index min-
erals, the predominant minerals that define the zones. The
index minerals all formed under a limited range of pressures
and temperatures (Figure 6.7). For example, one may cross
from a region of unmetamorphosed shales to a zone of
weakly metamorphosed slates and then to a zone of high-
grade schists (Figure 6.7a). As the margin of the slate zone
is encountered, a new mineral—chlorite—appears. Moving
in the direction of increasing metamorphism, the geologist
may successively encounter other metamorphic mineral
zones, and the schists will become progressively more foli-
ated (Figure 6.7b).

We can make a map of these zones where one metamor-
phic grade changes to another. To do so, geologists define
the zones by drawing lines called isograds that plot the tran-
sition from one zone to the next. Isograds are used in Figure
6.7a to show a series of rocks produced by the regional
metamorphism of a shale. A pattern of isograds tends to fol-
low the trend of deformation features of a region, as outlined
by folds and faults. An isograd based on a single index min-
eral, such as the biotite isograd, is a good approximate meas-
ure of metamorphic pressure and temperature.

To determine pressure and temperature more precisely,
geologists examine a group of two or three minerals that
crystallized together. For example, a sillimanite isograd
would contain potassium feldspar (K-feldspar) and silliman-
ite, which formed by the reaction of muscovite and quartz at
temperatures of about 600°C and pressures of about 5 kbar,
liberating water (as water vapor) in the process:

muscovite + quartz —>
KA1,Si,0,(OH) Si0,
K-feldspar + sillimanite + water
KAISi,0, Al,SiQ, H.Q
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Isograds reveal the pressures and temperatures at which
minerals form, so the isograd sequence in one metamorphic
belt may differ from that in another. The reason for this dif-
ference is that pressure and temperature do not increase at
the same rate in all geologic settings. As we discussed ear-
lier in this chapter, pressure increases more rapidly than
temperature in some places and more slowly in others (see
Figures 6.1 and 6.2).

Metamorphic Grade and Parent-
| Rock Composition

The kind of metamorphic rock that results from a given
grade of metamorphism depends partly on the mineral com-
position of the parent rock. The metamorphism of slate
shown in Figure 6.7b reveals the effects of pressure and
temperature on rocks rich in clay minerals, quartz, and per-
haps some carbonate minerals. The metamorphism of mafic
volcanic rocks, composed predominantly of feldspars and
pyroxene, follows a different course (Figure 6.8).

In the regional metamorphism of a basalt, for example,
the lowest-grade rocks characteristically contain various zeo-
lite minerals. The silicate minerals in this class contain water
in cavities within the crystal structure. Zeolite minerals form
at very low temperatures and pressures. Rocks that include
this group of minerals are thus identified as zeolite grade.

Overlapping with the zeolite grade is a higher grade of
metamorphosed mafic volcanic rocks, the greenschists,
whose abundant minerals include chlorite. Next are the
amphibolites, which contain large amounts of amphiboles.
The granulites, coarse-grained rocks containing pyroxene
and calcium plagioclase, are the highest grade of metamor-
phosed mafic volcanics. Greenschist, amphibolite, and gran-
ulite grade rocks are also formed during metamorphism of
sedimentary rocks, as shown in Figure 6.7c.

These pyroxene-bearing granulites are the products of
high-grade metamorphism in which the temperature is high
and the pressure is moderate. The opposite situation, in
which the pressure is high and the temperature moderate,
produces rocks of blueschist grade with various starting
compositions, from mafic volcanic rocks to shaley sedimen-
tary rocks. The name comes fr