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To the Student

Earth Science: The Physical Setting, which follows the
New York State Core Curriculum, is an introduction to the
study of Earth Science. With this book, you can gain a firm
understanding of the fundamental concepts of Earth Sci-
ence—a base from which you may confidently proceed to fur-
ther studies in science and enjoy a deeper appreciation of the
world around you. You also will need to become familiar with
the Earth Science Reference Tables, a document prepared by
the New York State Education Department. You will find the
individual tables within the appropriate chapters of this text.
You can obtain a copy of the entire document from your
teacher or it can be downloaded from the State Education
Web site (www.nysed.gov).

This book is designed to make learning easier for you.
Many special features that stimulate interest, enrich under-
standing, encourage you to evaluate your progress, and en-
able you to review the concepts are provided. These features
include:

1. Carefully selected, logically organized content. This
book offers an introductory Earth Science course stripped
of unnecessary details that lead to confusion. It covers
the New York State Core Curriculum for the Physical
Setting—Earth Science.

2. Clear understandable presentation. Although you
will meet many new scientific terms in this book, you will
find that the language is generally clear and easy to read.
Each new term is carefully defined and will soon become
part of your Earth Science vocabulary. The illustrations
and photographs also aid in your understanding, since
they, like the rest of the content, have been carefully de-
signed to clarify concepts. Words in boldface are defined
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in place and in the Glossary. Words in italics are impor-
tant science words you already should know.

3. Introduction. An introductory section at the beginning
of each chapter sets the stage for the rest of the chapter.

4. Step-by-step solutions to problems followed by
practice. Problem solving is presented logically, one step
at a time. Sample solutions to all types of Earth Science
problems are provided. These sample problems will help
you approach arithmetic problems logically. To enhance
your newly acquired skill, you will find practice problems
following most sample problems.

5. End-of-chapter review questions. The Regents-style,
multiple-choice questions at the end of each chapter help
you to review and assess your grasp of the content. The
open-ended questions provide practice in answering ques-
tions found in Part B-2 and Part C of the Regents exam.

6. Appendices. Appendix A introduces you to laboratory
safety. In Appendix B, you will be presented with a format
to follow when preparing laboratory reports. Appendix C
reviews the International System of Units. Appendix D
lists the physical constants important to Earth Science.
Appendix E explores the use of graph in science.

7. Glossary. This section contains all the boldfaced words
found in the text along with their definitions.

The study of Earth Science can be both stimulating and
challenging, The author sincerely hopes that this book will
increase your enjoyment of this science.
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The Science of
Planet Earth

Eﬁ WHAT IS SCIENCE?

D)

Science is a way of making and using observations. The ap-
plications of science have played a central role in the ad-
vancement of civilization. The Latin origin of the word science
(scire) can be translated as “to know.” While some people
might think of scientific conclusions as unchanging facts, our
understanding is never complete. As the understanding of
nature grows, old ideas that no longer seem to fit our obser-
vations are discarded. The so-called facts of science are often
temporary while the methods of science (observation and
analysis) are permanent.

Science often attempts to answer questions such as: Why
is the sky blue? Why do we see the moon on some nights, but
not on others? What causes clouds to form? Why are there
violent storms, earthquakes, and volcanoes? How can people
protect themselves from these disasters? How can people
wisely use Earth’s resources and still preserve the best fea-
tures of a natural environment? Understanding Earth and
how it changes is essential for human survival and prosper-
ity. (See Figure 1-1 on page 2.)
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Figure 1-1 Earth is our home; we must keep it livable.

Great works of art are valued, in part, because they have
strong emotional impact. However, unlike works of art, sci-
entists generally want their work to be as free of bias and in-
dividual judgments as possible. Rational thought and clear
logic support the best scientific ideas. Scientists often use
numbers and mathematics because mathematics is straight-
forward, logical, and consistent. These qualities are valued in
scientific work.

Scientific discoveries need to be verifiable. This means
that different scientists who investigate the same issues
should be able to make their own observations and arrive at
similar conclusions. When a climate prediction is supported
by the work of many scientists or by computer models, the
prediction is considered to be more reliable. In fact, the abil-
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ity reproduce results or verify ideas is a significant charac-
teristic of science.

Sam~
;.; Science at Work

ACTIVITY 1-1

Alfred Wegener proposed his theory of continental drift in the
early 1900s; it was based on indirect evidence. During his
lifetime, he could not find enough evidence to convince most
other Earth scientists that continents move over Earth’s sur-
face. However, new evidence gathered by other scientists
working 50 years later gave renewed support to his ideas.
Today, plate tectonics, as the theory is now known, is sup-
ported by precise measurements of the changing positions of
the continents. This is a good example of how the efforts of
many scientists resulted in a new way of thinking about how
our planet works.

Science can therefore be defined as a universal and con-
tinuous method of gathering, organizing, analyzing, testing,
and using information about our world. Science provides a
structure to investigate questions and to arrive at conclu-
sions. The reasoning behind the conclusions is clear, and the
conclusions are subject to continued evaluation and modifi-
cation. The body of knowledge of science, even as presented
in this book, is simply the best current understanding of how
the world works.

GOOD SCIENCE AND BAD SCIENCE

Sometimes it is easier to understand science if you look at what is
not science.

Tabloids are newspapers that emphasize entertainment. They
publish questionable stories that other media do not report. Bring
your teacher an article from a questionable news source that is
presented as science. Your teacher will display the stories for the
class to discuss. What are the qualities of these stories that make
them a poor source of scientific information?
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Earth
sciences study the
major parts of the
planet by using
other branches of
science, such as bi-
ology, chemistry, and
physics.

he natural sciences you study in school are generally di-
vided into three branches: life science (biology), physical sci-
ence (physics and chemistry), and Earth science. (See Figure
1-2.) Earth science generally applies the tools of the other
sciences to study Earth, including the rock portion of Earth,
its oceans, atmosphere, and its surroundings in space.

Earth science can be divided into several branches. Geol-
ogy is the study of the rock portion of Earth, its interior, and
surface processes. Geologists investigate the processes that
shape the land, and they study Earth materials, such as min-
erals and rocks. (See Figure 1-3.) They also actively search for
natural resources, including fossil fuels.

Meteorology is the study of the atmosphere and how it
changes. Meteorologists predict weather and help us to deal
with natural disasters and weather-related phenomena that
affect our lives. They also investigate climatic (long-term
weather) changes.

Oceanography is the study of the oceans that cover most
of Earth’s surface. Oceanographers investigate ocean cur-
rents, how the oceans affect weather and coastlines, and the
best ways to manage marine resources.

The Earth

—

l Geology Oceanography '

‘

Biology



Figure 1-3 Earth science is
an exploration of our planet
to understand how it came
about and how it changes.
This man is exploring a slot
canyon.

Astronomy is the study of Earth’s motions and motions of
objects beyond Earth, such as planets and stars. Astronomers
consider such questions as: Is Earth unique? How big is the
universe? When did the universe begin, and how will it end?

Many Earth scientists are involved in ecology, or envi-
ronmental science, which seeks to understand how living
things interact with their natural setting. They observe how
the natural environment changes, how those changes are
likely to affect living things, and how people can preserve the
best features of the natural environment.

haxy HOW IS EARTH SCIENCE RELATED
k24 TO OTHER SCIENCES?

One important feature of Earth science is that it draws
from a broad range of other sciences. This helps present an
all-encompassing view of the planet and its place in the uni-
verse. Earth scientists need to understand the principles of
chemistry to investigate the composition of rocks and how
they form. Changes in weather are caused by the energy
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exchanges at the atomic level. By knowing the chemical prop-
erties of matter, scientists can investigate the composition of
stars. Knowledge of biology allows Earth scientists to better
interpret the information preserved in rock as fossils.

The movements of stars and planets obey the laws of
physics regarding gravity and motion. Physics helps us un-
derstand how the universe came about and how stars pro-
duce such vast quantities of energy. Density currents and the
circulation of fluids control the atmosphere, the oceans, and
even changes deep within our planet. Nuclear physics has al-
lowed scientists to measure the age of Earth with remarkable
accuracy.

The Earth sciences also make use of the principles of bi-
ology and, in turn, support the life sciences. Organic evolu-
tion helps us understand the history of Earth. At the same
time, fossils are the primary evidence for evolutionary biol-
ogy. The relationships between the physical (nonliving)
planet and life forms are the basis for environmental biology.
Only recently have people grown to appreciate how changes
in Earth and changes in life forms have occurred together
throughout geologic time.

WHY STUDY EARTH SCIENCE?

Although some readers of this book may become profes-
sional geoscientists, it is more likely that you will find work
in other areas. Regardless of the career you choose, Earth sci-
ence will affect your life. Everyone needs to know how to pre-
pare for changes in weather, climate, seasons, and earth
movements.

Natural disasters are rare events, but when they occur
they can cause devastating loss of life and property. To limit
loss, people can prepare for hurricanes, tornadoes, floods, vol-
canic eruptions, earthquakes, and climate shifts. Humans
can survive the effects of cold and drought if they plan ahead,
but they need to know how likely these events are and how
best to avoid their devastating consequences. How will hu-
mans be affected by general changes in climate? Can it be
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prevented? Will a large asteroid or comet strike Earth, and
how will it affect Earth’s inhabitants?

Our civilization depends on the wise use of natural re-
sources. Freshwater, iron, and fossil fuels are among the
great variety of materials that have supported a growing
world economy. These resources have brought us unprece-
dented wealth and comfort. How much of these materials are
available for use? What will happen if these materials run
out? What is the environmental impact of extracting, refin-
ing, and using these resources

These issues affect all of us regardless of our profession. As
citizens and consumers, we make decisions, and as citizens,
we elect governments that need to consider these issues.

How can you, as one individual among millions in the
United States, among billions in the world, make a differ-
ence? Environmental activists have a useful way of thinking
about this, “Think globally, but act locally.” If you consider
broad issues as you conduct your daily life, you can contribute
to solving global problems. One person conserving resources
by reusing and recycling materials has a very small impact.
But when all people contribute their small parts, the benefi-
cial effects are multiplied. One person buying a more fuel-ef-
ficient car or using mass transportation has a small impact.
However, when these practices become widespread through
public education, they can become powerful forces.

e~
;.; Working with Science

Figure 1-4 Cynthia
Chandley

CYNTHIA CHANDLEY: Water Rights Lawyer

Cynthia Chandley is not an Earth scientist, but she knows
how important it can be to understand Earth. (See Figure
1-4.) She earned a degree in geology, and, after several years
of working in the mining industry, attended law school and
became an environmental lawyer. Ms. Chandley now works as
a water rights litigator for a law firm. “I constantly use my
geoscience background to influence the use and preservation
of an essential resource. But these issues go well beyond my
profession. Everyone needs to understand our planet to help
determine how our resources can be most effectively managed
for ourselves and for future generations.”
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ou gather information about your surroundings through
your five senses: sight, touch, smell, taste, and hearing. The
processes and interpretations made by scientists depend on
making use of information gathered using their senses.
These pieces of information are called observations. Some
observations are qualitative. Relative terms, such as long
or short, bright or dim, hot or cold, loud or soft, red or blue,
compare the values of our observations without using num-
bers or measurements. Other observations are quantita-
tive. When you say that the time is 26 seconds past 10 o’clock
in the morning you are being very specific. Quantitative
comes from the word quantity meaning “how many.” There-
fore quantitative observations include numbers and units of
measure.

Scientists use measurements to determine precise values
that have the same meaning to everyone. Measurements
often are made with instruments that extend our senses.
Microscopes and telescopes allow the observation of things
too small, too far away, or too dim to be visible without these
instruments. (See Figure 1-5.) Balance scales, meter sticks,

Instruments help
us make better observa-
tions.
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clocks, and thermometers allow you to make more accurate
observations than you could make without the use of instru-
ments.

People accept many things even if they have not observed
them directly. An inference is a conclusion based on observa-
tions. For example, if Liz meets a friend late one afternoon,
and he appears tired and is carrying a baseball, bat, and
glove, Liz would probably infer that her friend had been play-
ing baseball. Although Liz never saw him playing, this infer-
ence seems reasonable. When many rocks at the bottom of a
cliff are similar in composition to the rock that makes up the
cliff, it is reasonable to infer the rocks probably broke away
from the cliff.

Scientists often make inferences. When scientists observe
geological events producing rocks in one location and they
find similar rock in other locations, they make inferences
about past events, although they did not witness these events.
No person can see the future. Therefore all predictions are in-
ferences. In general, scientists prefer direct observations to
inferences.

\\\\II/

7
;.; Exponential Notation

Scientists deal with data that range from the sizes of sub-
atomic particles to the size of the universe. If you measure
the universe in subatomic units you end up with a num-
ber that has about 40 zeros. How can this range of values
be expressed without using numbers that are difficult to
write and even more difficult to work with? Scientists use
exponential numbers, sometimes called scientific notation,
which uses powers of ten to express numbers that would
be more difficult to write or read using standard decimal
numbers.

Numbers in exponential notation take the form of ¢ X 10e
where c¢ is the coefficient (always a number equal to or
greater than 1 but less than 10) and e is the exponent. Being
able to understand and use exponential notation is very im-
portant. Any number can be changed into exponential nota-
tion in two steps.
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Problem 1

Solution

Problem 2

Solution

Step 1: Change the original number to a number equal to or
greater than 1 but less than 10 by moving the deci-
mal point to the right or left.

Step 2: Assign a power of 10 (exponent) equal to the num-
ber of places that the decimal point was moved.

A good way to remember whether the power of 10 will be
positive or negative is to keep in mind that positive expo-
nents mean numbers greater than 1, usually large numbers.
Negative exponents mean numbers less than 1, which are
sometimes called decimal numbers. Once you get used to it,
it becomes easy.

Let us see how this is done. The mass of Earth is
5,970,000,000,000,000,000,000,000 kilograms. Move the dec-
imal 24 places to the left to get 5.97. The power of 10 is there-
fore 24 Expressed in exponential notation this number is 5.97
X 1024 kilograms.

SAMPLE PROBLEMS

The age of Earth is 4,600,000,000 years; express this number in exponential
notation.

Step 1: Change the original number to a number equal to or greater than
1, but less than 10 by moving the decimal point to the right or left.
(Zeros that appear outside nonzero digits can be left out.) In this
case, you get 4.6.

Step 2: Assign a power of 10 (exponent) equal to the number of places that
the decimal point was moved. This decimal point was moved nine
places. In this case the decimal point was moved left, make the
power of 10 a positive number. So the age of our planet is 4.6 X
109 years.

Light with a wavelength of 0.00004503 centimeter (cm) appears blue. Ex-
press this value in scientific notation.

Step 1: After moving the decimal point five places to the right, the coeffi-
cient becomes 4.503. The zero before the 3 is kept because it ap-
pears between nonzero digits. This zero is needed to establish the
number’s value.
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Step 2: When the decimal point is moved right, you make the exponent a
negative number. The power of 10 is —5. The number is 4.503 X
1025 cm.

EXPONENTIAL NOTATION IN THE REAL WORLD

Make a list of 5 to 10 values expressed in scientific notation, doc-
ument their use, and translate them into standard numbers. Your
examples must come from printed or Internet sources outside your
Earth science course materials.

For each example you bring, include the following:

1. The value expressed in exponential notation. (If units of
measure are present, be sure to use them.)

2. What is being expressed. (For example, it might be the size
of a particular kind of atom.)

3. The same value expressed as a regular number.

4. Where you found the value. Please give enough information
so that another person could find it easily.

;._ The International System of Measurement

Over the course of time, different countries developed their
own systems of measurements. The inch and the pound orig-
inated in England. There were no international standards
until the European nations established a system now known
as the “International System of Units.” This system is called
“SI,” based on its name in French, System Internationale. SI
units are now used nearly everywhere in the world except
the United States. SI is similar to the metric system.

In a temperature-controlled vault in France, a metal bar
has been marked at exactly 1 meter. In the past, it was the pre-
cise definition of meter, and all devices used to measure length
were based on that standard. Everyone knew the length of a
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meter and everyone’s meter was the same. Today the meter is
defined as a certain number of wavelengths of light emitted by
krypton-86 under specific laboratory conditions. The advan-
tage of this change is the standard length can be created any-
where and is not susceptible to natural or political events.

In everyday life, people often use a system of measures
called “United States Customary Measures.” Units such as
the mile, the pound, and the degree Fahrenheit have been in
use in this country for many years. Most Americans are fa-
miliar with them and resist change. As this country becomes
part of a world economy, SI units will gradually replace the
United States Customary units. Many beverages are now sold
in liters. A variety of manufactured goods created for world
markets are also measured in SI units. (See Figure 1-6 and
Table 1-1.)

However, scientists everywhere use SI units for several
reasons:

® They are universal. Scientists do not need to translate
units when they communicate with their colleagues in
other countries.

® Most SI units are related by factors of 10. For example,
there are 10 millimeters in a centimeter and 100 cm in a
meter.

® Scientific instruments on the world market are generally
calibrated in SI units.

Tumacacori 10 km |
Green Valley 46 km |
Tucson 84 km [}

Figure 1-6 In some places,
road signs with SI (metric)
units are replacing signs
that used United States
Customary Measures.
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TABLE 1-1. International System of Units

Physical Quantity Sl Unit Symbol U.S. Customary Measure
Length meter m inch, foot, mile
Volume liter L fluid ounce, quart, gallon
Mass gram g ounce, pound, ton
Time second s (same as SI)
Temperature kelvin K degree Fahrenheit

degree Celsius °C degree Fahrenheit

SIAJIA BRI MAKING ESTIMATIONS

Estimation is a valuable skill for anyone, but especially for scien-
tists. If you want to know whether a measurement or calculation
is correct, it can be helpful to estimate the value. If your estimate
and the determined value are not close, you may need to give
some more thought to your procedure.

If you were to estimate the distance from your home to the
nearest fast-food restaurant, you might say that you can walk there
in 30 minutes. If you walk at a rate of 5 kilometers per hour
(km/h), in half an hour you can walk 2.5 km. So your estimate
would be 2.5 km.

Working in groups, estimate the volume of your classroom or
your school building. No measuring instruments may be used.
Your group must write a justification of your estimate. Please use
only SI (metric) units.

UsINGg SI UNiITs  Density is an important property of matter.
For example, differences in density are responsible for winds
and ocean currents. Density is defined as the concentration of
matter, or mass per unit volume. For example, if the mass of
an object is 30 grams and its volume is 10 cubic centimeters,
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(cm3), then its density is 30 grams divided by 10 cm3, or 3
grams/cm3. The formula for calculating density is given in the
Earth Science Reference Tables.

SAMPLE PROBLEM

Problem The measurements of a rectangular block are length 5 cm, width 3 cm, and
height 8 cm. Find the volume of the block.

Solution
You can calculate the volume by multiplying the length by the width by the
height:

Volume = length X width X height
=5cm X 3cm X 8cm
= 120 cm3

M Practice Problem 1
A rectangular bar of soap measures 10 cm by 2 cm by 7 cm. Find the vol-
ume of the bar of soap.

iaxy HOW IS DENSITY DETERMINED?

DY

Density is the concentration of matter, or the ratio of mass
to volume. Substances such as lead or gold that are very
dense are heavy for their size. Materials that we consider
light, such as air or Styrofoam, are relatively low in density.
Objects made of the same solid material usually have about
the same density. (Density does change with temperature
as a substance expands or contracts.) As shown in the fol-
lowing problem, density can be calculated using the formula
given in the Earth Science Reference Tables. Density is gen-
erally expressed in units of mass divided by units of volume.
Note that the units are carried through the calculation,
yielding the proper unit of density: grams per cubic centi-
meter (g/cm3).
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SAMPLE PROBLEM

What is the density of an object that has a volume of 20 cm3 and a mass
of 8 g7

mass

volume
89

20cms3

Density of a substance =

= 0.4 g/cm3

Practice Problem 2
A 105-g sphere has a volume of 35 cm3, what is its density?

Water, with a density of 1 g/cms3, is often used as a stan-
dard of density. Therefore, the process of flotation can be used
to estimate density. If an object is less dense than water, the
object will float in water. If the object is more dense than
water, the object will sink. Most wood floats in water because
it is less dense than water. Iron, glass, and most rocks sink
because they are more dense than water. The idea of density
will come up many times in Earth science and it will be dis-
cussed as it is applied in later chapters.

The instrument shown in Figure 1-7 is called a Galileo
thermometer. It is named for the Italian scientist who in-
vented it. This thermometer is based on the principle that the
density of water changes slightly with changes in tempera-
ture. As the water in the column becomes warmer and less
dense, more of the glass spheres inside the tube sink to the
bottom. Therefore, the number of weighted spheres that float
depends on the temperature of the water. Reading the num-
ber attached to the lowest sphere that floats gives the tem-
perature.

A demonstration of the relative density of liquids can be
made by first pouring corn syrup, then water, followed by

Figure 1-7 In a Galileo thermometer, as the water inside the tube becomes warmer
and less dense, more of the weighted glass spheres sink to the bottom. The tag on
the lowest sphere that floats indicates the approximate temperature.
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cooking oil, and finally alcohol into a glass cylinder. Care
must be taken not to mix the liquids. They will remain lay-
ered in order of density as shown in Figure 1-8. If a rubber
stopper with a density of 1.2 g/cm3 were added, it would sink
through the water layer. The stopper would remain sus-
pended between the water and the corn syrup. Rubber is
more dense than water, so it sinks in water. Corn syrup is
more dense than rubber. Therefore, the rubber stopper would
float on top of the corn syrup layer.

;._ Errors in Measurement

-

e

1

—

Alcohol
(Density =
0.8g /cm3)

Cooking oil
(Density =
0.9 g/cm3)

Water
(Density =
1.0 g/cmd)

Corn syrup
(Density =
1.4 g/cmd)

Figure 1-8 These
four liquids will
remain in place in
order of density
unless they mix or

evaporate.

The most

dense liquids sink to
the bottom and the
least dense liquids
remain on top.

No matter how carefully a measurement is made, it is likely
that there will be some error. Using measuring instruments
more carefully or using more precise instruments can reduce
error, but error can never be eliminated. In general, errors
are reduced to the point that they are not important or that
it is not worth the effort to make them smaller. Sometimes
measurements are used in calculations, such as the determi-
nation of density. In these cases any errors in measurement
will result in errors in the calculated value.

Percent error is a useful way to compare the size of the
error with the size of the value being measured. For example,
an error of 1 cm in the size of this book is a large error. But an
error of 1 cm in the distance to the moon would be a very small
error. They are both errors of 1 cm. However, because the book
is so much smaller, a 1-cm error is far more significant.

Within the chapters of this book you will find the compo-
nents of the Earth Science Reference Tables: charts, maps,
physical values, and mathematical equations that you will
need throughout this course. You do not need to memorize
any of the information in the Reference Tables because this
document will always be available to you for classroom work,
labs, and tests. However, you should become familiar with the
Reference Tables so you know when to use them.

In the Earth Science Reference Tables is an equation called
“Percent Deviation from Accepted Value.” This is a more pre-
cise term for percent error. The term “accepted value” is used
because no measured value is known with complete accuracy.
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Density can be used to identify different
substances. In general, no matter how
much you have of a certain substance,
its density is the same. Rather than
measuring density directly, usually the
mass is measured, and the volume is
determined so that density (density =
mass/volume) can be calculated. The
equation volume = length X width X
height is used to determine the volume
of rectangular solids. There are equa-
tions that can be used to determine the
volume other regular solids.

How Is DENSITY DETERMINED? 17

LAB 1-1: Densities of Solids

Your teacher will supply a variety of
objects. Create a data table in which to
record your data. Measure the mass
and determine the volume of each sam-
ple, then calculate the density of each.
Be sure to use SI (metric) measure-
ments.

After you have calculated the density of
each sample, place a star next to the
name of those that will float on water.
How can you tell that they will float?

In many cases, however, an expected or accepted value can be
determined. The following Sample Problem will show how to

use this equation.

SAMPLE PROBLEM

Problem A student estimated the height of a tree to be 15 m. However, careful meas-
urement showed the true height was 20 meters. What was the percent devi-
ation?

Solution

Deviation (%) =

_ difference from accepted value

X100

5m

=—=——x100

20m
=25%

accepted value

Please notice the following features in this calculation:

1. The calculation starts with the complete algebraic formula. The only num-
bers that show in this first step are constants used in every application of

the formula.
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2. Values are substituted into the formula, including numbers and their as-
sociated units of measure.

3. The steps to the solution are organized so that they are easy to follow,
leading to the answer at the end.

o Practice Problem 3
A student determined the density of a piece of rock to be 3.5 g/cm3. The ac-
cepted value is 3.0 g/cm3. What was the student’s percent error?

A graph is a visual way to organize and present data. In-
stead of reading paragraphs of information or studying
columns of figures, a graph make comparisons between vari-
ables easier. Unlike a data table, a graph enables the reader
to visualize changes in data, to understand relationships
between variables within the data, and to picture trends or
patterns.

\\\\ll/
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;.; Line Graphs

A line graph, such as the one in Figure 1-9, shows how a
measured quantity changes with respect to time, distance, or
some other variable. Line graphs are constructed by plotting
data on a coordinate system, a grid in which each location
has a unique designation defined by the intersection of two
lines. A coordinate system is set up on vertical and horizon-
tal axes. The horizontal (x) axis is usually used for the inde-
pendent variable. It usually indicates a uniform change, such
as hours, years, or centimeters. Normally, the regular change
expected in the independent variable is well understood. The
vertical (y) axis is used for the dependent variable. It usually
indicates the amount of the measured quantity being stud-
ied, such as temperature, height, or population. The values of




Figure 1-9 This
line graph shows

how the tempera-

ture changed on
a summer day in
central New York
State. Note that
on a line graph
you can read the
temperature at
any given time.

\\\\ll/

Temperature (°C)

UsING GRAPHS IN SCIENCE 19

30

25 =
.

20 .

15 -
1o ——=—1| <

5

0

M 2 4 6 8 10 N 2 4 6 8 10 M

AM. P.M.
Time of Day

the dependent variable are what you are trying to find. The
graph shows how the dependent variable changes with re-
spect to the independent variable.

The rise or fall of the line in Figure 1-9 on page 20 shows
the increase or decrease in temperature during a typical
summer day in central New York State. When the line on the
graph moves upward and to the right, it represents a contin-
uous increase. When the line on the graph moves downward
and to the right, it indicates a continuous decrease. A hori-
zontal line on the graph represents no change. The steeper
the line segment rises to the right, the greater the slope of
the segment, and the greater the increase in temperature.
Likewise, the steeper the line segment falls to the right, the
greater the decrease in temperature. Not all graphs are
curved lines. Some line graphs are straight lines.

7
;.; Pie and Bar Graphs

Sometimes, a line graph is not the best kind of graph to use
when organizing and presenting data. In Earth science, bar
and pie graphs are often used. The bar graph is useful in com-
paring similar measurements at different times or in differ-
ent places. For example, the bar graph in Figure 1-10 on page
20, which is based on the data in Table 1-2 on page 20, com-
pares monthly rainfall, or precipitation (PPT), in millimeters
(mm) over the period of 1 year.
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TABLE 1-2. Average Monthly Precipitation for Lake Placid, New York
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Figure 1-10 This bar
graph represents the
average monthly precip-
itation for Lake Placid,
New York.

Month PPT (mm) Month PPT (mm)
January 81 July 107
February 71 August 84
March 86 September 86
April 71 October 74
May 81 November 86
June 94 December 86

The pie graph is used to show how a certain quantity has
been divided into several parts as well as to show the com-
parisons among these parts. The pie graph in Figure 1-11
shows by percent the most abundant chemical elements in
the rocks of Earth’s crust.

Chemical Elements Within

The Earth's Crust

Measured by Mass

[ Oxygen
[ silicon
B Aluminum
3 iron
Hl cacium
[ others

46.0%
28.0%
8.0%
6.0%
4.0%
8.0%

Figure 1-11 A pie graph
shows how a quantity
has been divided and the
comparison between the
divisions.
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;._ Guidelines for Making Graphs

Figure 1-12 In this
graph, time is the
independent vari-
able, and the price
of crude oil is the
dependent variable.

Graphs are all around us. They are especially common in
news and in advertising where it is important to convey in-
formation quickly. However, in the effort to keep the graph
simple, they sometimes contain unfortunate errors. When
you construct graphs in science you should take care to fol-
low these guidelines:

Price in Dollars Per Barrel

30

N /N

s A I\ |/

10

Keep in mind that the purpose of a graph is to convey
information. The graph should have a title to clarify the
relationships represented. All essential information
should be presented as clearly and simply as possible.
The axes should be labeled with both quantity and
units. One axis might be time in years while the other is
price in U.S. dollars per barrel. (See Figure 1-12.)

The independent variable should be plotted on the
horizontal axis. Usually, data shows how one factor
changes depending on changes in the other. For example,
in Figure 1-10, it is clear that the price of oil does not
determine the passage of time. The price of crude oil
depends on when it is purchased. In this case, time is
the independent variable and the price is the dependent
variable. Time (the year, month, etc.) belongs on the
bottom axis.

Cost of Crude Oil to U.S. Refiners

N ‘\ /

0
1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001
Calendar Year
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e Fit the graph to the data. Design your vertical and
horizontal axes so that the data reasonably fills
the graph but does not go beyond the scales on the
two axes.

NG E I MAKING A GRAPH OF THE REVOLUTION OF THE PLANETS

(D)

NG

Does the distance of a planet from the sun affect how long it takes
to make one orbit of the sun? You can investigate this question by
drawing a graph.

In the Earth Science Reference Tables there is a table labeled
“Solar System Data.” Use this data in this table to graph the rela-
tionship between the distance of a planet from the sun and its pe-
riod of revolution. Label each data point with the name of the
object from Mercury through Pluto. (Do not include the sun or
Earth’s moon.)

As a follow up, you might try graphing planetary distance and
other factors in this table.

TECHNOLOGY IN EARTH SCIENCE

How science is “done” has always depended on the tools
available. Some tools have revolutionized Earth science.
Computers provide a good example. When they are attached
to a variety of other devices, computers can be used for an
amazing variety of applications. Computers help us analyze
data, produce and edit images, and quickly access informa-
tion. The first electronic computers filled entire rooms, and
were so expensive that only a few research facilities could af-
ford them. Today, a laptop computer can have computing
power equal to that of a supercomputer of the 1970s.
Connecting computers in networks has progressed to the
point where you can almost instantly access information
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stored in millions of computers all over the world. This is the
World Wide Web connected by the Internet. It allows all of us
to communicate faster than ever before.

AN INTERNET SCAVENGER HUNT

A scavenger hunt is an activity in which the goal is to collect a
variety of unrelated objects. In this case, the “objects” will be
bits of information. Each example will require two responses:
(1) give the answer to the question, and (2) record where on the
Internet you found it. [Please, provide the Internet address (URL)
and/or the name of the Internet site.] It is unlikely that you will
be able to answer all these questions, so just find as many as
you can.

1. What is the weather like today in Phoenix, Arizona?

2. Where and when has a major earthquake occurred in the
past 6 months?

Other than the sun, what is the nearest star to Earth?
What is the human population of New York City?
What is the current value of gold per ounce?

How many sunspots were recorded in 1990?

A L

What name was applied to the third tropical storm in the
Atlantic Ocean last year?

8. What is the chemical composition of emeralds?

GIS and GPS are two of the most exciting, recent techno-
logical advances for the Earth sciences. The Geographic In-
formation System (GIS) is visual resource that allows you to
plot the spatial relationships of data. Because GIS is based
on information in computers all over the world, a wide vari-
ety information can be retrieved and mapped. It also can be
updated regularly.
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.

Figure 1-13 Using a Global Positioning System (GPS) device, this person can de-
termine her position.

The Global Positioning System (GPS) depends on satel-
lites that transmit information, which can be received by a
handheld device. The information enables you to determine
your location with remarkable accuracy. (See Figure 1-13.)
Installed in your car, a GPS unit can direct you to an unfa-
miliar location in real time. The GPS is so accurate that it has
been used to measure the slow movement of continents over
Earth’s surface.

\\/

N
;._ Inquiry in Science

Many people would say that an inquiring mind is the most
important asset humans have. Using observations, informa-
tion resources, and a variety of analytical tools, people can
often make important discoveries by asking the right ques-
tions and following productive leads. As long as there is the
curiosity to ask questions and the will to find the answers to
them, science will help find those answers.

N

I
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Given the following:

mass

1. Density =
volume

2. Volume = length X width X thickness

3. Density of aluminum = 2.7 g/cm3

Materials: a metric ruler, a kilogram
scale, a small piece of aluminum foil
(about 30 cm on each side).

Problem: Determine the thickness of
the aluminum foil to the nearest ten-
thousandth of a centimeter (two signifi-
cant figures).

TERMS TO KNOW

CHAPTER REVIEW QUESTIONS 25

LAB 1-2 The Thickness of Aluminum Foil

Figure 1-14 Materials needed to determine the
thickness of aluminum foil.

Hint: Combine the two equations above
into a single equation with one un-
known. Then substitute measurements,
to solve for thickness.

astronomy Earth science
coordinate system  ecology
density geology

inference oceanography
meteorology percent error
observation science

CHAPTER REVIEW QUESTIONS

1. Some scientists estimate that age of the universe is about 1.37 X 1010
years. Which choice below correctly expresses this value?

(1) 13,700,000,000 years
(2) 13,710,000,000 years

(3) 1,370,000,000,000 years
(4) 1,371,000,000,000,000 years

2. The average distance from Earth to the sun is about 149,000,000 kilome-
ters. Which choice below correctly expresses this in scientific notation?

(1) 1.49 X 104 km
(2) 1.49 X 108 km

(3) 1.49 X 1010 km
(4) 1.49 X 1013 km
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A student recorded information about a rock sample. Which is an obser-
vation?

(1) If placed in water, the rock may float.
(2) The rock has a mass of 93.5 g.

(3) The rock is billions of years old.

(4) The rock formed deep inside Earth.

The following statements are taken from a student’s notes about the cur-
rent weather conditions. Which statement is an inference?

(1) The temperature 3 hours ago was 20°C.

(2) The current air pressure is 1000.4 millibars.

(3) The sky is completely overcast with clouds.

(4) It is probably cooler 500 miles north of this location.

A certain rock has a mass of 46.5 g and a volume of 15.5 cm3. What is the
density of this rock?

(1) 0.300 g/cms3 (3) 3.50 g/cm3
(2) 3.00 g/cm3 (4) 767.25 g/em3

What is the most important reason that scientists display data in graphs?

(1) Graphs never contain errors.

(2) Graphs take less room than data tables.

(3) Graphs make data easier to understand.

(4) Graphs make papers easier to get published.

Which of the following would be a complete label for the vertical (y) axis of
a graph?

(1) mass of the sample

(2) volume of the sample

(3) degrees Celsius

(4) number of correct responses

A student measured the mass of a rock as 20 g. But the actual mass of the
rock was 25 g. What was the student’s percent error?

(1) 5.5% (3) 33%
(2) 20% (4) 75%



10.

11.

12.

13.

14.

TECHNOLOGY IN EARTH SCIENCE 27

What is the principal reason for using percent error rather than simply ex-
pressing the size of the error itself?

(1) Percent error gives more information than the value of the error itself.
(2) If there is no error, percent error makes this more clear.

(3) Percent error emphasizes the importance of errors.

(4) Sometimes the value of the error itself is not known.

The density of quartz is 2.7 g/cm3. If a sample of quartz has a mass of 81
g, what is its volume?

(1) 0.03 cm3 3) 11.1¢g
2) 8.1g (4) 30 cm3

Gold has a density of 19.3 g/cm3. A prospector found a gold nugget with a
volume of 10 cm3. What was the mass of the nugget?

(1) 10 g (3) 29.3 g
(2) 193 g 4) 193 g

Pumice is an unusual rock because it can float on water. What does this
tell you about pumice?

(1) Pumice is usually found in very small pieces.

(2) Pumice is most common in high mountain locations.
(3) Pumice is less dense than water.

(4) Pumice absorbs water.

The density of granite is 2.7 g/cm3. If a large sample of granite is cut in
half, what will be the density of each of the pieces?

(1) 1.35 g/cm3 (3) 5.4 g/cm3
(2) 2.7 g/lem3 (4) 27 g/em3

If two leading scientists are investigating the same question and they
reach similar conclusions, what does this show?

(1) They probably changed their results to get agreement.
(2) Their conclusions have a good chance of being correct.
(3) Their scientific work showed a lack of originality.

(4) The conclusion they both made is probably in error.
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15. Which is usually considered a division of Earth science?

(1) chemistry (3) physics
(2) biology (4) geology

Open-Ended Questions

Base your answers to questions 16 through 19 on the information and data
table below.

The snowline is the lowest elevation at which snow remains on the ground
all year. The data table below shows the elevation of the snowline at different
latitudes in the Northern Hemisphere.

Latitude (°N) Elevation of Snowline (m)
0 5400

10 4900

25 3800

35 3100

50 1600

65 500

80 100

90 0

16. On a properly labeled grid, plot the latitude and elevation of the snowline
for the locations in the data table. Give the graph a title. Use a dot for each
point and connect the dots with a line.

17. Mt. Mitchell, in North Carolina, is located at 36°N and has a peak eleva-
tion of 2037 m. Plot the latitude and elevation of Mt. Mitchell on your
graph. Use a plus sign (+) to mark this point.

18. Using your graph, determine to the nearest whole degree, the lowest lati-
tude at which a peak with the same elevation as Mt. Mitchell would have
permanent snow.
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19. State the relationship between latitude and elevation of the snowline.

20. The diagram below shows three liquids of different density in a 100-mL
cylinder. A sphere of oak wood about half the diameter of the cylinder is
dropped in the cylinder without mixing the liquids. The wooden sphere has
a density of 0.9 g/cm3. Where will the sphere come to rest?

-

=~

Alcohol
(Density =
0.8g /cm3)

Water
(Density =
1.0 glem®)

Liquid
mercury
@Y. metal
(Density =
13.5 g/cm?3)
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@5‘, WHAT IS EARTH’S SHAPE?
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Most ancient people thought of Earth as a flat and bound-
less expanse. Earth is so large that a person on the surface
cannot see its curvature. (See Figure 2-1.) Until people be-
came world travelers and they invented electronic communi-
cation, the idea of a flat and endless surface was all people
needed. Besides, some people reasoned that if Earth’s surface
were curved, gravity would pull us off the edge.

;._ Evidence of Earth’s Shape

30

Although Earth looks flat and endless, there were some an-
cient scholars who believed that Earth is a gigantic sphere.
The scholars came to this conclusion because they noticed
that as a ship sails away to sea, it seems to disappear hull
first. Ships appear to sail over and below the horizon as
shown in Figure 2-2.

Another indication of Earth’s shape came from observing
the moon. During an eclipse of the moon, Earth’s shadow




Figure 2-1 To an
observer on the sur-
face, Earth looks flat
and endless.

Figure 2-2 As a
ship sails over the
horizon, it seems to
disappear from the
bottom upward.
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moves over the surface of the moon. The edge of that shadow
is always a uniformly curved line. Ancient Greek observers
knew that the only shape that casts a uniformly curved
shadow is a sphere. (See Figure 2-3 on page 32.)

You may know that if you place a telephone call to some-
one several hundred miles away, that person’s local time will
probably be different from yours. If it is noon in New York, it
is only 9 A.M. for a person in California. At the same time, peo-
ple in Europe are having their evening meal. For a person in
central Asia or Australia, it might be midnight. When time
differences over the whole planet are considered, it is clear
that Earth is a gigantic sphere.

There is also evidence of Earth’s shape in the observation
of distant objects in the night sky. A person at the North Pole
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Figure 2-3 During
an eclipse of the
moon, the moon
moves into Earth’s
shadow. Because
the edge of Earth’s
shadow always
shows a uniform
curvature, scientists
infer that Earth is a
sphere.

ACTIVITY 2-1

(These objects
are not drawn
to scale)

sees the North Star, Polaris, directly overhead. To a person lo-
cated farther south, Polaris appears lower in the sky. In fact,
at the equator, Polaris is along the horizon. (See Figure 2-4.)
The equator is an imaginary line that circles Earth half way
between the North and South Poles. South of the equator, Po-
laris is not visible at all. (Observers south of the equator can
see the stars of the Southern Cross, which is never visible in
New York.) These observations support the idea of a spheri-
cal planet.

The exploration of space has allowed direct observations
and photographs of Earth to be taken from far above its sur-
face. The Apollo program, which explored the moon in the late
1960s, brought astronauts far enough from Earth to show
that our planet is a nearly spherical object orbiting in the
vastness of space.

HOW ROUND IS EARTH?

Careful measurements of Earth have shown that it is not a perfect
sphere; its equatorial radius is 6378 km, and its polar radius is
6357 km. Earth’s rotation on its axis causes a bulge at the equa-
tor. But how much of a bulge is there? Earth is not perfectly round.
It is oblate, or slightly flattened at the poles.

To calculate Earth’s degree of flattening, use the formula on
page 34. If the result is a large number, Earth is not very round.
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difference between
equatorial and polar radii

equatorial radius

Degree of flattening =

Next, use a drawing compass to draw two large circles cen-
tered on the same point. Make one circle according to the polar
radius and the second determined by the equatorial radius. By
comparing these two circles, state how far from round Earth
would appear from space.

\\\\II/
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;.; How Large Is Earth?

A Greek scholar named Eratosthenes (era-TOSS-then-ease)
made the first recorded calculation of Earth’s size about 2000
years ago. He knew that on the first day of summer the noon
sun was directly overhead at the town of Syene in Egypt. In
Alexandria, 5000 stadia (approximately 800 km, or 500 mi) to
the north, the sun was 7.2° from the overhead position. (Stadia
is the plural form of stadium, a unit of distance used in
Eratosthenes’ time.) Since 7.2° is 35 of a circle, Eratosthenes
reasoned that the distance around the Earth must be 50 X
5000 stadia, or 250,000 stadia. Although the exact length of a
stadium is not known, Eratosthenes’ figure appears to be re-
markably close to the more accurate measurements made
today.

hes WHAT ARE EARTH’S PARTS?

DY

Based on differences in composition, Earth can be divided
into three parts. These parts form spheres, one inside the
other, separated by differences in density. Each sphere is also
a different state of matter: gas, liquid, or solid.

The atmosphere is the outer shell of gas that surrounds
Earth. The hydrosphere is the water of Earth. About 99 per-
cent of this water is contained in Earth’s oceans that cover
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about three-quarters of the planet. The lithosphere is the
solid rock covering Earth. (The crust is the rocky outer layer
the lithosphere.)

and Troposphere

Crust Hydrosphere, Troposphere,
Percent by Percent by Percent by Percent by

Element (symbol) Mass Volume Volume Volume
Oxygen (O) 46.40 94.04 33.0 21.0
Silicon (Si) 28.15 0.88

Aluminum (Al) 8.23 0.48

Iron (Fe) 5.63 0.49

Calcium (Ca) 415 1.18

Sodium (Na) 2.36 1.11

Magnesium (Mg) 2.33 0.33

Potassium (K) 2.09 1.42

Nitrogen (N) 78.0
Hydrogen (H) 66.0

Others 0.66 0.07 1.0 1.0

Table 2-1 lists the abundance of chemical elements in
each sphere. Rocks in Earth’s crust represent the lithosphere
because these are the rocks that are found at and near the
surface. (Deep inside Earth, denser elements, such as iron
and magnesium, are more common than they are near the
surface.) Notice that oxygen is among the most common ele-
ments in all three parts of Earth. Elements are shown rather
than chemical compounds because the crust is composed of
thousands of minerals, each with a different chemical com-
position. However, most minerals contain roughly the same
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elements. Most of the atmosphere is composed of elements in
the form of gases. Only the hydrosphere is made mostly of a
single compound: water. Water is composed of two parts hy-
drogen to one part oxygen.

PN AR @IVl PIE GRAPHS OF EARTH’S SPHERES

Use the data in Table 2-1 to make a pie graph of the chemical
composition of each of the following: the crust, hydrosphere, and
lithosphere.

\\\\ll//

;.i The Atmosphere

A thin layer of gas, the atmosphere, surrounds the solid Earth
and oceans. Most of the mass of the atmosphere, clouds, and
weather changes occur in the troposphere, the lowest layer of
the atmosphere. (See Figure 2-5.) Although the atmosphere
accounts for a tiny part of the total mass and volume of the
planet, it is in this changing environment that people and
most other life-forms live.

Air is a mixture of gases composed of about 78 percent ni-
trogen (Nj), a stable gas that does not readily react with other
elements or compounds. About 21 percent of the atmosphere

Figure 2-5 The atmosphere
is the layer of air that sur-
rounds us.




Figure 2-6 Selected
properties of Earth’s
atmosphere.
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is oxygen (O,), which combines with many other elements in
the processes of oxidation, combustion, and cellular respira-
tion. Living things depend on cellular respiration to make use
of the energy stored in food. The inert gas argon, which almost
never reacts with other elements or compounds, makes up
about 1 percent of the atmosphere.

The proportions of other gases in the atmosphere are vari-
able. The amount of water vapor, water in the form of a gas,
can vary from as high as several percent in warm, tropical lo-
cations to a tiny fraction of a percent in deserts and cold
areas. Carbon dioxide, a common product of respiration and
the burning of fossil fuels, makes up far less than 1 percent.
However, carbon dioxide needed by plants for photosynthesis,
and it may play an important role in climate change, which
will be explored in Chapter 25.

The paragraph above describes the composition of the at-
mosphere’s lowest layer, the troposphere. Note that the
names of the layers of the atmosphere end in —sphere because
this is their shape around Earth. The names of the bound-
aries between layers end in —pause as in stopping. Therefore,
the tropopause is the place where the troposphere ends.

The atmosphere is divided into layers based on how the
temperature changes with altitude. (See Figure 2-6.) Because

km 150—_mi Temperature  Atmospheric Water
1 Zones Pressure Vapor
175
100 Thermosphere
+50------- G- Mesopause ------1-----------------f-------
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ACTIVITY 2-3

the layers of the atmosphere are a result of density differ-
ences, the atmosphere is most dense at the bottom of the tro-
posphere. Actually, the troposphere contains most of the mass
of the atmosphere even through it extends only about 7 mi (12
km) above Earth’s surface. Nearly all the atmosphere’s water
vapor, clouds, and weather events occur in this lowest layer.

Within the troposphere as altitude increases, tempera-
ture decreases. Have you ever noticed that snow lasts longer
in the high mountains? The world’s highest mountains ex-
tend nearly to the top of the troposphere. Above that height,
the temperature change reverses and it actually becomes
warmer with increasing altitude. The altitude at which the
reversal occurs is known as the tropopause.

The next layer of the atmosphere is the stratosphere, in
which the temperature increases with increasing altitude.
The stratosphere extends up to the stratopause, where an-
other change in temperature trend takes place. In the meso-
sphere, the temperature falls as altitude increases. Above the
mesopause, is the highest layer, the thermosphere, in which
the air temperature rises significantly. However, that increase
in temperature speeds the motion of very few atoms. This in-
creased agitation separates the molecules into positive and
negative ions. This layer is sometimes called the ionosphere.

The lower boundary of the atmosphere is quite distinct:
the surface of the land or the hydrosphere. However, because
the atmosphere thins with altitude, there is no clear upper
boundary of the atmosphere. The atmosphere just gets thin-
ner and thinner as you get farther from Earth. When people
refer to the atmosphere, they usually mean the troposphere,
which contains about three-quarters of the atmosphere’s
total mass. This is layer in which we live.

INTERPRETING REFERENCE TABLES

You have probably ridden an elevator to the top of a building.
What would you experience if you could ride in an open elevator
through the atmosphere? Based on the information in Figure 2-6,
write a travelers’ guide to an elevator ride to a point 150 km above
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Earth’s surface. Describe changes in temperature, air pressure, and
water vapor concentration that a traveler would encounter on the
ride. In addition, describe the protective equipment that a traveler
would need to survive the trip.

;._ The Hydrosphere

\\//

Earth’s oceans cover nearly three times as much of our planet
as do the continents. People may think oceans are vast, fea-
tureless expanses of water; but oceans are not infinite and
not featureless. The bottom of the oceans are almost as vari-
able as the land areas. The hydrosphere is Earth’s thinnest
layer, averaging about 4 km in depth. Furthermore, scientists
think the oceans are where life began on Earth

The liquid hydrosphere can be divided into two parts.
About 99 percent of the hydrosphere is made up of the oceans,
which are composed of salt water. Salt water is about 96.5 per-
cent water and about 3.5 percent salt, mostly sodium chloride
(common table salt). The remaining 1 percent of the hydros-
phere is freshwater, which contains much smaller concen-
trations of dissolved solids. Freshwater is found in streams,
rivers, and lakes. However, far more freshwater exists in the
spaces within soil and rock. In fact, groundwater is estimated
to be 25 times as abundant as the freshwater on Earth’s sur-
face.

S~
;.; The Lithosphere

This natural arch in Utah (see Figure 2-7 on page 40) is part
of the lithosphere, Earth’s rigid outer layer. The great bulk of
Earth is the geosphere. We can define the geosphere as the
mass of solid and molten rock that extends more than 6000
km from Earth’s solid surface to its center. The lithosphere,
the top 100 km of the geosphere, is the most rigid (unbending)
part of the geosphere. Direct explorations in mines have
taken humans to a depth of less than 4 km. The deepest drill
hole is about 12 km deep. Everything we know about the
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Figure 2-7 This
natural arch in Utah
is part of the litho-
sphere, the rigid
outer layer of the
solid Earth.

geosphere at depths greater than 12 km comes from indirect
evidence, such as the increasing temperatures with depth, the
passage of seismic (earthquake) waves, examination of mete-
orites, and from the determination of Earth’s bulk properties,
such as its density.

?5‘; HOW IS LOCATION DETERMINED?

k‘ [ D
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How can sailors far out on the ocean determine their posi-
tion? With no familiar landmarks, such as roads, cities, and
geographic features, they cannot describe their location in
terms of surface features the way people usually do on land.
Long ago, explorers solved this problem by establishing a co-
ordinate system that covers the whole Earth.

7
=@=. Terrestrial Coordinates

The grid on a sheet of graph paper is a type of coordinate sys-
tem. Each point on the paper can have a unique address ex-
pressed in terms of numbers along the x- and y-axes. Many
cities are laid out in a coordinate system. Much of New York
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latitude

Latitude is the
angular distance north or
south of the equator. South Pole

City has numbered avenues that run north-south and num-
bered streets that run east-west. Knowing the street address
of a building can help a person quickly locate it on a map or
in the city itself. However, in Earth’s undeveloped areas there
are no roads or street signs, and there is no way to mark the
oceans’ surface. Because of this, explorers used their obser-
vations of the sun and stars to find their position on Earth’s
surface.

The coordinate system established by early sailors and ex-
plorers is Earth’s system of latitude and longitude, called ter-
restrial coordinates. This system is based on the spin
(rotation) of Earth on its axis. The axis is an imaginary line
that passes through Earth’s North and South Poles. Halfway
between the poles is the equator, an imaginary line that cir-
cles Earth. The first terrestrial coordinate value is latitude.
As shown in Figure 2-8, latitude is the angular distance
north or south of the equator.

Lines of equal latitude are called parallels because they
run east-west and, unlike longitude lines are parallel to each
other. The equator is the reference line at latitude 0°. Both
north and south of the equator, latitude increases to a maxi-
mum of 90° at the poles. Parallels can be drawn at any inter-
val of latitude from the equator (0°) to the north and south
poles (90°N and S).
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North Pole

Longitude is the
angular distance east or
west of the prime meridian.

The second terrestrial coordinate value is longitude. As
shown in Figure 2-9, longitude measures angular distance
east and west. Unlike latitude, there is no natural or logical
place to begin longitude measurements. English explorers
established their reference line at the Royal Observatory in
Greenwich (GREN-itch), England. Since England dominated
world exploration and mapmaking, a north-south line through
Greenwich became the world standard for measurements of
longitude. Today, the Greenwich meridian, also known as the
prime meridian, has become the reference line from which
longitude is measured.

Lines of equal longitude are called meridians. Meridians
all run from the North Pole to the South Pole. The prime
meridian has a longitude of 0°. Longitude increases to the
east and west to a maximum of 180°, a line that runs down
the middle of the Pacific Ocean. Meridians are not parallel
because they meet at the North and South Poles. As shown
in Figure 2-10, the Eastern and Western Hemispheres are
the two halves of Earth bounded by the prime meridian and
the north-south line of 180° longitude.

Unfortunately, some people think of latitude and longi-
tude only as lines. For example, they confuse latitude, the an-
gular distance from the equator, with the lines on a map that
show constant latitude. If your only purpose is to read the co-
ordinates on a map, this is not a problem. But, if you want to



Lines of
longitude meet at
the North and South
Poles. The 0° merid-
ian and the 180°
meridian separate
the planet into the
Eastern and West-
ern Hemispheres.
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ise3

Meridians of longitude

understand what latitude is and how it is determined, you
need a deeper understanding.

Earlier in this chapter you read that observations of Polaris,
the North Star, were used to show that Earth is a sphere.
Those observations can also be used to tell how far north a
person is from the equator. It takes Earth one day, 24 hours, to
complete one rotation on its axis. That rotation is responsible
for day and night. Although there is no scientific reason that
Earth’s axis should be aligned with any particular star, it is.
The direction in which Earth’s axis points moves through a
26,000-year cycle. However, at this time the axis lines up with
a relatively bright star called Polaris, or the North Star. (The
alignment is not perfect, since Polaris is a little less than 1 de-
gree from the projection of Earth’s axis.) Figure 2-11 on page
44 shows how to locate Polaris.

An observer at the North Pole sees Polaris directly over-
head in the night sky. The angle from the horizon up to Polaris
is therefore 90°. That observer is also located 90° north of the
equator. As the latitude of the observer decreases, the altitude
of Polaris also decreases. At the equator, Polaris is visible
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ACTIVITY 2-4

Big Dipper
in Spring

Big Dipper Polaris
in Summer in all r/nonths
Little Dipper Big Dipper
in Autumn in Winter
Biq Di /Pointer
ig Dipper
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Horizon e @ Horizon
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Figure 2-11 The easiest way to find Polaris, the North Star, is to locate the Big
Dipper and follow the pointer stars at the end of its bowl as they point to Polaris.
This diagram shows the way the Big Dipper looks in the evening sky at the middle
of each season. The Little Dipper also rotates around Polaris, but it is shown only in
its autumn position.

right on the northern horizon. Here, Polaris is 0° above the
horizon, the latitude at Earth’s equator is 0°. Therefore, for
any observer in the Northern Hemisphere, latitude can be de-
termined by observing the angle of Polaris above the horizon.
The altitude of Polaris equals the latitude of the observer.
South of the equator the North Star is not visible. However,
with a star map, an observer can determine the point in the
night sky that is directly above the South Pole. It is near the
constellation called the Southern Cross. In a procedure simi-
lar to what is done in the Northern Hemisphere, south latitude
is equal to the angle of that point in the starry sky above the
horizon. For people used to sighting on Polaris, it did not take
long to master finding latitude in the Southern Hemisphere.

DETERMINING YOUR LATITUDE

You can construct an instrument to measure your latitude using the
following simple materials: a protractor, a thin string, a weight, and
a sighting device such as a soda straw. This instrument is called an
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String™ | (:j/"
Figure 2-12 The astrolabe
is used to measure the an- Small
gular altitude of an object in weight

the sky.

astrolabe. It is similar in principle to instruments used by mariners
for hundreds of years. Figure 2-12 shows how to construct and use
a simple astrolabe.

If you use a standard protractor when you sight along the hori-
zon, the string will fall along the 90° line. Similarly, if you look
straight up, the string will line up with 0°. In these cases, you will
need to subtract your angle readings from 90° to find your lati-
tude. Your latitude is equal to the angle of the star Polaris above a
level horizon.

\\//

S~
;.; Finding Longitude

Longitude can be determined by observations of the position
of the sun. If it is noon where you are, it must be midnight
halfway around Earth. (A full circle is 360°, so halfway around
the planet is 180°.) The sun appears to move around Earth
from east to west. Therefore, when it is noon where you are, in
places to your east, the local time is afternoon, and in places to
your west it is still morning. Because the sun appears to move
around Earth in 24 hours, each hour of time difference repre-
sents z1 of 360°, or 15°. So, each 1-hour difference in time from
one location to another represents 15° of longitude.
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ACTIVITY 2-5

Using the time difference of 15° per hour, you can deter-
mine the numerical value of longitude. But how can you de-
termine whether it is east or west longitude? If local time is
earlier than Greenwich time, the observer is located in the
Western Hemisphere. Observers in the Eastern Hemisphere
will note that local time is later than Greenwich time. To
make this clearer, you can look at a globe and imagine the
sun at the noon position in England. Remember that Earth
spins toward the east. On your globe, most of Europe and
Asia, at eastern longitudes, are in the afternoon or evening.
At the same time in those places to the west of England, it is
still morning.

Of course, this is based on solar time. Solar noon is the
time the sun reaches its highest point in the sky. Clock time
may differ from solar time by half an hour, even more if day-
light savings time is in effect. If people set their clocks to the
apparent motion of the sun across the sky in their location,
clock time would be different from one place to another. This
was done before time was standardized. In those days, towns
had a clock that chimed on the town hall, so the citizens
would know the local time. At that time, watches were diffi-
cult to make and too expensive for most people to own. Only
places on a north-south line (at the same longitude) would
have exactly the same clock time. If you wanted to meet
someone in another town at a particular time, you could not
use a clock set to the time in your town because you would
probably show up early or late. Radio and television pro-
grams would not necessarily begin on the hour or half-hour.
To standardize time, the United States is divided into four
time zones: Eastern, Central, Mountain, and Pacific Time. In
each time zone, all clocks are set to the same time.

FINDING SOLAR NOON

It is quite easy to measure local time by observations of the sun.
To determine the time of solar noon, you will need to be at a lo-
cation where a tall, vertical object, such as a flagpole or the high
corner of a tall building, casts a shadow onto a level surface.
Throughout the middle of the day, mark the exact position of the
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point of the shadow, and label the positions with the accurate
clock time. (To avoid making permanent marks, use a substance
such as chalk that will wash away in the rain.) Call these marks
the time points. Connecting the points will form a curved line
north of the object casting the shadow.

The next step is find where the curved shadow line comes
closest to the base of the shadow object. (You will probably need
to use a long metal tape measure to measure the distance.) Mark
this point “Solar Noon.” Finding the clock time of solar noon will
probably require you to estimate between the marked time points
to establish the precise time of “Solar Noon.”

An added benefit of this procedure is that it provides a
line that runs exactly north to south. The line from the ver-
tical base of the shadow object could actually be extended to
the North Pole. The English navigators dominated world ex-
ploration and mapmaking after the defeat of the Spanish
Armada in 1588. These mapmakers set their clocks to obser-
vations of the sun made at the Royal Observatory in Green-
wich, England. Therefore a north-south line running through
Greenwich became the line from which longitude was meas-
ured. Modern clocks have become so precise they can meas-
ure small changes in Greenwich noon throughout the year.
Therefore, Greenwich Mean Time (GMT), which evens out
these small annual changes, is used as the basis of standard
time throughout the world.

The method of determining longitude became quite clear.
However, in practice, it was not so easy. A navigator at sea
needs to know the precise time noon occurs back in Greenwich.
Although ships carried the most accurate clocks available at
that time, after a long sea voyage, changes in temperature,
and the rocking motion of the ship caused these mechanical
devices to become inaccurate. It was easy enough to observe
local time by observing when the shadow of a vertical object
pointed exactly north. Buy comparing local time with the time
back in England depended on those mechanical clocks. Until
very accurate clocks could be manufactured, measurements of
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ACTIVITY 2-6

longitude were poor, and maps generally showed large errors
in the east-west direction.

DETERMINING YOUR LONGITUDE

Longitude equals the time difference between local solar time and
Greenwich Mean Time (GMT) in hours and hundredths of an hour
multiplied by 15° per hour of difference. If you performed the
solar noon activity earlier in this chapter, you can use your data
to determine your longitude. In that activity, you determined the
difference between clock time and solar time. For example, if you
determined that solar noon occurred 11:55 A.M., the difference
between clock time and solar time is —5 minutes. If solar noon
occurred at 12:09 p.m., the difference between clock time and
solar time is +9 minutes. (Convert your solar time from hours and
minutes to hours and hundredths of an hour by dividing the min-
utes by 60.)

For any location in New York State, you can find Green-
wich Mean Time by adding 5 hours to your clock time. For ex-
ample, if it is 1:15 P.M. clock time, Greenwich Mean Time is
6:15 p.M. (Note: If it is daylight savings time in New York, you
would add only 4 hours.)

Once you have calculated your longitude experimentally,
you can check your results with a map of New York State,
such as the Generalized Bedrock Geology of New York State
found on page 433 or in the Earth Science Reference Tables,
that shows local latitude and longitude.

(Note: Mean Time and solar can differ by as much as 15
minutes. This could cause an error of as much as 4° of longi-
tude. The following Web site explains this issue, known as the
Equation-of-Time <http:/www.analemma.com/Pages/frames
Page.html>)

Today, finding the angle north or south of the equator (lat-
itude) and the angle east or west of the prime meridian (lon-
gitude) has become simple and accurate thanks to modern
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technology. There are very accurate timepieces that use the
precise vibrations of quartz crystals to measure time. In addi-
tion, radio and telephone communications provide Greenwich
time to great accuracy. Even better, is the use of Global Posi-
tioning System (GPS) devices that analyze signals from orbit-
ing satellites, allowing people to find latitude and longitude
with great accuracy. Using a GPS device allows people to pin-
point their position to within a few meters. These devices are
now small and inexpensive enough to be used by hikers and
sportsmen. On land or at sea, it has become remarkably easy
to find your place on the planet’s terrestrial coordinates.

DivisioNs OF ANGLES Just as meters can be divided into cen-
timeters and millimeters, degrees of angle can be divided into
smaller units. Each degree is made up of 60 minutes (60") of
angle. So, 233 degrees is 23 degrees and 30 minutes (23°30").
Furthermore, one minute of angle (s of a degree) can further
be divided into 60 seconds (60”). On Earth’s surface, an accu-
racy of a second of latitude or longitude would establish your
location to within a rectangle that measures about 30 meters
on each side.

READING LATITUDE AND LONGITUDE ON MAPS

The Earth Science Reference Tables contain three maps (one New
York map and two world maps) that can be used to read latitude
and longitude. However, these world maps do not show cultural
features, such as cities and political boundaries. To complete this
activity it is best to use an atlas or a world map.

Your teacher may ask you to make a small “X” at each world
location on a paper copy of the Tectonic Plates world map from
the Reference Tables.

What cities are located at the following coordinates? (Please
use a sheet of notebook paper. You should not mark in this book
or on any reference materials.)

(1) 36°N, 122°W (3) 35°N, 140°E
(2) 33°S, 18°E (4) 55°N, 37°E
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List the latitude and longitude coordinates of the following
places on a world map. Please estimate values to the nearest de-
gree of latitude and longitude.

(5) New York City (7) Sydney, Australia
(6) London, England (8) Honolulu, Hawaii

Find the terrestrial coordinates of each of these places in New
York. Ask your teacher if and how you should divide degrees of
latitude and longitude and how accurate your answers should be.

(9) Buffalo (11) Mt. Marcy
(10) Albany (12) Rochester
(13) What three lines of latitude and longitude have been
used to define the political boundaries of New York State?

TERMS TO KNOW

atmosphere hydrosphere oblate

axis latitude prime meridian
equator lithosphere stratosphere
geosphere longitude terrestrial coordinate
Greenwich Mean Time mesosphere thermosphere

CHAPTER REVIEW QUESTIONS

1. As altitude increases within Earth’s stratosphere, air temperature gen-
erally

(1) decreases only. (3) increases, only.
(2) decreases, than increases. (4) increases, then decreases.

2. When the time of day for a certain ship at sea is 12 noon, the time of day
at the prime meridian (0° longitude) is 5 P.M. What is the ship’s longitude?

(1) 45°W (3) 75°W
(2) 45°E (4) 75°E
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3. To an observer in Buffalo, New York, the North Star, Polaris, is always lo-
cated above the northern horizon at an altitude of approximately

(1) 233°. (3) 663°.
(2) 43°. (4) 90°.

4. The dashed line on the map below shows a ship’s route from Long Island
to Florida. As the ship travels south, the star Polaris appears lower in the
sky each night.

Florida

The best explanation for this observation is that Polaris

(1) rises and sets at different locations each day.
(2) has an elliptical orbit around Earth.

(3) is located directly over Earth’s Equator.

(4) is located directly over Earth’s North Pole.
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5. Earth’s hydrosphere is best described as the

(1) solid outer layer of Earth.

(2) liquid outer layer of Earth.

(3) liquid layer located below Earth’s crust.

(4) gaseous layer of Earth located above Earth’s crust.

. The diagram below shows the latitude-longitude grid on an Earth model.

Points A and B are located on the surface.

The solar time difference between point A and point B is

(1) 1 hour. (3) 5 hours.
(2) 2 hours. (4) 12 hours.

. Earth’s troposphere, hydrosphere, and lithosphere contain relatively large

amounts of which element?

(1) iron (3) hydrogen
(2) oxygen (4) potassium

. Ozone is concentrated in Earth’s atmosphere at an altitude of 20 to 35 km.

Which atmospheric layer contains the greatest concentration of ozone?

(1) mesosphere (3) troposphere
(2) thermosphere (4) stratosphere
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At which location will Polaris be observed at the highest altitude?
(1) equator (3) central New York State
(2) Florida (4) Arctic Circle

Earth’s shape is most similar to a

(1) basketball. (3) egg.

(2) pear. (4) apple.

Which two New York State cities experience solar noon (the time when the
sun is highest in the sky) at almost exactly the same time?

(1) Watertown and Binghamton (3) Binghamton and Elmira
(2) Buffalo and Albany (4) Buffalo and Ithaca
What is the most abundant element in Earth’s atmosphere?

(1) oxygen (3) hydrogen

(2) argon (4) nitrogen

An explorer rode a balloon high into Earth’s atmosphere, taking a contin-
uous record of atmospheric pressure. In which layer was the explorer most
likely located when the atmospheric pressure was 10-2 atmospheres?

(1) troposphere (3) mesosphere

(2) stratosphere (4) thermosphere

What percent of Earth’s hydrosphere is fresh water?

(1) 99% (3) 23%

(2) 75% (4) 1%

Approximately what percentage of Earth’s surface is covered by water?

(1) 100% (3) 50%
(2) 75% (4) 25%

Open-Ended Questions

16.

17.

Give three types of evidence that are a result of Earth’s spherical shape.

Describe a simple procedure that can be used to find latitude in the North-
ern Hemisphere.
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The table below shows the concentration of ozone, in ozone units, in Earth’s at-
mosphere. (One ozone unit is equal to 1012 molecules per cubic centimeter.)

Concentration of Ozone

Altitude (km) Ozone Units
0 0.7
5 0.6

10 1.1

15 3.0

20 4.9

25 4.4

30 2.6

35 1.4

40 0.6

45 0.2

50 0.1

55 0.0

18. In which zone of the atmosphere is the concentration of ozone the greatest?
19. On what basis, has Earth’s atmosphere been divided into its four layers?

20. What is the relationship between the density of Earth’s layers the position
of each layer?
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A model is anything that is used to represent something
else. A photograph helps you remember your loved ones when
they cannot be near. A photograph is an example of a physical
model. There are also mathematical models. The formula for
density you used in Chapter 1 is a mathematical model. This
formula represents the relationship between mass and vol-
ume for any object made of a uniform substance. Memories
and dreams are models of real or imagined human events. In
Chapter 2, you may have developed a mental model of the size
and shape of planet Earth. Such models can be useful as you
try to understand this planet.

Most models are a compromise between reality and con-
venience. Children often play with toys that look like adult
objects, such a doll or a toy car. Using toys is an important
way for children to learn adult skills. It would be foolish to
give young children real babies or cars because they do not
yet have the skills to manage the real objects safely. Models
must be realistic enough to show the important characteris-
tics of the real object, but avoid problems that would occur if
the real thing were used.

55
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ACTIVITY 3-1
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Maps

Many physical models are scale models. They show the
shape of the real object, but they are made smaller or larger as
a matter of convenience. Toys and photographs are usually
smaller than the real thing. But a diagram showing the parts
of an atom would need to be much larger than the original, per-
haps by a factor of 109 (a billion). A convenient way to express
scale is as a ratio. We often show a ratio as two numbers sepa-
rated by a colon. A common scale used to make a small toy au-
tomobile is 1:64. This is read as “one to sixty-four.” One cm on
the toy car represents 64 cm on the real car. The model atom
mentioned earlier would be at a scale of 1,000,000,000:1.

MODELS IN DAILY LIFE

Make a list of some of the models people use in their daily lives.
Include physical models, mathematical models, and mental mod-
els. Organize your list into four columns: (1) Model (name each),
(2) What It Represents (3) Why It Is Used Instead of the Real Ob-
ject, and if it is a scale model, the (4) Approximate Scale. Avoid
different examples of the same kind of model.

Some maps are models of the whole Earth; other maps model
just a part of its surface. Road maps help people to drive from
one place to another. Political maps show the geographic lim-
its of laws and government services. It is hard to imagine
traveling without using maps. (See Figure 3-1 on page 57.)
Because Earth is spherical, its surface is curved. The only
kind of map that shows Earth’s surface without distortion
must also have a curved surface. Therefore, a globe is the most
accurate model of Earth. Directions and distances are shown
without distortion. However, flat maps are easier to carry. You
can fold them for storage and open them on a flat surface. For
small regions, the distortion of a flat map is not significant.
When world maps are transferred to flat surfaces, they
may show increasing distortion in areas far from the equator.
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Figure 3-1 Person using a
map to find her way.

Compare the Ocean Currents maps (Figure 3-2) with the Tec-
tonic Plates map (Figure 3-3). Figure 3-2 shows the Scandi-
navian Peninsula in northern Europe as much smaller than
Australia. But Figure 3-3 on page 58, the tectonic plates map,
incorrectly shows these areas to be about the same size. Al-
though the Ocean Currents map shows less size distortion, it

—> Warm Currents
——> Cool Currents

%‘% 5

= _2

Figure 3-2 Ocean currents
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Figure 3-3 Tectonic plates.

distorts directions. Notice how North America seems to be
slanted on the ocean currents map.

A MAP TO YOUR HOME

Use a sheet of 85 X 11 inch paper to draw a map that shows the
most direct route from school to your home. You may use a com-
puter drawing program if it is available. Show the landmarks
(buildings and natural features) that would be most useful in guid-
ing a person who is unfamiliar with your community. Also include
a scale of distance.
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_._ What Are Compass Directions?
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Directions are a part of your daily life. Many people can give
you directions, but Earth itself can also give you directions.
In general, the sun rises in the east and sets in the west. For
any observer in New York State, the noon sun is in the south.
If you want to travel to a cooler climate, head north. To avoid
cold winters, travel south. In addition to the four principal di-
rections shown on Figure 3-4, there are intermediate direc-
tions such as northeast and southwest. Compass direction
can also be specified as an angle known, as azimuth, which
starts at 0°, which is directly north and proceeds to east,
south, west, and back to north at 360°.

Most maps are printed with north toward the top of the
map. This convention helps align the map with the area it
represents. However, there may be reasons to align the map
in a different way. Therefore, this rule is not always followed.

;._ Earth as a Magnet

You may have used a magnet to pick up metal objects, such as
paper clips. Ancient people noticed that a large piece of the
iron ore magnetite, sometimes called lodestone, attracts other
iron objects. They called this attractive force magnetism. Fur-
thermore, they noticed that a piece of lodestone floating on

The Direction to Polaris

North
0
A
Northwest Northeast
West . . East
Sunset 270 90 Sunrise
Southwest Southeast
Figure 3-4 Events in your
life, such as the apparent 180°
passage of the sun through South
the sky, help you become Direction of the noon sun in the

aware of directions. Northern Hemisphere
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ACTIVITY 3-3

water tends to align itself in a consistent geographic direc-
tion. (Because this kind of rock is heavier than water, it must
be placed in a flotation device.) The earliest magnetic com-
passes were made in this way long before anyone understood
magnetism.

MAKING A WATER COMPASS

You can construct a water compass by floating a strong bar mag-
net in a large container of water. Float the bar magnet in a shal-
low bowl that does not touch the sides of the large container. Be
sure to try this activity well away from any magnetic metals or
electric motors. Does the magnet tend to align consistently toward
magnetic north?

A compass needle points north because Earth acts as a
giant magnet. You may know that opposite magnetic poles at-
tract each other. Then why does the north pole of a magnet
tend to point toward Earth’s North Pole? The reason is sim-
ple. The pole of a magnet that points north is labeled N be-
cause it is the “north-seeking pole.” That end actually has a
magnetic field like Earth’s South Pole.

Why does Earth have a magnetic field? That question took
a long time to answer. Scientists now think that Earth’s outer
core is made of molten liquid that circulates due to heat flow.
The planet is very dense, so molten iron is a strong possibil-
ity for the primary substance in the outer core. Scientists
think it is this circulation guided in part by Earth’s rotation
(spin) that keeps the currents running generally north and
south.

There are two other important things to know about
Earth’s magnetic field. First, the field seems to reverse itself
as often as every 30,000 years. This is more evidence to sup-
port the outer core circulation theory. Second, the magnetic
poles do not align exactly with the geographic (spin) poles. In
fact, the magnetic poles wander through the Arctic and Ant-
arctic regions.
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XSIAYI R RT3 MAGNETIC DECLINATION

Geographic north is determined by Earth’s spin axis. There are sev-
eral ways to find it. In Chapter 2, when you found solar noon, the
noon shadow pointed to geographic north. At night you can use
the North Star, which is directly above the North Pole. You can also
use a map, which may show man-made features such as roads that
run north to south.

Magnetic north, which is a result of Earth’s magnetic field,
can be determined with a compass. Magnetic north does not al-
ways align with geographic north. Although a compass needle
points in a northerly direction for most places on Earth’s surface,
the difference between these two directions changes from place
to place. Magnetic declination is the angle between geographic
north and magnetic north. This angle can be measured with a pro-
tractor.

k& WHAT ARE FIELDS?
Y

A field as a region of space in which the same quantity can
be measured everywhere. Let us look at a simple example.
Have you ever noticed that when dinner is being prepared,
the aroma of the food drifts through the house? As you walk
into the kitchen area, the aroma increases. In this example,
the house is the field, and the aroma is the field quantity
that is observed. In the previous section, you read about
Earth’s magnetic field. All around Earth, scientists can meas-
ure the direction and strength of Earth’s magnetism in its
magnetic field. Gravity is another field quantity that changes
over Earth’s surface. Sensitive instruments can measure very
small changes in Earth’s gravity from place to place. Temper-
ature is also a field quantity. Wherever you go, you can meas-
ure the temperature and notice how it changes. Scientists
often make maps to show how field quantities change over a
geographic area.



62 CHAPTER 3: MODELS AND MAPS

\\\\ll/

7
;.; Understanding Isolines

ACTIVITY 3-5

Figure 3-5 This iso-
line map shows that
thunderstorms are
especially common
in Florida and New
Mexico.

An isoline is a line on a field map that connects places hav-
ing the same field quantity value. If you have looked at a
weather map of the United States that shows the daily high
temperatures, you have seen isolines that cross the country
from east to west. These lines are isotherms that connect
places having the same temperature. Other weather maps
use isolines to show atmospheric pressure or the amount of
precipitation.

CHARACTERISTICS OF ISOLINES.

Based on Figure 3-5, or a similar national isoline map, discuss the
following features of isolines:

1. Do isolines ever touch or cross each other?

2. Do isolines usually have sharp angles or gentle curves?
(Please pick one.)




ACTIVITY 3-6

ACTIVITY 3-7
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3. What does each point on an isoline have in common with
all other points on the same line?

4. Do isolines ever end, except at the edge of the data area?

5. On a single map, is the change in value from one isoline to
the next always the same?

6. Do isolines tend to run parallel as they extend around the
map?

7. Does every isoline have one side where the values are
higher and another side where the values are lower?

DRAWING ISOLINES

Your teacher will supply you with a diagram that shows a pattern
of numbers within a boundary. Use these numbers to draw iso-
lines of the bounded field areas at an interval of one unit.

Please draw your isolines with a pencil and an eraser. It is easy
to make mistakes when drawing isolines. It is important to be able
to completely erase and correct your errors.

Every isoline map is drawn at a specific interval. Many
newspaper weather maps show temperatures at an interval
of 10°F. That means when you move from one isotherm to the
adjacent isotherm, there is a change of 10°F. A smaller inter-
val, such as 1°F, would make the map cluttered and hard to
read. A larger interval would result in a map that does not
give enough information. For every isoline map, someone has
to decide the most appropriate interval.

A TEMPERATURE FIELD

In science, you sometimes collect and analyze your own data.
Gathering accurate field data can be difficult, but it is an excel-
lent way to learn about science. For example, each student in the
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class can use a thermometer to read and record the air tempera-
ture at the same time throughout the classroom. Individuals or lab
groups can write these numbers at the appropriate location on a
floor plan of the classroom and then use the numbers to draw an
iostherm map of the science room. This can be a very challenging
activity, but it is a good way to learn about isolines. Take simulta-
neous temperature readings at different levels in the classroom
(floor, desk level, and 1 meter above the desks).

hes WHAT IS ATOPOGRAPHIC MAP?

DY

A topographic map is a special type of field map on which
the isolines are called contour lines. These maps show a three-
dimensional surface on a two-dimensional page. Contour
lines connect places that have the same elevation (height
above or below sea level). Each contour line is separated from
the next by a uniform interval, called the contour interval.
A common interval is 10 meters. As you move your finger up
or down a slope, each time it crosses a contour line, the eleva-
tion has changed the amount equal to the map’s contour in-
terval. Where the contour lines are close together, the land is
steep. Where there are broad spaces between contour lines,
the land is more flat.

It may help you visualize the area represented on a topo-
graphic map if you think of each contour level as a layer on
a cake. Multiple levels stack to make hills. Figure 3-6 is a
topographic map of an imaginary location. Figure 3-7 is pho-
tograph of a step model constructed layer-cake style from
that map. (See Activity 3-8.) A real landscape would have a
more rounded shape.

Hikers and sportsmen often use topographic maps be-
cause they show the shape of the land. These maps tell them
where roads, hills, lakes, and streams are as well as a wide
variety of other landmarks. Topographic maps can be used to
plan the best route from one location to another. The United



Figure 3-6
Topographic map of
Great Bear Lake.
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graphic maps. These maps also can be ordered from govern-
ment map distribution offices.

Figure 3-7 A three-dimensional model of a land surface can be constructed using a
contour map and foam board from an art supply store.
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ST AERE I MAKING A TOPOGRAPHIC MODEL

From a simple topographic contour map selected or approved by
your teacher, construct a step model of the map area. You may se-
lect a portion of your local USGS topographic map or the topo-
graphic map or image of a nearby landform from which to make
your model. The layers can be made of corrugated cardboard,
foam board from an art supply store, or the bottoms of clean foam
meat/food trays.
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;._ Common Features on Topographic Maps

Topographic maps use contour lines to show the topography,
or shape of the land. In their steeper sections, small streams
often cut gullies by erosion. These distinctive features show
up as a sharp bend in the contour lines, which creates a V-
shape that points upstream. On Figure 3-6 you can see that
Briar Creek flows down to the west because the contour lines
make Vs that point upstream to the east.

Reading the elevation of a point on a contour line is easy
because it is the elevation of that contour line. If you want to
know the elevation of a point between contour lines you esti-
mate the elevation in reference to nearby contour lines. For
example, point C on Figure 3-6 is about half way between the
260- and 280-meter (m) lines. You can therefore estimate the
elevation of point C to be 270 m.

When contour lines form an enclosed shape that is some-
thing like an irregular circle, the center of the enclosed area
is usually a hill. The top of the hill is within the smallest cir-
cle. By reading the elevation of the highest contour level, you
can estimate the height of the hill. A useful convention is to
add half of the contour interval to the elevation of the high-
est contour. On Figure 3-6 the highest contour line around
the house on Signal Hill is 340 m. The contour interval on
this map is 20 m. So your best estimate for the elevation of
the house is 350 m.
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Sometimes, contour lines enclose a dip in the land surface,
or a closed depression. Water running into a closed depres-
sion will collect there unless it finds an underground exit, be-
cause water cannot run uphill out of a closed depression. To
distinguish depressions from hills, mapmakers use contour
lines with small bars that point down toward the center of
the depression. Point D on Figure 3-6 is within the 300-m
contour, so its elevation at the bottom of the depression is
about 290 m. The first depression contour line always has the
same elevation as the lower of the two adjacent contour lines.

Most maps have a legend or key printed outside the map
area. This explains the meanings of various symbols shown
on the map. The more complex the map the greater the vari-
ety of symbols that must be explained in the legend.

As with other physical models, every topographic map has
a map scale. The scale can be expressed as a ratio, such as
1:24,000. The scale can be a translation of distances, such as
1 inch represents 2000 feet. But, you will probably find the
most useful scale is a line located outside the map area that
is marked with divisions of distance. Figures 3-8 to 3-10 il-
lustrate the three steps in determining the distance between
two map locations or the size of a geographic feature.

Step 1. To determine the length of Turquoise Lake, you will
need to locate it on a topographic map.

Figure 3-8 Locating
Turquoise Lake on the map.
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Figure 3-10 Holding the
marked paper along the
map’s scale of kilometers,
show that Turquoise Lake is
about 7 km long.
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Step 2. Hold the edge of a blank sheet of paper along the
longest part of Turquoise Lake. Place the corner of
the paper at one end of the lake. Make a mark along

the edge of the paper where it touches the other end
of the lake.

Step 3. Move the marked paper to the distance scale on the
map. This indicates that Turquoise Lake is about 7
km long.
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USIAYIAERECEN READING YOUR LOCAL TOPOGRAPHIC MAP

Look at a copy of the United States Geological Survey topo-
graphic map that includes your town or city. Please, do not make
any marks on this map unless your teacher directs you to do so.
Notice the locations of familiar features such as roads, buildings,
and streams. Notice how hills and valleys are represented by con-
tour lines. Find a symbol for your house or identify its location.

1. What are the latitude and longitude coordinates of the
bottom right corner of this map?

When was this map published? Has it been revised?
How many centimeters represent 1 km?
What is the local magnetic declination?

What is the contour interval of this map?

AL S

Locate a place where contour lines become V-shaped as
they cross a stream. Do the Vs point upstream or down-
stream? In your notebook, make a sketch of that place.

7. What and where are the highest and lowest points on this
map?

\\\\ll/
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If a hill changes quickly in elevation, it has a steep gradient.
In fact, slope is often used as a synonym for gradient. At
every location, a field value has a measurable gradient. If the
field value is not changing over a particular line, we say that
the gradient is zero. We can therefore define gradient as the
change in field value per unit distance. (The field value on a
topographic map is land elevation.)

You can tell where gradients are the steepest by looking
at a field map. The places where the isolines are closest are
the places with the steepest gradient. On Figure 3-6 the gra-
dient is steep between points A and B where the contour lines
run close together.
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The following formula from the Earth Science Reference
Tables can be used to calculate gradient:

change in field value
distance

SAMPLE PROBLEMS

Problem 1 Thetemperature at the center of a town is 20°C, but 10 km west at the river it is
only 15°C. What is the temperature gradient between these two locations?

Gradient =

Solution
change in field value
distance
_20°C—-15°C

~ 10km
_ _5C_
10km

= 0.5°C/km

Gradient =

Problem 2 Calculate the gradient from point C to point E on Figure 3-6

Solution
Point C, half way between the 260- and 280-meter contour lines, must be at
about 270 m. Similarly, point E is at about 330 m. The distance between them
can be determined using the scale of kilometers in the map legend as shown
in Figures 3.8 to 3.10. That distance is 2 km.

changein field value
distance

~330m—270m

a 2km

_60m

~2km

=30 mkm

Gradient =

Please note the following features of both solutions.

® Each is started by writing the appropriate formula.

® Values including units of measure are substituted into
the formula.



WHAT Is A ToroGRAPHIC Map? 71

® Each step to the solution is shown.

® The units of measure are part of the solution.

In Problem 2, the units are meters per kilometer. You prob-
ably know that a kilometer is 1000 meters. So, this answer
could be written 30 m/km or 0.03 m/m. Recall that the first
part of these units is measured in meters in the vertical di-
rection. The second part (meters or kilometers) is measured in
the horizontal direction. So each one measures something dif-
ferent.

Qf Practice Problem 1
On a sunny day, the temperature at the floor of the classroom was 27°C. At
the ceiling, 4 m above the floor, the temperature was 31°C. What was the
temperature gradient between the floor and the ceiling?

M Practice Problem 2
The source of a stream is at an elevation of 600 m. The stream enters the
sea 50 km from its source. What is the gradient of the stream?

\\\\I/

_._ Making Topographic Profiles
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A profile is a cross section or a cutaway view. If you stand be-
tween a bright light and a wall, your body will cast a shadow
on the wall. When you stand with your shoulder perpendicu-
lar to the wall, your shadow will include a profile of your face
with features such as your chin and nose indicated clearly.
As illustrated in Figure 3-11, a topographic profile shows the
elevation of the land surface along a particular route. Along

Figure 3-11 You can make s // \'\
a profile using a contour I AN
map. M
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Figure 3-12 Viewing
the landform model
in profile shows that
the hills are high and
the valleys are low.

Figure 3-13 The
first step in making
a profile from a con-
tour map is marking
the blank strip where
it crosses each con-
tour line.

the profile route, the hills show as high places and the valleys
as low places. (See Figure 3-12.)

A topographic map can be used to draw a profile along
any straight-line route. You will need a sheet of paper that is
marked with parallel lines, such as writing paper, and a blank
strip of paper a little longer than the profile route on the map.
By following the steps below, you can draw a profile from a con-
tour map.

Step 1. Place an edge of the blank strip along the profile
route. Each time the edge of the blank strip crosses
a contour line, make a mark at that point along the
edge of the strip as shown in Figure 3-13.

Step 2. Label each mark on the strip with the elevation of
the contour line crossed. Take care with this step,
since some marks will have the same elevation as
others that cross the same contour line or cross an-
other line at the same elevation.
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Figure 3-14 After
labeling each mark
with the elevation of
the contour line it
represents. the next
step is to draw a dot
at the correct eleva-
tion on the lined
paper.

Step 3. Along the left side of the lined paper, label the hor-
izontal lines with the elevations of the contour lines
crossed by the blank strip as shown in Figure 3-14.

Step 4. Lay the marked blank strip along the lowest labeled
horizontal line on the lined paper. Directly above the
marks on the strip, make dots on the lined paper at
the height indicated by the marks on the strip.

Step 5. As shown in Figure 3-15, connect the dots on the
lined paper with a gently curved line. Valleys and
hilltops should be rounded above the highest dots.

Step 6. Labeling features from the map line can help you vi-
sualize the curved profile. Look at Figure 3-15 again.
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Figure 3-15 Com-
plete the profile by
connecting the dots
with a smooth line.
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ACTIVITY 3-10
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A similar procedure can be used to make a profile from
any isoline map, such as a weather map that shows local tem-
peratures. Some people can look at a field map and visualize
its profile without following this procedure. As with making
mathematical estimations, visualizing a profile is a skill that
can be helpful in making accurate profiles and reading any
isoline map.

A PROFILE ON A LOCAL TOPOGRAPHIC MAP

Use the steps above to construct a profile from your local USGS
contour map along a line selected by your teacher.

;._ Using Isoline Maps for Practical Purposes

ACTIVITY 3-11

People buy topographic maps for many uses. Developers and
construction companies use maps to plan roads and the place-
ment of buildings. Search and rescue teams use them when
they look for lost or injured people and to plan rescue efforts.
You, on the other hand, might want to find the best way to get
to a fishing spot. Whether you will walk or travel by car will be
an important consideration. Do you mind going over hills or
crossing streams? How long will it take you to get to your des-
tination? Considerations such as these can be important de-
pending on how and when you will travel.

PLANNING A TRIP

Your teacher will select two points on your local topographic
map. Describe the best way to get from one place to the other. Jus-
tify your route and tell what you will find along the trip. (Mention
only features shown on the map.)



WHAT Is A ToPOGRAPHIC MaP? 75

7~ Toxic contamination in parts per million 9 50 i

/\_ Elevations in meters above sea level Distance in Meters

Former
Storage
Building

Street

Figure 3-16 Emplovee Manufacturing
Groundwater con- Palikixg Plant
tamination at the Wooded

York Instrument Area

Factory site.

PXSIAYI AR B WA INTERPRETING ISOLINE MAPS

The map in Figure 3-16 shows two field quantities. The black iso-
lines show surface elevations, and orange isolines show the con-
centrations of a toxic substance in the groundwater. What is the
contour interval and the pollution interval on the map? Where did
the water pollution probably originate? Which way is it moving?
How can you tell?

PSR R KR RESCUE AND EVACUATION PLANNING

Your teacher will indicate a location on a local topographic map
where a person has been injured in a fall. Devise three different,
detailed plans to evacuate the injured person to an ambulance
waiting along a main road. In your planning consider the cost of
the evacuation and the best route to take in transporting the vic-
tim. The plans should be written in enough detail so that the evac-
uation team will know how to proceed and what obstacles to
avoid. Compare the planning of different groups.
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TERMS TO KNOW

azimuth field isoline model topographic map
contour line gradient isotherm profile

CHAPTER REVIEW QUESTIONS

Base your answers to questions 1-3 on the topographic map below, showing lo-
cations X, Y and Z. Elevations are expressed in meters.

Contour
interval = 20 meters

1. Which profile best represents the topography along the dashed line from
point X to point Y?
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2. Mill River generally flows toward the

(1) southeast. (3) northeast.
(2) southwest. (4) northwest.
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3. What is the elevation of point Z?

(1) 190 m (3) 240 m
(2) 220 m (4) 250 m

4. What is the average temperature gradient between two places in a class-
room that are 10 m apart if one place has a temperature of 25°C and the
other has a temperature of 23°C?

(1) 0.2 °C/m (3) 5°C/m
(2) 0.2 m/°C (4) 5 m/°C
5. Amap has a scale of 1 cm:12 km. What is the distance on this map between
two locations that are actually 30 km apart?
(1) 2.5 cm (3) 18 cm
(2) 12 cm (4) 30 cm
6. On a topographic map, the gradient is steepest where the contour lines are
(1) straight. (3) far apart.
(2) curved. (4) close together.
7. In what general direction does sunrise occur?
(1) north (3) east
(2) south (4) west
8. On a topographic map, what feature is indicated by small, closed “circle”?

(1) stream (3) building
(2) road (4) hilltop

Base your answers to questions 9 and 10 on the map below.

6002
o
oX
N<—|' oA 600
oD

9. What is the contour interval on this map? (Elevations are in feet.)

(1) 51t (3) 20 ft
(2) 10 ft (4) 25 ft



78 CHAPTER 3: MODELS AND MAPS

10. Points X, A, B, C, and D mark places on this land surface. All are within a
distance at which a person at one point would be able to see people at the
other points. A student is standing at point X. Other students are stand-
ing at points A, B, C and D. The student at X would have the most diffi-
culty seeing the person at which other point?

(L) A 3) C
(2) B (4) D

Open-Ended Questions

Base your answers to questions 11-15 on the topographic map below of an area
of New York State. Points X, Y, and Z are marked on the map. Points X and Y
are located along Squab Hollow Creek.

77° 37" 30" 77° 30
42° 07' 30" , L 42° 07 30"

600

}.,i‘l%l-lo_\lowCreek
Y
42°00'
77" 37" 30"
N
i012:|345678910

kilometers




CHAPTER REVIEW QUESTIONS
Determine the gradient of Squab Hollow creek between point X and point
Y according to the directions below.

termine gradient.

b. Substitute the values into the equation.

c. Solve the equation and label the answer with the correct units.

a. Using the Earth Science Reference Tables write the equation used to de-

Describe one way to determine the direction in which Young Hickory Hol-
low Creek is flowing.
What is the elevation of point Z?

Where on this map is the gradient of the land surface steepest?

Based on the coordinates of latitude and longitude shown on the map, what
is the distance from this map area to Buffalo, New York, in kilometers?

The diagram below shows time zones of the United States. If it is 9 A.M. in
Dallas, what time is it in each of these three cities: New York, Denver, and
San Francisco. (Be sure to list the three cities and the clock time at each.)
All parts of the country are on standard time.
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Base your answers to questions 17, 18, and 19 on the topographic map below
that shows points A, B, C, and D. Elevations are in feet.

C/

0 0.5 1 mile
T ]

Explain briefly how the map can be used to determine that Jones Creek
flows westward into Jones Lake.

Determine the gradient from point A to point B by following the directions
below.

a. Write the equation for determining the gradient.
b. Substitute data from the map into the equation
c. Calculate the gradient and label it with the proper units

Construct a profile of the land surface between points C and D by follow-
ing the directions below. Use lined paper to construct your profile.

a. Plot elevations along line CD by marking with a dot each point where
an isoline is crossed by line CD.
b. Connect the dots to complete the profile.
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The map below shows a location in New York State where several students
went camping. The dotted line indicates the route they took in approaching
their campsite along Hidden Lake. Use this map for questions 20 through 24.

0o 1 2 3 N \
miles —1— éﬁF
S
2y

Q Campsite
= A

Hidden
Lake

6007
e

20. State the evidence shown on the map that the area directly north of Hid-
den Lake is relatively flat.

21. State the general compass direction in which the stream is flowing.

22. Use a sheet of lined paper to construct a profile line along the dotted line
from P to Q. On your profile, show each point where a contour line is
crossed with a dot on your profile line.

23. What is the contour interval on this map?

24. What is the highest elevation shown on the map?
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WHAT ARE MINERALS?

If you look around the natural environment, you will proba-
bly see two kinds of things: living and nonliving. Plants and
animals are parts of the living environment. The living envi-
ronment is sometimes called the biosphere. Nonliving things
are usually the subjects of the earth sciences. Much of this
part of the natural environment is composed of rock and soil.
Just as a house is made of a variety of building materials, for
example, wood, nails, concrete, and brick, so soil and rock are
made primarily of minerals.

Some rocks such as granite are composed of crystals of dif-
ferent colored substances. (See Figure 4-1.) The differences in
the properties of the crystals identify them as different min-
erals. What is a mineral? Defining minerals as the substances
of which rocks are made could be acceptable in some situa-
tions, but as you will read below, there are a few exceptions to
this idea. A more exact way is needed to define what a mineral
is and what it is not.

Geologists have identified thousands of minerals. In fact,
new minerals are discovered and named all the time. Most of
the newly discovered minerals are rare and have no practical
use. The wide variety of minerals makes it difficult to define
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Figure 4-1 As are most R ]
rocks, granite is composed
of a variety of minerals. Granite

These four are especially
common. Amphibole Biotite Mica

exactly what a mineral is. However, geologists do have cer-
tain characteristics that identify minerals.
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7
;.; Natural, Inorganic Solids

Artificial substances such as steel or plastic are not consid-
ered minerals even though these substances have other char-
acteristics of minerals. Man-made gems, such as synthetic
sapphires and rubies, are not minerals either because they
were not made by a natural process. The first property that
characterizes all minerals is that they formed naturally.

All minerals are also inorganic. This means that they
were made by physical processes, and are not the result of bi-
ological events. You have probably heard of and perhaps seen
coal. Careful study of the origin of coal shows it is formed
from layers of plant remains that have been buried and com-
pressed by the weight of more layers above. Since coal forms
organically, it is not a mineral. Coal is mined in many areas
of the United States, and is often used as a fuel. If we define
a rock as a natural solid part of the lithosphere (the top part
of the solid Earth), coal is a rock. Many samples of coal show
beautiful plant impressions.

While coal is a kind of rock, it was formed from living ma-
terials. Therefore coal is an example of a rock that is not
made of minerals. (Impure coal does contain some mineral
material.) Another example of a rock that is not composed of
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Figure 4-2 Matter,
such as water, can
exist in three states.

minerals is fossil limestone. This kind of limestone is the re-
sult of the accumulation of shells or coral. Coral is a colony of
tiny marine animals that live in a hard external skeleton.
These colonial skeletons can be several inches or more in
length and take unusual shapes. Because fossil limestone is
made of the hard remains of coral, shells, and other living tis-
sue, it is not composed of minerals. Minerals must be of inor-
ganic origin.

All minerals are solids. The water pumped from the ground
is not considered a mineral because it is a liquid. Petroleum, or
crude oil, which is taken from deep underground, is a geologic
resource but it is not considered a mineral for two reasons:
First, petroleum is a liquid; second, like coal, it is of biological
origin.

Solids have a definite shape and volume. Gases, such as
air, can be compressed. When enough pressure is applied, a
sample of a gas can be compressed to a very small volume.
When the pressure is released, the gas expands nearly with-
out limit. Therefore, gases do not have a definite volume.
Gases and liquids take the shape of the container in which
they are placed. Liquids and gases are called fluids. In gen-
eral, a fluid is a substance that can flow and take the shape
of its container. A solid can be taken out of its container and
it will keep its shape. You can measure the dimensions of a
solid without the object being in a container. This is not true
for gases and liquids. Figure 4-2 illustrates the three states
of matter.

Solids maintain their shape and volume because of their
atomic structure. Large crystals, such as those you might see

Molecules fly

Q\ \o in all directions Molecules close Molecules locked
together: glide into strict
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in a museum or a mineral collection, usually have sharp cor-
ners and flat faces. Careful examination with powerful elec-
tron microscopes shows that these crystal shapes are a result
of the way their atoms are arranged. An atom is the small-
est part of an element. In crystalline substances, the atoms
generally have a regular arrangement in rows and layers.
The distance between the atoms in a solid changes very little
with changes in temperature and pressure. Furthermore, the
atoms in a solid cannot move over or around one another.
Sometimes, enough atoms line up to make crystals that are
visible, such as those in some kinds of rock. In rare occur-
rences, crystals can grow to the size seen in museums. The
largest natural rock crystals can be several meters long. It is
the internal arrangement of atoms that gives crystals their
beautiful shapes.

SOLIDS, LIQUIDS AND GASES

Prepare a table with three columns. Label one column “Gas,” one
“Liquid,” and the third “Solid.” In the table, list the substances you
see every day under the proper category: gas, liquid, or solid.

7
;.; Elements and Compounds

Minerals have a definite composition, or at least a specific
range of composition. Some minerals are simple elements. El-
ements are the basic substances that are the building blocks
of matter. Gold, as all other elements, has just one kind of
atom. The number of protons in the nucleus, or center of the
atom, determines which element it is. There are 92 natural el-
ements. Copper and sulfur are also minerals that are ele-
ments. Figure 4-3 on page 86 is a photograph of copper as it
comes from the ground. This is called native copper. Graphite
and diamond are different crystal structures of the same ele-
ment, carbon.

A second group of minerals with a fixed composition are
the chemical compounds. Compounds are substances that
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Figure 4-3 Native copper is
a mineral that is also an
element.

are made up of more than one kind of atom (element) com-
bined chemically into larger units called molecules. Each
molecule of a specific compound has the same number and
kinds of atoms. For example, quartz (SiO,) is a very common
mineral compound in which each molecule has one atom of
silicon (Si) and two atoms of oxygen (O). Every molecule in
each compound is exactly the same. That is why compounds
have a fixed composition. (See Figure 4-4.)

The third group of minerals is made up of mineral families
that have a variable composition. For example, the olivine
family is a mixture of two chemical compounds. Olivines usu-
ally contain one compound of magnesium, silicon, and oxygen
and another compound of iron, silicon, and oxygen. These
compounds mix readily to form a single mineral family in
which the properties of the mineral (color, hardness, density,
etc.) are relatively consistent. These two compounds are not
only similar in composition, but they are also similar in ap-
pearance and other physical properties. Figure 4-5 shows how
eight elements combine to form the common minerals and
mineral families.

The feldspars, the most common family of minerals, al-
ways contain the elements oxygen, silicon, and aluminum
along with varying amounts of potassium, sodium, and cal-



Figure 4-4 Ele-
ments, compounds,
and mixtures are
different forms of
matter.

Figure 4-5 These
eight elements and
eight minerals make
up the majority of
surface rocks. Follow
the lines to learn
which elements are
in each mineral
listed.
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Air

cium. (See Figure 4-6 on page 88.) All feldspar samples have
some common properties. Feldspars are light colored, a little
harder than glass, and have a density of about 2.7 g/cm3. Out-
side the laboratory, it can be very difficult to tell the different
members of the feldspar family apart. For this reason, some
references list feldspar as a specific mineral rather than a
family of minerals.

Elements in Earth's
crust (% by mass)

100%

80%

60%

40%

20%

0%

-«— QOther elements 1%

Sodium, magnesium
& potassium 2% ea.

Calclum 4%

Iron 5%

Common minerals
& mineral families

Olivine

Aluminum
8%

Silicon
28%

Calcite

Mica family

Oxygen
46%

Amphibole
& pyroxene

Quartz

Feldspar

Clay



88

(D)
N

CHAPTER 4: MINERALS

Figure 4-6 Feldspar is the
most common mineral in
Earth’s crust.

Minerals are defined as natural, inorganic, crystalline
solids that have a specific range of composition and consistent
physical properties. A surprising result of this is that ice is a
mineral. It is a natural solid substance that forms crystals.
Frost and snow are good examples of crystalline ice. As the
solid form of water, each molecule of ice (H;0) is composed of
two atoms of hydrogen (H) and one atom of oxygen (O). But,
unlike other minerals, ice has a low melting temperature, and
therefore, it is not a mineral of which rocks are formed.

WHAT ARE THE PROPERTIES OF MINERALS?

People identify things by their properties. In the identifica-
tion of minerals, some properties are more useful than are
others. The following section will concentrate on those prop-
erties that are most important in identifying minerals. The
“Properties of Common Minerals” chart in the Earth Science
Reference Tables lists some of the most helpful characteristics
used to distinguish one mineral from another.
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Rocks and minerals weather when they are exposed to the
conditions at Earth’s surface. When identifying a mineral, it
is important to use a fresh, unweathered sample. It is the
fresh surface that best shows the properties of the mineral.
Abrasion caused by rocks colliding crushes the minerals into
a powder that is much more difficult to identify than the orig-
inal sample. Furthermore, as rocks are broken down, miner-
als are often mixed in the process.

When the minerals are broken or powdered, a greater sur-
face is exposed to air and water. Chemical reactions that are
very slow on a fresh surface occur far more rapidly when the
mineral is powdered. These chemical changes degrade the
mineral by transforming it into a weathering product, just as
iron turns to rust. Many minerals react with moisture to form
clay minerals. If you try to identify a mineral in a weathered
sample, you may see the properties of a weathering product
rather than the properties of the original mineral.

Mineral identification tests can be separated into two cat-
egories: those that leave the sample unchanged and those
that change the sample. Observing the color of a mineral, or
testing to see if it is attracted by a magnet does not affect
the mineral. You can get an idea of how a mineral has been
broken by looking at surfaces where it broke apart. So far
you have not done anything that makes the mineral more
difficult to identify by the next person who sees it. Other
tests are destructive. If you actually break the mineral into
smaller pieces to observe its properties, you have performed
a destructive procedure. While breaking the mineral may
help you to identify the mineral sample, this destructive
procedure also makes it more difficult for the next person
using the mineral sample. Unfortunately, some useful tests
are destructive. For example, to observe a mineral reacting
with acid, the mineral must take part in a chemical reaction.
That reaction degrades a part of the mineral into a weath-
ering product.

When working with classroom samples, you should not
perform destructive tests unless permitted by your teacher.
Rough handling or destructive procedures can change a beau-
tiful and valuable mineral sample into useless fragments.
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Color is perhaps the first thing you notice about a mineral.
For some minerals, color is very useful in their identification.
For example, the brassy golden color of pyrite is very distinc-
tive. No other common mineral has this color. Sulfur is one of
the few yellow minerals. Almandite garnet is often identified
by its red color. However, many minerals can be the same
color. A black mineral might be magnetite, biotite, amphibole,
pyroxene, or a number of other less common minerals.

Many minerals are colorless or white, including pure sam-
ples of quartz, halite, gypsum and calcite. These light-colored
minerals present another difficulty of using color to identify
minerals. The color of these minerals can be changed by im-
purities. Impurities are small amounts of other substances
found in the mineral. Smoky quartz is gray to black. Rose
quartz is pink. Other impurities can make quartz orange,
purple, or green. Agate is a banded form of quartz in which
white layers often alternate with brown or other colors. As
with many other light-colored minerals, identifying quartz
by its color alone is very difficult. Dark-colored minerals are
less likely to show variations in color from sample to sample
because impurities usually do not cause them to change in
color.

A different way of looking at color is streak, the color of the
powdered form of a mineral. The method used to test for
streak involves rubbing a corner of a mineral sample across
an unglazed, white porcelain tile, called a streak plate. (Glaz-
ing is the glassy covering on plates, cups, and other porcelain
kitchenware.) (See Figure 4-7.) An unglazed surface is used
because mineral particles do not rub off on a surface that is
too smooth. When performing the streak test, you are looking
for the color of the powdered form of the mineral left on the
streak plate rather than the color of the solid surface of the
mineral sample.
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The streak test
is used on a mineral with a
metallic luster to find the
color of the mineral’'s pow-
dered form. A corner of the
sample is rubbed across an
unglazed porcelain streak
plate.

For some minerals, the color of the streak is very different
from the color of a fresh surface. For example, galena, a very
dense ore of lead, has a shiny gray, bright metallic surface.
When galena is drawn across a streak plate, the powder that
is left behind is dark gray to black. Samples of hematite, an
ore of iron, can vary in color depending upon how and where
they formed. Sometimes hematite is red or brown and some-
times a dark metallic silver. However, the streak color of
hematite is always reddish-brown. Pyrite is a metallic, brassy,
yellow mineral that has a green to black streak. Most non-
metallic minerals leave a streak that is the same color as the
sample itself. The streak test is therefore most useful with
minerals that have a metallic luster. These are the minerals
most likely to show one color on the surface of the sample and
a different color streak.

A few minerals are too hard for the streak test. Samples
of topaz, corundum, and diamond will scratch the streak
plate rather than leaving behind a powder. (Obviously, this
would not be good for the streak plate.)

Examining streak is a destructive test procedure. Each
time you rub a mineral sample on a streak plate a little bit
of the sample is lost and some of the powder produced in this
procedure remains on the mineral sample. If the streak test
is done carefully, the damage to the sample is small and ac-
ceptable.



CHAPTER 4: MINERALS

\\l//

N 7
~ -

Luster can be one of the more difficult observations. However,
luster is a very useful property. Shine is a part of luster,
but luster is more than how shiny a mineral appears. Luster
also includes how light penetrates a fresh surface. Luster is
defined as the way light is reflected and/or absorbed by the
surface of a mineral. Is all of the light reflected? Does some
of the light penetrate and some reflect? Is most of the light
absorbed? The answers to these questions describe the char-
acteristics of a mineral that determine its luster.

Luster is divided into two categories: metallic and non-
metallic. Minerals with a metallic luster reflect light only
from their outer surface. These minerals may have the hard
look of a polished metal surface. Silver, copper, gold, galena,
and pyrite have metallic luster. Light does not penetrate their
surfaces, and you cannot see anything below the surface. Lus-
ter is sometimes described as what a mineral looks like it is
made from. Minerals with a metallic luster look as if they are
made from a metal. Please note that luster is independent of
other properties of metals. For example, most metals are also
relatively dense. But a mineral can have a metallic luster and
have a density lower than most metals. Minerals that have
metallic luster can be hard or soft. Like color, the only way to
observe luster is with your eyes.

Minerals with nonmetallic luster can be sorted into sev-
eral groups. Some minerals, such as quartz and feldspar, have
a glassy luster. You have probably observed that while glass
is shiny, light can penetrate glass. If this were not true, win-
dows would not let light into a room. Few people would see a
piece of glass and think that it is a metal. They just do not
look the same. Metal and glass are shiny, but the glass sur-
face does not have the hard look of a metallic surface. A porce-
lain dinner plate has a shiny finish, but it does not appear to
be made of metal. Porcelain has a glassy luster that gives it
a softer look. While glass and porcelain are shiny, they do not
have a metallic luster.

Luster can also be dull. Clay has a dull, or earthy, luster
because it is not shiny at all. Dull luster is obviously non-
metallic. You would never mistake clay for a metal surface.



Figure 4-8 Pyrite
with quartz—the
quartz at the center
of the sample has a
glassy luster. The
pyrite surrounding
the quartz has a
metallic luster.
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There are a few other terms used to describe nonmetallic
luster. Talc has a pearly luster. Garnet has a waxy luster.
These terms are used to bring to mind substances that reflect
and transmit light in the same way as the mineral sample.
Figure 4-8 illustrates the difference between metallic and
glassy luster.

LUSTER OF COMMON OBJECTS

Make a list of objects in and around the classroom that can be de-
scribed by the different categories of luster. For each object,
record why it fits into that category of luster.

Aluminum foil is a good example. Notice how one side is
more reflective than the other is. But also notice how the side that
is dull still does not allow light to penetrate below its surface.

Z
;.; Hardness

The hardness of a mineral is its resistance to being scratched.
The sharp corner of any mineral will scratch a substance that
is softer. However, a mineral can be scratched only by a sub-
stance that has a greater hardness. This is the standard
method used to test hardness.
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Figure 4-9 Mohs’ scale of hardness is a relative index based on the hardness of
selected common minerals. It is not an absolute scale because changes in hard-
ness from step to step are not always equivalent. For example, diamond is much
harder than corundum, in spite of a change of only one unit on the Mohs’ scale.

The mineralogist Friederich Mohs developed a special
scale of hardness used to identify minerals. This scale is
known as Mohs’ scale of hardness. (See Figure 4-9.) The scale
lists 10 relatively common minerals ordered from soft to hard.
The softest mineral on Mohs’ scale is talc. Assigned a hardness
of 1, talc is so soft that any other mineral on the Mohs’ scale
can scratch it. A streak plate has a hardness of about 7.5 on the
scale. The hardest mineral on Mohs’ scale is diamond, which
was assigned a hardness of 10. Diamond is the hardest known
natural substance. A diamond can scratch every other min-
eral, but no other mineral can scratch a diamond.

Feldspar and quartz are among the most common miner-
als. Feldspar has a Mohs’ hardness of 6. The hardness of
quartz is 7. This means that both minerals are relatively hard
to scratch. However, the corner of a fresh sample of quartz
when drawn across a smooth surface of feldspar leaves a
scratch. On the other hand, feldspar will not scratch quartz
even when a fresh edge is used because quartz is harder than
feldspar. If two mineral samples have the same hardness, for
example two pieces of the same mineral, each will be able to
scratch the other.



\l,
Z

n\

WHAT ARE THE PROPERTIES OF MINERALS?

Consider an example of how the hardness test works. Sup-
pose you found a mineral that can scratch samples of talc,
gypsum, and calcite. But the sample will not scratch fluorite
or other minerals harder than fluorite. The hardness of the
sample must be between 3 and 4 on Mohs’ scale. If the sam-
ple scratched fluorite and fluorite scratched the mineral sam-
ple, the sample’s hardness is 4. Perhaps the mineral you are
trying to identify is fluorite.

Unfortunately, testing for hardness is a destructive test.
After an object has been scratched many times, new scratches
can be difficult to observe. One way to make the test less de-
structive is to observe whether a fresh edge of the mineral will
scratch a transparent glass plate. Glass is inexpensive and
easy to replace. Most glass has a hardness of 5.5 on Mohs’
scale. Therefore, this is a good way to distinguish harder min-
erals from softer minerals with relatively little damage to the
mineral sample.

Please note that hardness is not a resistance to breakage.
Steel is a tough material because it does not break easily.
Many of our most durable products are made from steel. Steel
is not shattered by hard impacts. Diamonds are much harder
than steel, but a blow that might dent or bend steel could
shatter the diamond into small shards. That is why hardness
is determined by the scratch test, not by any kind of collision.

If you have visited a mineral display in a museum, you have
seen what some consider to be among the most beautiful sub-
stances in the natural world. The regular, geometric shape of
a crystal is the result of the ordered alignment of atoms and
molecules within the crystal. In fact, crystals provide visible
evidence that matter is composed of atoms. The variety of col-
ors and shapes of mineral crystals has led some people to call
crystals the “flowers of the physical world.” One of the rea-
sons that large crystals are valued is because they are rare.
Most of the rocks that we see in the lithosphere do not have
crystals large enough to be obvious. The crystals may be
too small to see without magnification. Even if crystals are
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visible they are probably not the perfectly shaped crystals
you see in museums.

Mineral crystals form in several different environments.
Cubic crystals of halite (the mineral in rock salt) are left be-
hind when a salty lake or lagoon evaporates. Other crystals
form when water at Earth’s surface or circulating under-
ground, deposits the minerals from solution. If the process is
slow enough, layer upon layer of atoms and molecules build
up to form visible crystals. Some crystals grow when molten
rock cools slowly. Slow cooling allows a mineral to form large
networks of ordered atoms and molecules. When lava or
magma (hot liquid rock) comes to Earth’s surface, dissolved
gases expand and leave holes in the rock. Holes that are con-
nected may allow water, especially heated water, to circulate
through the rock. This hot water can dissolve a mineral from
the large mass of rock and deposit it in the holes as crystals.
Natural quartz crystals sold in some science, gift, and rock
shops were formed in this way. If a large mass of magma that
contains dissolved water cools slowly enough, the whole rock
can be made of intergrown crystals several centimeters or
more in length. Water is not required for crystal growth, but
it helps form large crystals.

Minerals can be identified by their characteristic crystal
shapes. Quartz and calcite are colorless, white, or light-colored
minerals with a glassy luster. Both minerals are very common.
Unless you look beyond these similarities, you might get
quartz and calcite confused. Quartz forms six-sided, hexago-
nal crystals. In cross section, they are shaped like a wooden
pencil. Calcite crystals are usually four-sided with very differ-
ent angles between the crystal faces.

When minerals are broken, they tend to break in character-
istic patterns. The term cleavage refers to the tendency of
some minerals to break along smooth, flat planes. Cleavage
surfaces can be recognized because they reflect light like a
flat sheet of glass.

The number of cleavage directions and the angles between
them are the most important features of cleavage. Minerals in
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the mica family, such as biotite and muscovite, show perfect
cleavage in only one direction. Large crystals of mica are
sometimes called books of mica because they can be split
again and again into very thin sheets. The feldspars have two
cleavage directions that meet at nearly a right angle. The
feldspar minerals break into pieces that have a rectangular
cross section. The ends of the shards are not cleavage sur-
faces, so they are not as smooth and do not reflect light like the
two cleavage planes.

Some minerals show three cleavage directions. When they
break into pieces, the particles have shiny surfaces all
around. Halite, the primary mineral in rock salt, and galena,
a silvery metallic mineral, split into little cubes. These min-
erals show three cleavage planes that meet at right angles.
Calcite is the primary mineral in limestone. When calcite
crystals are broken, three cleavage directions are observed.
But calcite’s cleavage planes do not meet at right angles. Cal-
cite breaks into rhombohedrons that look like rectangular
solids that have been pushed to one side. (See Figure 4-10.)

Why do minerals show cleavage? Mineral crystals are
composed of atoms arranged in neat rows. The crystals tend
to break parallel to the rows of atoms. Minerals also break
along surfaces where the bonds, or attachments, of atoms are
relatively weak. Many minerals such as halite, calcite, and
mica, cleave parallel to their crystal faces.

Not all minerals break along definite cleavage directions.
Minerals that break along curved surfaces or surfaces that
are not parallel are said to show fracture. Natural quartz
crystals have six flat sides. But when quartz crystals are bro-
ken they fall apart along curved surfaces that are not paral-
lel to the flat sides. This is known as conchoidal fracture.

TN e

Halite forms cubic crystals  Calcite crystals are Quartz crystals are  Minerals in the mica
that cleave parallel to the rhombohedral and  hexagonal but fracture family split into thin,
crystal faces. cleave parallel to the along curved surfaces.  flexible sheets.
crystal faces.
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ACTIVITY 4-3
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Garnet breaks smoothly, and the shards have shiny surfaces.
But the surfaces are not flat and parallel. Therefore, garnet
shows fracture rather than cleavage.

Some substances break into fragments or a powder that
shows neither cleavage nor fracture. For example, clay disin-
tegrates into a fine powder. Clay is among the minerals that
show neither cleavage nor fracture.

To test a mineral for cleavage or fracture you must break
it. Crystals are rare and beautiful. Breaking these samples
destroys them. It may be better to observe the natural break-
age surfaces and the angles at which they meet rather than
actually testing a mineral in a destructive procedure.

BREAKAGE OF HOUSEHOLD SUBSTANCES

For this activity you will need a simple magnifying lens made of
glass or plastic.

Use the magnifier to observe a variety of granular substances
in your home such as sugar, salt, baking soda, and soap flakes.
Check with your parents to determine which substances are safe
to handle and to help you avoid making a mess.

Make a list of the substances you observed, and tell why you
think each shows cleavage, fracture, or neither.

N
== Density

In Chapter 1, density was defined as the concentration of mat-
ter. Objects that are dense are heavier than less dense objects
of the same size. If you pick up a sample of magnetite or pyrite,
it will weigh about twice as much as a same size piece of most
other minerals. Gold is denser than magnetite or pyrite. A pop-
ular method used to separate gold from other minerals in a
stream is called panning. Figure 4-11 shows a man panning
for gold. This method is used in places where particles of gold
have been washed into streams. A pan with slanted sides, such
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Figure 4-11 Because of its high density, gold settles to the bottom of the pan as the
lighter minerals are washed away.

as a pie pan, can be used to scoop up sand and gravel from a
streambed. When the gravel is agitated in a pan and washed
with water, the lighter particles rise to the top and they fall
over the edge of the pan. At the same time, the densest parti-
cles settle into the crease in the pan. If the person using the
process is very lucky he or she might find tiny flakes of “color,”
the prospector’s name for small particles of gold.

SEPARATING MINERALS BY PANNING

You can use panning to separate minerals by density. You will
need a metal or plastic pan with sloped sides and a crease where
the sides meet the bottom. Place a mixture of different kinds of
sand-size particles in the pan and swirl them with lots of water.
(You could use beach sand.) In your report, describe how the min-
eral particles that rise to the top appear different from the parti-
cles that collect at the bottom in the crease of the pan. Can you
determine any differences among the particles other than density?
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Figure 4-12 The density of many common minerals is between 2.5 and 3.5 g/cm3.

In Chapter 1, you also learned that the density of an ob-
ject could be calculated by dividing its mass by its volume.
When mass is measured in grams and volume is measured in
cubic centimeters, the unit for density is grams per cubic cen-
timeter (g/cm3). For example, the density of water is 1 g/cms3.
The density of the most common minerals is in the range of
2.5-3.5 g/cm3. Many minerals have about the same density.
Identifying a mineral by its density is helpful if the mineral
is unusually dense. Figure 4-12 gives the density of many
common minerals.

Magnetite and galena are about twice as dense as the more
common minerals. As mentioned previously, gold is the dens-
est mineral substance you are likely to encounter. The density
of gold is 19.3 times as dense as water and roughly six or seven
times as dense as the most common minerals.

;.; Special Properties

Some minerals have special properties that are relatively
rare. These properties can be useful in identifying these min-
erals. For example, graphite and talc are unusual because
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they feel greasy or slippery. Minerals in the mica family (mus-
covite and biotite) cleave into thin, flexible sheets. Magnetite
is an ore of iron that is attracted to a magnet. Sulfur has a dis-
tinctive odor and melts at a low temperature.

It is a good rule not to taste or eat anything in a science lab.
This is especially true of laboratory chemicals. (You should ask
permission from your teacher before you taste any mineral
substances.) Halite (the principle mineral in rock salt) can be
identified by its salty taste.

Acids can be dangerous substances. If you are allowed to
use them, handle them with great care because a strong acid
can burn your skin and make holes in clothing. When a drop
of acid is placed on calcite or a rock that contains calcite, a
chemical reaction occurs that gives off bubbles of gas.

A fresh surface of plagioclase feldspar may have small
striations that look like parallel scratches on its surface. You
are unlikely to find uranium in an Earth science lab because
it is radioactive, which means that it gives off invisible rays
and particles called ionizing radiation. (Ionizing means that
the radiation is a high-energy form that can damage atoms.)
This radiation can be detected with special instruments, and
it is a strong indication of the presence minerals that contain
uranium or several related elements.

Eﬁ} WHAT ARE THE MOST COMMON MINERALS?
QL

A variety of minerals have been mentioned in this chapter
that illustrate the properties used to identify minerals. Of the
thousands of known minerals, just five make up about 85 per-
cent of Earth’s crust. These are the minerals that you are
most likely to see. (See Figure 4-13 on page 102.)

The two most abundant elements in Earth’s crust are
oxygen and silicon. The group of minerals that contains both
oxygen and silicon is known as the silicate minerals. As you
might expect, silicates are the most abundant minerals in
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Earth’s crust. Of the following minerals, only calcite is not
a silicate.

The feldspar family of silicate minerals makes up more than
half of Earth’s crust. In fact, the name feldspar comes from
the Swedish words for field and mineral. The name refers to
the fact that Swedish farmers had to move large quantities
of rock rich in feldspar from their fields before they could
plant crops. The feldspar family of minerals is divided into
groups according to composition. Plagioclase feldspars con-
tain, in addition to silicon and oxygen, sodium and calcium in
variable proportions. Potassium feldspar contains potassium
instead of sodium or calcium along with silicon and oxygen.
Distinguishing between these groups can be difficult. In this
book, they will be described by their common properties. The
feldspar minerals are generally white to pink in color and
cleave in two directions at nearly right angles. Look again at
Figure 4-6 on page 88. Feldspars have a glassy luster. With
a hardness of 6 on Mohs’ scale, the feldspar minerals will
scratch glass but will not scratch quartz.
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;./; Quartz

Quartz, another silicate, is second only to the feldspar min-
erals in abundance. If pure, quartz contains only silicon and
oxygen; it has the chemical formula SiO,. It is usually color-
less or light in color and sometimes transparent. Quartz is
often translucent, which means light can pass through but
you cannot see objects on the other side as you could through
a window. (See Figure 4-14.) Impurities can make quartz al-
most any color. The semiprecious gems amethyst, agate, and
onyx are examples of quartz that is colored by small amounts
of impurities. Like the feldspars, quartz has a glassy luster.
With a Mohs’ hardness of 7, quartz can scratch most other
minerals. Although most samples of quartz are not crystals,
when quartz does form crystals, they are hexagonal, or six-
sided, and can be pointed on one or both ends.

_._ Micas

Minerals in this silicate family are easy to identify because
they are the only common minerals that can be split into
thin, flexible sheets. We say that mica has perfect cleavage in
one direction. Like quartz and feldspar, the mica minerals
have a glassy luster but they are relatively soft, with a hard-
ness of only 2.5 on Mohs’ hardness scale. Muscovite mica is
rich in potassium and aluminum giving it a light color. Bi-

lr,
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Figure 4-14 Quartz some-
times occurs in large, hex-
agonal crystals.
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otite mica is dark in color due to the presence of iron and
magnesium. Rocks that are rich in mica can have a reflective
sheen on fresh surfaces.

N2
;.; Amphiboles and Pyroxenes

The silicates amphibole and pyroxene are the most common
dark-colored minerals. Both have a Mohs’ hardness value be-
tween 5 and 6. They break into stubby splinters. Amphibole
minerals, such as hornblende, can be distinguished from the
pyroxene minerals, such as augite, by the angle at which their
two cleavage surfaces meet. In the amphibole minerals, cleav-
age surfaces meet at 60° and 120° angles. The angle between
cleavage surfaces in the pyroxene family is perpendicular,
or 90°.

\\\\ll/

;./; Calcite

Although calcite is not as common throughout Earth’s crust
as are the minerals above, it is relatively common at the sur-
face. Calcite is also the only mineral in this section that is not
a silicate. By chemical composition, calcite is calcium car-
bonate (CaCOs). This means that calcite contains carbon and
oxygen rather than the silicon and oxygen combination that
defines the silicate minerals. Calcite is the most common
mineral in the carbonate group. In very pure form, calcite
may look transparent and colorless, but like quartz it can
have a variety of colors due to impurities. A soft mineral, cal-
cite has a hardness of only 3. In very pure samples, breakage
along cleavage directions can result in a rhombohedral shape
that looks like a rectangular solid that has been pushed to-
ward one side. Limestone and marble are common rocks that
are made primarily of calcite.

\\\\ll/

;./; Olivine

Olivine is extremely common within Earth. However, it is not
usually visible at the surface because it quickly weathers into
clay. Olivine can often be observed in unweathered igneous
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rocks and it is readily identified by its olive-green color,
glassy luster, and granular texture.

\\\\ll/
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Clay is a family of soft, earthy minerals that usually forms as
a decomposition product of a wide range of other minerals in-
cluding feldspar and mica. It forms when these minerals com-
bine chemically with water in the weathering process. Clay is
a major component of soil and the primary mineral in shale.
Clay power is composed of very fine particles that become
sticky and flexible when a small amount of water is added. It
often has an earthy odor.

;._ Using a Flowchart to Identify Minerals

\\\\ll/

The simplified flowchart in Figure 4-15 on page 106 can help
you identify seven of the most common minerals. In this
chart, you start on the left and proceed through the chart to
the right. For example, if you unknowingly had a sample of
calcite, you would start by noticing that your sample is light
in color. So at the first branch you would take the top choice.
Your sample is too soft to scratch glass so you move to the
top of the next division. Your sample cleaves in three direc-
tions, which takes us to the lower portion of the final divi-
sion. Finally you know that your sample bubbles when
tested with acid. Calcite is the only common mineral that
has this combination of properties.

7
;.; Using the Reference Tables

The most useful properties in mineral identification are in-
corporated in the “Properties of Common Minerals,” Figure
4-16 on page 107, also found in the Earth Science Reference
Tables. You should be able to use this chart to identify fresh
samples of any of the 21 minerals listed in the “Mineral
Name” column. Among the thousands of known minerals,
these are the minerals you are most likely to observe both in
the natural environment and in the science lab.
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Figure 4-15 This
flowchart can help
you identify some of
the most common
minerals. Start at
the left side and
progress through the
properties of the
sample.

ACTIVITY 4-5
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To use this chart, start on the left side by identifying the
luster of the sample in question. Then work your way to the
right checking each property listed (hardness, cleavage or
fracture, color, etc.) This chart contains more than informa-
tion to help you identify mineral specimens. It also includes
information about the chemical composition and the princi-
pal uses of each mineral.

MINERAL IDENTIFICATION

Suggested materials: set of minerals, small magnifier, streak
plate, small glass plate, magnet

Your teacher will provide you with a kit containing several min-
erals. Use the “Properties of Common Minerals” chart to identify
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Figure 4-16 Properties of common minerals.
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each of the samples. Record all the information you used to help
you identify each mineral. But record only what you actually ob-
served. For example, you probably have only a glass plate to de-
termine the hardness of the minerals. Therefore, you will not be
able to record the specific Mohs” hardness number as listed on the
chart. However, you can record whether the mineral could scratch
glass.

Please handle the minerals with care and avoid damaging the
samples when you perform destructive procedures. For example,
rather than breaking the sample to observe fracture or cleavage,
look at the surface of the sample to see how it broke when the
mineral sample was prepared for the kit.

compound element hardness mineral silicate
cleavage fracture luster Mohs’ scale streak

Based in information in the Earth Science Reference Tables (Figure 4-16)
which mineral is an iron ore that has a characteristic reddish brown streak?

(1) magnetite (3) hematite
(2) pyrite (4) olivine

Halite has three cleavage directions at 90° to each other. Which model best
represents the shape of a broken sample of halite?
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Base your answers to questions 3—5 on Mohs’ hardness scale and on the chart
below showing the approximate hardness of some common objects.

MINERAL HARDNESS

Mohs' Approximate
Hardness Scale Hardness of
Common Objects
Talc 1
Gypsum 2 ___—Fingernail (2.5)
Calcite 3 .__—Copper penny (3.5)
Fluorite 4 ___—Iron nail (4.5)
Apatite 5 ~__—Gilass (5.5)
Feldspar 6 ___—Steel file (6.5)
Quartz 7 Streak plate (7.0)
Topaz 8
Corundum 9
Diamond 10

3. Which statement is best supported by this scale?

(1) A fingernail will scratch calcite, but not quartz.
(2) A fingernail will scratch quartz, but not calcite.
(3) A piece of glass can be scratched by quartz, but not by calcite.
(4) A piece of glass can be scratched by calcite, but not by quartz.

4. Mohs’ scale would be most useful for

(1) identifying a mineral sample.

(2) finding the mass of a mineral sample.

(3) finding the density of a mineral sample.

(4) counting the number of cleavage surfaces of a mineral sample.

5. The hardness of these minerals is most closely related to the

(1) mineral’s color.

(2) mineral’s abundance in nature.

(3) amount of iron the mineral contains.
(4) bonding of the mineral’s atoms.

6. What mineral leaves a green-black powder when rubbed against an un-
glazed porcelain plate?

(1) galena (3) hematite
(2) graphite (4) pyrite
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7.

10.

11.

12.

13.
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Which statement about the minerals plagioclase feldspar, gypsum, biotite
mica, and talc can best be inferred from the “Properties of Common Min-
erals” chart in the Earth Science Reference Tables (Figure 4-16)?

(1) They have the same physical and chemical properties.

(2) They have different chemical properties but similar physical proper-
ties.

(3) They have different physical and chemical properties, but they have
identical uses.

(4) The physical and chemical properties of these minerals determine how
they are used.

. Which mineral is white or colorless, has a hardness of 2.5, and splits with

cubic cleavage?

(1) calcite (3) pyrite
(2) halite (4) biotite

. What property do nearly all rocks have in common?

(1) They show cleavage. (3) They were organically formed.
(2) They contain minerals. (4) They formed on Earth’s surface.

Looking at a mineral sample on a table without touching or moving it,
what property could you observe?

(1) hardness (3) density

(2) atomic structure (4) luster

Which of the following is not a true mineral?

(1) biotite mica (3) potassium feldspar

(2) crude oil (4) sulfur

Which of the following is a mineral that, if pure, contains only one kind of
atom?

(1) quartz (3) pyrite

(2) calcite (4) sulfur

Which of the following substances is a mineral?

(1) sandstone (3) quartz
(2) steel (4) glass
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14. What kind of rock is composed mostly of material that is not a mineral?

(1) granite (3) sandstone
(2) organic limestone (4) molten magma

15. Which of the following minerals are you most likely to eat every day?
(1) calcite (3) galena
(2) quartz (4) halite

Open-Ended Questions

16. Describe how to test the hardness of a mineral sample.

17. What is the difference between cleavage and fracture?

18. Magnetite is a dark-colored mineral that shows metallic luster. Biotite is
a dark-colored mineral that has a glassy luster. Use these two minerals to
explain how a glassy luster differs from a metallic luster.

19. State three ways in which quartz and plagioclase feldspar are similar.

Base your answers to questions 20 and 21 on the data table below, which shows

the volume and mass of three different samples, A, B, and C, of the mineral
pyrite.

Pyrite

Sample Volume (cm3) Mass (g)
A 2.5 12.5

B 6.0 30.0
C 20.0 100.0

20. On a piece of graph paper, plot the data (volume and mass) for the three
samples of pyrite and connect the points with a line.

21. According to your graph, what is the mass of a sample of pyrite that has a
volume of 10.0 cm3?
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In Chapter 1 you learned that science is a way of making, or-
ganizing, and using observations. One of the important skills
of a scientist is the ability to classify. In the process of classi-
fication, objects, ideas, or information is organized according
to their properties. Things that are similar in some character-
istic are grouped together. Things that do not have this char-
acteristic are put into a different group. In this process, it is
important to specify what properties are being used to group
things. For example, in the last chapter you read about the
classification of minerals according to those with metallic lus-
ter and minerals with nonmetallic luster.

CLASSIFICATION

Your teacher will give you about a dozen objects to classify. Di-
vide the objects into groups based on their observable properties.
Start by listing all the objects. Each time you divide the objects
into groups, state a single property that allows you to clearly de-
cide to which group an object belongs. As you divide each group
into smaller groups, limit the number of subgroups to two or three.
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Continue the process until each object is alone in a group. Create
a flowchart that will allow someone else to separate and/or iden-
tify all the objects.

h& WHAT ARE ROCKS?

D)

ACTIVITY 5-2

A rock is a substance that is or was a natural part of the
solid Earth, or lithosphere. Rocks come in a great many vari-
eties. Some rocks are unusual enough for geologists and peo-
ple interested in geology to collect them. Rocks can also be
colorful or attractive. Landscapers often make use of rocks in
planning homes or parks.

Most rocks are composed of a variety of minerals. In some
rocks, you can recognize the minerals as variations in color
or other mineral properties within the rock. Granite is a good
example. If you look carefully at a sample of granite with a
hand lens, you will probably observe some parts of the rock
that are transparent. This is probably the mineral quartz.
Other parts are white or pink with angular cleavage. These
are properties of plagioclase feldspar and potassium feldspar.
Dark mineral grains that occur in thin sheets are biotite
mica. Dark minerals that occur in stubby crystals are proba-
bly hornblende, the most common mineral in the amphibole
family. Other minerals can occur in granite, but they are not
as common as these four.

Other rocks are composed of a single mineral. Some vari-
eties of sandstone, particularly if they are very light in color,
can be nearly 100 percent quartz. Very pure limestone is
nearly all calcite. Rock salt can be nearly pure halite.

MAKING A ROCK COLLECTION

As you read through this chapter, collect rocks from around your
community. If you wish, you can add rocks from your travels or
rocks that you have obtained elsewhere. You may recall that when
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you worked with minerals you tried to use fresh, unweathered
samples. It is important to follow the same rule in collecting rocks.
Weathered rocks tend to crumble, and they are also harder to
identify than fresh samples.

This rock collection will have two purposes. First, it should
help you discover the variety of rocks around you. The second
purpose will be to use the information in this chapter to classify
your rocks.

Your samples should be divided into the three categories you
will learn about in this chapter: igneous, sedimentary, and meta-
morphic rocks. You may collect as many rocks as you wish, but
the final submission will consist of six small rocks, each of which
shows a properties of its category. Therefore, for each rock sub-
mitted classify it as igneous, metamorphic, or sedimentary and tell
why each sample fits into its group. Your samples may be placed
in a half-dozen egg carton.

You are encouraged to check your progress on this assignment
with your teacher and to carefully observe the rock samples you
use in class to clarify the properties used to classify rocks. Your
teacher will collect your samples after the class has completed the
chapter.
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;.; Classification of Rocks

In the previous chapter you learned that minerals are classi-
fied on the basis of their observable properties such as luster,
hardness, color, and cleavage. Geologists have found it more
useful to separate rocks into three groups based on how they
formed. The way rocks form is called their origin.

When any material is heated enough, it will melt. This is
true even of rocks. If the melted material cools enough, it will
solidify. The process of solidification is sometimes called crys-
tallization. You may recall that minerals were defined as crys-
talline solids. The formation of a true solid involves atoms and
molecules moving into fixed and ordered positions. While the
networks of atoms and molecules may not be large enough to
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form visible crystals, it is the movement of atoms and mole-
cules into these fixed and ordered positions that defines the
formation of a solid. Therefore solidification is the formation
of a crystalline solid.

Igneous rocks form from hot, molten (liquid) rock mate-
rial that originated deep within Earth. Only igneous rocks
have this origin. Hot, liquid rock is called magma. (At Earth’s
surface magma is known as lava.) In Chapter 2 you learned
that Earth’s temperature increases as you go deeper within
the planet. In some places within Earth, it is hot enough to
melt rock. When this molten rock rises to or near Earth’s sur-
face where it is cooler, the liquid rock material changes to solid
rock. Igneous rocks are especially common around volcanoes
and in places where large bodies of rock that have melted and
then solidified underground have been pushed to the surface.

In Chapter 7 you will learn that most of Earth’s interior is
in the solid state. If temperatures underground are hot
enough to melt rock, why is the interior not mostly liquid? The
reason that Earth is mostly in the solid state is the increase of
pressure with depth. While the increasing temperature tends
to melt the rock, the increase in pressure prevents melting.

Rocks weather and break down when they are exposed
at Earth’s surface. The weathered rock material is usually
washed away by rainfall and carried into streams. Eventu-
ally the weathered material accumulates as layers of sedi-
ment somewhere, usually in a large body of water such as an
ocean. As more layers of weathered rock are deposited on top
of the older layers, the lower layers are compressed by the
weight of sediments accumulating above them. Furthermore,
water circulating through them carries rock material into
the spaces between the particles filling them with natural
cement. Compression and cementing of weathered rock frag-
ments or the shells of once living creatures is the origin
of most sedimentary rocks. The second group of rocks is
called sedimentary rocks.

If sedimentary or igneous rocks are buried so deeply that
heat and pressure cause new minerals to form, the result is
metamorphic rocks. Metamorphic rocks are the only group
that forms directly from other rocks (igneous or sedimen-
tary). But if most metamorphic rocks form within Earth, how
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can they be found at the surface? The answer to this question
involves two important Earth-changing processes. The first is
uplift. Earth contains a great deal of heat energy. As heat es-
capes from the interior of the planet, it sometimes pushes up
rocks to form mountains. The second process is weathering
and erosion. Weathering and erosion wear down the moun-
tains exposing rocks at the surface that actually formed at
depths of 10 km or more underground. Wherever you find a
large mass of metamorphic rock at the surface, you are prob-
ably looking at the core of an ancient mountain range.

Not all rocks fit easily into one of these three categories.
Some volcanoes throw great quantities of ash into the air. The
ash falls, settles in layers, and hardens. The settling part of
ash layers’ origin is similar to the processes that form sedi-
mentary rock. However, because the material came from a
volcano, volcanic ash is classified as an igneous rock. Another
example is the gradual change from igneous or sedimentary
rock to metamorphic rock. It may not be clear at what point
the rock should no longer be classified as its original parent
rock and when it should be called a metamorphic rock. In
spite of these occasional difficulties, the classification of rocks
by their origin has generally served geologists and Earth sci-
ence students well. Figure 5-1 illustrates the way to classify
rocks as igneous, sedimentary, or metamorphic by their ap-
pearance. Rocks can be classified by their appearance be-
cause the way they look offers clues to their formation.

i HOW ARE IGNEOUS ROCKS CLASSIFIED?

DY

I gneous rocks are classified by their color and texture. The
colors in rocks come from the minerals that make up the
rocks. Minerals rich in aluminum (chemical symbol, Al) are
commonly light-colored, sometimes pink. These minerals are
called felsic because the feldspars are the most common
light-colored minerals. the word “felsic” comes from feldspar
and silicon. Minerals rich in magnesium (chemical symbol,
Mg) and iron (chemical symbol, Fe) such as olivine and py-
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Because igneous rocks have formed from molten Most sedimentary rocks are composed of rounded
magma or lava, they are composed of intergrown crystals. fragments cemented in layers. In fine-grained rocks,
Rapid cooling, however, can make the crystals too small the individual grains may be too small to be readily visible.
to be visible. Igneous rocks are usually quite hard and Rocks made by chemical precipitation are composed of
dense, and layering is rare. Gas bubbles may give intergrown crystals, although these crystals are relatively
igneous rocks a frothy texture. soft. A rock that contains fossils is almost certainly a

sedimentary rock.

Metamorphic rocks, like igneous rocks, are usually
composed of intergrown crystals. But, like sedimentary
rocks, they often show layering, banding, or foliation.
The layers may be bent, or distorted.

Rocks can be classified by their appearance.

roxene families are called mafic (MAY-fic) The word “mafic”
comes from a combination of magnesium and ferric, which is
used to describe iron. Mafic minerals are often dark colored.

The next characteristic in classifying igneous rocks is
their texture. Texture describes the size and shape of the
grains and how they are arranged. Texture answers the fol-
lowing questions. Is the rock composed of different kinds of
grains? How large are these grains, and what shape do they
have? Do they show any kind of organization?

In igneous rocks, the size of the crystals is a result of how
quickly the rock solidified. If the magma cooled slowly, the
atoms and molecules had enough time to form crystals that
are visible without magnification. Granite is a good example
of a rock that cooled slowly. Granite is a popular building
stone because it resists wear and weathering and because it is
attractive. Granite has a speckled appearance. The different
colors in granite come from the different minerals of which it
is composed. Crystals from i- to 1-cm long are common in
granite. If the granite is pink, it probably contains a large
amount of potassium feldspar, which can be pink or white.
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Most granite forms in large masses within Earth. The
movement of magma to a new position within Earth’s crust
is called intrusion. Intrusion occurs totally underground, or
inside Earth. Sometimes a large quantity of hot magma rises
to a place near the surface where it slowly cools to form solid
rock.

In other cases, granite originates from a mass of rock
buried deeply enough to melt. As the mass cools and crystal-
lizes, it slowly forms granite. Because coarse-grained igneous
rocks such as granite form deep underground, they are clas-
sified by origin as intrusive or plutonic rocks. (The term plu-
tonic comes from the name of Pluto, the Roman god of the
underworld.)

Basalt is also a common igneous rock, especially under the
oceans. The ways that basalt differs from granite can help you
understand how igneous rocks are classified. Basalt usually
forms from magma that rises to or very near the surface. Ex-
trusion is the movement of magma onto Earth’s surface. At
the surface, lava cools quickly, and the resulting crystals are
too small to be visible without magnification. Fine-grained
igneous rocks such as basalt are therefore called extrusive or
volcanic rocks. Basalt is rich in mafic minerals that give it a
dark color, generally dark gray to black. See Figure 5-2.

Figure 5-3 is a chart from the Earth Science Reference Ta-
bles that can help you understand and classify igneous rocks

Figure 5-2 Granite and
basalt. Granite is a light-
colored, coarse-grained
igneous rock. Basalt
contains much smaller
crystals and is relatively
dark in color.




Figure 5-3 You can
use this chart to
identify the most
common igneous
rocks and to esti-
mate their mineral
composition.
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primarily by color and texture. The rocks with the smallest
crystals (fine-grained, extrusive rocks) are at the top of this
chart. In these rocks, the grains of the different minerals are
too small to be readily visible without magnification. Below
them are the coarse igneous rocks in which it is easy to see the
different minerals.

Variations in mineral composition occur between the light-
colored (felsic) rocks, such as granite and rhyolite on the left
side of the chart, and the mafic rocks, such as basalt and gab-
bro on the right side. Along with this variation in composition
(felsic to mafic) comes a change not only in color (light to dark)
but also a change in density. You may not be able to feel that a
mafic rock is heavier than a felsic rock of the same size, but
the difference is measurable. The difference in density will be-
come important when we consider the interior of our planet in
Chapter 7.
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Among the terms that you will find on the chart is vesic-
ular. A vesicular texture refers to the gas pockets, called
vesicles, that are common in extrusive igneous rocks. When
magma rises, the decrease in pressure causes trapped gases
to form bubbles. This is similar to what happens when you
open a bottle of carbonated soda. Bubbles in soda are trapped
carbon dioxide. But the gas bubbles that form in lava are
mostly water vapor, which escapes into the atmosphere. Sco-
ria has large vesicles, and may look like cinders from a fire.
Pumice has smaller gas bubbles, and it can be so light it may
float on water. Pumice is sometimes sold as an abrasive used
to scrape the gratings of barbecue grills. If you forget what
vesicular means, look at the top, right portion of the chart
where you will find the word “vesicular” just above the two
words “gas pockets” in parentheses.

At the top of the chart is a texture called glassy. Some-
times lava cools so quickly it forms a rock that looks like a
shiny, dark, glass material. This is obsidian. If obsidian (also
known as volcanic glass) contains crystals, they are too small
to be seen even under a microscope. The properties of the
other igneous rocks listed in the Scheme for Igneous Rock
Identification can be determined from the rock’s position on
the chart. For example, pegmatite appears at the bottom left
of the chart. Like other igneous rocks on the left, pegmatite
is relatively light in color. Its position at the bottom means
that pegmatite is composed of very large crystals.

The bottom section of the Scheme for Igneous Rock Iden-
tification is called Mineral Composition. This section shows
the minerals that are common in igneous rocks. For exam-
ple, granite usually contains potassium feldspar, quartz, pla-
gioclase, biotite, and amphibole. If you imagine a vertical line
running directly below the word granite and into this sec-
tion, you will see that quartz and potassium feldspar make
up about 66 percent of the volume of granite. The percent of
each mineral is indicated by the scale that appears on each
side of the Mineral Composition section of the chart. The
composition of basalt is under the word “Basalt” near the
other side of the chart. Basalt is mostly plagioclase and py-
roxene. The mineral composition of igneous rocks is variable.



Figure 5-4 Scoria
is an igneous rock
that contains large
air pockets. As the
magma rises to

the surface the de-
crease in pressure
causes the gases,
such as water vapor
and carbon dioxide,
to expand, forming
pockets. The gases
escape into the at-
mosphere.

Figure 5-5 Four
textures common in
igneous rocks.
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The various compositions of each rock are enclosed by the
dotted lines.

This chart is a good example of how much information is
available in the Earth Science Reference Tables. The good
news is that these charts should be available to you when-
ever they can help you on labs or tests. However, you will
need to understand how to use the charts and what the words
on the chart mean.

The most common igneous rocks have characteristics that
will help you identify them as igneous. Igneous rocks are
made of mineral crystals such as those you can observe in
granite, although the crystals may be too small to see with-
out magnification. Most igneous rocks do not show layering.
While lava flows may occur in pulses that turn into thick lay-
ers of igneous rock, small samples seldom show layering.
Some fine-grained igneous rocks contain rounded holes made
by the escape of gases trapped in the magma. If you observe
these textures, you are probably looking at an igneous rock.
(See Figures 5-4 and 5-5.)

Glassy
(Obsidian)

Fine grained
(Basalt)

Coarse grained
(Granite)

Very coarse
(Pegmatite)
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;.; Common Igneous Rocks

Of all the igneous rocks named on the Scheme for Igneous
Rock Identification in the Earth Science Reference Tables,
or Figure 5-3 on page 119, you are most likely to encounter
just seven in your Earth science course. These seven ig-
neous rocks are very easy to tell apart, and they show the
range of properties of igneous rock.

Granite is a coarse-grained, felsic (light-colored) igneous
rock. Its overall color is likely to be light gray or pink. Be-
cause of slow cooling the mineral crystals are large enough to
be visible without magnification.

Rhyolite is the fine-grained equivalent of granite. Rhyolite
is light colored and felsic in composition. Rapid cooling of the
magma has resulted in very small mineral grains that are
unlikely to be readily visible.

Gabbro, like granite, is composed of large crystals because
of slow cooling of the magma. (It is coarse grained.) Unlike
granite, gabbro is mafic in composition, which means that it
is composed primarily of the dark minerals rich in iron and
magnesium.

Basalt has a mineral composition similar to gabbro’s, so
it is also relatively dark in color. However, basalt cooled so
quickly that, as in rhyolite, the individual mineral grains
might be too small to see without magnification.

The next two igneous rocks share an unusual feature. Sco-
ria and pumice are both full of air pockets. This is an indica-
tion that they probably formed from magma rich in dissolved
gases, such as water vapor, and ejected from a volcano during
a violent eruption. The pockets in pumice are small enough
that individual pockets are not obvious. Scoria has larger
pockets and looks like cinders.

Volcanic glass is also called obsidian. The term glass de-
scribes its smooth texture, which results from rapid cooling
of lava that had little dissolved water or gases. It is usually
black due to the even distribution of dark minerals, even
through the mineral composition of volcanic glass is most
often felsic. See Figure 5-6.
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Figure 5-6 The glassy tex-
ture of obsidian (volcanic
glass) indicates that it
cooled very quickly.

:r:?; WHAT IS THE BOWEN REACTION SERIES?

L\‘ P»J

Figure 5-7 illustrates the Bowen reaction series. American
geologist N. L. Bowen devised this chart. This diagram shows
that as magma of mixed composition cools, different miner-
als crystallize at different temperatures. Those minerals at

Bowen Reaction Series

FIRST Rock Name
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Figure 5-7 The Bowen reaction series illustrates the sequence of crystallization of
different minerals in magma. As the magma cools, minerals near the top of the

chart solidify first, followed by those below them.
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the top of the chart, such as olivine, crystallize at a tempera-
ture of about 1100°C. As the magma cools, solidification con-
tinues. The minerals near the bottom of the chart, such as
quartz, remain liquid until the magma reaches a tempera-
ture of about 570°C. The minerals along the left side of the
chart crystallize one after the other. This is called a discon-
tinuous change. The single box on the right side of the chart
shows a gradual change in the crystallization of feldspar
from calcium-rich plagioclase to the more sodium-rich pla-
gioclase. This is called a continuous change because as the
temperature drops, there is a gradual increase in the propor-
tion of sodium feldspar.

The work of Dr. Bowen helped geologists solve a difficult
problem in geology. Nearly all magma comes from deep within
Earth. At those depths, the rock is rich in mafic minerals, such
as olivine and pyroxene. Geologists could not explain how the
solidification of this mafic magma could form granite, which
contains relatively little of the mafic minerals.

The solution to this problem involved understanding that
magma can rise toward the surface as it cools slowly. When
magma cools to about 1100°C, crystallization begins. The first
crystals to form are the mafic minerals near the top of the
chart, leaving the magma depleted of those minerals. If the
magma is moving upward toward the surface and cooling as
it rises, it will become more felsic because the mafic minerals
crystallized first and were left behind. From this interpre-
tation scientists inferred that the deeper within Earth an
igneous rock forms, the more likely it is to be rich in mafic
minerals. Similarly, light-colored, granitic rocks originate
from magmas that have risen slowly. As the magmas moved
upward, they lost their mafic minerals along the way, and the
magma therefore became enriched in felsic minerals. This is
the origin of felsic magma.

This separation of minerals can happen only if the magma
rises slowly, allowing partial solidification to occur. If the
magma emerges quickly, the whole range of minerals is car-
ried to the surface. The composition of the resulting igneous
rock will be a good indication of the composition of the origi-
nal magma deep within Earth.
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CXSIAYI R GER Il IDENTIFICATION OF IGNEOUS ROCKS

Obtain a set of igneous rocks from your teacher. Please handle
them carefully and let your teacher know if any samples are badly
damaged.

Use the information you learned in this chapter and the ap-
propriate chart in the Earth Science Reference Tables to identify
each of the igneous rocks in your set. List the name of each rock,
such as granite or scoria, along with the characteristics you ob-
served that allowed you to identify it.

h&s WHAT ARE SEDIMENTARY ROCKS?
Y

Within Earth’s crust, igneous rock is the most common rock
type. However, most of the surface of our planet is covered
with a relatively thin layer of sedimentary rocks. Unlike
igneous rocks, it is difficult to give a precise definition of sed-
imentary rocks. Most sedimentary rocks are made of the
weathered remains of other rocks that have been eroded and
later deposited as sediment in layers. Over time, the sedi-
ments are compressed by the weight of the layers above
them. In addition, the layers may be cemented by mineral
material left by water circulating through the sediments. The
cementing material is usually silica (fine-grained quartz),
clay, or calcite. All sedimentary rocks are formed at or near
Earth’s surface. Although this description applies only to the
clastic, or fragmental, group of sedimentary rocks, these are
the most common rocks of sedimentary origin. Fossils are
any remains or impressions of prehistoric life. If fossils are
present in a rock, the rock is almost certainly a sedimentary
rock. The processes that create igneous and metamorphic
rocks usually destroy any fossil remains.

You can recognize sedimentary rocks because they are
usually composed of particles, often rounded particles, com-
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pressed and cemented into layers. Shale, the most common
rock on Earth’s surface, is made of particles of sediment too
small to be visible without magnification. Shale breaks eas-
ily into thin layers.

N2
;.; Clastic (Fragmental) Rocks

Clastic and fragmental are terms applied to the group of
sedimentary rocks that are composed of the weathered re-
mains of other rocks. These are the most common sedimentary
rocks. Clastic rocks are formed by the processes of deposition,
compression, and cementing of sediments. Although some sed-
iments are deposited by wind, glaciers, or even as rock falls,
most are the result of deposition in water. Seas or parts of the
ocean once covered large parts of the continents. Streams and
rivers carried sediments from the surrounding land into these
bodies of water. The particles of sediment settled to the bottom
of the water, forming fine-grained sedimentary rocks. Where
deposition is rapid or currents are fast, the particles of sedi-
ment that are deposited are larger. Clastic, or fragmental,
rocks are classified by the size of the sedimentary particles
from which they are formed.

Information about the range of sizes of the various parti-
cles in sedimentary rocks is found in the sedimentary rock
chart in the Earth Science Reference Tables and also in Fig-
ure 5-8. For example, according to this chart, sand can be de-
fined as particles of sediment that range between 0.006 cm
and 0.2 cm in size.

Conglomerate is the coarsest grained clastic rock. It is
dominated by particles that are readily visible: about 0.2 cm
or larger. Conglomerate sometimes looks like artificial ce-
ment with rounded pebbles embedded in it. Silica (very fine
quartz), clay, and calcite (the mineral in limestone) are com-
mon cements that hold the larger particles together. There is
no upper limit to the size of the particles in conglomerate, but
cemented pebbles are the most common texture of conglom-
erate. If the particles are angular (a sign that they have not
been transported very far before deposition) the term breccia
(BRETCH-ee-a) is used instead of conglomerate.




WHAT ARE SEDIMENTARY ROCKS? 127

Scheme for Sedimentary Rock Identification

INORGANIC LAND-DERIVED SEDIMENTARY ROCKS

TEXTURE GRAIN SIZE COMPOSITION COMMENTS ROCK NAME MAP SYMBOL
Pebbles, cobbles, Rounded fragments Conglomerate
and/or boulders
embedded in sand, Mostly .
silt, and/or clay quartz, Angular fragments Breccia
Clasti Sand feldspar, and
astic an clay minerals; Fine to coarse Sandstone
(fragmental) (0.2 to 0.006 cm) ma);’ contain
Silt fragments of ’ . .
(0.006 to 0.0004 cm) other rocks Very fine grain Siltstone
Clay and minerals Compact; may split Shale
(less than 0.0004 cm) easily
CHEMICALLY AND/OR ORGANICALLY FORMED SEDIMENTARY ROCKS
TEXTURE GRAIN SIZE COMPOSITION COMMENTS ROCK NAME MAP SYMBOL
Varied Halite Crystals from Rock Salt
i chemical 7
Crystalline Varied Gypsum precipitates Rock Gypsum //%
and evaporites
Varied Dolomite Dolostone @
Cemented shell
Microscopic to coarse Calcite fragments or precipitates Limestone @
Bioclastic of biologic origin
Varied Carbon From plant remains Coal

Figure 5-8 This table can help you identify the ten most common sedimentary rocks.

Although sandstone is defined by a precise limit of particle

sizes (0.2—0.006 cm), you can identify it by its gritty feel, like
sandpaper. Shale feels smooth because the clay particles of
which it is composed are so tiny they are invisible without
strong magnification. (See Figure 5-9 on page 128.) Rocks
made of particles larger than those in smooth shale but smaller
than those in gritty sandstone are classified as siltstone.

Unlike igneous rocks, clastic sedimentary rocks are not
classified by their mineral composition. Any clastic sedimen-
tary rock can contain quartz, feldspar, or clay, all of which are
the remains of the weathering of other rocks. Nor does color
help to tell them apart. The mineral content of the rocks in-
fluences their color. Pure quartz is usually light in color while
clay generally makes the rocks gray or black. Iron staining is
common in sedimentary rocks, giving many of these rocks a
red to brown color.
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Figure 5-9 Shale is a clastic
sedimentary rock made of
clay-size particles. It usually
breaks into thin layers.
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;.; Chemical Precipitates

The next group of sedimentary rocks listed in the Scheme for
Sedimentary Rock Identification is not as common as clastic
rocks. This group forms as the water evaporates, leaving
dissolved solids behind. When evaporation occurs, the com-
pounds left behind become too concentrated to remain in so-
lution. Therefore, the solids deposit as mineral crystals. This
process is called chemical precipitation. Precipitation forms
rocks know as the crystalline sedimentary rocks. Thick
layers of underground rock salt are mined in Western New
York State to be used as food additives and to melt ice on
roads. These deposits as well as similar salt layers found
worldwide identify places where large quantities of salt water
have evaporated.

Rock gypsum and dolostone form in a similar process.
However the minerals gypsum and dolomite form from salt
water with a different composition of dissolved mineral. Un-
like clastic sedimentary rocks, which are classified by grain
size, the chemical precipitates are classified by their chemi-
cal or mineral composition.
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In general, rocks composed of crystals are not sedimen-
tary. However, the chemical precipitates are the only sedi-
mentary rocks made of intergrown crystals. Sedimentary
rocks of chemical origin are formed of crystals that are rela-
tively soft and often white in color. Furthermore, they are
found among other layers of sedimentary rock. For these rea-
sons, the chemical precipitates are seldom mistaken for ig-
neous or metamorphic rocks, which are also composed of
intergrown crystals. Sedimentary precipitates, such as rock
salt, are usually composed of a single mineral.

Bioclastic rocks are formed from material made from or
by living organisms. When you find a seam (layer) of coal,
you are probably looking at the remains of an ancient
swamp environment where plants grew, died, accumulated
layer upon layer, and were compressed and turned to stone.
The green color of living plants is due to chlorophyll. But
chlorophyll quickly breaks down when plants die. The car-
bon content of the plant remains, which gives coal its black
color. Coal is mined as a fuel. In addition, it is used in
making a variety of plastics and medicines. Fossil remains
of extinct plants are especially common in coal in which
plant impressions can be preserved in great detail. These
are sometimes known as the organic group of sedimentary
rocks.

A second bioclastic sedimentary rock is limestone. Lime-
stone is usually formed by the accumulation and cementa-
tion of the hard parts of animals, such as the external
skeletons of coral colonies and seashells. This organic mate-
rial can be transformed into the mineral calcite, the primary
mineral in limestone. Layers of limestone indicate the long-
term presence of an active biological community in shallow
seawater. This kind of active biological environment cannot
be found in deep water because these ecosystems need sun-
light. Sunlight cannot penetrate to the bottom in a deep-
water environment. Figure 5-10 on page 130 illustrates some
common sedimentary rocks.
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ACTIVITY 5-4

Fine-grained and Layers of gritty Cemented pebbles Thick layers with
layered (shale) particles (sandstone) (conglomerate) fossils (limestone)

Figure 5-10 Four common types of sedimentary rocks.

IDENTIFICATION OF SEDIMENTARY ROCKS

Obtain a set of sedimentary rocks from your teacher. Please han-
dle them carefully and let your teacher know if any samples are
badly damaged.

Use the information you learned in this chapter and the ap-
propriate chart in the Earth Science Reference Tables to identify
each of the sedimentary rocks in your set. List the name of each
rock, such as shale or rock salt, along with the characteristics you
observed that allowed you to identify it.

ey HOW DO METAMORPHIC ROCKS FORM?

DY

H ave you ever baked cookies? You may know that the cookie
dough you put into the oven has very different properties
from the baked cookies that come out. In a similar way, rocks
subjected to conditions of heat and pressure within Earth are
changed to metamorphic rocks. In fact, the term metamor-
phism means changed in form. Metamorphic rocks are the
only kind of rocks that begins as other rocks. Heat and pres-
sure cause changes, which transform rocks from one rock
type to another. This usually happens either deep under-
ground where both the temperature and the pressure are
high, or close to an intrusion of hot magma at or near the sur-
face. It is important to remember, however, that if the heat-
ing melts the rock, cooling and solidification will form an
igneous rock. Metamorphic rocks do not form from magma.
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The metamorphic process causes visible changes. Miner-
als that are stable at the surface undergo chemical changes
when they are subjected to intense heat and pressure. Figure
5-11 shows a progression of rock types that occur when clay
or shale is subjected to increasing heat and pressure by being
buried deeper and deeper within Earth where both tempera-
ture and pressure increase.

You learned in the last section that shale is formed by the
compaction of clay-sized particles under the weight of over-
lying layers. With deeper burial, chemical changes begin that
transform shale through a series of metamorphic rocks. The
clay minerals begin to change to mica, as the rock becomes
harder and denser, forming the metamorphic rock slate.

At this point, a new feature of the rock starts to develop.
In most slate, you can see the original bedding planes of
the sedimentary rock. The parent rock, shale, usually breaks
apart along these sedimentary bedding planes. But the
growth of mica crystals is likely to be in a different direction
than that of the original layers. Mica crystals grow in re-
sponse to the forces on the rock. Even though these mineral
crystals may be too small to be visible, they do affect the way
that slate breaks apart. Breakage in a direction that crosses
the original bedding planes signals that mineral changes
happened. This alignment of mineral crystals is called folia-
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Figure 5-13 Gneiss
is a high-grade
metamorphic rock
that often shows
banding. Banding is
a separation of light
and dark minerals
into layers.

Figure 5-12 The way schist breaks in layers is a result of the parallel growth
of mica crystals. This parallel alignment of mineral crystals is called foliation.

tion. Foliation is a feature of texture common to many meta-
morphic rocks.

Continued burial produces a rock called phyllite (FILL-
ite). The growth of mica crystals gives phyllite a sheen like
silk and may destroy the original sedimentary layering. Al-
though the mica crystals are still too small to be visible with-
out magnification, the shiny appearance of the rock and the
even more pronounced breakage along the foliation direction
indicates that mineral changes continued. Schist, the next
rock to form, has mica crystals that can be seem without
magnification. Continued growth of mica crystals in a single
direction enhances the foliated appearance. The layering in
schist is sometimes wavy. (See Figure 5-12.)

The final metamorphic product is gneiss (NICE). Not
only can you see evidence of parallel crystal growth (folia-
tion) in gneiss, but also the minerals may have separated
into light- and dark-colored layers, parallel to the foliation.
This is a property called banding. The light-colored bands
are mostly quartz and feldspar. Feldspar is a new mineral
that is not evident in schist. The dark bands are mostly bi-
otite, amphibole, and pyroxene. Figure 5-13 shows band-
ing in gneiss. Some samples of gneiss do not show banding.
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Gneiss may also look like granite with abundant feldspar,
but without banding. But even these samples will show a
parallel alignment of mineral crystals.

The change from clay to mica and then to feldspar is not an
isolated progression. Other minerals, many of them unique to
metamorphic rocks, form and disappear along the way. Red
garnet is a good example. Garnet can often be seen as little
red pods in schist or gneiss.

Changes during the formation of a metamorphic rock de-
stroy original structures in a rock, such as sedimentary lay-
ering and fossils. Gradually, these features are eliminated by
foliation and crystal growth as the rock is subjected to more
heat, more pressure, and more time.

The series of metamorphic rocks explained above presents
the most common examples of the foliated metamorphic rocks.
But some kinds of metamorphic rocks do not show foliation.
When limestone is subjected to intense heat and pressure, cal-
cite crystals grow and the rock changes from limestone to
marble. The growth direction of calcite crystals is not affected
by the force of the overlying rock or by movements of Earth’s
crust. This is why foliation does not occur in marble. (See
Figure 5-14.) Sometimes marble shows a swirled layering,
but this is probably due to differences in composition of the
original limestone layers. When sandstone changes to quart-
zite, and conglomerate to metaconglomerate, these meta-
morphic products do not show parallel crystal alignment.

Figure 5-14 Marble is a
metamorphic rock that does
not show foliation.
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Figure 5-15 Unlike sedi-
mentary conglomerate,
metaconglomerate breaks
through the pebbles.

Therefore marble, quartzite, and metaconglomerate are non-
foliated metamorphic rocks. (See Figure 5-15.)

\\\\ll/
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;._ Origins of Metamorphic Rocks

Metamorphic rocks can be separated into two groups by their
origin. (See Figure 5-16.) Sometimes large-scale movements
of Earth’s crust cause a vast region of rock to sink into the
Earth. When this occurs, a large mass of rock experiences in-
creased heat and pressure. This process is called regional
metamorphism. As the rock is drawn deeper into Earth,
chemical changes in the minerals, crystal growth, and com-
paction cause the original parent rock to be metamorphosed.
If these metamorphic rocks form deep within Earth, why
do we find them at the surface? In Chapter 7, you will learn
that large-scale movements of Earth’s crust are related to heat
flow from deep within the planet. The same forces that push
rock to the depths where metamorphism occurs can also push
metamorphic rocks upward along with the rocks covering
them to form mountain ranges. After uplift occurs, weathering
and erosion wear down the mountains to expose the regional
metamorphic rocks. This process may take millions of years.
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The next group of metamorphic rocks occurs over a smaller
area. An intrusion of hot, molten magma will change the rock
with which it comes in contact. This process is called contact
metamorphism. In this environment, rocks are not exposed
to the intense pressure that is found deeper within Earth.
Therefore, rocks that have undergone contact metamorphism
do not show foliation. The farther you go from the heat source
(intrusion), the less the parent rock has changed. In fact, it is
common to find metamorphic rock grading into the original
sedimentary or igneous rock within a few meters of the heat
source. This change can sometimes be observed as a decrease
in crystal size as you move from the intensely baked rock next
to the intrusion into rock that has been altered less by the
heat. Hornfels is a name often applied to contact metamor-
phic rock of various mineral compositions.

The Earth Science Reference Tables contains the Scheme
for Metamorphic Rock Identification. (See Figure 5-17 on page
136.) The four rock types at the right in the top half of the
chart are the four foliated metamorphic rocks. They are listed
in order of increasing metamorphic changes and increasing
grain size. These four rocks show the progressive metamor-
phism of shale that was explained earlier in this section. Note
the shaded bars in the “composition” column that indicate the
mineral makeup of these rocks. These bars show that minerals
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Scheme for Metamorphic Rock Identification
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ACTIVITY 5-5

Figure 5-17 This chart can help you identify metamorphic rocks by their observable
properties and how they formed. It also identifies the most important minerals in the
foliated rocks.

in the mica family are found in all four foliated metamorphic
rock types. Quartz, feldspar, amphibole, and garnet are not
common in slate, but are common in the three foliated rock
types below slate. Of the six minerals shown here, pyroxene is
the best indicator of extreme conditions of heat and pressure.

Unlike the rocks in the top half of this chart, the four
rocks named at the right in the bottom half of the chart do
not show a progressive change. Each has a different mineral
and chemical composition. These are the four most common
metamorphic rocks that do not show foliation.

IDENTIFICATION OF METAMORPHIC ROCKS

Obtain a set of metamorphic rocks from your teacher. Please han-
dle them carefully and let your teacher know if any samples are
badly damaged.
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Use the information you learned in this chapter and the ap-
propriate chart in the Earth Science Reference Tables to identify
each of the metamorphic rocks in your set. List the name of each
rock, such as schist or marble, along with the characteristics you
observed that helped you to identify it.

ke WHAT IS THE ROCK CYCLE?
Y

There is a popular saying, “Nothing is unchanging except
change itself.” This saying reminds us that whether we are
aware of it, everything around us is changing. Many geologi-
cal changes occur so slowly that they are difficult to observe.
But nearly everywhere, rocks are slowly changing as they ad-
just to the conditions and environment in which they are
found. These changes are shown in a model of Earth envi-
ronments and materials called the rock cycle.

Planet Earth receives only a very small amount matter
from outer space in the form of meteorites. At the same time,
a small amount of Earth’s atmosphere escapes. Therefore, in
terms of mass, the planet is nearly a closed system. (A closed
system is one that has no exchange with the environment
outside itself.) Rocks change from one form to another. As you
will learn later in this course, the exchange of energy is very
different. Earth receives light and heat from the sun, and
Earth radiates energy into space. These are the primary ex-
changes that drive weather systems.

In Figure 5-18 on page 138 within the rectangles are the
three major categories of rocks: sedimentary, metamorphic,
and igneous. Sediments and magma are shown in rounded fig-
ures because although they are important substances within
the rock cycle, they are not actually kinds of rock. The lines
and arrows show how materials within the rock cycle can
change. The terms printed along these lines tell you what
changes are represented and the order in which they occur.

For example, magma can change to a different substance in
only one way: it forms igneous rock by the process of solidifica-
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Figure 5-18 The rock cycle.

tion, or crystallization. However, igneous rock can change to
another substance by any of three paths. If it is heated and
melts, it can go back to molten magma. If the igneous rock is
subjected to intense heating and possibly pressure, but re-
mains below its melting temperature, the process of metamor-
phism will transform the igneous rock into a metamorphic
rock. In the third possible path, the igneous rock is exposed to
the atmosphere, probably by being pushed up to the surface,
where air, water, and weather break it down and carry it away
as sediments. The term “uplift” appears in parenthesis be-
cause uplift to expose the rock at the surface is a likely event,
but it is not essential. In the case of a lava flow onto the sur-
face, no uplift would be needed to expose the rock to weather-
ing and erosion.

The rock cycle diagram illustrates that nearly all rocks
are made from the remains of other rocks. In the rock cycle,
as you follow the arrows that show changes, notice that each
begins and ends with Earth materials. None of the arrows
comes in from outside the diagram. None of them take Earth
materials out of the system. It is a closed system.
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There is one group of sedimentary rocks that does not fit
into this rock cycle. The organic sedimentary rocks, such as
limestone and coal, are formed from the remains and plants
and animals not other rocks.

Some rocks show a complex origin. You may recall that
conglomerate is made from pebbles that are held together by a
cementing material, such as silica (very fine quartz), clay, or
calcite. If the conglomerate contains pebbles of gneiss, granite,
and sandstone, each component of the conglomerate shows a
different process of rock formation found in the rock cycle.

banding

bioclastic

classification

clastic

contact metamorphism

crystalline sedimentary
rocks

extrusion

felsic

foliation

fossil
fragmental
igneous rock
intrusion
lava

mafic

magma
metamorphic
origin

plutonic

precipitation

regional metamorphic
rock

rock

sedimentary rock

texture

vesicular

volcanic

What feature in igneous rocks is the best indication of how rapidly the

magma crystallized?

(1) color
(2) density

(3) grain size
(4) mineral composition

Which igneous rock is likely to contain about 50% pyroxene and about 40%

plagioclase feldspar?

(1) granite
(2) peridotite

(3) diorite
(4) basalt
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What type of igneous rock is likely to contain both amphibole and potas-
sium feldspar?
(1) diorite (3) gabbro
(2) granite (4) andesite
If rock fragments approximately 0.01 cm in diameter were cemented into
a fragmental sedimentary rock, what kind of rock would it be?
(1) sandstone (3) limestone
(2) conglomerate (4) granite
Which kind of rock is most likely to contain a trilobite fossil?
(1) sedimentary (3) metamorphic
(2) igneous (4) plutonic
Which sequence of events would make a sedimentary rock?

(1) uplift, weathering, and erosion

(2) melting, solidification, and uplift

(3) deposition, burial, and cementation

(4) crystal growth, compaction, and melting

Which clastic sedimentary rock is made of the smallest grains?

(1) conglomerate (3) siltsone
(2) sandstone (4) shale

Base your answer on the pictures of four rocks. Each circle shows a mag-
nified view of a rock. Which rock is metamorphic and shows evidence of fo-
liation?

Rock 1 Rock 2 Rock 3 Rock 4

Bands of coarse Particles of 0.01-cm Intergrown crystals Intergrown crystals
intergrown crystals to 1.0-cm size less than 0.1 cm mostly 2.0 cm

of various sizes cemented together in size in size
(D1 3) 3

(2) 2 4) 4
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Which sedimentary rock is most likely to change to slate during regional
metamorphism?

(1) breccia (3) dolostone
(2) conglomerate (4) shale
Which sequence of change in rock type occurs as shale is subjected to in-

creasing heat and pressure?

(1) shale — schist — phyllite — slate — gneiss
(2) shale — slate — phyllite — schist — gneiss
(3) shale — gneiss — phyllite — slate — schist
(4) shale — gneiss — phyllite — schist — slate

What kind of rock results from the contact metamorphism of limestone?
(1) schist (3) granite

(2) dolostone (4) marble

Which two rocks are composed primarily of a mineral that bubbles with
acid?

(1) limestone and marble (3) sandstone and quartzite

(2) granite and dolostone (4) slate and conglomerate

The diagram below shows four rock samples.

Sample A Sample B Sample C Sample D

Which sample best shows the physical properties normally associated with
regional metamorphism?

(1) A 3) C
(2) B (4) D
Which of the following changes would not occur during metamorphism?

(1) formation of new minerals (3) crystal growth
(2) increasing density (4) melting
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15. Which of these locations is a good place to find rocks changed by contact

metamorphism?

(1) at the core of a mountain range (3) near an intrusion of magma
(2) in a sandy desert

Open-Ended Questions

(4) at the center of a lava flow

16. State one observable characteristic, other than crystal size, that makes
granite different from basalt.

17. State two processes that must occur to change sediments into a clastic sed-
imentary rock.

Base your answers to questions 18 and 19 on the rock cycle diagram below

Rock A

/

High-grade metamorphism
in which some mica has
changed to feldspar;
banding is present

[

Rock B

Melting

Compaction and
cementation

Weathering and erosion to
fragments less than 0.0004 cm
in diameter \

Rock C

Slow cooling
underground

.

Felsic magma

-

18. State the specific names of rocks A, B, and C in the diagram. Do not write

the terms “sedimentary,

by {4

igneous,” or “metamorphic.”

19. State one condition or process that would cause the high-grade metamor-

phism of rock A.

20. What mineral is common in schist and gneiss, but not common in slate and
phyllite?



Managing Natural
Resources

Eﬁ WHAT IS A NATURAL RESOURCE?

D)

Every aspect of your life depends on the materials obtained
from planet Earth. The food you eat, the products you buy,
and the clothes you wear are all the result of technology and
Earth’s natural resources. A natural resource is any mate-
rial from the environment that is used to support people’s
lives and lifestyles. Consider a visit to the supermarket. One
of your first actions is to take a shopping cart. The steel frame
of the cart is made from iron and other metals obtained from
mines. The nonmetal parts of the cart are manufactured from
plastics, which come from petroleum obtained from oil wells.
The energy to open the doors as well as to heat and cool the
building is largely from electricity generated by the power
plants. Those power plants burn coal, oil, natural gas, or they
extract energy from nuclear fuels, which also come from the
ground. As you approach the fresh fruits and vegetables, con-
sider the importance of soil, water, and air in their growth.
The word resource comes from an old French word that
means “to arise in a new form.” It is the responsibility of all

143
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people to make the best use of our natural resources while
conserving them for future generations and protecting the
environment. At every step, there are important decisions
and compromises to be made. How much will be used now
and how much will be conserved? How can these resources be
extracted while maintaining a clean and beautiful environ-
ment? Not everyone will agree with the decisions that are
made. But people can all make better decisions if they un-
derstand the issues involved in using and conserving re-
sources. Earth’s natural resources can be divided into two
groups; nonrenewable and renewable.

iy WHAT ARE NONRENEWABLE RESOURCES?

DY

ACTIVITY 6-1

Nonrenewable resources exist in a fixed amount, or if
they are formed in nature, the rate of formation is so slow
that the use of these resources will decrease their availabil-
ity. Rocks, minerals, and fossil fuels are the primary nonre-
newable resources. In nearly every case, the use of these
resources is increasing while the natural supply (reserves)
are decreasing. This situation forces us to look for lower qual-
ity reserves to meet our growing demands.

ESTABLISHING A LOCAL NATIONAL PARK

Imagine that the National Park Service has chosen your commu-
nity as the location for a new national park. It is your task to
choose a local feature that might be of interest to the public either
for preservation or for recreational development. Identify the ad-
vantages and disadvantages that would be involved in this proj-
ect. Take into account the points of view of different parts of the
community including landowners, small business owners, envi-
ronmentalists, local government personnel, and students.
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WHAT ARE NONRENEWABLE RESOURCES?

Many of the minerals and rocks you studied in Chapters 4
and 5 are resources that are important to the economy. Rocks
that are used to supply natural resources are called ores.
The resources must be extracted, or separated, from their
ores. Metallic elements that are economically important are
obtained from minerals. Some elements, such as gold, silver,
and copper, occur as native metals, that is, uncombined with
other elements.

CoprPER The element copper is used extensively in electrical
wiring, plumbing, coins, and a wide variety of other applica-
tions. While copper is not as good a conductor of electricity
and heat as gold is, it is much cheaper than gold because it is
more plentiful. Copper can be drawn into wire (ductility) and
pressed into thin sheets (malleability). Copper is mixed with
other metals such as zinc and tin to make alloys (mixtures of
metals). These alloys, brass and bronze, are relatively hard,
resist being deformed, and resist weathering. Like most other
geological resources, copper is extracted from rocks that have
unusually high concentrations of copper. In some places like
northern Michigan, small amounts of native copper are
found. But most copper is obtained from the mineral chal-
copyrite, which was deposited by hot water circulating deep
underground. In the early years of mining, some locations
yielded ores containing as much as 10 percent copper. How-
ever, as the most concentrated ores were depleted, new tech-
nologies were developed along with large-scale mining
operations. Now, refiners can profitably extract copper from
ores that contain less than 1 percent copper.

The earliest copper mines were tunnels that followed rich
veins of copper ore into the rocks. These mines were dark and
dangerous places in which to work. Most copper today is pro-
duced from open pit mines where giant machines scoop up
tons of copper ore with each bite. The ore is transported to re-
fineries where it concentrated and purified. A variety of me-
chanical, chemical, and electrical process extract the copper
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Figure 6-1 Gold is a
mineral element valued for
its physical and chemical
properties. These gold
nuggets were found in
Canada’s Yukon region.

as well as smaller amounts of other valuable substances, such
as sulfur, gold, and silver, that can increase the profitability of
the process.

GoLp Gold is sometimes found in sand and gravel deposits
in streams and along shorelines. (See Figure 6-1.) Due to its
density, gold that is transported by running water settles in
places where the stream water slows down. The pieces of gold
get caught in cracks in bedrock. (Bedrock is the solid rock
that can be found everywhere under the soil and sediments.)
Gold is also recovered from solid rock where it has been
brought in by hot water. Because of its mechanical and elec-
trical properties, gold is valuable. Gold is also an attractive
substance that does not corrode. Therefore, gold is often used
in jewelry. Of the estimated 100,000 tons of gold that have
ever been produced, nearly all of it is still in circulation.

IRON The refining of iron ore began thousands of years ago.
The process most likely occurred by accident when a rock
with a high concentration of iron was placed in a fire pit.
Today, iron is the principal metal of construction and tech-
nology. It is used in making frames for buildings, for auto-
mobiles, and even in eating utensils. Iron is found worldwide,
and is second only to aluminum in abundance in Earth’s
crust. Iron ore is easy to find and is inexpensive to extract.
Combining iron with small amounts of other metals makes



Figure 6-2 Banded
iron ore is not re-
newable because

it formed at a time
when Earth’s atmos-
phere contained little
or no oxygen.
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steel. Steel is harder and more resistant to breakage and cor-
rosion than is iron. The most important iron ore deposits are
the banded iron formations that settled out of ancient seas
early in Earth’s history. (See Figure 6-2.) At that time, the at-
mosphere contained very little oxygen. While there are great
quantities of iron ores, the fact that almost no new ores are
being formed makes iron a nonrenewable resource.

-
;.; Using Mineral Resources

One of the important jobs of geologists is to locate ore de-
posits and estimate the amounts of metal that can still be ex-
tracted. Aluminum and iron are so abundant in Earth’s crust
that geologists are not concerned about running out of them.
However, the best reserves of copper and gold in the United
States have already been used up. For this reason, the use of
imported gold and copper is increasing. These rare metals are
often recycled. About 25 percent of the copper produced in the
United States is the product of recycling. The amount of a
mineral resource that is recycled depends on its cost. The
more it is worth, the more is recycled. Because of gold’s high
price, people do not toss away a gold object the way they dis-
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Figure 6-3 This map shows the locations of most important mineral resources
found in New York State.

card aluminum soda cans and iron objects. Figure 6-3 shows

locations of the most important mineral resources in New
York State.

O\ IR @y al ADOPT A RESOURCE

Select a specific nonrenewable resource. Then ask permission
from your teacher to prepare a report on the resource. Your report
should include where the resource is found, how it is refined or
changed for use, and what the resource is used for.
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Coal, petroleum, and natural gas are our principal sources of
energy for the production of electricity, heating, and trans-
portation. The energy stored in these substances today rep-
resents sunlight absorbed by prehistoric plants. Because of
their organic origin, coal, petroleum, and natural gas are not
minerals, although they are found in sedimentary rock. They
are certainly important natural resources found in Earth,
and they are vital to our economy.

PeTROLEUM When Iraq invaded Kuwait in 1990, the response
from North America and Europe was swift and massive. It
was almost as if our own country had been invaded. The key
to this response is the importance of Middle Eastern oil to our
economy. While the United States is the world’s largest user of
petroleum, it has only about 3 percent of the world’s oil re-
serves. A serious interruption of the flow of Middle Eastern oil
would have had a devastating effect on our economy.

Petroleum is thought to be the remains of microscopic or-
ganisms that lived in the oceans millions of years ago. Sink-
ing to the bottom, the remains escaped complete decay in the
cold, dark environment of the ocean bottom. The deposition
of more layers of sediments trapped the organic remains.
Over time, the organic remains changed to a complex low-
density liquid and natural gas. These substances moved up-
ward until an overlying layer of fine-grained rock, such as
shale, trapped them. If an oil company has enough skill and
luck to drill into a region where oil and gas are present, it can
pump the oil and gas out of the ground. Petroleum products
are so valuable on world markets that petroleum is some-
times called “black gold.”

CoaL Coal is formed from the remains of plants that once
grew in great coastal swamps. A lack of dissolved oxygen and
the presence of hydrogen sulfide in the water prevented com-
plete decay of the plant remains. Burial and compression
changed the decaying plant material to coal. While the United
States has large deposits of coal, it is used mostly in large
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Figure 6-4 The fossil fuels,
coal, oil, and natural gas
supply most of the energy
used in New York State.

power plants to generate electricity. In these power plants,
large quantities coal are handled efficiently and air pollution
controls are used to reduce air pollution. The direct use of coal
for home heating and cooking have decreased because oil, gas,
and electricity are easier to use and they also cause less air
pollution.

The fossil fuels are considered nonrenewable resources be-
cause we are using them more quickly than natural processes
can replace them. Some scientists estimate that in a few
hundred years Earth could run out of fossil fuels that took
500 million years to form. The two pie graphs in Figure 6-4
illustrate the major sources and uses of energy in New York
State.

In terms of total mass, more Earth resources are used in con-
struction than in any other application. The material used
generally depends on the needs of the builder and the mate-
rials available in the area. Sand, gravel, and crushed stone
are spread as a base under paved roads as a road base. These
materials are used because they do not compress under
heavy traffic, and they allow water to drain through them. A
proper base layer helps the roads last longer than roads built
directly on the ground.

Concrete is made from a mixture of limestone (or dolo-
stone) and clay that has been baked to drive off the water and
carbon dioxide content of these materials. When water is
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added to the concrete, it “sets” to form a resistant building
material. Although it is more expensive than brick, concrete,
or steel, cut stone is sometimes used for the outer facing of
buildings.

iix WHAT ARE RENEWABLE RESOURCES?

D)

Wood

Renewable resources are those resources that can be re-
placed by natural processes at a rate that is approximately
equal to the rate at which they are used. For example, sun-
light is our planet’s principal source of energy. Solar heat col-
lectors make use of this energy. But, as fast as it is used, more
solar energy arrives. Although renewable resources may
never run out, our use of these resources can be limited by
how quickly they are generated. If your community uses a
nearby river for its municipal water supply, the amount of
water used cannot be greater than the total amount of water
flowing in the river.

/
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Before people made extensive use of fossil fuels, wood was
generally the fuel of choice. In most areas, wood could be cut
locally. People burned wood to heat homes, prepare hot water,
and cook food. Wood is a renewable resource. Once the trees
are cut, new trees can grow back in as little as 10 years, or
perhaps as long as a century. As long as usage and replace-
ment are in balance, the supply would be unlimited.

For now, soil will be considered as the loose material at Earth’s
surface that is capable of sustaining plant growth. Later in the
book you will move to a definition that is related to how soil is
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formed. Biological productivity is an essential feature of soil as
aresource. If you look at a food chain, it begins with the organ-
isms called producers. Plants, as producers, are the only or-
ganisms capable of living in an environment without needing
other organisms for food. The producers use the substances
they obtain from soil, along with air, water, and sunlight to cre-
ate living tissue. All animals (including humans) depend on
producers to transform the resources of the physical environ-
ment into food.

In some places, the best soil has been carried away by run-
ning water or by dust storms. This is often the result of care-
less agricultural practices. A farmer may plow the land up
and down the slopes of hills, which allows runoff to gain
speed and carry away large quantities of soil. To avoid this,
farmers can plow the land along the contours of the hills,
making each ridge of soil function as a dam to hold back the
water and its load of sediments. Another careless procedure
is leaving land without any plant cover. Without plants and
their roots to slow runoff and hold soil in place, soil can be
quickly washed or blown away.

The processes of weathering, infiltration of groundwater,
and biological activity can restore soil, but the process could
easily take hundreds of years. Although some people consider
soil to be a renewable resource, the best practice is to protect
soil through conservation.

Water is another essential natural resource. All living things
need water or they depend upon other organisms that require
water. Water is used by plants during photosynthesis. People
also use it for drinking, transportation, waste disposal, in-
dustrial development, and as an ecological habitat for our
food sources. Salt water in the oceans and in several land-
locked bodies of water, such as the Great Salt Lake in Utah,
makes up 97 percent of Earth’s water. However, this water
is unfit for many of needs such as drinking and agricul-
ture. Glaciers and the polar ice caps hold another 2 percent
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Figure 6-5 This canal diverts a major part of the Colorado River into the Im-
perial Valley of California. Normally, none of the river's water reaches the Pacific
Ocean.

of Earth’s water. Of the remaining 1 percent, most is in the
ground where it is not as easy to tap as are sources at the sur-
face. Most of our water needs are fulfilled by the 0.008 per-
cent of the total that is found as surface water in streams and
lakes.

The Colorado River flows from the Rocky Mountains
southwest thought the desert toward the Pacific Ocean. Five
states depend upon Colorado River water. Through a series of
governmental agreements the states of Colorado, Utah, Ari-
zona, Nevada, and California as well as Mexico have tapped
into the river. Their residential, agricultural, and industrial
use of the water consumes the total volume of water flowing
in the river. Unless there is a flood, none of the water from
the Colorado River reaches the ocean. (See Figure 6-5.) This
area is the fastest growing region in the country. How will
this area find more water to support its growth?

Water is usually considered a renewable resource. As water
is drawn from surface sources, such as streams and lakes,
more water flows in to replace it. There is an assumption here
that once water is used, the water cycle replenishes it. It is not
always that simple.

In the 1920s, the federal government encouraged people
to move into the Great Plains region of the United States by
offering them loans and inexpensive land. Rich soil and good
precipitation made this region seem a natural location for
agricultural development. In the following decade, there was



154 CHAPTER 6: MANAGING NATURAL RESOURCES

Figure 6-6 These circles
are irrigated fields in west-
ern Texas. Water is supplied
by a well at the center of
each circle.

a series of years of reduced rainfall. Meanwhile the new farm
owners had plowed the land and it was exposed to wind ero-
sion. The dust storms of the 1930s blew away much of the
most productive soil. Some farmers drilled wells to bring
water to the surface. That part of the United States is over a
natural groundwater reservoir called the Ogallala aquifer.
While farming continues today, it is often depends on irriga-
tion water drawn from the aquifer. (See Figure 6-6.) Each
year the water level in the aquifer goes down because more
water is withdrawn than nature can restore.

@E‘; HOW CAN WE CONSERVE RESOURCES?

Conservation is the careful use, protection, and restora-
tion of our natural resources. To practice conservation, people
need to estimate their resources and project their needs. Only
then can they decide what needs to be done. For example, al-
though the use of aluminum is increasing, Earth’s crust con-
tains so much aluminum that there seems little danger of
running short. However, the future for gasoline and other pe-
troleum products is not as bright. Some people estimate that
petroleum will start to run short in just a few decades. There
is a popular saying “Necessity is the mother of invention.”
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Necessity to replace petroleum fuels may be getting close.
But it is not clear what “inventions” will carry us through this
crisis. Conservation generally involves one or more of the
three “R’s” of ecology: reduce, recycle, and replace.

St
;.; Reduction
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If you could see a soda can that was made 50 years ago, you
might be surprised at how heavy it would be. Changes in the
manufacturing process and the shape of soda cans have al-
lowed beverage companies to use much less metal, generally
aluminum, than ever before. People who carpool and/or drive
small cars not only save money, but they also contribute to
extending our limited and petroleum reserves.

@< Recycling

\\//

A significant fraction of the copper we use has been recovered
from old buildings, automobiles, and electrical parts. If you
grew tired of a piece of gold jewelry, you would probably not
put it into the trash. More likely, you would sell it for its value
in gold. While aluminum is very abundant on our planet, it is
costly to extract and purify from its ore. This has contributed
to programs to recycle aluminum cans. (Recycling programs
also help the environment by making it less likely that peo-
ple will discard used soda cans along highways.) Each time
we use recycled metals we delay the inevitable time when
these resources will run out.

Sam~
;.; Replacement

Replacement is often the long-term solution to dwindling re-
sources. In the past, most people heated their homes and
cooked their food by burning wood. Wood is a renewable re-
source. However, as the human population grew and people
moved into cities, nearby wood sources could not keep up
with the growing need for fuel. Coal and then petroleum
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ACTIVITY 6-3

fuels replaced wood as the fuel of choice. In many applica-
tions, plastics are replacing wood and leather. Necessity will
certainly continue to bring about new solutions to our prob-
lems.

WATER USE IN THE HOME

Measure or estimate the amount of water that your family uses at
home on a typical day. To do this you will need to identify all the
household devices and activities that use water. You must also find
ways to determine how much water these uses require. (You may
find useful information in reference sources, on the Internet, on
your water bill, or from your water meter.) After you have deter-
mined your family’s daily water usage, suggest the best ways to re-
duce your water consumption.

ids WHAT ARE THE EFFECTS OF ENVIRONMENTAL
2% POLLUTION?

s\\\ll/

We can define pollution as a sufficient quantity of any ma-
terial or form of energy in the environment that harms hu-
mans or the plants and animals upon which they depend.
Pollution can be classified according to the part of the envi-
ronment has been affected: ground, water, and/or air.

7
;.; Ground Pollution

The city of Niagara Falls, New York, became an industrial
area because of the availability of inexpensive hydroelectric
power. Chemical plants were built in the area to take advan-
tage of this local resource. Unfortunately, the local govern-
ment did not monitor or regulate the industry and its
disposal of chemical waste materials. Drums of toxic chemi-
cals were buried when a local waterway called Love Canal
was filled in. Eventually the land was given to the city of
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Niagara Falls. The city built low-cost housing and an ele-
mentary school on the land. It was only when toxic liquids
began to seep out of the ground that the residents realized
there was a problem. When the toxic chemicals were identi-
fied and the health dangers became apparent, the residents
were shocked and angry. They did not want their families, es-
pecially the children, to be exposed to these chemical waste
products. As the tragedy became news, the value of homes in
the area decreased dramatically. People could not sell their
homes and they could not afford to buy homes in another
area. The homeowners felt let down by their local govern-
ment, which should have informed them about the chemical
danger at Love Canal.

Another example of ground pollution can be found in agri-
cultural areas where insecticides have been sprayed to pro-
tect crops from insect damage. Over the years, residues of
these chemicals may remain in the soil and make the soil
unfit for other crops. Furthermore, wind-blown dust can be a
hazard to farm workers and it can carry the chemicals to
nearby residential areas. Children and senior citizens are es-
pecially vulnerable to diseases brought on by exposure to
dangerous substances.

Near the middle of the twentieth century, the growth of the
economy and demand for electrical power led General Elec-
tric (GE) to seek a new substance to cool electrical trans-
formers. It is much easier to send electrical power over long
distances if the voltage is stepped up to levels that would be
dangerous in homes. GE needed to build transformers to
change the high-voltage current sent over transmission lines
into ordinary household current. Transformers can overheat
if they are not placed in a liquid that will carry away excess
heat. Water is a good absorber of heat, but it can evaporate
or boil away. GE used liquid chemicals called polychlori-
nated biphenyls (PCBs). PCBs are good absorbers of heat
and are less likely to boil away than is water. Because PCBs
are chemically stable, the company felt that there was little
danger if these substances leaked into the environment. Two
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Figure 6-7 The Hudson
River has been contami-
nated by PCBs that washed
into the river north of
Albany.

manufacturing plants along the Hudson River north of Al-
bany, New York, were using the chemicals. (See Figure 6-7.)
Neither GE nor the state was aware that PCB pollution
would become a serious environmental issue.

After PCBs had been used for several decades, it was dis-
covered that they could lead to serious health problems if
people consumed them. Scientists also found that as fish in
the river absorbed the PCBs by eating plants, or by eating
other fish, the chemicals built up in their bodies. It became
apparent that PCBs were not as safe as they at first appeared
to be. Meanwhile, dangerous amounts of PCBs had washed
into the Hudson River at the two manufacturing plants. The
government warned people about the danger of eating fish
from the river and looked for a long-term solution. GE and
environmental groups have clashed on what to do with the
contamination. Environmentalists (and the courts) have held
that GE should remove the PCBs from the river’s ecosystem
by dredging the most contaminated mud and disposing of it
on land. GE wants to leave the sediments where they are. The
company contends that the PCBs will eventually wash out of
the river.
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Air pollution has been a concern in most urban areas. Ex-
haust gases from automobiles along with the airborne dis-
charge from homes, businesses, and industries can lead to
elevated levels of ozone and oxides of nitrogen. Serious air
pollution events have occurred in many cities. The response
to rising air pollution is the use of cleaner fuels and pollution
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control devices on motor vehicles and electrical power plants
that burn fossil fuels.

Some air pollution issues have been dealt with quickly
while other forms of pollution are more difficult to address. It
was discovered recently that chlorofluorocarbon gases (CFCs)
given off by some kinds of spray cans and air condition-
ers were causing Earth’s protective ozone layer to weaken.
(Ozone is needed in the upper atmosphere because it helps
protect Earth from harmful shortwave solar energy.) Gov-
ernment and businesses have found other chemicals to use in
air conditioning systems and spray cans that do not break
down ozone in the upper atmosphere.

Our planet faces more difficult issues. Through the use of
fossil fuels humans have increased the carbon dioxide content
of Earth’s atmosphere by about 25 percent. Most of that in-
crease has occurred in the last 50 years. The concern is that
carbon dioxide absorbs heat energy that might otherwise es-
cape into space. The increase in carbon dioxide concentration
in the air is likely to cause global warming, an increase the
average temperature on Earth. While some locations might
benefit from a warmer climate, productive farmland could be
changed into desert. Another consequence could be the melt-
ing of polar ice caps and a rise in sea level, which would drown
coastal cities. Unfortunately, our society depends on fossil
fuels for heating, electrical power, and transportation. At this
time, there is no clear alternative to the use of fossil fuels.

TERMS TO KNOW

conservation nonrenewable resources pollution
global warming ore renewable resource
natural resource

CHAPTER REVIEW QUESTIONS
1. Which of the following is a natural resource?

(1) plastic (3) water
(2) gasoline (4) steel
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2. Which group of substances comes from mineral ores?
(1) plastics (3) metals
(2) fossil fuels (4) soil
3. Which metal is most common in Earth’s crust?
(1) iron (3) aluminum
(2) copper (4) magnesium
4. Which of the following is a fossil fuel?
(1) wood (3) uranium
(2) coal (4) solar energy
5. Which is the best way to prevent soil erosion on a farm?

(1) Plow fields along level contour lines.

(2) Leave plowed fields barren every second year.
(3) Use irrigation water throughout the year.

(4) Cut down any forested areas near the farm.

6. Freshwater is usually considered a renewable resource. In what way is
water like a nonrenewable resource?

(1) Earth has a limited supply of water.

(2) Water circulates through the water cycle.
(3) Most of Earth’s freshwater is in glacial ice.
(4) Water can exist as a solid, liquid, or gas.

7. Which of the following is usually considered a renewable resource?
(1) coal (3) petroleum
(2) wind (4) aluminum
8. What is Earth’s most important renewable energy source?
(1) coal (3) sunlight
(2) natural gas (4) ozone
9. Conservation includes which practice?

(1) Making estimates of the availability of natural resources
(2) Giving tax benefits to those who use natural resources
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(3) Importing ever greater amounts of crude oil
(4) Eliminating recycling programs

What does this quote mean? “We do not inherit the environment from our
parents. We borrow it from our children.”

(1) We are running out of some resources.

(2) The cost of natural resources always increases.
(3) Conservation is important to future generations.
(4) Many natural resources are renewable.

Where is pollution of the environment usually most serious?

(1) the tops of high mountains

(2) cities and industrial areas

(3) state and national parks

(4) the deepest parts of the oceans

What local food in the New York City area is most likely to be contami-
nated with PCBs?

(1) meat (3) fruits
(2) vegetables (4) fish

Why did manufacturers stop using chlorofluorocarbon gases (CFCs) in air
conditioners and spray cans?

(1) CFCs contribute to global warming.
(2) CFCs weaken the ozone layer.

(3) CFCs are toxic to plants and animals.
(4) CFCs cause ground pollution.

Which gas in the atmosphere tends to absorb heat radiation?

(1) oxygen (3) argon

(2) nitrogen (4) carbon dioxide

What gas is a pollution problem when we have too much at ground level, but
causes other problems when there isn’t enough of it high in the atmosphere?

(1) carbon dioxide (3) ozone
(2) oxygen (4) nitrogen
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Open-Ended Questions

16. If gold is a better conductor than copper, why do we use more copper than
gold in electrical devices?

17. The fossil fuels are considered geological resources, but not mineral re-
sources. Why?

18. Why is wood considered to be a renewable resource?

19. What is the danger of using water from an aquifer faster than it can be re-
placed?

20. How might adding carbon dioxide to the atmosphere cause flooding in
some areas?



Earthquakes and
Earth’s Interior

Eﬁ WHAT CAUSES EARTHQUAKES?

D)

Have you ever felt an earthquake? An earthquake, or seis-
mic event, is a sudden movement of Earth’s crust that re-
leases energy. The mild motion of a small seismic event can
be exciting. But what if you felt that your life was in danger?
Large earthquakes can be very frightening. Early in the
morning on Friday, March 27, 1964, one of the largest seismic
events on record struck coastal Alaska. For the residents of
Anchorage, it started as a gentle rolling motion. Then, for the
next 5 minutes the ground shook and heaved. One side of the
street in the main shopping district moved downhill 3 m
(about 10 ft), causing large cracks to open. Windows broke
and facing materials fell from buildings onto the sidewalks.
A large housing development slid down toward the bay; some
homes fell into the water. The nearby port of Valdez was
badly damaged by the shaking, and completely destroyed by
a series of gigantic waves that left a large ship sitting on a
city street. In this chapter, you will learn why earthquakes
occur, how they are measured, and what they tell us about
Earth’s interior.

163
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OIANIA A B ADOPT AN EARTHQUAKE

Choose an important, historic earthquake that you would like to
report about. Before you begin your report, let your teacher know
what earthquake you chose. Your teacher may require that each
student select a different seismic event. After your choice is ap-
proved, use library resources or the Internet to gather information
about that event. Your report must include a bibliography of your
sources of information. Your teacher will specify what information
will be needed for each entry in the bibliography.
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;.; Earth’s Internal Energy

You may recall from physical science that energy always
flows away from the hottest places and toward cooler loca-
tions. Our planet is like a gigantic heat engine. Lava erupt-
ing from volcanoes or deep gold mines with walls that are hot
enough to cause burns, make us aware of energy stored in our
planet. In fact, at Earth’s center the temperature is greater
than 6000°C. This is the energy that causes earthquakes as
well as slow deformation of the crust.

There are two principal sources of Earth’s internal heat
energy. Some of the energy is left over from the formation of
the planet about 4.5 billion years ago. To that heat is added
the energy of radioactive decay. Some large atoms, such as
uranium, are unstable. They spontaneously break down into
more stable substances, for example, lead.

Heat energy can travel in three ways. Some heat travels
through Earth and to the surface by conduction. Conduction
occurs when heated molecules pass their vibrational energy to
nearby molecules by direct contact. Most metals are good con-
ductors of heat energy. This is one of the ways that heat can
travel through the Earth toward the surface. Radiation is the
movement of electromagnetic energy through space. The sun
radiates light and other forms of electromagnetic energy into
space. Earth absorbs some of that energy and changes it to
heat. Earth radiates heat energy into the atomsphere. The
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third form of heat flow is convection. In convection, heated
matter circulates from one place to another due to differences
in temperature and density. On Earth’s surface the wind cir-
culates energy by convection. Within Earth, heated material
rises toward the surface in some places, and in other places,
cool material sinks into Earth. Horizontal currents complete
the circulation by connecting the areas of vertical heat flow.
This pattern of circulation is known as a convection cell.
Although convection motion within Earth occurs at only a few
centimeters per year, over time heat flow by convection is
capable of causing catastrophic changes such as earthquakes.

When
stress exceeds the
strength of Earth’s
crust, rocks sud-
denly break along a
zone of weakness
and they move. Sud-
den shifting along a
fault releases energy
that radiates as an
earthquake.

Students often consider Earth’s mantle and crust to be solid.
However, forces applied to solid rock at elevated tempera-
tures and over long periods of time can bend, or deform,
rocks. This slow bending builds up forces on rocks near the
surface. This kind of force is called stress. Even over long pe-
riods of time, surface rocks do not deform as readily as the
rocks inside Earth that are under intense heat and pressure.
Surface rocks respond to stress by elastic bending called
strain. Therefore, the stress on rocks near the surface builds
until the rocks break, and an earthquake occurs. What you
feel as an earthquake is the sudden movement of the ground,
which releases stored energy. (See Figure 7-1.)

Zone where fracture Fault
will occur
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Figure 7-2 Earth-
quakes occur when
the ground breaks
and moves along
geologic faults such
this small fault in
Utah.

Earthquakes do not occur randomly. Cracks in solid rock
are very common. Cracks in Earth’s crust along which move-
ment occurs are known as faults. (See Figure 7-2.) Faults are
usually zones of weakness. Therefore, the places most likely
to break are those that have broken in the past. Perhaps the
most active fault in the United States is the San Andreas
Fault, which extends from the Gulf of California past Los
Angeles and through the San Francisco area. (See Figure
7-3.) The land on the western side of the San Andreas Fault
is moving northward at an average rate of several centime-
ters per year. Due to the resistance of Earth’s crust, this mo-
tion is not uniform. Stress builds until it is greater than the
friction that holds the rocks in place. When this occurs, the
Pacific side jolts northward as much as several meters in a
single earthquake. Large earthquakes occur at various places
along the San Andreas Fault roughly once every 10 to 20

years.

The underground place where the rock begins to separate
is known as the focus (plural, foci) of the earthquake. Di-
rectly above the focus, at the Earth’s surface, is the epicen-
ter. (See Figure 7-4.) An earthquake is felt most strongly at
or near the epicenter. The intensity of the shaking is also




Figure 7-3 The
San Andreas Fault
follows this valley
south of San
Francisco.
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Seismic waves Focus

Figure 7-4 The focus of an earthquake is the place underground where the break
begins. Directly above the focus is the epicenter where seismic energy first
reaches the surface. Energy from the rupture travels outward in all directions as
energy waves.
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influenced by the nature of the ground. Loose sediments usu-

ally experience more violent movement than nearby solid
bedrock.

ey HOW ARE EARTHQUAKES MEASURED?

DY
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Some seismic events are stronger and do more damage than
others. The most violent earthquake is modern times was
probably a 1960 event centered in the Pacific Ocean off the
coast of Chile. But this earthquake did not have the human
impact of two earthquakes that occurred in China, one in
1556 and the other in 1976. Each Chinese earthquake had its
epicenter near a major city. Many buildings in these cities
were made of building blocks without a wooden or steel frame
to hold the bricks together. This kind of construction works
well for vertical forces. But it does not do well when there is
horizontal motion. During these earthquakes, buildings were
destroyed and hundreds of thousands of people lost their
lives.

;._ Earthquake Scales

The study of earthquakes is a branch of geology and engi-
neering called seismology. Seismologists use two very differ-
ent methods to measure earthquakes. The Mercalli scale is
based on reports of people who felt the earthquake and ob-
served the damage it caused. The 12 levels of intensity on the
Mercalli scale are designated by Roman numerals. (See Table
7-1.) Intensity I is felt by only a few people who are at rest, but
awake and alert. Most people are unaware of an earthquake
this small. Everyone feels intensity VI, but there is little dam-
age. An earthquake of intensity XII causes great damage to all
buildings, and the shaking is so violent that large objects are
thrown into the air. The major advantage of the Mercalli in-
tensity scale is that no instruments are required and infor-
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mation can be gathered after the earthquake. Furthermore,
everyone who felt the event or observed the damage becomes
a virtual measuring instrument.

TABLE 7-1. An Abbreviated Mercalli Scale

Intensity Effects

ol Almost unnoticeable.

H=v Vibrations are noticeable; unstable objects are disturbed.

V-VI Dishes can rattle; books may be knocked off shelves; damage is slight.

VII=VIHI Shaking is obvious, often prompting people to run outside; damage is moderate to heavy.
IX—X Buildings are knocked off foundations; cracks form in ground; landslides may occur.
X=Xl Wide cracks appear in ground; waves seen on ground surface; damage is severe.

The Richter scale of earthquake magnitude is based on
measurements made with an instrument called a seismo-
graph. (See Figure 7-5 on page 170.) Within a mechanical
seismograph is a weight suspended on a spring. As the
ground shakes, the weight tends to remain still. A pen at-
tached to the weight traces a line on paper attached to a ro-
tating drum. The larger the earthquake the more the line
appears to move from its rest position. Richter magnitude is
based on the size of the waves recorded on the drum. The ad-
vantage of the Richter scale is its precision based on true
measurements. There is no human bias or need to adjust for
places that have different kinds of building construction. One
disadvantage is that measurements are taken only in those
places that have an instrument. In addition, the Richter scale
was developed for earthquakes in California, and is based on
measurements made with a seismograph that no longer rep-
resents the latest in technology.

In recent years, seismologists have developed a magni-
tude scale called seismic moment. This scale is based on the
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Figure 7-5 Mechani-
cal seismographs
record the shaking
of the ground with

a large mass sus-
pended on a spring.
As the ground
shakes, a pen
makes a record on
a rotating drum.
The recording that
is produced is called
a seismogram.

CHAPTER 7: EARTHQUAKES AND EARTH’S INTERIOR

Support
Record Revolving drum  Spring
ecording paper
P- S- L—- Q_/
waves | waves Pen
—
waves
Seismogram ) \
~— - -
Bedrock —
—
Start of Start of
P-waves S-waves
A SEISMIC RECORDING
0 5 10 15 20

Time, in minutes

total energy released by the earthquake. For small and mod-
erate events, the seismic moment and Richter scales give
very similar numbers. Both scales are based on the use of
instruments, although the seismic moment scale is usually
based on modern electronic instruments. These electronic in-
struments are better than mechanical seismographs at meas-
uring low-frequency vibrations and large movement of the
ground. Low-frequency motions are an important part of the
largest seismic events.

Both Richter and seismic moment scales are logarith-
mic. In a logarithmic scale an increase of one unit on the
scale translates to a 10-fold increase in the quantity meas-
ured. Therefore an increase of one unit on the Richter of seis-
mic moment scales means that there was 10 times as much
ground movement. It also means that an earthquake one
magnitude number smaller caused only i the movement of
the ground. Both scales are open-ended scales. In theory,
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there is no limit to how large or small the earthquake can be.
However, it appears that there is a limit to how much energy
the crust can absorb before it breaks. For this reason, scien-
tists do not expect any earthquakes larger than magnitude
10. At the other end of the scale, small earthquakes get lost
in vibrations caused by passing vehicles and people walking
nearby.

@ HOW DO EARTHQUAKES RADIATE ENERGY?
QD

Have you ever tossed a stone into a still pond and observed
the waves it makes? Starting from the point at which the
stone hit the water, water waves carry energy away in all di-
rections. If the stone falling into the water represents an
earthquake, it would be the arrival of those waves that are
felt and measured as the earthquake.

Seismic waves are vibrations of the ground generated by
the break that started the earthquake. The energy that is re-
leased is carried away in all directions by these vibrations.
Three kinds of seismic waves carry earthquake energy. Pri-
mary waves, or P-waves, travel the fastest. (They are called
primary because they are the first waves to arrive at any lo-
cation away from the epicenter.) P-waves cause the ground to
vibrate forward and back in the direction of travel. This
vibration direction makes them a form of longitudinal waves.
P-waves are like sound waves because they alternately
squeeze and stretch the material through which they pass.
This is the kind of motion that you might observe if a speed-
ing car ran into a line of parked cars and the energy of the col-
lision traveled along the line of cars. P-waves can travel
through any material—solid, liquid, or gas.

Secondary waves, also known as S-waves, are the next
to arrive. They travel at roughly half of the speed of P-waves.
As the S-waves pass, the ground vibrates side to side, the way
that waves are passed along a rope. Like light, S-waves are
transverse waves, which cause vibration perpendicular to
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Figure 7-6 Seismic waves
are classified by the direc-
tion of vibration. As P-waves
carry energy from the focus,
they cause the ground to
vibrate forward and back
parallel to the direction of
motion as shown in A. How-
ever S-waves cause the
ground to move perpendicu-
lar to the direction in which
they move as shown in B.
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the direction in which they are moving. S-waves can travel
through a rigid medium (solids) but they cannot pass through
a fluid, which includes liquids or gases. Collectively, P- and
S-waves are known as body waves because they pass through
Earth rather than along its surface.

When P- and S-waves reach the surface, they are trans-
formed into surface waves, which are slower and have a cir-
cular motion. Surface waves usually do the most damage
because they include both vertical and horizontal motion.
(See Figure 7-6.)

O\ @veyal MODELING SEISMIC WAVES

Make a line of at least 5 to 10 students across the front of the class-
room. Students should stand with their hands on the shoulders
of the person in front of them. Model P-, S-, and surface wave
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motions passing along the line. Seismic waves may also be
demonstrated with a long spring toy. The spring can be stretched
and released quickly to show how P-waves travel. It can be moved
side-to-side to show how S-waves travel.
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;._ Adding and Subtracting Time

Working with time readings may take some practice. Most of
the numbers you work with have a base of 10. However, there
are 60 seconds in a minute and 60 minutes in an hour. Fur-
thermore, the hour is never greater than 12. For these rea-
sons, doing calculations with time is not the same as most of
the calculations you do.

Time can be written in the form of hours:minutes:seconds.
For example, the time 06:15:20 means 6 hours, 15 minutes,
and 20 seconds. (In this chapter it will not be important
whether the time is A.M. or P.M.) The time 12:45 can be ex-
pressed to the nearest second as 12:45:00.

To add 2 hours:10 minutes:15 seconds to 9:45, the addi-
tion can be set up as follows:

02:10:15
+ 09:45:00
11:55:15

But suppose that the numbers are a little larger:

08:50:15
+ 09:45:00
17:95:15

You may have noticed that there can be no time written as
17:95:15. The hour can be no larger than 12 and the minutes’
and seconds’ columns cannot exceed 60. It is therefore nec-
essary to add a minute and/or an hour to the next column on
the left. Instead of 95 seconds, it becomes 1 hour and 35 min-
utes. Adding an hour changes the hour number from 17 to



CHAPTER 7: EARTHQUAKES AND EARTH’S INTERIOR

18. You are not done yet. Most clocks do not read 18 hours.
So 12 hours is subtracted (a full cycle of the clock), making
it 6 hours:

08:50:15
+ 09:45:00
06:35:15

This subtraction problem is quite simple because none of
the numbers exceed 60 seconds, 60 minutes, or 12 hours:

11:34:50
— 06:27:10
07:07:40

In subtraction problems you may also need to borrow from
the column to the left. Consider the next calculation.

11:14:20
— 06:27:50

If you subtract a larger number from a smaller number,
you get a negative number. However, negative numbers are
not used to express time. So you need to change the top num-
ber by borrowing from the units to the left while keeping the
same value. When you borrow 1 minute and add 1 minute to
the right column, 20 seconds becomes 80 seconds. Having
added a minute to the seconds column, you need to subtract
1 minute from the minutes column. So 14 minutes becomes 13
minutes.

But now you have a problem in the minutes’ column be-
cause 27 minutes is greater than 13 minutes. It is now nec-
essary to borrow 1 hour (60 minutes) from the hours’ column.
The 13 minutes becomes 73 minutes, and 11 hours becomes
10 hours. This problem now can be written as follows:

10:73:80
— 06:27:50
04:46:30
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Qr Practice Problem 1
Add 4 hours:15 minutes:35 seconds to 10 hours:50 minutes:35 seconds.

M Practice Problem 2
Subtract 5 hours:30 minutes:45 seconds from 10 hours:25 minutes:40
seconds.

To find earthquake origin times you will need to subtract
one time from another. Using this system of borrowing from
the column to the left should allow you to solve any problem
of this type.

i HOW ARE EARTHQUAKES LOCATED?

N/

Seismologists (scientists who study earthquakes) know
that an earthquake has occurred when they feel the ground
shaking or they see their instruments detect energy waves.
Earthquakes can happen anywhere. Some of them occur in
populated areas. But more often they happen in the oceans
or in places where few people live. Furthermore, the small
wave could have come from a small, nearby earthquake or
from a large earthquake located thousands of kilometers
away. In this section, you will learn how seismologists can lo-
cate an earthquake with recordings from as few as three seis-
mic stations.

The first step is to determine how far away an earthquake
is. The fact that P-waves travel much faster than S-waves en-
ables seismologists to determine the distance to an earth-
quake’s epicenter. When an earthquake occurs, energy waves
move away in all directions. Both P- and S-waves start out
from the epicenter at the same time. A person at the epicen-
ter would feel both waves immediately. There would be no
separation between them. But the farther you are from the
epicenter, the longer the delay between the arrival of P-waves
and the arrival of S-waves. Travel time is the time inferred



176

CHAPTER 7: EARTHQUAKES AND EARTH’S INTERIOR

—_
~
I{p)1

TRAVELING
2N WD OO N ®O

ST

o
-

2 3 4 5 6 7 8 9 10 Figure 7-7 Travel time
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between the breaking of the rocks that causes an earthquake
and when the event is detected at a given location.

Figure 7-7 is a graph from the Earth Science Reference
Tables that shows how long it takes P- and S-waves to travel
to places as far as 10,000 km away. Note that the scale of dis-
tance from the epicenter is on the bottom axis and travel time
is on the vertical axis. Along the bottom, the distance from
one dark line to the next is 1000 km (103 km). Each 1000-km
division is split into five subdivisions. Therefore each thin
line represents 1000 km <+ 5 = 200 km. On the vertical scale,
each thick line represents 1 minute and there are three divi-
sions. What is the value of each thin line? Remember there
are 60 seconds in each minute. Therefore each vertical divi-
sion is one-third of a minute, since 1 minute (60 seconds) +
3 = 20 seconds.

For example, this graph tells you that if an earthquake
epicenter is 4000 km away, the P-wave will take 7 minutes to
get to you. That is, at your location you will feel the first vi-
brations 7 minutes after the rupture occurs at the epicenter.
The graph shows that the S-waves need about 12 minutes:
40 seconds to travel the same distance. Therefore, if the time
separation between the arrival time of the P- and S-waves is
5 minutes:40 seconds, the epicenter must be 4000 km away.



Figure 7-8 By read-

ing the seismogram
you can see that P-
waves arrive 3 min-
utes:30 seconds
before the S-waves
at this recording
location.
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An observer closer to the location of the epicenter would no-
tice a smaller delay between the arrival of the P- and S-waves.
A more distant recording station would register a greater sep-
aration between them.

Imagine that you did observe a 5-minute:40 second time
delay. What does this tell you about the location of the epi-
center? It tells you that the epicenter of the earthquake is
4000 km from your location. Therefore, on a map you could
draw a circle centered on your location with a radius of 4000
km and know that the epicenter is somewhere on that circle.
However, you do not know where on the circle the epicenter
is, but you do know it has to be that distance away from your
station.

The text and photographs that follow will demonstrate a
procedure that can be used to locate the epicenter of an earth-
quake. Notice that Figure 7-8 shows a seismogram recorded
at Denver, Colorado, on which there are two divisions in each
minute. Therefore each division is 30 seconds. On this seismo-
gram you can see that the P-wave arrived at 8 hours:16 min-
utes:0 seconds, and the S-wave arrived at 8 hours:19 minutes:
30 seconds. The time separation between P- and S-waves is
therefore 3 minutes:30 seconds.

There is only one distance at which this time separation
can occur. To find it, place the clean edge of a sheet of paper
along the vertical distance scale. Make one mark at 0 min-
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Figure 7-9 The space be-
tween the two marks on the
edge of the sheet of paper
represents the time differ-
ence between the arrival of
the P- and S-waves.

utes and another at 3 minutes:30 seconds as shown here. (See
Figure 7-9.) Perform this step carefully to avoid problems fur-
ther along in the procedure.

Next, as you keep the edge of the edge of the paper verti-
cal, move the paper to the position at which each marks rests
on a graph line. As shown in Figure 7-10, the 0 mark will be
on the P-wave line and the mark for 3 minutes:30 seconds
will be on the S-wave line. Notice that this time separation
occurs only if the epicenter is 2200 km away.

The next objective is to draw a circle around the Denver
seismic station with a radius equivalent to 2200 km. Figure
7-11 shows a drawing compass stretched along the map scale

= .
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|
|
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Figure 7-10 The time sepa-
ration marks are moved to
the right until they line up
with P- and S- waves graph
lines. The time separation
indicated on the edge of the
paper will occur at a specific
distance, which can be read
below on the distance scale.

9
8
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Figure 7-11 Use
the map scale of
distance to stretch
the compass to the
correct epicenter
distance.

Figure 7-12 Place
the point of the com-
pass at the recording
station and draw a
circle at the epicen-
ter distance. The
epicenter must be
somewhere on this
circle.

How ARE EARTHQUAKES LOCATED? 179

Jﬁq";“\:_—»’_‘"‘ : ,,\&erbec- ( '

e

o 1ol Bt Lo B R B T
1000 2000 3000
KILOMETERS —
1000 km = 2.2 cm
120 110 100

to 2200 km. (See Figure 7-11.) Do this with care because it is
another step where errors are common.

Place the point of the compass on the map location of the
Denver seismic station. Be sure the compass opening has not
moved since it was set at 2200 km. Draw a circle around Den-
ver at a distance equivalent to 2200 km. (See Figure 7-12.)

1000
KILOMETERS
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When the distance from the epicenter of an earthquake is determined
for three recording stations, the intersection of the three circles on the map will
mark the epicenter.

Now you have drawn a circle drawn on a map that shows
how far the epicenter is from Denver. The epicenter can be
anywhere on that circle. You still need two more seismic sta-
tions to locate the epicenter. Following the same steps with
another seismogram of this earthquake recorded at Miami
would give you a second circle. Most likely those two circles
will intersect at two points. The epicenter must be at (or near)
one of those points. Using the same procedures with a seis-
mogram from a third location will enable you to draw another
circle. These three circles should intersect at one point on the
map. That point is the epicenter. (See Figure 7-13.)

If you have the data, you can draw more than three cir-
cles. That is a good way to check your work. Is it really that
neat and simple? The theory is, but in practice the circles may
not meet exactly. More often the three circles make a small
triangle, and the epicenter is located inside that triangle.
When seismologists work with real seismic recordings and
make these circles to locate actual seismic events, the circles
seldom intersect at a single point. Differences in the compo-
sition of Earth’s interior and a wide range of other variables
can contribute to errors that prevent a perfect meeting of the
circles.
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;.; Finding the Origin Time

The origin time is the time at which the fault shifted, pro-
ducing the earthquake. Knowing when the P- or S-waves ar-
rived at your location and how far away the epicenter is, you
can calculate the origin time. Suppose that a friend arrived
at your house at 10:30 and told you that the trip took him 20
minutes. You could determine that your friend left home at
10:10. In the same way, if you know the time that a seismic
wave arrives and you know how long it traveled, you can tell
when the earthquake began at the epicenter.

When a P- or S-wave arrives, how can you tell how long it
was traveling? The key to this is knowing how far away the
epicenter is and using the travel time graph. You have al-
ready learned that the distance to an epicenter can be deter-
mined from the time delay between the arrival of the P- and
S-waves. If you know the distance to the epicenter, you can
use the travel time graph to discover how long it took for the
P- and S-waves to travel from the epicenter to your location:
the travel time.

Let us continue with an example in the “How are Earth-
quakes Located?” section. In the first example in that section,
the separation between P- and S-waves determined that the
epicenter was 4000 km from your location. You also need to
know when the P- and S-waves arrived. So let us work with
a P-wave arrival time of 02:10:44 and an S-wave arrival time
of 02:14:04. By reading the graph you can tell that at a dis-
tance of 4000 km a P-wave takes 7 minutes of travel time:

02:10:44 (P-wave arrival time)
— 00:07:00 (travel time)
02:03: 44 (origin time)

You can check this time by using the S-wave data. To travel
4000 km an S-wave takes 12 minutes:40 seconds:

02:16:24 (S-wave arrival time)
— 00:12:40 (travel time)



182 CHAPTER 7: EARTHQUAKES AND EARTH’S INTERIOR

Borrowing 1 minute and adding it to the seconds’ column
makes this

02:15:84 (S-wave arrival time)
— 00:12:40 (travel time)
02:03: 44 (origin time)

This is a single earthquake so you should expect the two
origin times to agree. If they are not at least close in time, you
probably need to go back and look for an error in your work.

iaxy WHAT IS INSIDE EARTH?

DY
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For a long time people have wondered about what is inside
Earth. In Chapter 2 you learned that Earth has a radius of
more than 6000 km. The world’s deepest mine shaft in South
Africa reaches to about 5 km below the surface. The Russians
have drilled to a depth of 12 km, but even this is much less
than 1 percent of the distance to Earth’s center.

If a doctor needs to see inside your body without cutting
you open, he or she can use such tools as X-rays and CAT
scans. However, these techniques are not able to penetrate
thousands of kilometers of solid rock. Scientists have found
another way to examine Earth. Earthquake waves do travel
through Earth’s interior, and they can be used to obtain infor-
mation about its structure. From observing which earthquake
waves travel through the planet, where they are detected, and
the speed at which they travel, scientists make inferences
about Earth’s structure. Based on direct observations and
analysis of seismic waves, scientists have divided the solid
planet into four layers: crust, mantle, outer core, and inner
core, as shown in the Earth Science Reference Tables.

;._ The Crust

The crust is the outermost layer of Earth. In all of the min-
ing and drilling humans have done, this is the only layer
that has been observed directly. In most places a thin layer
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of sedimentary rocks covers metamorphic and igneous rocks.
The deeper you dig, the greater the chance of finding igneous
rocks. Within the continental crust, the overall composition
is close to the composition of granite. Under the sediments
and sedimentary rocks of the oceans, the crust is more dense.
This is verified by observing that most volcanoes that erupt
in the ocean basins bring lava to the surface that hardens to
form basalt. Geologists therefore infer that the crust under
the oceans is mostly basalt or has a similar composition.
Furthermore, from very deep mines, scientists know that the
temperature within the crust increases with depth at a rate
of about 1°C per 100 m. Based on this rapid rate of temper-
ature change, it seems logical that Earth’s interior is very
hot.

The bottom of the crust is inferred from observations of
earthquake waves. Seismic waves that travel through just the
crust are slower than are those that dip below the crust and
enter the mantle. This change in seismic wave speed occurs at
depths as shallow as 5 km under the oceans to as deep as 60
km under some mountain ranges on land. The Croatian geo-
physicist Andrija Mohorovicic first noticed this boundary, and
it is now named in his honor. However, most people shorten
the name of the boundary to the Moho.

The mantle extends from the bottom of the crust to a depth
of about 2900 km. In fact, it contains more than half of
Earth’s volume. However, the inability to penetrate below the
crust with mines or drills means that investigations of the
mantle must be conducted by other means.

From studies of volcanic eruptions, scientists believe that
magma that originates below the crust is rich in dense, mafic
minerals such as olivine and pyroxene. These are the miner-
als on the right side of the Scheme for Igneous Rock Identifi-
cation in the Earth Science Reference Tables. Some magma
originates in the crust beneath mountain areas where Earth’s
crust is thick and felsic in composition.

A particularly violent eruption of material from deep
within Earth is responsible for most natural diamonds. These
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gas-charged intrusions from deep within the mantle are called
kimberlites. They are named for Kimberley, a city in South
Africa, where diamonds have been mined for many years. Dia-
monds can form only under conditions of extreme heat and
pressure, such as the conditions within the mantle. The fact
that diamonds are found in these volcanic rocks indicates that
the magma came to the surface from deep within the mantle.

Most of the meteorites that fall to Earth are composed of
dense, mafic minerals such as pyroxene and olivine. These
are called stony meteorites. Scientists believe that these me-
teorites are the material from which Earth and the other
planets formed billions of years ago, or they are the remains
of a planet that was torn apart by a collision with another ob-
ject. If this is the case, you would expect meteorites to have a
composition similar to the planets, including Earth.

The diameter of planet Earth has been known for cen-
turies. From this value, it is easy to calculate Earth’s volume.
The mass of Earth has been determined based on its gravi-
tational attraction. Knowing Earth’s mass and volume, sci-
entists have calculated that Earth’s overall density is about
5.5 g/cm3. That is about twice as dense as most rocks in the
crust. Therefore, scientists expect the mantle, which includes
most of Earth’s volume, to be composed of minerals that are
more dense than those in the crust are.

Both P- and S-waves travel through the mantle. Because
S-waves will not travel through a liquid, the mantle is known
to be in the solid state. Furthermore, earthquake waves travel
faster in the mantle than they do in Earth’s crust. This indi-
cates that the rock in the mantle is more brittle than crustal
rocks. Again, olivine and pyroxene fit the observations.

All these observations provide strong evidence that Earth’s
mantle is composed primarily of iron- and magnesium-rich,
mafic silicate minerals. Therefore, geologists infer that the
mantle is composed mostly of olivine and pyroxene in the solid
state.

Starting at 2900 km and extending to Earth’s center is the
next layer. Seismologists noticed that P-waves can penetrate
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the whole planet, but S-waves do not travel through Earth’s
core. Therefore the core must be liquid.

Starting from the atmosphere, each of Earth’s layers is
more dense than the layer above it: atmosphere, hydros-
phere, crust, mantle. You might therefore expect the core to
be even more dense than the mantle.

Meteorites come in two basic varieties. You read earlier
that the more abundant stony meteorites are thought to be
composed of the material found in the mantle. The second
group of meteorites are mostly iron. Scientists therefore be-
lieve Earth’s core is also mostly iron with some nickel.

The behavior of P-waves deep within the core leads us to
infer that the inner part of the core is a solid. (You may recall
that S-waves cannot get there because a liquid outer core
surrounds the solid inner core.) It appears that extreme pres-
sure at the very center of the core makes it a solid. The solid
state of the inner core may also result from different ele-
ments mixed with iron. Geologists therefore infer that a liq-
uid outer core surrounds a solid inner core, both composed
primarily of iron.

The conditions of heat and pressure deep within Earth
prevent scientists from any direct observations. But they
have been able to duplicate these conditions in laboratories.
Very small amounts of the substances geologists believe to be
present in the mantle and core can be squeezed under ex-
treme pressure between flat faces of two diamonds. The in-
strument is called a diamond anvil. Heat is applied with a
laser beam. Then X-rays are used to probe the crystal struc-
ture of the substance. These studies confirm, for example,
that pressure at Earth’s center can cause the iron-rich inner
core to solidify.

When a large earthquake occurs, seismic waves travel
through Earth’s layers to recording stations worldwide. The
behavior of these waves provides important information about
Earth’s structure. For example, scientists know that S-waves
will not travel through the outer core because the outer core is
a liquid.
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Earthquake
epicenter A

Shadow

P-waves only
(no S-waves)

Figure 7-14 Earth’s shadow zones. As P- and S-waves travel through Earth, the
liquid outer core blocks S-waves. Refraction (bending) of seismic waves at the
mantle-core boundary causes a shadow zone where neither P- nor S-waves are
received.

The zones where direct P-waves are recorded are more
complicated. These P-waves arrive at locations as far as half
way around Earth. These locations also receive S-waves.
P-waves are also received in a region directly opposite the
epicenter. Those are the P-waves that travel through the lig-
uid outer core (and the solid inner core). But there is a
shadow zone that does not receive any direct P- or S-waves.
Figure 7-14 shows that beyond the reach of S-waves is a zone
that circles Earth where no direct P- or S-waves are received.
This shadow zone circles Earth like a donut with a hole in the
middle. While you might expect this region to receive at least
direct P-waves, the bending of seismic waves prevents even
them from reaching the shadow zone.

The bending of energy waves is known as refraction. It
can be observed whenever energy waves enter a region in
which they speed up or slow down. From Figure 7-14 you can
see how seismic waves curve as they travel through the man-
tle and core. You can also see the P-waves bend when they
move from the mantle into the core as well as when they
move from the core back into the mantle. The result of this
bending (refraction) of seismic waves is the shadow zone
where no direct P- or S-waves are received.
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conduction
convection
convection cell
earthquake
epicenter

fault

focus
logarithmic

Mercalli scale
Moho

origin time
primary waves
radiation
refraction
Richter scale

secondary waves
seismic moment
seismograph
seismologist
seismology
stress

travel time

The diagram below shows the bedrock structure beneath a series of hills.

Which process was primarily responsible for forming the hills?

(1) folding
(2) faulting

Approximately how long does it take a P-wave to travel 6500 km from an

epicenter?

(1) 6.5 minutes
(2) 8.0 minutes

(3) deposition
(4) vulcanism

(3) 10.0 minutes
(4) 18.5 minutes
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Base your answers to questions 3-5 on the diagrams below.

Seismograms

c I
3 I ig
|
P
Station X AvAAvAA VM‘V A\ W A e
p S
Station Y Moy A /WVAVAV AVAVAVA PAARARAA V/\VAVAV vAv‘vA s it S Wh
P °
: i N Y A
Station Z A% aamana Tl ‘vﬂvl\v VAR e WIRTLARA AL WA an'\vllvavAV WAARAM ity
c I
8 !
b4 1
| | | | | | | | | | | | | | | J
Timescae 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
(minutes after
noon)
A B C D E F G H | J
[
1 Ocean 1
2 2
3 3
4 4
5 5
6 6
7 7
8 8
B Continent
9 9
| | | |

3. What is the average velocity of an S-wave in the first 4 minutes of travel?
(1) 1 km/minute (3) 500 km/minute
(2) 250 km/minute (4) 4 km/minute

4. Approximately how far from station Y is the epicenter?

(1) 1300 km (3) 3900 km
(2) 2600 km (4) 5200 km



CHAPTER REVIEW QUESTIONS 189

5. Seismic station Z is 1700 km from the epicenter of an earthquake. Ap-
proximately how long did it take the P-wave to travel to station Z?

(1) 1 minute 50 seconds

(2) 2 minutes 50 seconds
(3) 3 minutes 30 seconds
(4) 6 minutes 30 seconds

6. On the map, which location is closest to the epicenter of the earthquake?

(1) E-5 (3) H-3
(2) G-1 (4) H-8

Orleans

[rrr1rr1rrJ1r7171]
0 400 800 1,200 km

Letter X on the map above represents the epicenter of an earthquake. At
which city is there a difference of approximately 3 minutes and 20 seconds
between the arrival times of P-waves and S-waves?

(1) New Orleans
(2) Louisville

(3) Pittsburgh

(4) New York City
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8. Which map correctly shows how the location of the epicenter was deter-
mined?

(M) (©)

Orleans Orleans

L e s e e | L B s e e |
0 400 800 1,200 km 0 400 800 1,200 km
2 4)

9. An earthquake’s P-waves arrived at a seismograph station at 02 hours:40
minutes:00 seconds. The S-wave arrived at the station 2 minutes later.
What was the approximate distance from the epicenter to the seismograph
station?

(1) 1100 km (3) 3100 km
(2) 2400 km (4) 4000 km
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An earthquake occurred at 09:15:30 at location X. At what time did the
first P-waves arrive at station Y which is 2000 km from location X?

(1) 09:15:50 (3) 09:19:30
(2) 09:17:30 (4) 09:25:40

Which object is likely to have the same composition as Earth’s mantle?

(1) granite (3) an iron meteorite
(2) rhyolite (4) a stony meteorite

An S-wave from an earthquake that travels toward Earth’s center will

(1) be deflected by Earth’s magnetic field.

(2) be totally reflected off the crust-mantle interface.

(3) be absorbed by the liquid outer core.

(4) reach the other side of the earth faster than P-waves.

Earth’s outer core is best inferred to be

(1) liquid, with an average density of approximately 4 g/cms3.
(2) liquid, with an average density of approximately 11 g/cms3.
(3) solid, with an average density of approximately 4 g/cm3-
(4) solid, with an average density of approximately 11 g/cms3-

Compared to Earth’s crust, its core is inferred to be

(1) less dense, cooler, and composed of more iron.
(2) less dense, hotter, and composed of less iron.
(3) more dense, hotter, and composed of more iron.
(4) more dense, cooler, and composed of less iron.

When a major earthquake occurred, seismic stations over most of Earth
recorded P-waves, S-waves, or both. But some recording stations almost
half way around Earth did not receive P-waves or S-waves. What was the
reason for this circular shadow zone where seismic stations did not record
any direct P- or S-waves?

(1) Seismic waves are bent as they move from one substance to another.
(2) No seismic waves can travel through Earth’s liquid outer core.

(3) Liquids absorb P-waves but the can transmit S-waves.

(4) Liquids absorb P-waves, and solids absorb S-waves.
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Open-Ended Questions

16.

17.

18.

19.

20.

State one way in which seismic P-waves are different from seismic S-waves.

A seismic station in Massena, New York, recorded P- and S-waves from a
single earthquake.

If the first P-wave arrived at 1:30:00 and the first S-wave arrived at
1:34:30, determine the distance from Massena to the epicenter of the earth-
quake.

For the earthquake in question 17, state what additional information is
needed to determine the exact location of the epicenter.

Over a period of several weeks a seismologist received both P-waves and
S-waves from two different earthquakes with epicenters in the same loca-
tion. How could the scientist tell which was the stronger earthquake?

How do most igneous rocks from the ocean basins differ from most igneous
rocks in the continents?
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In previous chapters, you learned about Earth’s size and
shape, the materials of which it is made, and how heat energy
causes Earth’s crust to move. You are learning that Earth is
a dynamic planet: it is constantly changing. In this chapter,
you will consider the patterns that scientists find when they
look at movements of Earth’s lithosphere and how these pat-
terns relate to the features found on the surface.

This is a story of changing scientific ideas. A paradigm
(PARA-dime) is a coherent set of principles and understand-
ings. Until very recently scientists thought of the Earth’s con-
tinents as stationary features attached to the interior by solid
rock. However, as scientists found more and more evidence for
moving continents, they had to change their ideas of what
they mean by a planet “solid as rock.” When the evidence for
moving continents became so strong that scientists could no
longer dismiss it, the geological community experienced a
paradigm shift. They changed from thinking of Earth’s sur-
face features as fixed in position to proposing a planetary sur-
face composed of moving segments.
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When explorers and mapmakers crossed the Atlantic Ocean
in the 1600s, some of them noticed an interesting coincidence.
The more complete their maps became, the more the Atlantic
Ocean shorelines of the Americas and the Old World conti-
nents of Africa and Europe looked as if they would fit to-
gether like pieces of a jigsaw puzzle. Initially this was simply
noted as a curiosity. Some of them may have wondered if the
continents had ever been together. They thought of rock as
solid and unmoving. The idea that whole continents could
move was not taken seriously.

In 1912, Alfred Wegener (VEYG-en-er)—a German ex-
plorer, astronomer, and meteorologist (a meteorologist is a
scientist who studies weather)—proposed that the continents
we see are the broken fragments of a single landmass that he
called Pangaea (pan-JEE-ah), which means all Earth. He hy-
pothesized that over millions of years, the continents slowly
moved to their present positions. Wegener supported his the-
ory by pointing out that a particular fossil leaf (Glossopteris)
is found in South America, Africa, Australia, Antarctica, and
India. Bringing the continents together would put the areas
where these fossil organisms are found next to each other
as shown in Figure 8-1. The same placement would also line
up distinctive rock types and mountain areas. Wegener also
noted glacial striations (scratches on bedrock caused by the
moving ice of a glacier) in places such as Australia and Africa
that now have a climate too warm for glaciers. He suggested
that these places that now have warm climates were once
located near the South Pole. On the basis of this evidence,
Wegener proposed his hypothesis that came to be known as
continental drift.

The idea that continents could move was so radical that
few geologists took it seriously. How could the landmasses
move through the solid rock of the ocean basins? The causes
suggested by Wegener could not provide the force needed to
move continents. As another way to discredit Wegener’s idea
of continental drift, scientists pointed out that he was not a
geologist. In 1930 when Alfred Wegener died on an expedition
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Figure 8-1 If the continents
were moved together by Rock
closing the Atlantic Ocean, formations
mountain chains, similar

rock types, and evidence of |:|
glaciation on several conti-

nents would come together.

Evidence Australia
of glaciation °

to Greenland, very few geologists supported his ideas. His
most enthusiastic supporters were in the Southern Hemi-
sphere where the most convincing evidence for continental
drift had been observed.

GRS B MATCHING SHORELINES

Obtain an outline map of the world. Cut out the continents and
lay the pieces on your desk in their present locations. Then, slide
them together to show how they might have fit to make a single
land mass. Paste or tape them onto a sheet of paper in the posi-
tion they might have been in before they separated.

\1//

N
;._ Seafloor Spreading

The rocks of the ocean bottoms are very different from most
rocks on land. When scientists look at the mineral composition
of rocks from the continents they find that most have a compo-
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sition similar to granite. That is, the continental rocks are gen-
erally felsic, light-colored rocks with a relatively low density.
The low-density material of which continents are composed
tends to rise above the ocean basins. Most oceanic rocks have a
composition similar to basalt. They are mafic. You may recall
from Chapter 5 that mafic rocks are darker in color and rela-
tively dense. This is why the ocean basins tend to ride lower on
the rocks of Earth’s interior and are covered by the oceans.

At the time Wegener worked on his hypothesis, the oceans
were vast expanses of unknown depth. After his death, the
strongest evidence for his theory of moving continents came
from the oceans. During World War II, there were important
advances in technology and oceanic exploration. A moving
ship could make a continuous record of the depth of the ocean
by bouncing sound waves off the ocean bottom. After the
war, scientists used this technology to map the world’s ocean
bottoms. Much of the ocean bottom is flat and featureless.
But scientists discovered an underwater system of mountain
ranges that circles Earth like the seams on a baseball. These
are the mid-ocean ridges. Most of these 64,000-km-long
features are under water, but they rise above sea level in Ice-
land and on several smaller islands. By looking at the land-
scape of Iceland, scientists can investigate processes that
occur at the bottom of the ocean hidden from view.

In 1960, Princeton University geologist Harry Hess re-
considered Wegener’s ideas. Hess had commanded a ship dur-
ing World War II that measured ocean depths. He had seen
the newly discovered shape of ocean bottoms including the
mid-ocean ridges. Hess suggested that molten magma from
the mantle rises to the surface at the mid-ocean ridges and
erupts onto the ocean bottom. In many places, the ocean
ridges are like two mountain chains separated by a valley. It
is in the valley that the most active eruptions are taking
place to form a strip of new lithosphere. Some of the magma
solidifies as it comes into contact with the cold ocean water
making pillow-shaped rocks. Wherever scientists find pillow
lavas, they can be sure that magma moved into water and so-
lidified quickly. Pillow lavas are common along the mid-ocean
ridges but are uncommon elsewhere in the oceans. Hess sug-
gested that the mid-ocean ridges are the places where new
lithosphere is made and adds on to older material that moves



Figure 8-2 Earth’s
surface is composed
of about a dozen
lithospheric plates.
These plates can
move together, move
apart, or slide past
each other as shown
by the arrows on
this map.
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away from the ridges on both sides. Hess called this process
seafloor spreading. (See Figure 8-2.)

MAGNETIC EVIDENCE New technology also enabled scientists
to make continuous records of the magnetism of the ocean
floor. In Chapter 3, you learned that Earth is a giant magnet.
Scientists are not sure what causes Earth’s magnetic field,
but the likely cause is currents of molten iron in Earth’s outer
core. These currents tend to line up with Earth’s spin axis and
therefore make Earth’s magnetic poles close to the geographic
North and South Poles. When magma cools to make rock,
iron forms the magnetic mineral magnetite. Within molten
magma, iron is free to align itself with Earth’s magnetic field
and change its alignment as the magma flows or Earth’s mag-
netic field changes. When magma rises to the surface and so-
lidifies, the alignment of the iron in the rock can no longer
change. The new rock holds a record of Earth’s magnetism at
the time it crystallized.

Earth’s magnetic poles have reversed many times. The
magnetic field weakens and then builds in the opposite direc-
tion. In other words, the north magnetic pole becomes the
south magnetic pole, and then the south magnetic pole be-
comes the north magnetic pole. The time from one reversal to
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the next is not uniform, but most reversals occur after 100,000
to 1,000,000 years. A record of these reversals is preserved in
igneous rocks that solidified at different times. In Chapter 18,
you will learn how scientists use radioactive substances to
find the age of rocks.

If the whole ocean floor formed at the same time, all the ig-
neous rocks would be magnetized in the same direction. How-
ever, scientists see bands of polarity. Polarity is the direction
of a magnetic field. The direction is determined with an in-
strument that measures Earth’s magnetic field. Some of the
bands are magnetized the way they would if they solidified
with the present alignment of the magnetic poles. These areas
have normal polarity. Other parts of the ocean floor show re-
versed polarity. These rocks crystallized when the magnetic
north and south poles were opposite to the way they are now.
These bands of normal and reversed polarity are the
strongest near the ocean ridges. In addition, they show a sym-
metrical pattern. The striped pattern of normal and reversed
polarity on one side of an ocean ridge is almost a mirror image
of the pattern on the other side. (See Figure 8-3.) These mag-
netic bands provide evidence that new crust is forming as the
plates move away from the ridges.

Oceanic ridge

C ]

Normal polarity
L 1
Reversed polarity : —

Figure 8-3 New lithosphere
is created at the mid-ocean
ridges. That portion of the
lithosphere takes on Earth’s
magnetism and slowly
moves away from the ridge.
As the magnetic poles re-
verse, parallel bands of
normal and reversed mag-
netic polarity are created at
the mid-ocean ridge.



As new
crust is created at
the ocean ridges,
the ocean floor
moves like a slow
conveyor belt toward
the ocean trenches.
The ocean trenches,
also known as zones
of subduction, are
places where ocean
bottom is drawn back
into Earth. Conti-
nental rocks resist
subduction.
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AGE oF Rocks Geologists have been able to determine the
age of rocks recovered from the ocean floors. In the 1950s, the
Glomar Challenger was able to drill into the basaltic rock of
the ocean floor to recover the solid bedrock of the oceans.
When laboratory work on these samples revealed their age,
a pattern emerged. Geologists discovered that the rocks re-
covered close to the ridges were younger than those collected
far from the mid-ocean ridges. As the distance from the mid-
ocean ridges increases, so does the age of the ocean floor.

These observations support the idea that ocean floor
is being created continuously at the mid-ocean ridges, and
moves like a conveyor belt toward the continents. But how
can new lithosphere be created if Earth is not getting larger?
In Chapter 6, you read about recycling as a way to conserve
resources. Earth recycles its lithosphere. Old lithosphere
moves back into Earth’s interior at locations known as sub-
duction zones. As lithosphere is being created by magma
moving to the surface at the mid-ocean ridges, the older lith-
osphere moves across the ocean bottom and away from the
ridges. The rate of motion varies from ocean to ocean, but
some move as fast as 10 cm/year. Typically, the plates move
about as fast as your fingernails grow. Figure 8-4 illustrates
that at the subduction zones sections of the lithosphere sink
into Earth.

At ocean trenches, the more mafic parts of the lithosphere
are absorbed into the mantle. The felsic continental litho-

Volcano
Ocean Ridge Ocean Trench
Rising material Accumulation Subduction pulls
makes new of land lithosphere Land
Sea Level lithosphere sediments into Earth

Ocean

Melting
and rising
felsic
magma
move to
the surface

Oceanic
lithosphere
recirculates
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sphere resists being drawn into Earth in the process of sub-
duction. This lighter material forms intensely folded and
faulted mountains near the subduction zones. Felsic rocks
drawn into Earth often melt and come back to the surface in
volcanic eruptions. Due to the water in these continental
rocks changing to steam, volcanic eruptions of felsic rocks are
often violent and explosive. Both the highest mountains and
the deepest parts of the oceans occur near zones of subduction
and both of them are related to the process of subduction.

\\\\ll/,

;.i Plate Tectonics

You may recall that one of the most important objections to
Wegener’s idea of continental drift was that there was no
mechanism to explain how continents could move through the
ocean basins. Seafloor spreading provided an explanation for
the motion of Earth’s lithosphere. When the discoveries
of seafloor spreading were added to Wegener’s ideas about con-
tinental drift, geologists recognized a larger theory of plate
tectonics. (The word tectonics means large-scale motions of
Earth’s crust.) Tectonic forces are responsible for uplift and
mountain building. (See Figure 8-5.) In 1965, Canadian geolo-
gist J. Tuzo Wilson proposed that the whole Earth is covered by
about a dozen rigid sections called lithospheric plates. The
plates include the crust as well as the rigid upper mantle.

Figure 8-5 The San Rafael
Swell in Utah is the result
of tectonic forces associ-
ated with the movement of
Earth’s plates pushing up
these formerly flat-lying rock
layers. Note the large truck
for scale.
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Plates are approximately 100 km in thickness, and ride over a
portion of the mantle that is less rigid than the upper part of
the mantle. Compared with Earth’s 6000-km radius, the
plates are relatively thin. The lithospheric plates are created
at the ocean ridges and destroyed at the subduction zones.
Some plates contain only ocean floor, but most of the major
lithospheric plates have oceanic and continental lithosphere.
Zones of geological activity, such as the mid-ocean ridges and
subduction zones, form the boundaries of the plates. In addi-
tion to the major plates, a number of smaller plates exist
where the larger plates do not meet precisely.

The motion of the plates is driven by Earth’s internal
heat. While conduction does allow some of Earth’s energy to
reach the surface, it is too slow to account for most of the heat
flow from Earth’s center. The major form of heat flow outward
from Earth’s interior is convection. The ocean ridges are
places where convection brings heated matter to the surface.
There the heat energy can radiate into space.

Convection occurs only in fluids. A fluid is any substance
that can flow. Generally, scientists consider gases and liquids
to be fluids, but not solids. Convection in air produces the
winds. Ocean currents are the result of convection in water.
But how can solid rock flow as a fluid? If you could plunge
into the mantle with a rock hammer, the rocks at depth would
seem just as solid as similar rocks at the surface. If you were
to hit mantle rock with the hammer, the hammer would
bounce off the rock and make a high-pitched clink. The ham-
mer does not deform the rock because it creates only a short-
term force. Although there are places where rock has melted,
forming magma, nearly all the mantle is in the solid state.

You may recall S-waves do not pass through liquids. The
passage of S-waves through Earth’s mantle is an indication
that the mantle is solid. Earth’s mantle is a solid, but it can
flow to carry energy by convection. How can this be? The key
to resolving this contradiction is the extreme heat and pres-
sure inside Earth. Under extreme pressure and high tem-
perature, solid rock can flow slowly like a fluid. In addition,
the rate of movement of the plates is only a few centimeters
per year. That is about the rate at which your fingernails
grow. This is slow enough to allow convection in a material
that otherwise behaves like a solid.
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Continent Oceanic Mid-ocean Ocean Volcano

Heated
material
expands
and rises
Cool

Figure 8-6 Slow-moving convection currents within Earth carry heat energy toward
the surface. Material rises and creates new oceanic crust at the ocean ridges, and it
moves back into Earth at ocean trenches. This circular pattern is called a convection
cell. The continents are carried by this motion like passive rafts floating on water.

Convection is driven by density differences. Most materi-
als expand when they are heated. Expansion increases vol-
ume and makes matter less dense. In places where a fluid is
heated, it becomes less dense and tends to rise. Cooling usu-
ally causes matter to become more dense. This makes the
substance heavier than an equal volume of the surrounding
material. When fluids are cooled they usually sink. A heat
source in one place, such as Earth’s interior, and cooling in
another place, such as Earth’s surface, can set up a circular
motion known as a convection cell as shown in Figure 8-6. In
convection, the motion of the fluid occurs when heated mate-
rial moves away from the source of heat. This is what is hap-
pening in Earth’s asthenosphere.

WHAT IS EARTH’S INTERNAL STRUCTURE?

In Chapter 7, you read about the four layers within Earth as
determined by seismic waves: crust, mantle, outer core, and
inner core. Motion of the plates leads us to consider a differ-
ent way to divide the outer layers of Earth into lithosphere,
asthenosphere, and stiffer mantle. Note that Figure 8-7 is
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The word “inferred” in the caption reminds you that this di-
agram is based on laboratory simulations and other inves-
tigative work rather than on direct observations. An inference
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is an interpretation or a conclusion based on indirect obser-
vations. This diagram has three parts: a temperature graph,
a pressure graph, and a profile view inside Earth. All three
parts of this figure refer to Earth’s interior. The tempera-
ture graph shows how scientists think Earth’s temperature
changes with depth. It is easy to find an average temperature
at Earth’s surface because people can travel freely over the
surface. Scientists have observed that the deeper Earth is
penetrated with mines and wells the higher the temperature
becomes. Beyond the depths of mines and wells, scientists
must use laboratory instruments to simulate conditions in-
side Earth.

Observations of meteorites and the density of Earth sup-
port the inference that Earth’s core is mostly iron. If scientists
subject iron to the pressure estimated to exist at Earth’s cen-
ter, iron melts at just over 6000°C. That fact gives scientist
enough information to begin to draw the dark line on this
temperature graph. The dotted line on this graph shows the
melting points of the substances geologists think occur in
Earth’s interior. At the surface, both lines are close together.
Since the rocks at the surface are solid, the surface tempera-
ture is clearly below the melting point of these rocks. At a
depth of about 100 km, is the region in which the temperature
line (orange) is higher than the melting point (dashed line).
Much of the magma that erupts from volcanoes comes from
this depth. This is also where the lithosphere, the crust and
the rigid part of the mantle that moves with the plates, ends.
Below 100 km, there is partly melted rock that is close to the
melting temperature of mafic silicates. The plastic nature of
that layer allows rigid lithospheric plates to slowly move over
Earth’s surface. The asthenosphere is the plastic part of the
mantle. Plastic refers to its state of matter. Have you ever
played with Silly Putty? Silly Putty is a product that shatters
like a solid when it is hit with a hammer. But leave a sphere of
Silly Putty on a flat surface; it will slowly collapse into a pud-
dle. A material is said to be plastic if it shows the properties
of a solid under short-term stress, but flows like a liquid when
stress is applied over a long period of time.

Below the asthenosphere, the melting point increases due
to higher pressure, and the mantle loses its plastic nature.
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This is because the temperature of this part of the mantle is
well below the melting temperature. The question marks on
the melting point line show that scientists are not sure about
this part of the dotted line. Under these conditions of pres-
sure, the melting temperature should be well above the solid
temperature line. However, recent research has shown that
some magma does seem to originate within the stiffer man-
tle. This might indicate that variations in composition occur
here. Some parts of the stiffer mantle might melt at lower
temperatures than other parts.

There is a sudden change in melting temperature at a
depth of about 2900 km. Geophysicists, scientists who study
the physical properties of Earth materials, believe that this
is where the silicate composition of the mantle ends and the
mostly iron outer core begins. Iron has a lower melting tem-
perature than mafic silicate minerals. Therefore, the outer
core is a molten liquid. Finally, there is a transition from the
liquid part of the outer core to the solid phase of the inner
core, even without a major change in composition. This in-
dicates that the temperature at Earth’s center is again below
the melting point, and therefore the inner core is probably
solid.

The graph at the center of the figure illustrates how the pres-
sure within Earth changes with depth. This pressure is
caused by the weight of the layers above. Therefore, as you
might expect, pressure increases with depth. Note that the
scale on the vertical axis is in millions of times normal at-
mospheric pressure.

The top of the diagram illustrates Earth’s internal struc-
ture. By looking at the labels and surface features, you can
tell that the diagram represents a region of earth from the
middle of the Atlantic Ocean, across North America, and into
the Pacific Ocean. The height of the Cascade Mountains is
greatly exaggerated. It would be difficult to see the moun-
tains if they were actually drawn to scale. Notice the arrows
that show upwelling at the Mid-Atlantic Ridge and subduc-
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tion at the trench. This is a part of the internal convection ex-
plained earlier.

The diagram also shows two ways to divide Earth’s inte-
rior. From studies of earthquakes, scientists have learned
much about Earth’s crust, shown here by the dark line at the
surface. (The thickness of this line has also been exagger-
ated.) The white, gray, and dotted sections are within Earth’s
mantle. Below the mantle are the outer and inner cores. A dif-
ferent way to show the interior is based on motions of the
lithospheric plates. In the plate tectonic model, Earth’s top
layer is the lithosphere. The lithosphere includes the crust,
shown in black, and the upper part of the mantle, shown in
white. The asthenosphere and the stiffer, more solid part of
the mantle are above the outer and inner cores.

A hot spot is a long-lived source of magma within the as-
thenosphere and below the moving lithospheric plates. If the
plates were not moving, people would observe repeated erup-
tions of a single volcano. Instead, people see a line of volca-
noes in which the oldest volcanoes are at one end and the
youngest are at the other end. Scientists interpret this pat-
tern as evidence of the motion of a plate over a stationary hot
spot under the lithosphere.

The Hawaiian Islands (Figure 8-8) are an excellent ex-
ample of volcanic eruptions at a hot spot. The oldest volca-
noes in the Hawaiian chain are at the northwestern end of
the chain. The volcanoes that produced the island of Kauai
were active 3.8 to 5.6 million years ago. The Kauai volcanoes
have not erupted since then. The major islands of Oahu,
Molokai, and Maui were built by successive eruptions of vol-
canoes approximately 2.5, 1.5, and 1 million years ago, re-
spectively. The youngest of the Hawaiian Islands is Hawaii,
which gave its name to the whole chain of islands. Kilauea
volcano on the island of Hawaii has been erupting continu-
ously for nearly half a century.

If you did not know about plate motions, you would think
that the source of lava was moving southeast. However, sci-



Figure 8-8 The
progression of ages
in the Hawaiian
Islands shows that
the Pacific Plate is
moving over a deep
hot spot below the
lithospheric plate.
Kilauea volcano on
the largest island is
currently active.
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entists now realize that the northwestward motion of the Pa-
cific Plate has transported the ocean floor over the hot spot.
Successive eruptions created new islands while the older is-
lands were carried northwest on the moving Pacific Plate.

OISV GRAPHING HAWAIIAN VOLCANOES

Use the information in Figure 8-8 to draw a graph that shows ages
of the Hawaiian Islands compared with their distance from Ki-
lauea. The position of Kilauea is shown by a black dot on the is-
land of Hawaii. Then, from your graph, determine the rate at
which the Pacific Plate is moving over the stationary hot spot.

The line of Hawaiian volcanoes did not begin at Kauai.
Oceanographers (scientists who study Earth’s oceans) have
analyzed basalt from the Emperor Chain of islands and
seamounts that extends from the Hawaiian Islands north-
westward nearly to Alaska. The age of these islands and
seamounts steadily increases in that direction to a maximum
age of approximately 60 million years. It seems clear that the



208 CHAPTER 8: PLATE TECTONICS

ACTIVITY 8-3
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Hawaiian hot spot below the lithosphere has been supplying
magma for at least the past 60 million years. During this
time, the Pacific Plate has moved thousands of kilometers to
the northwest. Even at a pace of a just few centimeters per
year, over a period of millions of years the lithospheric plate
can move great distances.

ZONES OF CRUSTAL ACTIVITY

You can find worldwide lists of active volcanoes and earthquakes,
which provide latitude and longitude, on the Internet. Use this in-
formation to plot the position of at least 25 volcanoes or earth-
quake epicenters (choose one) on an outline map of the world.
Compare the location of the features on your map with the fea-
tures that others have plotted from different lists. Can you see
similarities? Do the maps show any kind of pattern? Why do earth-
quakes and volcanoes often occur in the same places?

;._ Locating Plates and Plate Boundaries

A tectonic plate moves over Earth’s surface as a single unit.
The rigid nature of the plates generally transfers force applied
anywhere in the plate to the edges of the plates. Although
large earthquakes can and do occur within the plates, earth-
quake epicenters are more common where one plate meets an-
other. When seismologists were able to record and locate
earthquakes all over the globe, they noticed that there are dis-
tinct zones of crustal activity that stretch around the world.
These zones of earthquake activity are also regions in which
there are many volcanic eruptions and where tectonic moun-
tain building is occurring. Compare Figure 8-9 with the map of
plate boundaries in the Earth Science Reference Tables.

At the ocean ridges where new crust is forming, the plates
are relatively thin. Deep earthquakes do not occur in this re-
gion because the upwelling material is relatively plastic, so it
tends to flow and bend rather than break suddenly. Although
there are many earthquakes at the mid-ocean ridges, their
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foci are shallow. However, where plates descend into the as-
thenosphere, the earthquake foci are deep. As they sink into
Earth, plates remain rigid until they are heated enough to
become plastic and pliable. Figure 8-10 shows the concentra-
tion of shallow seismic foci near a mid-ocean ridge and the
persistence of deep foci where subduction occurs near an
ocean trench. Seismologists can locate sinking plates by plot-
ting deep focus earthquakes.

Volcano

Land

Sea Level

Ocean Ridge

Frequent Ocean Trench
but shallow Earthquake foci
earthquakes descend to
great depths

Epicenters and plate boundaries. Each “X” on this diagram represents
an earthquake focus. At the mid-ocean ridges, heated lithosphere remains plastic
until it rises to a position near the surface. Although earthquakes are numerous at
the ridges, they are shallow. But a plate descending at an ocean trench remains
cool long enough to support deep-focus earthquakes.
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;.i Types of Plate Boundaries
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Figure 8-11 is a world map from the Earth Science Reference
Tables. This map shows the boundaries of Earth’s lithospheric
plates. Plate boundaries are some of the most active zones of
earthquakes and volcanic eruptions. These boundaries can be
classified into four types based on the relative plate motions.

DIvERGENT BOUNDARIES The double lines on the map indicate
rift boundaries. These are places such as the Mid-Atlantic
Ridge where heated material rises toward the surface. At the
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Figure 8-11 Plate boundaries are places where Earth’s rigid lithospheric plates

meet. At these boundaries, new lithosphere is created, destroyed, or the plate
moves parallel to the boundary.
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same time, the lithosphere is spreading away from the ridge
allowing magma to come to the surface, cool, and make new
lithosphere. At the mid-ocean ridges new ocean floor spreads
away from the plate boundary. For this reason these areas
are called divergent plate boundaries. Recall that this is
also a region of many small and shallow earthquakes. Ocean
ridges are where heat energy is escaping from Earth’s inte-
rior most rapidly.

CoNVERGENT BOUNDARIES The lines with black rectangles in-
dicate subduction zones. These are the places where old, cool
lithosphere sinks into Earth. Because the motion of the lith-
osphere is toward the plate boundary, zones of subduction are
also known as convergent plate boundaries. It is common
to find continental and oceanic lithosphere meeting near sub-
duction zones. You may recall that the rock of the continents
is granitic and therefore resists subduction.

A good example of a convergent plate boundary is the
Peru-Chile Trench along the western coast of South America.
The Nazca Plate is ocean floor and mafic in composition. It is
therefore easily drawn into Earth. As it descends, the edge of
the plate bends and shifts causing earthquakes. Descending
plates are cooler than their surroundings so they stay rigid
until the have absorbed heat. Seismologists therefore observe
many earthquakes in these regions. Subduction zone earth-
quakes can be large because the brittle rock can absorb a
great deal of energy before it breaks. The earthquakes can
also have deep foci because the descending slab of lithosphere
is cooler and less bendable than other rocks at the same
depth. Observation of deep-focus earthquakes has given geol-
ogists an important tool that allows them to locate the plates
as they move into Earth at subduction zones. Descending
plates are the only place where earthquakes can originate
from deep within Earth.

On the eastern side of the Peru-Chile Trench, most of the
continental, felsic rocks are too light to be drawn down by
subduction. They therefore bend, break, and pile up to make
intensely folded and faulted mountains. In fact, the Andes
Mountains along the western side of South America are sec-
ond only to mountains of Asia in height. Some of the felsic
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rocks from the South American side of the subduction zone
are drawn down.

You may recall from Chapter 5 that felsic minerals gen-
erally melt at a lower temperature than do mafic minerals.
Therefore, as they absorb heat from their surroundings and
from friction caused by plate movements, felsic rocks are the
first to melt. The change to magma makes the rock fluid. Due
to felsic magma’s low density, it rises toward the surface. For
this reason, subduction zones are regions of volcanic activity.
Unlike the mafic volcanoes of Hawaii, which generate long-
lasting streams of lava, felsic volcanoes tend to be more vio-
lent. Felsic magma is likely to contain water, which expands
explosively when it reaches the surface. The 1980 eruption of
Mount St. Helens in Washington is a good example of the
eruption of less mafic lava.

The edges of converging plates may both be continental
crust. Because continental crust resists subduction, this type
of collision can produce a great mass of jumbled rock that
builds the world’s highest mountains. The Himalaya Moun-
tains of Asia are the result of a collision between the north-
moving Indian-Australian Plate and the giant plate that
contains most of Europe and Asia. Measurements conducted
in the Himalaya Mountains have shown uplift of several cen-
timeters per year.

Volcanoes are not restricted to land areas. Volcanoes are
common where the oceanic portion of one plate dives under
another ocean floor segment. Partial melting of the descend-
ing plate may result in a curved line of volcanic islands
known an island arc. The Aleutian Islands, which extend to
the westward from Alaska, and the islands of Japan are is-
land arcs created at subduction zones.

TRANSFORM BOUNDARIES Some plates do not converge or di-
verge. A transform boundary occurs when two plates slip
past each other without creating new lithosphere or destroy-
ing old lithosphere. If you could straddle a transform fault for
a long enough time, you would see one foot heading in one
direction parallel to the fault and your other foot going in the
opposite direction. The San Andreas Fault in California is
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an excellent example of a transform boundary. In this area,
the Pacific Plate is moving northwest with respect to the
North American Plate. Motion along the fault is not continu-
ous. At any place along the fault, the plates may be locked to-
gether by friction. When the force on the fault becomes great
enough to overcome friction, the fault breaks suddenly and
the plates move. This motion generates an earthquake.

hssY DOES EARTH’S GEOGRAPHY CHANGE?
Y

Scientists have used a wide variety of evidence to document
how the continents have moved over millions of years. Ocean
basins are known to be younger than the continents. This is
because as new seafloor is created at the ocean ridges, old
parts of the seafloor are drawn back into Earth’s interior at
the ocean trenches. The dense basaltic rock of the ocean floor
is constantly recycling. However, the continents resist sub-
duction due to their lower density. Large parts of the conti-
nents are composed of rock much older than the rocks found
anywhere on the ocean floor.

Figure 8-12 on page 214 from the Earth Science Reference
Tables shows the evolution of Earth’s surface over a period of
more than 300 million years. Notice that 362 million years
ago North America was located along the equator. As time
passed, North America moved north along with Africa and
South America. In the past 200 million years, North America
separated from Africa and Europe, opening the North Atlantic
Ocean. Africa and South America split apart more recently,
forming the South Atlantic Ocean.

Scientists cannot be sure how the plates will move in the
future. But, if present trends continue, the Atlantic Ocean will
become wider as separation continues at the Mid-Atlantic
Ridge. As the American Plates continue to push into the Nazca
and Pacific plates, the mountains near the western edges of
Americas could grow higher. (Mountain heights also depend
on how fast erosion takes place.) In a few tens of millions of
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years, movement along the San Andreas Fault will carry Los
Angeles northward to a position near San Francisco.

One of the important principles in geology is sometimes
stated as the present is the key to the past. This means that
events in the prehistoric past are likely to be similar to
changes that you can observe. It also means that if scientists
understand the geological processes that are happening today,
they can better predict what will happen in the future.
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asthenosphere meteorologist polarity

convergent plate boundary mid-ocean ridges radiation

divergent plate boundary ocean trenches seafloor spreading
fluid paradigm subduction zone
hot spot plastic tectonics

island arc plate tectonics transform boundary

lithospheric plates

Remains of Mesosaurus, an extinct freshwater reptile, have been found in
bedrock of similar ages at locations X and Y on the map below.

Africa

South
America

X
Atlantic

Ocean

Which statement below represents the most logical conclusion to draw
from this evidence?

(1) Mesosaurus migrated across the ocean from location X to location Y.

(2) Mesosaurus came into existence at widely separated locations at dif-
ferent times.

(3) South America and Africa were joined when Mesosaurus was alive.

(4) The present climates at locations X and Y are similar.
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Which form of heat flow is responsible for the slow circulation within
Earth’s asthenosphere?

(1) insolation
(2) convection
(3) conduction
(4) radiation

. Convection currents within Earth’s mantle are making the Atlantic Ocean

(1) less salty.
(2) cooler.
(3) wider.
(4) narrower.

. What is the approximate temperature at the boundary between the as-

thenosphere and the stiffer mantle?

(1) 600°C (3) 2600°C
(2) 1000°C (4) 3000°C

the information in the following map and data table to answer questions

5 and 6. The map shows the locations of volcanic islands and seamounts that
erupted on the sea floor of the Pacific Plate as it moved northwest over a

stationary hot spot beneath the lithosphere. The hot spot is currently under
Kilauea.
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Data Table

Age of Volcanic Features
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Volcanic Feature Distance from Kilauea (km) Age (millions of years)
Kauai 545 5.6
Nihoa 800 6.9
Necker 1070 10.4
Midway 2450 16.2
Suiko seamount 4950 41.0

5. Approximately how far has location X moved from its original position over

the hot spot?

(1) 3600 km
(2) 2500 km
(3) 1800 km
(4) 20 km

6. According to the data table, what is the approximate speed at which the

island of Kauai has been moving away from the mantle hot spot, in kilo-
meters per million years?

(11
(2) 10
(3) 100
(4) 1000

7. Which lithospheric plate boundary features are located at Y and Z?

(1) trenches created by the subduction of the Pacific Plate

(2) rift valleys created by seafloor spreading of the Pacific Plate

(3) secondary plates created by volcanic activity within the Pacific Plate
(4) mid-ocean ridges created by faulting below the Pacific Plate

. The Himalaya Mountains are located along a portion of the southern
boundary of the Eurasian Plate. Near the top of Mt. Everest (29,028 feet)
in the Himalaya Mountains climbers have found fossilized marine shells
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in the surface bedrock. From this observation, which statement is the best
inference about the origin of the Himalaya Mountains?

(1) The Himalaya Mountains were formed by volcanic activity.

(2) Sea level has been lowered about 29,000 feet since the shells were
fossilized.

(3) The bedrock containing the fossil shells is part of an uplifted seafloor.

(4) The Himalaya Mountains formed at a divergent plate boundary.

. The diagram below shows land features that have been disrupted by an
earthquake.

Which type of crustal movement most likely caused the displacement of
features in this area?

(1) vertical lifting of surface rock (3) downwarping of the crust
(2) folding of surface rock (4) movement along a transform fault

Use the information in the diagram below to answer questions 10 and 11. The
diagram shows the locations of deep-sea core drilling sites numbered 1-4.

Map of Drilling Sites
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10. At point A, the East Pacific Ridge is the boundary between the

11.

12.

(1) Cocos Plate and the North American Plate.
(2) South American Plate and the Nazca Plate.
(3) Pacific Plate and the South American Plate.
(4) Pacific Plate and the Nazca Plate.

At which drilling site would the oldest bedrock most likely be found?
(11 3) 3
(2) 2 4) 4

Compared with the thickness and density of the continental crust of South
America, the oceanic crust of the Pacific floor is

(1) thinner and less dense.
(2) thinner and more dense.
(3) thicker and less dense.
(4) thicker and more dense.

Base your answers to questions 13—15 on the following diagram.

America

Pacific
Ocean

Peru-Chile

North

South
America

Trench

13

. The Peru-Chile Trench marks the boundary between the

(1) Pacific Plate and the Antarctic Plate.
(2) Nazca Plate and the South American Plate.
(3) North American Plate and the Cocos Plate.
(4) Caribbean Plate and the Scotia Plate.
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14. In which diagram do the arrows best represent the motion of Earth’s crust
at the Peru-Chile Trench?

Trench Trench
g i —
(1) (3)
Trench Trench
ﬁ// S
(2) (4)

15. Which observation provides the best evidence for the pattern of crustal
movement at the Peru-Chile Trench?

(1) the direction of flow of warm ocean currents

(2) the mineral composition of samples of mafic mantle rock
(3) comparison of the rates of sediment deposition

(4) the locations of shallow focus and deep focus earthquakes

Open-Ended Questions

16. What evidence indicates that lithospheric plates move over Earth’s surface.
17. How is energy moved from one place to another in heat flow by convection?

18. Earthquakes are not evenly distributed over Earth. Why are earthquakes
common along the west coast of the continental United States?

19. How can plates move apart at the mid-ocean ridges and not leave a deep
gap in the lithosphere?

20. Classify each of the plate boundaries listed below as divergent, convergent,
or transform.
(a) East Pacific Ridge
(b) Aleutian Trench
(c) Western side of South American Plate
(d) San Andreas Fault
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People who live near the coast of southern California enjoy
a location with mild temperatures and beautiful mountain
scenery. The climate is usually dry, but rain and snow in
mountains to the east provide freshwater and recreational
opportunities. However, other aspects of life in California are
not as favorable. If it rains hard, there can be flooding and
landslides. This is because the mountains are young with
steep, unstable slopes. In addition, the dry summer climate
results in relatively few plants to hold back surface water
and keep soil in place. This area also has more destructive
earthquakes than any other part of the United States except
Alaska.

Most residents of this part of California do not realize that
the mild climate and mountain scenery are a result of active
geological forces. The mild climate is enhanced by winds off
the ocean that are stopped by mountain barriers. The San
Andreas Fault and other faults along which earthquakes
occur are responsible for the mountains. If it were not for
earthquakes, the mountains would not be there. If it were not
for the mountains, the climate would not be as mild. It all re-
lates to geology.

221
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Most geologic events, such as uplift, weathering, and ero-
sion, take place over a long period of time. Such slow events are
seldom a danger to people. But, some geologic changes happen
quickly, such as earthquakes, volcanic eruptions, landslides,
and avalanches. These rapid changes can cause hazards to
humans. A hazard is an event that places people in danger of
injury, loss of life, or property damage.

Most

predictions of earth-

quake hazards are
based on historical
records. Although
earthquakes are
less common in the
central and eastern
United States than
they are along the
Pacific Coast, there
have been major
earthquakes in all
three regions.

Some locations have more earthquakes than others. (See Fig-
ure 9-1.) The interaction between Earth’s lithospheric plates
makes plate boundaries the most active zones of change.
Within the continental United States, our only plate bound-
ary is the western edge of the North American Plate. The
boundary between the Pacific and North American plates
runs through California and then off the Pacific coast from
Oregon to Alaska. Large earthquakes also can occur within
the plates in places where the continental plates seem to be
breaking apart. Two of the strongest seismic events in Amer-
ican history took place in the nineteenth century, one in
Missouri and the other in South Carolina. Although large
earthquakes are most common at plate boundaries, it ap-
pears that earthquakes can happen almost anywhere.

|:| None |:| Moderate
|:| Minor |:| Major
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It is helpful to realize that when seismic waves pass from
solid rock into loose sediment, the shaking is intensified. A
major earthquake in Mexico in 1985 did more damage in
Mexico City than in Acapulco, even though Acapulco was
closer to the epicenter. Acapulco is built on or close to solid
rock. On the other hand, Mexico City is built on sediments of
an ancient lake bed. Not only do thick sediments amplify the
shaking of an earthquake, they also provide a less secure
foundation on which to construct large buildings.

Seismologists sometimes say, that Earthquakes do not kill
people, buildings do. People are rarely hurt by motion of the
ground. The collapse of buildings is the major cause of death
and injury in most earthquakes. This is especially true if the
buildings have no reinforcement to hold them together. Adobe
is a building material made by mixing mud with straw, plac-
ing the mixture into molds to form blocks, and drying the
blocks in the sun. Adobe blocks are stacked to make walls of
the house and wooden rafters are placed across the tops of the
walls to support a roof. This is a common form of construction
in some third-world countries. Most adobe homes do not have
any frame to hold the bricks together. Adobe structures are
reasonably good at withstanding vertical motion, but horizon-
tal motion can cause the walls and roof to collapse on any-
one unfortunate enough to be inside. Wood frame houses are
among the best buildings at withstanding earthquakes. In
this kind of house, walls are held in place by adjoining walls.
The foundation, floors, walls, and roof of the home can be se-
cured with bolts. Wood frame structures absorb energy by
bending and can still go back into their original shape. Steel
frame buildings are also good absorbers of ground motion.

Fires often follow earthquakes in populated areas. The fire
that followed the San Francisco earthquake of 1906 caused
far more damage than was caused by the collapse of struc-
tures. The ground broke and shifted as much as 6 meters,
causing gas lines to rupture. Damaged and sparking electrical
lines ignited the highly flammable natural gas escaping from
broken gas lines. Water pipes, which could have provided
water to fight fires, were also broken, making it impossible to
save burning buildings. The fire burned for several days, de-
stroying most of the city.
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Fortunately, builders have learned from their mistakes.
Events in San Francisco and other cities that have experi-
enced major earthquakes have helped engineers understand
how to avoid damage. When the Alaska oil pipeline was con-
structed in the 1970s, special bends and joints were added
where the pipeline crosses known fault lines. Should an earth-
quake occur causing movement along the fault, these bends
should prevent the pipeline from breaking.

Earthquakes can also trigger ground failure. Near An-
chorage, Alaska, 75 houses were lost in the 1964 earthquake.
The houses were part of a development built on a high bluff
of sediment overlooking an arm of the ocean. Shaking caused
the sediments and the houses built on them to loosen and
then collapse into the bay.

Sediments that hold groundwater pose another hazard.
Saturated sediments can turn into a material like quicksand
in a process known as liquefaction. This is caused by strong
shaking that allows water to surround the particles of sedi-
ment, changing the sediment into a material with properties
of a thick fluid. Buildings can sink where the ground is weak-
ened by liquefaction.

Dam failure is also a hazard associated with earthquakes.
The shaking of the ground or a landslide can break dams. If
a reservoir of water is held back by the dam, people who live
downstream will be in danger from flooding. Table 9-1 lists
some of the world’s greatest earthquakes as well as nearby
seismic events.

Earthquakes sometimes cause a giant series of waves
called a tsunami (sue-NAHM-ee). Although tsunamis are
sometimes called tidal waves, these waves have nothing to do
with the twice-daily rise and fall of ocean tides. That is why
scientists prefer to use tsunami, a Japanese term that means
harbor wave. The most destructive tsunamis are probably
caused by a sudden motion of the ocean bottom or an under-
water landslide released by an earthquake. In the open ocean,
tsunamis may travel 1000 km/hr as a gentle swell that would
be hard to notice on board a ship. At this speed, a tsunami can
cross a major ocean in a few hours. When a tsunami moves
into an open but shallow bay, its energy becomes more con-
centrated and the water can build high waves. Some tsunamis
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TABLE 9-1. Selected Historic Seismic Events

Location Date  Magnitude Notes

Shensi, China 1556 Unknown Worst natural disaster known; 830,000 deaths.

New Madrid, MO 1812 ~8 (est.) Few deaths due to sparse settlement. Flow of Mississippi
River briefly reversed.

San Francisco, CA 1906 ~8.3 (est.)  Most damage caused by uncontrolled fires. Water lines
broken.

Massena, NY 1944 ~6 (est.) Largest in NY state. Chimneys destroyed; water lines broken.

Lebu, Chile 1960 9.6 Largest event measured with seismographs. Occurred in the
Pacific Ocean.

Anchorage, AK 1964 9.3 Extensive tsunami. Damage to buildings extensive; 131
deaths.

Haicheng, China 1975 7.5 Predicted by scientists. City evacuated; only ~130 deaths.

Tengshan, China 1976 7.6 Prediction failed. Worst modern natural disaster; ~650,000
deaths.

Mexico City, Mexico 1985 8.1 Worst damage in city far from epicenter that was built on fill;
~9,000 deaths.

North Ridge, CA 1994 6.7 $10 billion in damages; 61 deaths.

Kobe, Japan 1995 7.2 Destroyed the port built on landfill; 5,500 deaths

Izmit, Turkey 1999 7.4 More than 12,000 dead and 34,000 injured. Lateral offsets of
2.5 m (9 feet). Largest event in a modern, industrialized area
since San Francisco quake in 1906 and Tokyo quake in 1923.

Au Sable Forks, NY 2002 51 Felt throughout NY state. Caused damage to local roads.

grow to 10 to 20 meters high, sometimes higher. These waves
may appear first as a giant wave or as a sudden drop in sea
level. People have been drawn to the shore by the sudden
withdrawal of the sea. They may not realize that they are ob-
serving a sign that a giant wave is coming that could sweep
them away. Tsunamis are rare, but they cause great damage
and loss of life in coastal locations. The city of Hilo in Hawaii
has experienced several destructive tsunamis. The United
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States now has a tsunami early warning system to alert peo-
ple who live in coastal areas of approaching danger.

N2
;.; Earthquake Preparedness

Reducing the risk of injury or loss of property is especially
important in places that have a history of damaging earth-
quakes. There are things people can do to prevent injuries
and property loss. The following measures can be split into
two categories: preparing for an earthquake and what to do
during an earthquake. The following are examples of ad-
vanced preparations.

® Select a home built on or close to solid bedrock.

® Select a homesite that is not near a steep hill, open and
shallow bay of the ocean, or downstream from a
reservoir.

Be sure your home meets local building codes.
Know how to shut off gas, electricity, and water.

Avoid storing heavy objects on high shelves.

Store some food and freshwater in your home, as well as
a battery-operated radio.

Keep emergency telephone numbers in handy locations.

Know where to find medical supplies and the location of
the nearest doctor or hospital.

® Learn how to help any family member with special needs.

® Plan and rehearse what to do in case of an earthquake.
After a major earthquake, your help may be needed.

e Assist official emergency services as requested, but do
not get in their way.

® Until help arrives, respond to the needs of people who
are injured.
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® Prevent further injuries by identifying unsafe
structures, broken objects, chemical spills, and similar
hazards.

e If possible, turn off gas, water, and electric supplies.
e Listen to the radio for information and instructions.

¢ Find safe shelter, undamaged food supplies, and clean
water.

In a strong earthquake, your best protection depends on
where you are. If you are outside, it is best to stay away from
buildings or trees, since they may fall. If you are in a building,
the best protection is probably under a strong object, such as
a desk or a table, that can protect you from falling debris.
Doorways are also good places in which to stay because the
walls might be able to protect you if the ceiling collapses.
While it would probably be safer to be outside, you may not
have time to reach an exit before the earthquake is over. Most
earthquakes last less than a minute. Do not use an elevator to
leave a building during or after an earthquake. Elevators can
be damaged by the original event or by aftershocks, trapping
people inside. Stairways are a safer way to leave. Remember
that aftershocks often occur following a major earthquake.

DEVISING AN EARTHQUAKE PREPAREDNESS PLAN

Work with your family or classmates to devise an emergency plan
to use in the event of a damaging earthquake. Brainstorm with
them to take into account unique characteristics of where you live
and the needs of people around you. Create a list of things you
can change to make your home more earthquake-safe.

PREDICTING EARTHQUAKES There have been many attempts
to predict earthquakes. Such signs as bulging of the ground,
unexplained changes in the water levels in wells, or even
unusual animal behavior have been used to predict seismic
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events. Places along major faults that have not experienced
ground movement as often as surrounding areas are consid-
ered likely places for future earthquakes. For example, seis-
mologists might be able to predict that over the next 20 years
there is a 60 percent chance of a magnitude 7 earthquake
along a particular part of the San Andreas Fault.

Chinese scientists predicted a major earthquake and evac-
uated the city of Haicheng in 1975. A large earthquake did
occur at that time and the death toll was remarkably light.
However, a year later they missed a larger earthquake in the
city of Tengshan where more than half a million people lost
their lives.

In spite of a few successes, predictions of earthquakes that
successfully specify a particular time and place are rare. Gov-
ernment agencies are reluctant to issue warnings when most
earthquake warnings have been incorrect. If they issue many
false warnings, the public will no longer respond to them.

Before it erupted in 1980, Mount St. Helens in the state of
Washington was a nearly perfect volcanic cone almost 3000
meters high. The mountain was known to be an active vol-
cano. In fact in 1975, scientists from the United States Geo-
logical Survey predicted that it would probably erupt before
the turn of the century.

Signs of activity began in late March of 1980 with numer-
ous small earthquakes generated by underground movement
of magma. A bulge in the northern slope of the mountain grew
to about 100 meters. On May 18, it broke loose and rushed
down the northern slope of the mountain in a great, gas-
charged cloud. The loss of pressure within the mountain re-
sulted in a blast of hot ash and volcanic gases that filled Spirit
Lake, a popular fishing resort on the north side of the moun-
tain. About 1 cubic kilometer of the mountain was lost, and
ash fell several centimeters deep hundreds of miles away. The
mountain lost nearly a quarter of its height, and 60 people lost
their lives. In fact, a number of the scientists who came to ob-
serve Mount St. Helens were burned to death or suffocated in



Figure 9-2 A vol-
canois a place
where magma
escapes from Earth’s
interior. Sometimes
the eruption builds

a mountain; other
eruptions cover
large, nearly flat
areas with fluid lava.
(Not drawn to scale.)
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the ash cloud. Since the 1980 eruption, a small dome has
grown inside the new crater. This dome could grow to the orig-
inal height of the mountain, or it could lead to another erup-
tion in the future.

A volcano is an opening in Earth’s surface through which
molten magma erupts. The source of magma is somewhere
within the planet where the temperature is above the rocks’
melting temperature. The temperature at which rock melts
depends on its mineral composition and pressure on it. Fel-
sic rocks melt at a lower temperature than mafic rocks. As
pressure increases, so does the melting temperature. Fluid
magma moves toward the surface through cracks or zones of
weakness in the overlying rock. When the magma reaches the
surface and releases gases into the atmosphere, it is called
lava.

Figure 9-2 shows a cross section, or profile view, of a vol-
cano. In this diagram you can see the magma chamber with
vents that lead to the surface. Note the layering of ash and
lava inside the mountain, which was built up by successive
eruptions. Explosive eruptions of some volcanoes leave a bowl-
shaped depression at the top of the mountain called a crater.

Some volcanoes erupt quietly. Kilauea on the island of
Hawaii has continuously vented rivers of lava for several



230

CHAPTER 9: GEOLOGIC HAZARDS

Figure 9-3 The teardrop shape of this volcanic rock shows that it hardened from
lava as it was thrown into the air. It is known as a volcanic bomb.

decades. The basaltic lava that feeds Kilauea is very hot and
contains little gas, making its lava very fluid. But other volca-
noes such as Mount St. Helens vent lava that is more felsic in
composition. These lavas are recycled continental rocks. They
contain more silicate minerals as well as dissolved gases such
as water vapor, carbon dioxide, and sulfur dioxide. As felsic
lava comes to the surface, decreasing pressure causes the
gases to expand explosively like the soda in a bottle that has
been shaken. Such volcanic eruptions release large quantities
of volcanic ash and toss larger objects known as blocks and
bombs into the air. These are considered the most dangerous
eruptions. Figure 9-3 shows a volcanic bomb from a volcano in
California.

TyPES OF VOLCANOES The cooling of magma at the surface
builds volcanic features around the vent where the lava
comes to the surface. Scientists recognize four types of volca-
noes based on their shapes: shield volcanoes, cinder cones,
composite volcanoes, and lava plateaus.

Repeated eruptions of hot, fluid, basaltic magma build a
broad structure with gently sloping sides known as a shield
volcano. The Hawaiian Islands contain shield volcanoes as
much as 100 km across. Cinder cones are usually small fea-
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Figure 9-4 Sunset Crater in
Arizona is a cinder cone

produced by an eruption ap-
proximately 1000 years ago.

tures built by cooler lava that was blown into the air, fell back
to Earth, and hardened into a pile around the vent. (See Fig-
ure 9-4.) Composite volcanoes are mounds built up by alter-
nating lava flows and layers of ash. Mount St. Helens is a good
example of a composite volcano. The eastern part of the state
of Washington is covered by hundreds of meters of flat layers
of successive fluid lava flows that created lava plateaus. The
lavas that formed these plateaus were so hot that they flowed
over the surface almost like water before they hardened into
basalt.

Some volcanoes form a caldera. This is a large bowl-
shaped depression formed when the top of the volcano col-
lapsed into the emptied magma chamber. Crater Lake in
Oregon is a caldera that has filled with water, making a large,
round lake where the top of the mountain used to be.
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How likely you are to suffer injury or loss of property from a
volcanic event depends on where you are. If volcanoes erupted
in your location in the past, you are probably in a place that
could have future eruptions. The more recent the past erup-
tions, the higher the likelihood of future eruptions. Volcanoes
are sometimes classified as active or dormant. If scientists see
evidence of recent activity or if they see steam rising out of a
volcano, it is considered active. However, dormant volcanoes
can suddenly erupt, showing how difficult it is to classify
them accurately.
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O G EyAl ADOPT A VOLCANO

Figure 9-5 Most

of the world’s
active volcanoes
are at or near plate
boundaries.

Select a famous volcano. Be sure that your teacher approves the
volcano you have chosen. Prepare a report about your volcano’s
activity. Please give your source(s) of information in the form of a
bibliography.

Figure 9-5 shows that volcanoes, like earthquakes, tend
to occur near plate boundaries. Notice the way that active
volcanoes nearly surround the Pacific Ocean. That region is
called the Ring of Fire. Many of these volcanoes occur inland
near ocean trenches. Subduction zones are especially dan-
gerous because this is where granitic (felsic) rocks are pulled
into Earth’s interior. With their low melting temperature,
low-density, high-viscosity magma, and considerable gas con-
tent, subduction zone volcanoes are the most dangerous kind
of volcano.

In the real estate business it is said that the value of a
property depends on three factors: location, location, and lo-
cation. The same factor(s) will determine your vulnerability
to volcanic hazards. The first question is, Are there volcanoes
in your area? If not, the likelihood of danger is low. If there is
local evidence of volcanoes, the second location factor comes
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@A America
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in. How close are you to a volcano that is or could become ac-
tive? If the volcano is within a few tens of kilometers, the next
question comes into play. Is your home, school, or place of
work in a valley connected to the volcano?

Volcano damage can come in several ways. Sometimes,
lava flows out of a volcano and runs downbhill into valleys de-
stroying anything in its path. However, most lava flows are
slow enough that people can usually escape them. A greater
threat is gas-charged flows of hot ash that can descend from a
volcano at 100 km/hr or more. This was the kind of activity
that killed observers and flattened forests around Mount St.
Helens in 1980. Some volcanoes discharge poisonous gases
that can suffocate people and animals in nearby lowland
areas. Meltwater from the snow that covered Mount St. He-
lens before eruption was the greatest cause of damage in 1980
when the water quickly flowed into rivers already clogged
with ash. Eruptions can also emit poisonous gases and chok-
ing dust, while they trigger landslides and mudflows that
cause loss of life and property.

Volcanoes sometimes show signs of an impending erup-
tion. The best way to protect yourself from their dangers is to
move far enough away to avoid direct effects such as lava
flows and gas clouds, and high enough to escape floodwaters.

Gravity is the force that pulls all matter toward Earth’s cen-
ter. As tectonic forces build mountains, erosion powered by
gravity wears them down. Nearly all erosion starts with
earth materials at a high elevation and moves them to a
lower elevation. Wherever the ground is too steep for friction
to hold rock and soil in place, there is danger that it will move
downslope. Mass movement is the motion of soil or rock
down a slope without the influence of running water, wind, or
glaciers.

Some soil movement happens slowly such as the slow
downhill creep that caused the trees in Figure 9-6 on page
234 to bend or the slumping of a block of soil shown in Fig-
ure 9-7 on page 234. These slow movements are most com-
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Figure 9-6 Soil
creep in Utah

Figure 9-7 Slumping
at Half Moon Bay in
California

AL

mon in clay-rich soils, particularly when they become satu-
rated with water. If roads or buildings are constructed along
these slopes, the structures can lean and break apart as
downslope motion stresses and carries them.

Sometimes there is the rapid, downslope movement of
rock and soil known as a landslide. In unpopulated areas,




Figure 9-8 This
snow shed in the
Rocky Mountains
protects the road
and people who
travel on it from
avalanches and
landslides.
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mass movement is of little concern. But each year downslope
mass movement breaks up or covers roads, causes damage to
property, and occasionally causes injury or loss of life.

Landslides are often triggered by water seeping into the
ground. Clay minerals in soil can absorb many times their
dry weight in water. Clay also offers little resistance to grav-
itational force. If the soil is composed primarily of moist clay,
it can even slide down relatively gentle slopes. A 55-acre area
near the bottom of a valley south of Syracuse, New York, slid
downhill, covering a road and damaging three homes in the
spring of 1993. The slope above the slide was steep, but held
in place by bedrock. However, the valley had been the site of
a large lake that left deposits of soft clay. When the clay was
saturated by groundwater it moved downslope.

An avalanche is the rapid, downhill movement of snow,
similar to a landslide, that occurs on a steep slope. Large
quantities of rock can be carried down by avalanches. Some
mountain valleys show evidence of avalanches where trees
have been uprooted by slides in the past

Like volcanoes, landslides usually occur in places where
they have happened in the past. The best way to protect your-
self and your property is to be aware of where landslides have
occurred previously. Avoid building on or below steep or un-
stable land. Be aware of avalanche dangers when skiing or
traveling in mountain areas in the winter or early spring.
Figure 9-8 shows a structure built to protect a mountain road
from avalanches and landslides.




236 CHAPTER 9: GEOLOGIC HAZARDS

TERMS TO KNOW

avalanche hazard mass movement vent
caldera landslide tsunami volcano
crater liquefaction

CHAPTER REVIEW QUESTIONS
1. Which city is most likely to have a destructive earthquake in the next 100

years?
(1) New York City (3) Houston
(2) Los Angeles (4) Chicago

2. Sometimes one destructive natural event is caused by another event.
Which of the following is most likely?

(1) a thunderstorm caused by a landslide

(2) a tsunami caused by an earthquake

(3) a hurricane caused by a landslide

(4) lightning and thunder caused by an earthquake

3. Some people refer to tsunamis as tidal waves. Why do scientists seldom
use the term “tidal wave?”

(1) Most scientists speak Japanese.

(2) Tsunami is easier to spell

(3) Tsunamis are not caused by tides.

(4) Tsunamis occur more often than tides.

4. A homeowner removed all heavy objects from high shelves in her home as
a safety measure. That action would probably be most important in pre-
paring for which of the following events?

(1) a landslide (3) an earthquake
(2) a hurricane (4) a volcanic eruption

5. Where is the safest place to build a home if your area has many earth-
quakes?

(1) on the bank of a river (3) on a thick layer of sediment
(2) at the base of a weathered cliff (4) on solid bedrock
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Why is a wood frame house a good type of building to live in if your region
has large earthquakes?

(1) Wood cannot burn.

(2) Wood is more dense than stone or brick.

(3) Wood frame houses often hold together when shaken.

(4) Wood does not conduct heat energy as well as stone or brick.

How do cities and other communities now protect citizens from earthquake
hazards?

(1) They can require buildings that resist damage from shaking.

(2) The can pass laws to make earthquakes illegal.

(3) They can reinforce the ground to prevent lithospheric plates from
moving.

(4) They can tell people exactly when earthquakes will occur and make
them leave the area.

How would the magma that produces a cinder cone differ from lava that
contributes a new layer to a lava plateau?

(1) The cinder cone magma comes out at the surface more slowly.
(2) The lava plateau magma is cooler and more liquid.

(3) The cinder cone magma crystallizes rapidly.

(4) The lava plateau magma does not reach Earth’s surface.

Which location is most likely to have volcanic eruptions?

(1) near the North Pole (3) near plate boundaries
(2) near a large lake (4) near the centers of continents

A volcano whose top was covered by large glaciers and snowfields erupted.
Which of the following is likely to cause the most property loss, injury, and
deaths?

(1) flooding

(2) thunder

(3) violent shaking of the ground

(4) people falling into cracks in the ground

What kind of rock is likely to be found on the Hawaiian Islands?

(1) sandstone (3) gneiss
(2) limestone (4) basalt
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12. What ocean is surrounded by a zone of frequent earthquakes and active

volcanoes?
(1) Atlantic (3) Indian
(2) Pacific (4) Arctic

13. Where and when is a landslide likely to happen?

(1) on bedrock that is wet (3) on clay sediments that are wet
(2) on bedrock that is dry (4) on clay sediments that are dry

14. Which natural event usually occurs without warning and usually lasts less
than a minute?

(1) a tsunami (3) a hurricane
(2) an earthquake (4) a volcanic eruption

15. Which natural disaster is most likely to include solid objects falling from
the sky?

(1) floods (3) tsunamis
(2) earthquakes (4) volcanoes

Open-Ended Questions

16. Students read an article in a local newspaper stating that a major earth-
quake can be expected to affect that region within the next year. The stu-
dents plan to stay in the region. As a result, the students decide to help
prepare their home and family for this expected earthquake.

State three specific actions the students could take to increase safety
or reduce injury or damage from an earthquake.

17. An Earth science class is creating a booklet on emergency preparedness.
State one safety measure that should be taken to reduce injury or deaths
during a nearby volcanic eruption.

18. What is one form of evidence that might indicate that your area is in dan-
ger from volcanic eruptions?

19. Volcanoes’ shapes and surface features can often be used identify them.
State one way in which a volcano is likely to look different from other
mountains.

20. Why are earthquakes, volcanoes, and landslides considered hazards?
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As you look around at the natural environment, you proba-
bly notice many changes. You notice the apparent motion
of the sun through the sky from morning to evening. Stars
move through the night sky, and the phases of the moon fol-
low a cycle. The weather, especially temperature, sky condi-
tions, and precipitation, changes from day to day. These are
changes that happen quickly enough to affect our lives from
day to day.

The solid Earth is also changing. In Chapter 8, you learned
that energy flow by convection within the planet causes
mountains to rise. Meanwhile, the processes of weathering
(the breakdown of rock) and erosion (the carrying away of the
pieces) cut down and reshape the land surface. Unless there is
a sudden geological event, such as an earthquake or a flood,
these changes are too slow to affect us on a day-to-day basis.
It is important to realize that even through some changes
in the natural environment are not apparent, over the hun-
dreds, thousands, millions, and even billions of years these
slow changes are important to us. Weathering is a good exam-
ple of a slow process that, through thousands of years, can
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Figure 10-1 Formations
such Escalante Arch in
Utah are temporary features
in the long-term history of
Earth’s surface.

radically change the shape of the land. Scientists realize that
features like the rock arch in Figure 10-1 are just temporary
in the long-term reshaping of the land.

Most of the rocks you see were formed underground. If
rocks stayed in the same location and under the same condi-
tions as where they formed, they would probably be stable.
But when rocks are exposed to conditions at Earth’s surface
they change. This change is called weathering. Weathering
is influenced by exposure to wind, water, oxygen, plants, and
animals. All of these agents contribute to breaking down
bedrock, the solid, or continuous, rock that extends into
Earth’s interior. (See Figure 10-2.) The weathering of rock
creates a loose substance known as sediment.

;._ Physical Weathering

Weathering processes can be classified as physical changes or
chemical changes. Physical weathering, also known as me-
chanical weathering, breaks rocks into smaller particles.
However, the chemical (mineral) composition of the particles
does not differ from the composition of the original rock.
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FrRosT WEDGING A good example of mechanical weathering
is frost wedging. This kind of weathering is active in moist
places where the temperature alternates between day tem-
peratures above the freezing point of water and colder night
temperatures that are below freezing. Water is sometimes
trapped in cracks in rock at the surface. Water is one of the
few substances that expands when it forms a solid. If this
were not true, ice would sink in water. Rivers and lakes
would freeze from the bottom up, killing fish and other organ-
isms that can survive only in liquid water. With repeated cy-
cles of freezing and thawing, frost wedging widens the cracks,
gradually forcing the rock apart. The force created when
water freezes can also open new cracks for water to enter.
In this way, solid rock is continuously broken into smaller
fragments.

BioLogicAL AcTiviTy Rocks are also broken apart by biologi-
cal activity. If a tree or another plant grows its roots into a
crack in solid rock, the roots apply a constant pressure that
can help break the rock apart. (See Figure 10-3 on page 242.)
Lichens and mosses sometimes grow on rock surfaces. These
tiny plants also help break the rock apart. Burrowing animals
such as earthworms, ants, woodchucks, and rabbits create
passages through soil and allow both water and air to come
into contact with unweathered or partially weathered rock.
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Figure 10-3 Plants help to
break rocks apart when
their roots grow into cracks
in the rock.

ExFoLIATION Granite forms by slow cooling and crystalliza-
tion well below Earth’s surface. When granite solidifies, the
rock is under great pressure caused by the weight of rocks
above it. If thousands of years of uplift, weathering, and ero-
sion cause the granite to be exposed at Earth’s surface, there is
a great reduction in pressure. As a result, the granite near the
surface expands and cracks into slabs that break away from
the solid bedrock. There is no change in composition involved
in this process, so it is a physical change. Figure 10-4 shows ex-
panding granite slabs near Yosemite Valley in California.

ABRASION The grinding away of rock by friction with other
rocks is abrasion. Abrasion is another kind of physical, or

Figure10-4. The slabs of
rock on this granite surface
formed when a release of
pressure caused the rock
to crack parallel to the ex-
posed surface.
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mechanical, weathering. Wind, water, or glaciers are trans-
porting agents that carry rocks and sediment. The transport-
ing agent causes pieces of rock to collide or rub against one
another and against the bedrock rock over which they are car-
ried. Consider a large rock that has broken off bedrock near
the head of stream. It is likely that at some point the rock will
fall into the stream and begin its slow journey downstream.
Repeated collisions with other rock fragments gradually wear
down the rock as it is transported downstream. So what began
as a large piece of solid rock near the head of a stream is
transformed into small bits of sediment as it travels down-
stream. The farther rocks are transported, the smaller they
become.

\\\\ll//’
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Not all rocks are worn down at the same rate. The harder a
rock is, the more resistant it is to physical, or mechanical,
weathering. Resistance to abrasion depends on the mineral
composition of a rock and how the rock is held together. For
example, quartz is a relatively hard mineral with a Mohs’
scale hardness of 7. A rock of solid quartz is likely to be worn
down very slowly. Although sandstone is often composed of
quartz particles, sandstone will weather quickly when the
quartz grains are not securely cemented. Limestone is made
primarily of calcite, which has a Mohs’ hardness of only 3.
But a solid layer of limestone can be more resistant to abra-
sion and other forms of physical weathering than poorly ce-
mented sandstone.

The Grand Canyon in Arizona is nearly 2 km deep. The
walls of the canyon expose more than a dozen different rock
formations. The most resistant layers form the steepest rock
faces because they wear away slowly and have the most
strength. The weaker layers tend to form terraces because
soft rocks do not have the strength to hold up as cliffs. Weak
rocks can also be found as indentations or notches protected
above and below by stronger rocks. Figure 10-5 on page 244
shows the cliff and terrace nature of the Grand Canyon.




ACTIVITY 10-1

Figure 10-5 As shown in
this photograph of the
Grand Canyon, the most
resistant rock layers form
steep cliffs. The weaker
rocks weather to form
terraces and gentle slopes.

ROCK ABRASION

Materials: rock chips, mass scale, wide-mouth plastic jar with lid,
sieve or strainer, plastic bucket

You can simulate the conditions in a fast-moving stream by
placing rock chips and water in a wide-mouth plastic jar and
shaking the jar. Before beginning the activity, your teacher will
have soaked the rock chips in water for an hour or more. At the
beginning of the activity, find the mass of approximately 100
grams of rock chips to the nearest 0.1 gram. Place a few cen-
timeters of water in the plastic jar, add the rock chips, and screw
the top on tightly. (Be sure the jar does not leak.) Shake the jar vig-
orously for 4 minutes. Using a strainer to catch the rock chips,
pour the water into a bucket Find the mass of rock remaining after
shaking and record it.

Repeat the procedure with the same rock fragments, shaking
them for two additional 4-minute intervals. Record the mass of
rock remaining after each 4 minutes of shaking. Graph the initial
mass and the mass after each 4 minutes of shaking. If different
groups use different kinds of rock, compare the data to decide
which kind or kinds of rock are abraded more quickly.
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Sometimes the weathering process does more than simply
break the rocks apart. If you find a steel nail that has been ex-
posed to the weather for a long time, it will probably be rusted.
Rusting is a chemical change, which results in the forma-
tion of a new substance. Iron, the major component of steel,
can combine chemically with oxygen in the atmosphere to
form rust (iron oxide). The presence of moisture accelerates
the rusting process. This is a form of chemical weathering be-
cause a new substance (rust) is formed. Chemical weather-
ing is a natural process that occurs under conditions at
Earth’s surface, forming new compounds. Although steel is
not found in nature, many minerals do contain iron. Iron is
often one of the first components to weather. When iron com-
bines with oxygen in the atmosphere it forms iron oxide,
which gives rock a rusty red to brown color. The chemical
equation for this change is (Fe is the chemical symbol for iron)

4Fe + 302 —> 2F6203
iron + oxygen — iron oxide

Calcite, the principal mineral in limestone and marble, is
chemically weathered by water that is acidic. The chemical
formula for limestone is CaCQOj5 (calcium carbonate). Rainwa-
ter absorbs carbon dioxide as it falls through the atmosphere,
making rain a mild acid. This is not strong enough to hurt
you or your clothing, but it can slowly break down limestone.
When rainwater infiltrates the ground, it picks up more car-
bon dioxide from decaying plant remains. The acid (repre-
sented by H*) can then react with limestone. The chemical
equation for this change is written as

CaCO; + 2H*— Ca2t + Hy,O + CO,

calcium . calcium carbon
+ acid —» . + water + . .
carbonate ions dioxide

This process forms limestone caverns, such as Howe Cav-
erns and Secret Caverns near Cobleskill, New York. Although
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Figure 10-6 This sample of
limestone has been shaped
by chemical weathering as
natural acids in rainfall have
partly dissolved the calcite.

the longest limestone caverns in New York State have been
explored to about 10 km, Mammoth Caves in Kentucky are
known to have more than 500 km of connected underground
passages. Figure 10-6 shows a sample of limestone that has
been weathered by natural acids in rainwater.

Limestone and marble make excellent building stones, al-
though the calcite in them has a hardness of only 3 on Mohs’
scale. These rocks are soft enough to be cut into blocks but
strong enough to support the weight of a large building. Lime-
stone and marble are also relatively easy to shape into sculp-
tures and ornamentation. Many of our historic buildings are
built with limestone and marble. Unfortunately, as cities have
developed into centers of industry and commerce, air pollu-
tion has weathered the surface of some of these buildings.

Sulfur dioxide primarily from the burning of fossil fuels
is a source of sulfuric acid when it combines with moisture
in the atmosphere. When combined with moisture in the at-
mosphere, nitrogen oxides from motor vehicles and electrical
power plants form nitric acid. When acid precipitation falls
on limestone and marble it changes the mineral calcite into
a chalky powder. Many historic buildings and outdoor stat-
ues in Europe and North America have been damaged by
acid weathering. This is a major reason there are laws to
limit acid pollution. Although these measures cannot restore
damaged structures, they have slowed the further chemical
weathering of buildings and monuments made of limestone
and marble.



Figure 10-7 As solid
rock is broken into
smaller pieces, its
total surface area
increases. Additional
surface area can
increase the rate of
weathering.

ACTIVITY 10-2

TEACHER
DEMONSTRATION
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SuRFACE AREA Figure 10-7 shows that breaking a rock into
smaller fragments increases the surface area of the mate-
rial. Weathering is active on the surfaces, breaking up a
rock exposes more surface area, which accelerates the rate of
weathering.

CALCULATING SURFACE AREA

Figure 10-7 shows a single cube of rock 1 meter on each side (A)
that is divided into progressively smaller pieces. Calculate the total
surface area of the samples in parts A, B, and C of the diagram.
Show your work. Start with an algebraic formula, substitute num-
bers and units, and show the mathematical steps to each solution.

REACTION RATE AND SURFACE AREA

(Caution: Acids can cause skin burns and damage to clothing. Al-
ways handle acids with care.)

Materials: 2 small beakers (50-100 mL), natural chalk, a mor-
tar and pestle, about 25 mL of 1 molar hydrochloric acid.

Break off two equal sized lengths (about 1 cm) of natural
chalk. Place the first piece of chalk in a beaker of acid and watch
the reaction. Use the mortar and pestle to crush the second piece
of chalk into a fine powder. Add the powder to a second beaker
containing acid. Why do the reactions in the two beakers differ?
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ACTIVITY 10-3

Kaolinite (clay)
60—
50—
40—
S
£ \
@ 30 SN
3] \ T . Quartz . .
e |X %, Potassium feldspar Figure 10-8 Fresh granite
20 v AN i i i
5\ *+~Sodium or calcium feldspar is composed primarily of
‘/\ feldspar and quartz. Through
10~/ X N Iron oxide  &long process of chemical
. - weathering, the primary
0 = components change to clay,
Increased chemical weathering —» quartz, and iron oxide”

Feldspar is the most common mineral in rocks at or near
Earth’s surface. But feldspar is not stable when it is exposed to
the atmosphere over very long periods of time. Feldspar weath-
ers to a softer material composed primarily of clay and silica.

Figure 10-8 shows the changing mineral composition of
granite as chemical weathering takes place. The unweath-
ered rock is composed primarily of quartz and feldspar. After
a long period of weathering, the sediments are mostly clay,
quartz, and iron oxide. Of the original minerals, the only one
to remain abundant is quartz. This shows that quartz is sta-
ble over a wide range of environmental conditions.

CHEMICAL WEATHERING AND TEMPERATURE

Materials: small beakers (100-250 mL), hot and cold running
water, thermometers, three to four small pieces of antacid tablets.

In this activity, you will devise your own laboratory procedure.
The objective is to find out how temperature affects the rate of a
chemical reaction. Once you have planned and written down
your procedure, check it with your teacher. When your procedure
is approved, perform the experiment and create a data table. Fi-
nally, record your conclusion about the effect of temperature on
this chemical reaction.
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The amount and kind of weathering that takes place depends
on three factors. You have read that the harder a rock is, the
more it resists physical weathering. The more chemically sta-
ble its minerals are, the better a rock resists chemical weath-
ering. The final factor is climate. Figure 10-9 shows that cold
climates tend to favor physical weathering. Daily cycles of
temperatures above and below freezing promote frost action
in cold climates. Warm and moist climates accelerate chemi-
cal changes. For this reason chemical weathering is espe-
cially active in tropical locations.

h&xy HOW DOES SOIL FORM?
D)

To this point in the chapter, weathering has been considered
a destructive process that loosens rock and wears down the
land. But weathering is responsible for one of our most im-
portant natural resources—soil. Soil is a mixture of weath-
ered rock and the remains of living organisms in which plants
can grow.

Figure 10-10 on page 250 shows the development of soil
on a solid rock surface. In the first column in the diagram, the
bedrock is unbroken, but it is exposed to the atmosphere and
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Figure 10-10
Weathering, infiltra-
tion of water, bur-
rowing by animals,
plant growth, and
decay of organic re-
mains contribute to
the formation of soil.
A mature soil usually
develops layering
called soil horizons.
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weather. The weathering process begins as rainwater reacts
with the rock surface and water infiltrates cracks in the rock.
Water that seeps into crevices and fissures may change to ice
and push the rock apart. Minerals soften and some minerals
expand as they react with rainwater and groundwater. The
second column shows fragments of broken rock covering solid
bedrock. The third column shows a complete soil in which or-
ganic remains, mostly dead plant material, have been mixed
into the topsoil. Infiltration (water seeping into the ground)
has carried some water deeper into the soil. The mature soil
in the third column shows layering called soil horizons that
are typical of well-developed soils. The topsoil is usually en-
riched with organic remains but may lack some soluble min-
erals that water carried deeper into the soil. As a result, the
soil below is enriched in soluble minerals. At the bottom of
the soil profile, a layer of broken rock overlies the solid bed-
rock from which the soil may have formed.

The soil formed at any location depends on the composi-
tion of local bedrock, the climate, and the time for develop-
ment. Warm and moist climates favor chemical weathering
and usually produce thick soils, although the movement of
groundwater through the soil may wash away important nu-
trients. Polar locations more often have thin, rocky soils with
little chemical weathering. Animals take part in soil forma-
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tion as they burrow by mixing the components of soil (min-
erals in various states of weathering and organic remains),
by loosening soil, and by allowing air and water to circulate.

Active volcanoes can be dangerous, but the soils that re-
sult from the weathering of volcanic rocks are usually very
fertile. At least two cities were destroyed by the eruption of
Mount Vesuvius in southern Italy in 79 CE. In spite of the
danger, people soon moved back to the slopes of Vesuvius. The
volcano is still active, and another major eruption is possible
at any time. In spite of this, farmers are drawn back to the
slopes of the mountain by the rich soil.

Figure 10-11 shows the composition of a well-balanced
soil. The mineral content provides important nutrients and
support for plants. Organic material retains water in the soil
and holds the soil together. Water is an essential component
for plant growth, but air is also important. Many plants can-
not thrive if their roots are submerged in water all the time.

Soil that is formed in place and remains there is called a
residual soil. Residual soils develop through the processes of
weathering over hundreds or even thousands of years. Trans-
ported soil is formed in one location and moved to another
location. In most areas, including New York State, trans-
ported soils are more common than residual soils. Continental
glaciers that repeatedly formed in Canada and moved south-
ward pushed, carried, and dragged most of our sediment and
soil from the place where it formed to New York State. The ab-
sence of a layer of broken bedrock that grades into solid rock
in most New York locations is evidence of this transportation
of soil.

abrasion
bedrock

biological activity
chemical change
chemical weathering

sediment

soil

soil horizon
transported soil
weathering

frost wedging
infiltration

mechanical weathering
physical weathering
residual soil
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CHAPTER REVIEW QUESTIONS

1.

2.

How does weathering affect rocks?

(1) Weathering causes the mineral grains to increase in size.

(2) Weathering makes rock harder.

(3) Weathering occurs when sediment changes to sedimentary rock.
(4) Weathering weakens rock so it can be carried away by erosion.

A tree growing on bedrock extends its root into a crack in the rock and splits
the rock. The action of the root splitting the bedrock is an example of

(1) chemical weathering. (3) erosion.
(2) deposition. (4) physical weathering.

. Which statement best describes physical weathering that occurs when ice

forms within cracks in rock?

(1) Physical weathering occurs only in bedrock composed of granite.

(2) Enlargement of the cracks occurs because water expands as it freezes.

(3) The cracks become wider only because of chemical reactions between
water and rock.

(4) This type of weathering is most common in regions with warm, humid
climates.

. Two different kinds of minerals, A and B, were placed in the same con-

tainer and shaken for 15 minutes. The diagrams below represent the size
and shape of the various pieces of mineral before and after shaking. What
caused the resulting differences in shapes and sizes of the minerals?

MINERAL A
MINERAL B
Container Container
Before After
Shaking Shaking

(1) Mineral B was shaken harder.

(2) Mineral B had a glossy luster.

(3) Mineral A was more resistant to abrasion.

(4) Mineral A consisted of smaller pieces before shaking began.
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Which of the following is probably bedrock?

(1) a large boulder transported by a glacier

(2) the solid rock walls of a deep canyon

(3) minerals in a granite block that is part of a new building
(4) a statue of a Greek hero displayed in a museum

Which kind of rock is most likely to form new compounds when it is ex-
posed to air polluted with acids?

(1) gneiss (3) granite
(2) limestone (4) schist

Which geologic feature is caused primarily by chemical weathering?

(1) large caverns in limestone bedrock

(2) a pattern of parallel cracks in a granite mountain

(3) blocks of basalt at the base of a steep slope

(4) the smooth, polished surface of a rock in a dry, sandy area

As rock is broken apart by physical weathering processes,

(1) its total surface area decreases.
(2) its total surface area increases.
(3) new minerals form in the rock material.
(4) the mass of the rock increases.

Which factor has the greatest influence on the weathering rate of bedrock
at Earth’s surface?

(1) local air pressure (3) local weather and climate
(2) position of the sun in the sky (4) age of the bedrock

Marble is a metamorphic rock composed primarily of the mineral calcite.
One hundred grams of marble is added to each of two identical beakers of
hydrochloric acid. One marble sample is added as coarse marble chips. The
second sample is added as a finely ground powder of marble. Why does the
fine powder react more quickly with the acid?

(1) Grinding changes the chemical composition of marble.

(2) Fine particles of marble are less dense than coarser particles.
(3) The finely ground powder has a greater total surface area.
(4) The coarse marble chips have a greater total surface area.
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11.

12.

13.

14.
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Assuming that rainfall and other precipitation was constant, which graph
below best shows how the amount of chemical weathering changes
through the calendar year in New York State?
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Which of the following changes does not directly contribute to the forma-
tion of soil?

(1) melting of rock to make molten magma

(2) plant roots growing into cracks in the ground

(3) acidic rainfall reacting with the mineral calcite

(4) rocks split apart by water freezing in cracks

A residual soil forms by

(1) cooling of magma.

(2) erosion of weathered rock.

(3) cementing of mineral grains.

(4) physical and chemical weathering.

The lowest horizon of a residual soil is composed primarily of

(1) organic remains.
(2) solid bedrock
(3) broken bedrock.

(4) products of intense chemical weathering.
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15. Two very old tombstones of the same age sit next to each other in a ceme-
tery. Both of them face south. One was cut from granite and the other was
cut from marble. The carved writing on the granite stone is sharp and
clear. But similar writing carved in the marble is now hard to read. Why
is the writing in granite so much easier to read?

(1) The marble was exposed to greater changes in temperature.

(2) Marble is made of minerals that are less resistant to weathering.

(3) Granite formed from molten magma before the marble was metamor-
phosed.

(4) Granite is relatively soft because it contains large crystals of quartz.

Open-Ended Questions

Base your answers to questions 16 to 19 on the reading passage below and Map
I, which shows the location of major producers of nitrogen oxides and sulfur
dioxide and Map II, which shows the average pH of precipitation in the conti-
nental United States.

Acid Rain

Acid deposition consists of acidic substances that fall to Earth. The most de-
structive type of acid deposition is rain containing nitric acid and sulfuric acid.
Acid rain forms when nitrogen oxides and sulfur dioxide gases combine with
water and oxygen in the atmosphere.

Human-generated sulfur dioxide results primarily from coal-burning elec-
tric utility plants and industrial plants. Human-generated nitrogen oxide re-
sults primarily from burning fossil fuels in motor vehicles and electric utility
plants.

Natural events, such as volcanic eruptions, forest fires, hot springs, and gey-
sers, also produce nitrogen oxide and sulfur dioxide.

Acid rain affects trees, human-made structures, and surface water. Acid
damages tree leaves and decreases the tree’s ability to carry on photosynthe-
sis. Acid also damages tree bark and exposes trees to insects and disease. Many
statues and buildings are composed of rocks containing the mineral calcite,
which reacts with acid and chemically weathers more rapidly than other com-
mon minerals. Acid deposition lowers the pH of surface water. Much of the sur-
face water in the Adirondack region has pH values too acidic for plants and
animals to survive.
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Map I

Some major producers of nitrogen oxides
and sulfur dioxide

Map 1
Precipitation pH

[ JeH54-51 [_]pH46-43
[JeH5.0-47 [] pH 4.2 - 4.0 (most acidic)

16.

17.

18.

19.

20.

State one reason why the northeastern part of the United States has more
acid deposition than other parts of the country.

Name one sedimentary or one metamorphic rock that is most chemically
weathered by acid rain.

Describe one law that could be passed by the government to prevent some
of the problems of acid deposition.

Explain why completely eliminating human-generated nitrogen oxides
and sulfur dioxide will not completely eliminate acid deposition.

What is the major cause of physical weathering of big rocks transported
along a large stream that has a steep gradient.
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Have you ever visited the Grand Canyon in Arizona? Each
year millions of people come to see and experience one of the
most spectacular natural wonders of the world. The canyon
is 10 to 20 km wide and 1.5 km deep. It is one of Earth’s most
inspiring monuments to erosion and deposition. The walls of
the canyon are mostly sedimentary rocks representing mil-
lions of years of deposition. The Colorado River eroded the
canyon in just a few million years as tectonic forces pushed
up the Colorado Plateau more than 1000 meters.

New York State also has striking, if smaller, erosional fea-
tures such as Letchworth Gorge on the Genesee River. This
gorge is sometimes called the “Grand Canyon of the East.” It
has sheer cliffs nearly 200 meters high on both sides. The
Genesee River created Letchworth Gorge when deposits from
the most recent advance of continental glaciers blocked the
river. In the past 15,000 years, the river has cut a new route
through thick layers of sedimentary rock. Watkins Glen and
Enfield Glen in the Finger Lakes region are smaller gorges
that feature trails following streams with numerous water-
falls and potholes. Ausable Chasm south of Plattsburgh is
nearly 50 meters deep and also has sheer sides and waterfalls.

257
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The Niagara River drops over Niagara Falls and follows a
narrow gorge for about 10 km before it opens into the plain of
Lake Ontario.

In the previous chapter, you learned about one of two
processes that wear down the land. Weathering weakens and
breaks up solid rock transforming bedrock into sediments, so
they can be carried away by erosion. Erosion is the trans-
portation of sediments by water, air, glacier, or by gravity act-
ing alone. If erosion did not occur, sediment and soil would
form on bedrock without any process to wear down the land.
There would be no stream valleys, no canyons, or waterfalls.
Mountains pushed up by tectonic forces within Earth would
become higher and higher as long as uplift continued. How-
ever, scientists know that the processes of weathering and
erosion down wear mountains and balance mountain-build-
ing the forces within our planet.

The force of gravity drives all erosional processes. Sometimes
gravity alone transports earth materials. If weathering weak-
ens rocks near the top of a cliff, the force of gravity may be
greater than the strength of the rock holding it in place. When
this happens, the rocks fall to a lower elevation. In Chapter 9,
you read about the dangers to people and property caused by
mass movement of rock and sediment. The position of rocks at
the bottom of a landslide have little or no relationship to their
position or organization before the landslide occurred. Land-
slides are most common in areas where tectonic forces within
Earth are building high mountains. Figure 11-1 shows blocks
of rock that have fallen to the bottom of a cliff.

Other forms of mass movement occur more slowly. If clay-
rich sediments along a slope become saturated with rainwa-
ter or snowmelt, they may move downslope as a mudflow.
Sometimes blocks of sediment slide down steep slopes along
weakened layers, but the internal structure of the blocks of
sediment remains unchanged. This kind of erosion is common
where streams or ocean waves cut cliffs or bluffs into thick
layers of sediment.
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Figure 11-1 At Devil's Post-
pile in California, gravity has
caused blocks of fractured
basalt to fall to the bottom
of the cliff.

Rocks eroded by gravity without being transported by
water, wind, or glaciers are usually angular and rough. Re-
cently broken surfaces show fewer signs of weathering than
parts of the rock that have been exposed to weather for a
longer time.

\\\\ll//

;.i Erosion by Water

If the motion of water, wind, or ice causes erosion, these sub-
stances are called agents of erosion. Running water is the
most important agent of erosion because it carries more sedi-
ment than any other agent of erosion does. Each year streams
and rivers carry millions of tons of sediment into lakes and
oceans. The Mississippi River alone is estimated to carry
about 6 tons of sediment per second into the Gulf of Mexico.

MeTHODS OF TRANSPORT Streams carry sediment in several
ways. The smallest sediments are dissolved in water and are
carried in solution. For example, when a stream flows over
rock or sediment rich in the mineral halite (sodium chloride,
or rock salt), the halite dissolves in water to form a solution.
The sodium and chlorine enter the solution as ions, or in-
dividual atoms with an electrical charge. These ions are so
small that they cannot be seen or separated from water by
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filtration. A filter fine enough to catch the ions would not allow
the molecules of water to pass through. Materials carried in
solution can give water a color, but a solution is transparent.
Natural water always has some substances in solution, even if
they are present in very small amounts.

Sediments carried in suspension are small enough that
they settle out of the water very slowly. Suspended sedi-
ments can be removed by passing the water through a filter.
Most streams are turbulent. That is, the water does not flow
smoothly downstream. If mixing and tumbling currents are
faster than the rate at which suspended particles settle, the
suspended load of a river can be carried indefinitely. Silt and
clay in suspension give streams a muddy appearance. How-
ever, not all suspensions are in water. Clouds in the sky are
actually accumulations of tiny ice crystals or water droplets
so small they can remain suspended in air.

Some of the sediment load of a stream is too large to be
carried in solution or suspension. Larger particles that are
less dense than water float to the surface. Fresh leaves and
other organic remains may be carried downstream by flota-
tion. Large particles that are more dense than water settle
to the bottom of a stream. If the stream is flowing quickly
enough, these sediments will roll or bounce along the bottom
of the stream as bed load.

Size AND VELOCITY Figure 11-2 from the Earth Science Refer-
ence Tables shows the relationship between the size of rock
particles and the stream velocity needed to transport them.
Boulders are rocks greater than 25.6 cm in diameter. The
graph shows that the smallest boulders require a stream ve-
locity of about 300 cm/second to keep them moving.

To read this graph with care, it will be helpful to use the
90° corner of a sheet of paper. Carefully align one edge of the
paper with the horizontal axis. Then slide the vertical edge of
the paper to intercept the graph line at the desired value. (See
Figure 11-3.)

Several important factors that influence the relationship
between particle size and stream velocity are not accounted
for on this graph. For example, the speed of current needed to
start particles of sediment moving is greater than the speed
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The smoother and harder the bottom of the stream, the easier
it is to keep sediments in motion. Therefore, this graph repre-
sents some typical characteristics of shape and density of
moving rock particles, as well as typical conditions of the bot-
tom of the stream.

Notice that Figure 11-2 gives the particle size for the var-
ious kinds of sediment: clay, silt, sand, pebbles, cobbles, and
bounders. You can read particle size (diameter) on the verti-
cal axis on the left side of the graph or you can read the num-
bers on the dotted lines that separate each particle from
larger grains above or smaller grains below. As an example,
sand is defined as particles between 0.006 and 0.2 cm in di-
ameter. Particle diameter is the typical distance across the
particle. Once again, there is an assumption that the particle
is partly rounded.

The term clay has two different meanings as geologists
use it. Sometimes clay refers to a group of minerals. In ear-
lier chapters, you read about weathering of such minerals as
feldspar and mica into clay. Clay minerals readily absorb and
release water. They also tend to be plastic and soft. But the
term clay as it is used here refers to any particles of sediment
smaller than 0.0004 cm. Clay-sized particles are often the
minerals known as clay, but other minerals can be reduced to
the size geologists call clay.

How fast must a stream be moving to keep all sand-size
particles in motion? The largest sand grains are 0.2 cm in di-
ameter. That is the size that requires the fastest stream ve-
locity. The line on the graph crosses the 0.2-cm sand-pebbles
interface at a velocity of approximately 50 cm/second.

One method to determine the relative velocity of two
nearby parts of a stream is to observe the size of sediments in
the stream. In the faster parts of the stream, only larger par-
ticles can settle. In the slower sections smaller particles settle
out. Therefore, the speed of a stream determines the size of
particles to be found along the streambed. The larger the sed-
iments, the faster the water velocity.

This principle should be applied with care. For example, a
small stream may transport large rocks only when the stream
is in flood. Large rivers often flow quickly near the surface.
However, they flow more slowly near the bottom where they
transport only small particles. In spite of the rapid surface
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current, only fine sediments are carried along the bottom of
the river.

Particles of sediment transported by running water be-
come rounded by abrasion as they are transported down-
stream. The farther rocks are carried downstream, the more
rounded they become. Round, smooth rocks are often a sign
of transport by running water.

;._ Erosion by Wind

\\//

Strong winds can also transport sediments. However, be-
cause air is less dense than water, wind is generally unable
to move particles larger than sand. As with stream water, the
faster the wind, the larger the particles it can carry.

Wind erosion is most active in places such as deserts and
beaches. Here there are few plants to slow the wind and hold
soil in place. Wind-blown particles cause weathering by abra-
sion. Softer minerals in a rock are worn away, which may give
wind-abraded rocks a pitted look. Ventifacts are wind-worn
rocks that have flat surfaces (facets) like those of a regular
geometric solid. These facets are created when the rock is
partly buried in sand and abrasion wears the exposed face to
a flat surface level with the top of the sand. Other flattened
surfaces form when the rock is moved and another surface is
exposed to the wind.

Rocky deserts are more common than sandy deserts. Fig-
ure 11-4 on page 264 shows a wind-blasted desert surface in
Arizona. This type of surface is called desert pavement. With-
out plants to hold the soil, fine sediment is blown away, leav-
ing a surface covered by rocks that are too large to be carried
away by the wind. Many of the remaining rocks have flat faces
and straight edges, a shape typical of wind-eroded rocks.

@ ) .
= —. Erosion by Glaciers

Geologists know that the climate of New York State has not
always been as temperate as it is now. Thousands of years ago,
the climate was cold enough that winter snow did not melt
during the brief summers. In eastern Canada, layers of snow
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Figure 11-4 Desert pave-
ment is common where
wind has carried away fine
sediments and left behind
rocks too large to be
moved.

built up and compressed the layers beneath them into ice.
Eventually, the ice became thick enough that it flowed south-
ward into New York under the influence of gravity. A glacier
is a large mass of ice that flows over land due to gravity.

As the ice in a glacier flows downhill, it pushes, drags, and
carries rocks, soil, and sediment. Rocks along the bottom of
the glacier are worn down into partly rounded shapes. Gla-
ciated rocks often have parallel scratches known as stria-
tions, which are caused by a glacier dragging rocks along the
surface of other rocks. Figure 11-5 shows rocks with shapes
characteristic of different kinds of erosion.

WHAT IS DEPOSITION?

Have you heard people talking about depositing money in a
bank? Making a deposit is the act of placing something where
it will stay and be available. In the same way that people de-
posit money, agents of erosion deposit sediments. Therefore,
agents of erosion are also agents of deposition. Deposition
is the settling, or release, of sediments carried by an agent of
erosion. Gravity and glaciers transport sediment without re-
gard to the sizes of the particles. Everything gets transported
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Figure 11-5 Each agent of erosion produces a characteristic shape and texture in
rocks. Rock A was eroded by windblown sand so it has flat faces. B was eroded by
gravity alone so it is angular with a fresh face where it was recently broken. C is
partly rounded with scratches, called striations, produced by movement in a glacier.
Rock D is round and smooth, characteristics of erosion by water.

and dumped together. There is no organization in sediments
deposited by gravity or by glaciers. But deposition by running
water and wind is more selective. The size, shape, and den-
sity of the particles of sediment affect the rate at which they
are deposited.

\\\\ll//

;.i The Effect of Particle Size

The size of particles transported by wind or running water
determines how quickly they settle out of their transporting
medium. Suppose that a flooded river is moving very fast and
transporting a very wide range of particle sizes. When the
river slows down, sediments will be deposited. According to
Figure 11-2 on page 261, the first group of sediments to set-
tle out will be the largest particles: boulders. By the time the
current slows to about 300 cm/second, all the boulder-sized
particles should be deposited and cobbles will start to settle.
If the current continues to decrease, you would see pebbles,
sand, silt, and finally clay particles deposited. Because the
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Suspended
clay particles
give water a
cloudy
appearence  Figure 11-6 When a jar

containing water and sedi-
ments of mixed sizes is
shaken, sediments will set-
tle in size order from the
largest particles at the bot-
tom to the smallest particles
at the top. This progression
of sediment sizes is called
graded bedding.

largest particles settle first, they are on the bottom. This pat-
tern is called graded bedding.

Figure 11-6 shows a procedure you can try yourself to ob-
serve how particles are deposited. When a jar of water con-
taining particles of mixed sizes is shaken, all the particles
mix with the water. When the shaking stops, the larger par-
ticles settle first followed by smaller and smaller particles.
The result will be sorted sediments with the largest particles
at the bottom and a gradual change to smaller particles to-
ward the top of the sediment.

=@=. The Effect of Particle Shape
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The shape of particles of sediment affects how quickly they
settle. Spherical particles settle fastest because they are
streamlined. Flat and irregular particles must push more
water out of the way as they settle, which slows them. Fric-
tion is also greater for flat and irregular particles that have
more surface area. So flat or irregular particles fall through
water at a slower rate than do spherical particles.

;._ The Effect of Particle Density

Among particles of the same size and shape, the most dense
particles settle first. How quickly sediments settle depends
on the balance between resistance and weight. Resistance,
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which is determined by size and shape of the sediments,
holds them back. The force of gravity (the weight of the par-
ticles) causes them to sink. Therefore if the weight (or den-
sity) of a particle increases with no change in resistance, the
particle will settle more quickly.

\\\\ll/
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;._ Running Water Sorts Sediments

Sorting is the separation of sediments by their shape, den-
sity, or size. Among particles of sediment transported by
streams, the shape and density of particles seldom changes
enough to make separation by shape or density apparent.
Sediments are often sorted by their sizes. How does this
occur?

If a landslide releases a large mass of sediment into deep
water or if an underwater slide occurs along a steep slope,
particles in a wide range of sizes begin to settle at the same
time. The largest particle will settle to the bottom first,
followed by progressively smaller particles. Each such event
results in a layer of sediment. Within the layer, the largest
particles are on the bottom and the size of particles de-
creases toward the top. Figure 11-7 shows a vertical cross
section of layers of sediment produced in this way. Notice
that within each layer there is a gradual change in sediment
size from the bottom to the top showing the order in which

Each layer of

Later

Iayer<
Figure 11-7 Layers of
graded bedding represent
pulses of deposition in
which each release of sedi-
ments is represented by a
single layer. The particle
size in each layer gradually
changes from large parti-
cles at the bottom to smaller
particles toward the top.

Earlier
layer

graded bedding
C represents a single
event of deposition.

Within a single layer,
the particles gradually

)| + change from largest

at the bottom to
smallest at the top.
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ACTIVITY 11-1

the particles settle to the bottom. This is called vertical
sorting, or graded bedding. Please note that you are not
looking at an alternation of layers of fine sediments and lay-
ers of coarse sediments. A single layer shows two features.
Each layer has a wide range of sediment sizes and a gradual
change in the size of particles within a single layer.

GRADED BEDDING

Obtain a transparent plastic tube about 5 cm in diameter and
about 1.5 to 2 meters long. Securely seal one end of the tube. Fill
the tube about half way with water. In a container, combine por-
tions of sediments of mixed sizes from gravel to fine sand. Indi-
vidually (or in lab groups) use a 100-mL beaker to quickly pour
about 50 mL of the sediment into the cylinder. Watch the parti-
cles settle and observe which particles settle fastest and which set-
tle more slowly. Pour in another 50 mL of the mixed sediment.
Can you see the pattern that forms each time sediments are
added? Each addition of sediments should produce a new layer of
graded bedding. Draw two successive layers of graded bedding.

Another kind of sorting occurs when a fast-flowing river
enters the relatively still water of a lake or an ocean. The fast
current is capable of transporting sediments in a range of
sizes. As the river enters the larger body of water and slows
down, there is a progression of settling. The largest, most
dense, and roundest sediments settle out first just as the river
water starts to slow down. Flatter, less dense, and smaller
particles are carried farther and settle more slowly. The pat-
tern that results from the decrease of velocity of the current is
not a vertical separation, as we saw in graded bedding, but a
change in particle characteristics with distance. Horizontal
sorting is a decrease in the size of sediment particles with in-
creasing distance from the shore that is produced as a stream
enters calm water. Figure 11-8 illustrates this form of hori-
zontal sorting.
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Figure 11-8 Horizontal
sorting occurs as a fast-
moving stream enters still
water. The largest particles
are usually deposited near
shore. The finest sediments
are carried the greatest Pebbles and gravel
distance into calm water.

Lake /

Sand Silt and
sand

Boulders
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;.i Deposition by Wind

Like running water, wind sorts sediments. The primary dif-
ference is that wind cannot pick up large rocks. Sediments
deposited by wind tend to be sand size (0.006 cm to 0.02 cm)
and smaller. In areas where wind is the primary agent of ero-
sion and deposition, wind blows sand into hills or ridges of
sediment called dunes. The wind blows particles of sand up
the windward side of sand dunes and deposits them on the
protected downwind face. Dunes are found in some desert re-
gions where there are few plants to hold the sand in place
and some locations along lakes and oceans where sand is
plentiful. Figure 11-9 shows a sand dune in a desert area of
eastern California.

Figure 11-9 Sand is blown
up the left side of this dune
and settles on the down-
wind side where the wind
speed drops off.
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Wind-blown deposits are sorted by size. Large rocks may
be present under or around the dunes, but rocks are not
picked up and moved over the dunes the way sand is. Parti-
cles smaller than sand are transported out of the dune area
by the wind.

Have you been to a place along the ocean where stable
land areas are separated from the water by sand dunes? The
line of dunes protects inland areas from storms and erosion
by waves. Plant cover on the dunes may be scarce or absent
because sand lacks important nutrients; the sand is unable
to hold onto water, and the sand has a loose consistency. Sand
dunes are fragile ecological features that play an important
function in the beach environment. Only recently have scien-
tists become aware of the importance of protecting dunes
from motor vehicle and foot traffic as well as residential or
commercial development.

e~
;.; Deposition by Ice

ACTIVITY 11-2

In some ways glaciers are like running water. They flow from
higher areas to lower areas. Glaciers often occupy valleys
that they form by erosion. But the rate of flow of a glacier is
usually a meter or less per day. Furthermore, glaciers are not
able to separate different sizes of particles. Ice is not fluid
enough to allow sediments to settle through the ice. As a re-
sult, sediments carried by moving ice are not deposited until
the glacier melts. Giant boulders, fine clay, and every sedi-
ment size in between are deposited in irregular mounds with
no separation or sorting.

Sorted and layered sediments can be found in areas where
glaciers are or were active. But streams running out of the gla-
ciers deposited these sorted sediments. Sediments deposited
directly by ice are unsorted.

WHAT’S IN SEDIMENT?

Materials: containers of sand and other sediments, magnifiers,
metric rulers
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Your teacher will set out containers of sediments collected
from a variety of locations. Compare the sediments by overall
color, colors of the grains, shapes of the grains, average particle
size, sorting, range of sizes, and any other unusual characteristics
you may observe.

@E} EQUILIBRIUM OF EROSION AND DEPOSITION
QL

Consider a section of a river that is carrying sediment. You
may observe that the river looks about the same over a long
period of time. If the riverbed is not filling with sediment and
it is not cutting deeper into its bed, the river is in equilib-
rium. Equilibrium is any state of balance. In the case of the
river, the sediment washed into this stretch of river must be
equal to the sediment that is carried away.

There are two ways in which this can occur. It is possible
that the sediment entering this part of the river is carried
along without any erosion or deposition. The particles of sed-
iment that are carried in are the same particles that are car-
ried out. The river does not change and the sediment that
makes up the bottom of the river does not change. In this con-
dition there is no erosion and no deposition.

It is more likely, however, that some new sediment is de-
posited, and some sediment from the bottom of the river
channel is carried away by erosion. This is especially likely if
the volume of water and the velocity of the water change
through time, as they do in nearly all rivers. Flooding causes
erosion of the streambed and deposition occurs when the flow
is reduced. If equilibrium is reached over the course of the
year, erosion and deposition are equal. However, some sedi-
ment from the bed of the river has been carried away, while
some new sediment has been deposited.

If the appearance of the river has remained about the
same even though some of the sediments on the river bottom
have changed, the river is said to be in a state of dynamic
equilibrium. In a dynamic equilibrium, opposing processes
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Figure 11-10 A stream is in
dynamic equilibrium if the
amount of erosion is equal
to the amount of deposition.

are taking place, but they balance out because they take
place at the same rate. Figure 11-10 shows a stream in dy-
namic equilibrium.

N2
=@=. TERMS TO KNOW
agent of erosion erosion landslide
bed load flotation mass movement
deposition glacier solution
dune graded bedding sorting
dynamic equilibrium horizontal sorting suspension
equilibrium

CHAPTER REVIEW QUESTIONS

1. The cross section below shows sedimentary rocks being eroded by water at
a waterfall.
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The sedimentary rock layers are being eroded at different rates primarily
because the rock layers
(1) formed during different periods. (3) have different compositions.
(2) contain different fossils. (4) are horizontal.
. What is the largest particle that can be kept in motion by a stream that
has a velocity of 100 cm/second?
(1) silt (3) pebble
(2) sand (4) cobble
. A stream with a velocity of 300 cm/second decreases to a velocity of 200
cm/second. Which sediment size would most likely be deposited?
(1) pebbles (3) boulders
(2) sand (4) cobbles

. The diagram below shows four identical columns of water. Four sizes of
spherical object made of the same uniform material are dropped into the
columns where they settle to the bottom as shown below.

Which graph best shows the relative settling times of the four objects?

HH ‘HI_I HH Hﬂ

Particle Size Particle Size Particle Size Particle Size

(1) ) ©)] (4)

Settling Time (sec)
Settling Time (sec)

Settling Time (sec)
Settling Time (sec)
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5. When small particles settle through water faster than large particles, the
small particles are probably

(1) lighter in color. (3) better sorted.
(2) less rounded. (4) more dense.

6. The table below shows the density of four mineral samples.

Mineral Density (g/cm3)
Cinnabar 8.2
Magnetite 5.2
Quartz 2.7
Siderite 3.9

If the shape and size of the four mineral samples are the same, which min-
eral will settle most slowly in water?

(1) cinnabar (3) quartz
(2) magnetite (4) siderite

7. The diagram below shows a cylinder filled with clean water. At the left of
the cylinder is a light source, and at the right of the cylinder is a meter
that measures intensity (brightness) of light as it passes through the
water. One minute after the light is turned on, a mixture of sand, silt, and
clay is poured into the cylinder.

f:@@/ P |

—> | e— | c—
Light Clean water Light
source in cylinder meter
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Which graph below shows the probable change in light intensity (bright-
ness) recorded during the 6-minute period after the light is turned on?

Intensity
Intensity
Intensity
Intensity

I I S O I I I | I O S I I S O
01 2 3 4 5 6 01 2 3 4 5 6 01 2 3 4 5 6 01 2 3 4 5 6
Time (min) Time (min) Time (min) Time (min)

(

1) () @) (4)

Where the stream velocity decreases from 300 to 200 cm/second, which size
sediment will be deposited?

(1) cobbles (2) sand (3) silt (4) clay
The particles of sediment at the top of a layer of graded bedding are usu-
ally those that are

(1) most dense, best rounded, and smallest.
(2) least dense, best rounded, and largest.
(3) most dense, most flattened, and smallest.
(4) least dense, most flattened, and smallest.

The table below shows the amount of each size of sediment in four sam-
ples of sediment.

Mass Composition of Four 100-gram Samples of Sediment

Sample A B Cc D
Clay 10 18 0 20
Silt 15 20 0 20
Sand 20 21 5 20
Gravel 25 22 90 20
Cobbles 30 19 5 20

Which sample is best sorted by sediment size?
(1) A (2) B 3) C (4) D
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11. The diagram below shows sediments along the bottom of a stream.

Water level

Sand . Gravel

Q%% 000 0 IBBRRRRGIDEA R0

What can we say about the water velocity in this stream at the time these
sediments were deposited?

(1) The stream velocity increased to the right.

(2) The stream velocity increased to the left.

(3) The stream velocity was constant in this section of the stream.

(4) There is no relationship between sediment size and stream velocity.

12. Where is the most deposition likely to occur?
(1) at the mouth of a river where it enters an ocean
(2) on the side of a sand dune facing the wind
(3) at a place where glacial ice scrapes bedrock
(4) at the top of a high mountain

13. Long, sandy islands along the south shore of Long Island are composed
mostly of sand and rounded pebbles arranged in sorted layers. The agent
of erosion that most likely shaped and sorted the sand and pebbles while
transporting them to their present location was
(1) glaciers (3) wind
(2) landslides (4) ocean waves

14. The table below shows the rate of erosion and the rate of deposition at four
stream locations.

Location Rate of Erosion (tons/year) Rate of Deposition (tons/year)
A 3.00 3.25
B 4.00 4.00
C 4.50 4.65
D 5.60 5.20
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A state of dynamic equilibrium exists at location

(1) A. 3) C.
(2) B. (4) D.
Which statement below best describes a dynamic equilibrium between

erosion and deposition?

(1) There is more erosion than deposition.

(2) There is more deposition than erosion.

(3) There is no erosion and there is no deposition.
(4) The amounts or erosion and deposition are equal.

Open-Ended Questions

16.

17.

18.

19.

20.

What is the range of sediment sizes that are classified as pebbles?

Which agent of erosion deposits irregular mounds of unsorted sediment
with parallel scratches on rounded particles?

A cloud of volcanic ash from the eruption of El Chichon in Mexico was
blown to the west by wind currents. As the ash cloud moved away from El
Chichon, some ash particles fell back to Earth. Describe how the size of the
particles affected the pattern of deposition.

Describe how the density of particles from El Chichon (question 18) af-
fected the pattern of deposition.

A brick factory was constructed along a river. Stacks of identical bricks
were left outside the building for shipment. A major flood destroyed the
factory and washed away the bricks. Some bricks were carried several
miles downstream; others were deposited close to the factory site. State
two characteristics of the brick recovered far downstream that are likely
to be different from the brick found near the factory site.
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WHAT IS A RIVER SYSTEM?

Rivers have always been important to us. The trade routes
of native Americans as well as the routes of exploration by
Europeans followed rivers to reach the interior of North
America. Travel by water was easier than travel by land, es-
pecially where vegetation was thick, and travelers had to
carry food and supplies. Before roads were built, rivers were
the avenues of travel, trade, and communications. The earli-
est European settlements were along the coastline, where
there was access to shipping and manufactured goods. From
coastal cities, settlement and commerce followed waterways
to the interior. Today, highways, railroads, and air routes
have replaced streams as our primary arteries for travel, set-
tlement, and commerce. Rivers and lakes still carry some
commerce while they supply freshwater and serve as recre-
ational areas.

A system is a collection of parts that contribute to a single
function. A river system, or stream system, consists of all the
streams that drain a particular geographic area. A stream is
any flowing water, such as a brook, river, or even an ocean cur-
rent. The function of a river is to transport water and sedi-
ments from a specific land area to an ocean or a lake. Water

278



Figure 12-1 This
braided stream in
Alaska is transport-
ing so much sedi-
ment that the stream
spreads over its own
sediment load.
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and sediments have potential energy at the beginning of their
journey. The amount of energy depends on how high they are
above the end, or mouth, of the stream. As water and sediment
flow downhill, potential energy is changed to kinetic energy.
At the end of the stream where water flows into the calm
water of a lake or ocean, potential energy has decreased be-
cause water and sediments are at their lowest elevation. Ki-
netic energy decreases as these materials stop moving. For
these materials, the transporting function of the stream sys-
tem has been accomplished. Figure 12-1 shows a stream that
is transporting a large load of sediment.

Watershed

The geographic area drained by a particular river or stream
is its watershed, or drainage basin. All the rain, snow, and
other precipitation that falls into the watershed and does
not escape by infiltration, evaporation, or transpiration must
exit the watershed through its principal river, stream, or
other body of water. (Sometimes a lake or an ocean rather
than a river is used to define a watershed.) Drainage di-
vides separate one watershed from the next. These are high
ridges from which water drains in opposite directions. You
can identify watershed boundaries and trace the perimeter of
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Figure 12-2 The
Mississippi River
and its tributaries
drain about half of
the surface area of
the United States.

Figure 12-3 The
water that flows to
the lowest point in
this closed basin in
Utah evaporates
during dry summer
weather.

Drainage basin of the
Mississippi River

a watershed by drawing a line that separates all the streams
draining into one watershed, from streams that flow into ad-
jacent watersheds. Drainage divides never cross streams
or rivers. At its lowest level, the drainage divide of a particu-
lar stream ends only where the stream flows into another
body of water. Figure 12-2 shows the Mississippi River’s
watershed.

Watersheds are important because they show the region
drained by a particular stream system. Figure 12-3 shows a
small watershed in Utah. Communities that draw water from
a nearby stream or river depend on rain and snow that falls
within the watershed. The availability of water for such a
community depends only on the amount and the quality of
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precipitation in the watershed upstream from the municipal
intake. When a water-soluble form of pollution is released
into the environment, it flows downbhill, and is carried into
the nearest stream. As smaller streams join larger streams,
the pollution affects only downstream locations in the water-
shed. Like water pollution, flooding is also confined to a par-
ticular watershed.

Most of the precipitation that falls over the continents
falls on solid ground. If this water does not infiltrate the
ground or evaporate, it must flow downhill under the influ-
ence of gravity as overland flow, or runoff. The amount of
runoff depends on the slope of the land, the permeability of
the surface, and the amount of precipitation. The steeper the
slope, the greater the runoff. More water runs off a hard sur-
face, such as pavement, than off a permeable surface, such as
soil. The presence of grasses and shrubs in the soil also de-
creases runoff because they absorb water. The greater the
amount of precipitation, rain or snow, the greater the runoff.
Overland flow continues until the water reaches a stream.

Names such as brook or creek are often used to label small
streams that flow into larger streams such as rivers. A stream
that flows into another larger stream is called a tributary. In
large watersheds, small tributaries join to form larger tribu-
taries which themselves may be a tributary of even larger
streams. The Bedrock Geology of New York State map in the
Earth Science Reference Tables shows some of the major rivers
of New York State.

DRAINAGE OF THE SCHOOL GROUNDS

Make a map of your school grounds to determine how water
drains off different parts of the property. On the map, identify po-
tential sources of water pollution and show what parts of the
grounds would most likely be affected by these sources of pollu-
tion. Also show where runoff could cause erosion problems and
suggest ways to prevent these problems.



282

\\\\ll/

CHAPTER 12: RIVER SYSTEMS

7
;.; Features of Streams

Figure 12-4 As a
stream flows out of

mountains and tribu-

taries add water,

V- shaped valleys
change to broader
valleys with flood
plains. Deltas are
deposited where the
stream slows upon
entering a lake or
ocean.

As most streams flow from their source to their mouth, the
slope, or gradient, of the stream decreases and the shape of the
valley becomes broader. Streams that form steep, V-shaped
valleys in mountain areas emerge into regions where the land
is less steep. Here the valleys become broad with floodplains.
(See Figure 12-4.)

FLooppPLAIN Most of the time, the stream is confined to a rel-
atively narrow and winding path along the bottom of the val-
ley. But in times of flood, streams overflow their banks and
spread over a flood plain. A floodplain is a flat region next
to a stream or river that may be covered by water in times of
flood. Floodplains are valued as agricultural land because
sediments brought by periodic floods enrich the soil with im-
portant minerals and nutrients for plant growth. Figure 12-5
shows a stream as it changes through time from a narrow,
steep-sided valley to a broad valley in which the stream can
wander over its floodplain.

The occasional flooding of agricultural land is considered
an acceptable risk. However, when local governments allow

V-shaped valley

Tributaries

\
\/> ﬁ Meanders
A

o Floodplain




Figure 12-5

Through time, rivers
erode their valleys
changing from a
narrow, steep sided,
V—shaped valley to a
valley with a broad
U-shaped bottom
and a floodplain.
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o Meandering
Straight channel Winding channel
g Floodplain channel
N
Narrow V-shaped Broad valley with gently Flat valley with Levees
valley sloping walls wide, swampy
floodplain

houses and other buildings to be constructed on floodplains,
periodic flooding can cause considerable losses. This is why
zoning laws are important to protect citizens from property
loss and even loss of life in times of flood.

DELTA As most rivers continue downstream, they empty into
the calm water of a lake or ocean. With loss of velocity, the
water also loses its ability to transport sediment. Deposition
often forms a delta at the end of the stream. A delta is a re-
gion at the end (mouth) of a stream or river that consists of
sediments deposited as the velocity of the stream decreases.
The name delta comes from the Greek letter A (delta). Some-
times delta deposits have this shape. Look again at Figure
12-4, which shows stream features including V-shaped val-
leys, tributaries, a floodplain, and a delta.

MeaNDERS As a stream flows over relatively flat land, its
path develops curves called meanders. Builders of irrigation
canals have discovered that when the channel has a soft
streambed and little slope, the path of the canal tends to me-
ander. Even when the path of the water is initially straight,
meanders develop, through time, unless the banks are lined
with a hard material such as concrete. The curves of a me-
andering stream are the natural shape of steams and rivers
that have a low gradient and flow over a broad valley.

Once meanders have formed, they do not remain station-
ary through time. If you could see a greatly speeded-up view
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Figure 12-6 In a straight
section of a stream (A-B)
the fastest current is at the
center of the stream. But in
a meander (W-X and Y-2)
the fastest current swings to
the outside of the curve.
Erosion (E) occurs on the
outsides of meanders where
the current is fastest and
deposition (D) takes place
on the inside of meanders
where water flows slowest.
Erosion and deposition
cause streams to change
their paths through time.

of a meandering stream over many years, the meanders
would shift like the slithering motion of a snake. How do they
do this? Streams change their course as a result of erosion and
deposition. Erosion occurs where the water flows fastest and
deposition takes place where the water slows down.

Figure 12-6 is a diagram of a section of a stream. The
length of the arrows indicate the water’s speed at various
places in the stream. Where the stream is straight, the fastest
current is near the center. But when the water flows through
a meander, the fastest current swings to the outside of the
curve. Inertia is responsible for the changing position of the
fastest water. This is the same force you feel when you quickly
round a corner in a car. Everyone in the car feels a force to one
side of the car. In the same way, the water in the stream trav-
els in a straight path until water building up at the side of the
stream forces the water to turn.

This pattern of water velocity with continuing erosion and
deposition change the course of a meandering stream. For ex-
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Figure 12-7 Meanders form where the stream gradient is low and there is a broad
floodplain. Diagram A shows the stream starting to form a meander. In B erosion
and deposition are starting to cut through the meander. The cutoff is complete in C.
Deposition along the edge of the river leaves the meander isolated as an oxbow
lake in D.

ample, in Figure 12-6 along profile A-B, the shape of the
stream is not changing. Therefore erosion and deposition are
in equilibrium. But at a meander, the faster current swings
to the outside of the curve and causes erosion. On the inside
of the bend where the water is slow, deposition dominates. If
a stream has a low gradient, a straight stream will tend to
form meanders and then cut off its meanders as shown in
Figure 12-7.

LEVEES Streams in broad valleys sometimes flood and leave
deposits of sand and silt on the land bordering and parallel
to the streams. These ridges are called levees. In the area of
New Orleans, Louisiana, the first homes were built on the
natural levees along the Mississippi River. These areas were
the highest and driest locations in the flat delta region. The
land away from the riverbanks is often low and swampy.
These natural levees are often used as foundation for tall,
human-made levees, which are built to keep the river con-
fined to its channel in times of flood.

However, when people alter natural systems, untended
results often occur. Tall levees may force the river to deposit
its sediment load in the river channel. In some locations, the
Mississippi River is now higher than the surrounding land.
This increases the danger of flooding, and may require the ar-
tificial levees to be built higher and higher through time.
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SN A @ VIS MODELING A STREAM SYSTEM

Materials: stream table, fine sand, or coarse silt

Observe and list characteristics and common features of
streams that develop on a stream table. How does the path of the
stream change through time? Where do erosion and deposition
occur?

hax HOW DO WE MEASURE STREAMS?

DY

Two aspects of streams that scientists measure are size and
velocity. Size is more than just the length of the stream. Sev-
eral factors affect the velocity of a stream.

\\l//

@’
;.; Stream Size

The size of a stream can be measured in several ways. One
measure is the area of its watershed. In general, the larger the
drainage basin, the larger the stream. However, some loca-
tions receive more precipitation than others. In a dry region, a
large watershed may only supply water to streams that are
dry most of the year. Some watersheds receive so little rain
and snow that none of the water in the stream flows out of the
watershed. Streams in these areas run into bodies of water
that lose their water by evaporation, or the stream water may
seep into the ground before the stream reaches its lowest level.

Stream size is more often measured by finding discharge.
Discharge is the amount of water flowing in a stream past
a particular place in a specified time. For example, a small
stream may have discharge of a fraction of a cubic meter per
second. However, the Amazon River in South America, which
has the greatest discharge of any river on Earth, discharges
about 200,000 m3 of freshwater into the Atlantic Ocean each
second.
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To measure the discharge of a stream, you need to meas-
ure the area of its cross section at a particular location, then
multiply that value by the velocity of the stream. You can de-
termine the area of the cross section by multiplying the av-
erage depth of the stream by its width at that point. Area is
in units such as square meters. Velocity can be expressed in
meters per second. The product of these values is therefore
cubic meters per second. The formula below shows how to cal-
culate discharge volume:

Discharge = area of cross section X stream velocity

MEASURING STREAM DISCHARGE
Materials: Device to measure distance, watch, or timer

Use the method in the text above to measure the discharge of
a stream near your school or home. Can you devise a different
method to find the discharge in order to verify the first value that
you obtained?

Streams respond differently to rainfall depending on their
sizes. As you can see in Figure 12-8, large streams are slower
to respond than small streams. This is because the water in
a large drainage basin has a greater distance to flow before
it reaches the major stream. Streams in smaller watersheds

Stream Response to Rainfall

TIME LAG

P
Figure 12-8 Maximum § Rainfall Large Stream
stream discharge occurs - \
after the time of maximum > .
rainfall. In general, small '(% / — TIME LAG
streams respond more 3
quickly than do larger —I
streams because small —
streams have smaller 6 am Noon 6 pm Midnight 6 am

watersheds. Time
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generally respond quickly because the precipitation does not
flow far to reach a small stream.

N
;._ Stream Velocity

ACTIVITY OR
DEMONSTRATION
12-4

How quickly water flows in a stream is a function of three fac-
tors: shape of the stream channel, gradient (slope), and volume
of water. If the stream channel is straight and smooth, water
can flow quickly. But if the stream is flowing through large
rocks, the rocks slow the water as it bounces from rock to rock.
Many mountain streams are filled with coarse sediment such
as large cobbles and boulders that slow the stream velocity.

The gradient of a stream also determines how quickly
water moves. The force of gravity maintains flow of water.
Other factors being equal, the steeper a stream channel, the
faster water will flow.

The third factor is the volume of water flowing in a stream.
As the quantity of water in a stream increases, so does the
pull of gravity. If the discharge of a stream increases, usually
the weight of water increases more quickly than the resist-
ance of the stream channel. Most streams are steepest at the
beginning of the stream and the gradient decreases as they
flow downstream. But many rivers flow faster as they move
downstream because the increase in the volume of the stream
dominates over the reduction in slope.

Figure 12-9 shows profiles along the length of the Hudson
River and the Colorado River. The concave shape of these pro-
files is typical of many streams: steeper near their sources
than they are near the end of the stream.

WATER VELOCITY

Materials: Stream table or running water and tilted trough to rep-
resent a stream bed, meter stick, stop watch, or timer

Determine the influence of gradient and stream discharge on
stream velocity. Measure the velocity of the water as the gradient
and the discharge are changed. Use your data to explain how gra-
dient and discharge affect stream velocity.
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—~— Source: The Hudson River
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Figure 12-9 The longitudinal profiles of both rivers are concave as their slope de-
creases downstream. The double concave shape of the Colorado River profile is ev-
idence of uplift of the Colorado Plateau.

You can measure the speed of a stream by selecting a rel-
atively straight section of a small stream. You will need a de-
vice to measure distance, such as a meter stick, a timing
device such as a watch with a second hand, or a stopwatch,
and an object to float downstream. (In case there is wind, it
may be best to use an object that floats, but is mostly sub-
merged.) Measure the length of the stream section in units
such as meters. Then place the floating object in the water
above the measured section and time how long it takes for
the object to float through the measured distance. The stream
velocity can be calculated using the formula.

distance
time

SAMPLE PROBLEM

Two students stand 53 m apart along a straight portion of a small stream.
One student places a floating marker in the stream and immediately begins
timing it with a stopwatch. If the marker passes the second student in 15 s,
what is the average velocity of this section of the stream?

Velocity =
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Solution
Velocity = distance
time
_ 53m
5s
=3.5m/s
Notice that the solution is expressed to two digits, as are the values of time
and distance.
Qr Practice

1. A floating marker takes 21 s to travel 88 m along a straight portion of a
stream. What is the average velocity of this section of the stream?

2. The average velocity of a stream is 2.7 m/s. How far will a marker travel
in 16 s?

XS IR @ VAN MEASURING STREAM VELOCITY

Materials: Device to measure distance, watch, or timer

Use the method in the text above to measure the velocity of a
small stream near your school or home. (Note: This should be
done under adult supervision to ensure safety.)

iaxy WHAT IS A DRAINAGE PATTERN?

DY

Streams seek the lowest path as they move downhill, and
they tend to erode their beds in places where the ground is
weak. Therefore, both topography and geologic structure in-
fluence the path streams follow through an area, which we
call the drainage pattern. By looking at a map view of a
stream, you can often infer the underlying bedrock struc-
tures. Figure 12-10 shows the relationship between stream
pattern and rock structure.



Dendritic

WHAT Is A DRAINAGE PATTERN? 291

Radial Rectangular Annular

Figure 12-10 Underlying rock features influence the drainage patterns we see on
map views of streams. Streams follow low areas, weak rock types, and fractured
rocks.

The most common stream pattern is a dendritic drainage.
Dendritic streams flow downhill in the same general direc-
tion and they join to make larger streams. As a result, they
have a branching appearance. This pattern is common where
the bedrock is uniform, without faults, folds, or other major
structures or zones of weakness to capture the streams. Den-
dritic drainage is also common where the rock layers are hor-
izontal. Much of the region of western New York State north
of the Pennsylvania border has dendritic drainage because
rock layers are flat and there are few faults or folds to divert
streams.

A region that has prominent parallel and perpendicular
faults, repeated folds, or a strong rectangular jointing pat-
tern will display a rectangular drainage pattern. (Joints are
cracks in bedrock along which no significant movement has
occurred. They may be related to expansion or regional forces
acting on bedrock.) Streams seek the lowest areas of folds,
fractured rocks along faults, or the weakest surface bedrock
locations.

Annular drainage is a pattern of concentric circles that
are connected by short radial stream segments. This type of
drainage occurs in an eroded dome

A radial drainage pattern resembles the spokes of a wheel.
Streams flow away from a high point at the center of the pat-
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tern. Radial drainage may develop on a smooth dome or a vol-
canic cone. The Adirondack Mountain region of New York dis-
plays radial drainage, although rock structures such as faults
and folds in the Adirondacks alter the regional pattern and
may rake radial drainage hard to observe.

The important point is that the underlying rock types
and geologic structures influence streams, and that different
structural features produce different patterns of drainage.

TERMS TO KNOW

delta floodplain stream system
discharge meander tributary
drainage divide overland flow watershed
drainage pattern runoff

CHAPTER REVIEW QUESTIONS

1. Why are streams and rivers with the features of their watersheds called
systems?

(1) All streams and rivers are the same size.

(2) Streams and rivers form straight channels.

(3) Different parts contribute the same outcome.

(4) The features of one stream system are not found in other stream
systems

2. What name is applied to the outside boundaries of a watershed?

(1) stream channel
(2) meander
(3) drainage divide
(4) tributary

3. Which river is a tributary of the Hudson River?

(1) Delaware River
(2) Susquehanna River
(3) Mohawk River

(4) Genesee River
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4. Which condition would cause surface runoff to increase in a particular
location?

(1) covering a dirt road with pavement

(2) reducing the gradient of a steep hill

(3) planting grasses and shrubs on a hillside
(4) having a decrease in the annual rainfall

Base your answers to questions 5 and 6 on the diagram below that shows a
stream meander.

B

Stream

5. At which point is erosion greatest?
1) A (2) B 3) C 4) D
6. Where is deposition most likely to occur?

(D A (2) B 3 C 4) D

7. The map below shows a meandering stream. A—A’ is the location of a cross
section. The arrows show the direction of the stream’s flow.
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10.

11.
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Which diagram below best represents the shape of the river bottom at
A-A"?

. Which location along a river is the most likely place for deposition to dom-

inate over erosion?

(1) the base of a waterfall

(2) the outside of a meander

(3) a section of the river where the gradient is steep

(4) the delta where the river enters the calm water of an ocean

. Which of the following changes will cause an increase in the amount of ero-

sion in a stream?

(1) an increase in the hardness of bedrock
(2) an increase in the stream discharge

(3) a decrease in the gradient of the stream
(4) a decrease in the average temperature

Which change would cause an increase in stream velocity?

(1) an increase in the concentration of dissolved solids in the water
(2) an increase in the volume of water flowing in the stream

(3) a decrease in the slope of the stream

(4) a decrease in the temperature of the water

Which change would be most likely to increase velocity of water flowing in
a river?

(1) a decrease in gradient (3) an increase in latitude
(2) a decrease in rainfall (4) an increase in discharge
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The diagram below is a map showing the stream drainage pattern for an
area of Earth’s crust.

e
jf/“;% )

Which geologic cross section shows the most probable underlying rock
structure and surface for this area along line A—B?

‘l\\;/

|
vy]

Which type of stream drainage pattern is most likely in a location where
a constant slope dips gently to the north and the bedrock is uniform gran-
ite without folding, faulting, or other geologic structures?

(1) a rectangular drainage with streams aligned at right angles

(2) a branching drainage in which streams join as they flow north

(3) streams flowing away from a central location like spokes on a wheel

(4) a drainage pattern that contains many concentric circles connected by
short radial stream segments

Which of the following factors is least likely to influence the drainage pat-
tern of streams in a watershed?

(1) differences in the hardness of bedrock
(2) size of grains in the bedrock

(3) folding of the bedrock

(4) faulting of the bedrock
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15.
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Mercury was found in water wells of a small community. What was the
most probable source area of the mercury?

(1) rainfall in a different watershed

(2) a waste dump in a different watershed

(3) a factory upstream in the same watershed

(4) a housing development downstream in the same watershed

Open-Ended Questions

16.

17.

18.

19.

What are the principal functions of any stream system?

Why are low areas near rivers better suited for farmland and growing
crops than they are for use as home sites.

A student decided to measure the speed of a stream by floating apples
down a straight section of the stream. Describe the steps the student must
take to determine the streams surface rate of movement (speed) by using
a stopwatch, a 4-m rope, and several apples. Included the equation for cal-
culating rate.

The diagram below shows a stream with a constant flow running through
an area where the land around the stream is made of uniform sand and
silt. Show the future path of this stream resulting from erosion and depo-
sition as it usually occurs along a meander by drawing two lines to show
the future stream banks.

Stream current

Land
area

Land
area

Stream
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Draw a map view of a likely drainage pattern for the landform below.

Crater

Lava flows

CHAPTER REVIEW QUESTIONS
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WHERE IS EARTH’S WATER?

Earth is sometimes called the “water planet,” or the “blue
planet.” After all, about 71 percent of Earth is covered by
oceans and another 3 percent by glacial ice. Earth is the only
planet known that is neither too hot nor too cold for water to
exist on the surface as a liquid. In fact, water is the only com-
mon substance that exists on Earth in all three states: solid,
liquid, and gas. Water is essential for life. If people were to
settle on another planet, their most important consideration
would probably be the availability of water.

Water that enters the ground and occupies free space in
soil and sediment as well as openings in bedrock including
cracks and spaces between the grains is known as ground-
water. For humans, groundwater is an especially important
part of Earth’s water supply. Groundwater is usually fresh-
water, available nearly everywhere on the continents, and it
is usually free of organic pollution, disease, and dangerous
contaminants.

However, groundwater is endangered. It may take a long
time for the pollutants and dangerous substances disposed of
or spilled on or near the surface to reach underground sup-
plies. Once groundwater is polluted or used up, recovery will
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be very slow. In some cases, it may be too late. But in most lo-
cations understanding groundwater and the hydrologic cycle
could enable us to conserve it for future use.

Earth's Supply
of Water

Surface
and
ground-
Glaciers: water: 1%
2% (/freshwater)

Oceans: 97%
(salt water)

Al-
though Earth has
more than one billion
cubic kilometers of
water, most of it is
salt water in the
oceans andice in
glaciers. Of the
freshwater supply,
about 98 percent is
in the ground. Less
than one hundredth
of one percent is
freshwater in rivers
and lakes.

Earth has a limited supply of water. But water is considered
a renewable resource because it circulates through various
parts of the environment. Figure 13-1 shows that about 97
percent of Earth’s supply of water is salt water in the oceans,
and another 2 percent is ice, mostly in polar ice caps. The re-
maining 1 percent is the freshwater that sustains life. As the
human population has expanded and the use of water in our
homes, for agriculture, and for industry has increased, there
are growing concerns about the availability of usable water.
Perhaps it is time to consider what water has in common with
nonrenewable resources and plan more carefully for the pres-
ent and the future.

EvAPORATION Water is constantly being recycled through the
oceans, atmosphere, and land in the hydrologic cycle as
shown in Figure 13-2 on page 300. As with any cycle, a de-
scription of water circulation can begin at any point in the
cycle. Most of the water that enters the atmosphere comes
from the oceans through evaporation. Evaporation is the
process by which a substance changes from a liquid to a gas
as the substance absorbs energy. As you will explore in more
detail in Chapter 19, evaporation in nature is powered by
solar energy, which lifts water into the air. In addition, evap-
orating water carries great amounts of energy into the at-
mosphere. It is this energy that drives the wind, storms, and
other weather events. On land areas, evaporation from open
water and from the soil is extended by transpiration, which
is the release of water vapor by plants.

CoNDENSATION Once in the atmosphere, water vapor circu-
lates through convection. In Chapter 8, you learned how
matter and heat energy circulate underground to power tec-
tonic motions of Earth’s plates. Circulation of the atmosphere
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Figure 13-2 Water circulates through the oceans, land, and atmosphere in the
hydrologic cycle. The cycle includes precipitation, runoff, infiltration, evaporation,
transpiration, condensation, and convection (movement with wind).

is also driven by density differences, although the atmos-
phere gets most of its energy from the sun. Warm air is less
dense than cooler air and therefore tends to rise. If convec-
tion lifts air high enough into the atmosphere, it expands and
cools. As cooling continues, it reaches the dew point, the
temperature at which air is saturated with water vapor. As
the temperature falls below the dew point, invisible water
vapor condenses on tiny particles of dust, smoke, and salt
from ocean spray to form droplets of water and ice crystals.
Condensation is the process by which a substance changes
from a gas to a liquid as the substance loses energy. Although
liquid water and ice are more dense than air, the droplets and
ice crystals are small enough to remain suspended in the at-
mosphere indefinitely. A large body of these water droplets is
visible as a cloud.

PRECIPITATION Some clouds develop to the point that ice crys-
tals and water droplets enlarge and combine until they fall
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back to Earth as precipitation: rain, snow, sleet, or hail.
Most precipitation falls into the ocean where it completes the
water cycle. But precipitation that falls onto land can accu-
mulate on the surface, it can run overland into streams, or it
can infiltrate the ground.

Infiltration is the process by which water soaks into the
ground under the influence of gravity. Whether water sits on
the surface, runs off, or infiltrates depends on many factors.
If the ground is saturated, it cannot hold any more water.
Frozen ground also stops infiltration. Precipitation that falls
as snow may remain where it fell until it melts. Infiltration is
more likely if precipitation is not too rapid. The ground can
absorb more water when rainfall comes as a long, steady rain.
Rapid, intense rainfall may be more likely to run into streams
than seep into soil. Slope is also important. The steeper the
surface gradient, the less likely water is to infiltrate and more
likely it is to run into streams. Water is more likely to infil-
trate a permeable soil with large pores.

Land use is also important. Grass, trees, and other natu-
ral vegetation slow runoff and give surface water more time
to soak in. However, when the ground is covered with pave-
ment and buildings, water runoff is rapid and infiltration
may not take place at all.

Permeability is the ability of soil or sediment to allow
water to flow down through it. A loose or sandy soil is more
permeable than clay or a soil with mineral deposits that block
infiltration.

& GROUNDWATER ZONES
Y

Gravity pulls water into the ground until it reaches the
zone of saturation, the part of the rock and soil where all
available spaces are filled with water. Below the zone of satu-
ration, the layers or rock or other material (such as clay) are
compact enough that water cannot penetrate. (These layers
are impermeable.) Above this zone of saturation is the zone
of aeration, the region in which air fills most of the available
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Zone of Zone of
aeration . saturation

Figure 13-3 The zone of saturation is between impermeable layers below and the
zone of aeration above. The top surface of the zone of saturation is the water table.
The height of the water table depends on the balance between water entering as
infiltration and water leaving as underground flow and usage from wells. Well A is
active and it has depressed the water table nearby. The well at B does not affect the
water table because it is not in use.

spaces in the rock and soil. As groundwater infiltrates, it
moves through the zone of aeration and enters the zone of
saturation.

The upper limit of the zone of saturation is known as the
water table as shown in Figure 13-3. Therefore the zone
of saturation extends from impermeable layers at the bottom
to the water table at the top. The height of the water ta-
ble changes depending upon infiltration, horizontal flow of
groundwater, and usage. Sometimes there is a period of plen-
tiful precipitation. At this time, infiltration is greater than
the amount of water taken from wells or that flows out
through the ground. In response, the water table will rise and
groundwater will move closer to the surface. However, a dry
spell is likely to result in a drop of the water table, as inflow
is less than usage from wells and water that flows away.

The depth of the water table is critical to anyone who uses
a well to obtain groundwater. Unless the well penetrates
below the water table, water will not flow into the well. As
water is drawn from a well, the use of groundwater causes
the water table to fall near the well as shown in Figure 13-3.
It is important to limit the usage of water from a well so that
the amount of water taken out is not greater than the ability
of water to flow into the well.
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In moist years when there is plentiful rainfall, the water
table is likely to rise. Well water will be plentiful in this situa-
tion. In dry spells, the water table can fall. If the water table
falls below the bottom of the well, the well is said to run dry.
Unfortunately, a well is most likely to run dry when there is a
lack of surface water and the need for well water is critical.

There are several alternatives to correct this problem: re-
duce the pumping of groundwater, allowing the water table
to rise back into the well; find other sources of water to re-
duce the use of well water; and dig the well deeper.

The water table is often an irregular surface that has high
and low places where there are hills and valleys on the land.
However, the water table usually has less relief, or change in
elevation. The water table is usually deeper below the surface
at hilltops, and the water table may come to the surface in
valleys. If the water table comes to the surface, it can feed
ponds or lakes or it may flow out of the ground onto the sur-
face. A spring is a place where groundwater flows onto the
surface of the ground.

In moist areas where streams run even in the periods
between rainstorms, water flows through the ground and
into streams through the streambed. Figure 13-4 shows two

Arid
Figure 13-4 In moist
regions, groundwater feeds
into streams to maintain
flow between rainstorms.
But in arid climates,
streams quickly run dry as
they lose water into the
ground through their
streambed.

Water table
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ACTIVITY 13-1

streams in different climatic regions. The top stream is in a
moist location where it is fed by groundwater. The other
stream is in a dry area. It loses water through its bottom into
the ground.

GROUNDWATER MODEL

You can construct a model of groundwater zones in a watertight
container such as a fish tank. The bottom of the tank can repre-
sent the impermeable zone, although you may be able to place a
layer of clay in the bottom of the tank to represent this barrier.
Well-sorted sand, such as beach sand, is a good choice to repre-
sent the part of the ground in which water can circulate. Soda
straws can be used to represent wells of various depths. Note the
flow of groundwater as well as changes in the position of the
water table. Make a list of your observations as water infiltrates
the model and as water is drawn from the wells.

iasy HOW DOES GROUNDWATER MOVE?

\ %/

\\\\II/

The ability of soil and bedrock to hold and transfer ground-
water differs from place to place. In some locations, ground-
water is plentiful while other places have little or no
groundwater. Even if groundwater is present, it is easier to
extract water from some materials than from others. Several
factors affect where groundwater can occur and how it moves.

-
;.; Permeability

If the ground is very permeable, infiltration will be rapid, and
water can flow freely within it. Therefore, permeable ground
prevents or reduces flooding. Permeable soils allow water to
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infiltrate before it reaches streams. Permeability affects the
recharging, or replacement, of groundwater. The more per-
meable the soil, sediment, and bedrock are, the more readily
water can flow down into the zone of saturation to replace
groundwater lost to outflow or pumping from wells.

Large openings that are connected make rocks or soil very
permeable. Even bedrock can be permeable if it is composed
of particles with spaces between them, such as well-sorted
sandstone. Bedrock can also be permeable if it has large and
connected cracks, such as a fractured granite, or limestone
that has underground passageways. Figure 13-5 shows the
permeability of several kinds of ground materials.

Among sediments, the most permeable are well-sorted
sediments with the largest, roundest particles. Soils made of
uniform large particles have large spaces between the parti-
cles. This is especially true for rounded grains, which cannot
be packed as tightly as flat or rectangular particles. If smaller
particles are mixed with the large particles, the smaller
grains fill in spaces between the large particles and reduce
the permeability.

Even though a fine-grained soil may have the same total
space between the grains as a coarse-grained soil, water can-
not flow as quickly through these smaller spaces. Water clings
to the surfaces of grains of sediment. Because fine-grained
sediments have more total surface area, water has difficulty

W e
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Figure 13-5 Solid, unbroken bedrock and compact clay can be impermeable. But
sand, gravel, or fractured bedrock usually allow rapid infiltration.
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passing through fine-grained sediments. Therefore materials
like silt and clay have low permeability. Compact clay can be
nearly as impermeable as solid bedrock.

\\//

NS
== rorosity

Porosity is the ability of a material to hold water in open
spaces, or pores. It is an important property of a soil, sedi-
ment, or bedrock because porosity determines how much
water the ground can store. If the porosity is low, there cannot
be much groundwater stored. Rock and sediment with a high
porosity generally result in an abundant supply of groundwa-
ter. Porosity can be calculated using the following formula:

volume of pore space
total volume of the sample

Porosity =

Well-sorted sediments with round grains have a high
porosity because of the large spaces between the particles.
Sand that is rounded and well sorted can have porosity as
high as 50 percent. But, unlike permeability, the size of the
particles does not affect porosity. Figure 13-6 shows three
containers of spherical particles. The container on the left
holds a sample of small particles, the container in the middle
holds medium particles, and the container on the right holds

0.10-cm 0.40-cm 0.70-cm
diameter diameter

N\

DAVIVIVVVIVY
DIV
DIVIIIVVIII
DIVIIVVVIIII
DIVVIVVVIIIY
DIV
DIV
DIV
DIV
DIV
DIV
DIV
DIVIVIVVVIVY

48% porosity 48% porosity 48% porosity

Figure 13-6 Changing the size of the particles does not change the porosity of a
sample, as long as there is no change in the sorting, shape, and packing of grains.
Each of the samples shown has the same porosity: 48 percent.
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Figure 13-8 The
porosity of this soil
sample is reduced
because small parti-
cles occupy spaces
between the larger
particles.
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Figure 13-7 Sample A has

more porosity than sample

B because tighter packing in

B reduces the sizes of the

openings. A B

large particles. In each container, the particles are packed in
the same way. Each sample also has the same porosity.

COMPARING THE POROSITY OF DIFFERENT MATERIALS

Obtain several different samples of sand and gravel. Determine
their porosity by comparing the volume of each sample with the
volume of water needed to fill each sample to its surface with water.

To remember this, consider a hollow cube that encloses
the largest possible solid sphere. The solid sphere takes up
about 52 percent of the volume of the cube. Therefore the per-
centage of open space is the remaining 48 percent. This is
true of any size of cube in which the length of the side of the
cube and the diameter of the enclosed sphere are equal. Al-
though smaller particles leave smaller spaces between parti-
cles, the increase in the number of spaces balances the
decrease in the sizes of the spaces.

Porosity does depend on the shape and the packing of the
particles. Flat or rectangular particles can pack more closely
than spherical particles. Figure 13-7 shows how tighter pack-
ing can even reduce the porosity of sediment composed of
identical spherical particles.

Two other factors affect the porosity of a soil. A mixture of
sediment sizes allows small particles to fit into pore spaces
between larger particles. Figure 13-8 illustrates how mixing
particle sizes reduces porosity. A final factor is mineral ce-
ment. When particles are held together by a substance such
as calcite, clay, or silica cement, the cementing substance re-
duces the porosity of material.
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Materials per lab group: three transparent, plastic tubes ap-
proximately 3 to 5 cm in diameter (each tube should be fitted with
a watertight bottom that can be opened quickly to allow water to
flow out and a screen to hold sediment in the tubes as water flows
out), supports for tubes, small, medium, and large pebbles (or
plastic beads of these sizes), graduated cylinder, stop watch

Use a graduated cylinder to measure an equal volume of each
size particle or bead. Place the small particles in one tube, the
medium particles in another, and the large particles in the third
tube. Add measured amounts of water into each tube until the
water just reaches the top of the particles. For each tube, record the
amount of water you added. Based on the volume of sediment and
the amount of water each holds, calculate the porosity of each
sample.

How long does it take for the water level to fall to the bottom
of each tube after the bottom of the tube is opened? This interval
is a measure of the permeability of each size of bead or particle.

How does the size of the sediments affect porosity and per-
meability?

S
;._ Capillarity

Water sticks to surfaces by means of a property called ad-
hesion. Adhesion is related to the surface tension of water,
which can be a remarkably strong force. This force draws
water up into tiny spaces; this is called capillarity, or cap-
illary action. Sometimes this action is able to pull water from
the water table upward to where the roots of plants can
reach it. Capillarity also allows trees to draw water from
the soil into their leaves tens of meters above the ground.
Tree trunks contain narrow passageways that draw water
toward the leaves. Capillarity is also the way that a towel
soaks up water or the way wax moves up through a wick to
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Open glass tubes

Water
level
~—
Figure 13-9 Water rises into
narrow tubes due to capil- - Pan of
larity. Water rises highest in water
the tubes with the smallest l J
opening.

vaporize and serve as fuel for the flame of a candle. Figure
13-9 illustrates capillary action in small openings in glass
tubes.

DEMONSTRATING CAPILLARITY

Place several samples of glass tubing, each with a different inter-
nal diameter, in a pan of water. (Very narrow tubing works best.)
Draw a graph that shows the relationship between the internal di-
ameter of the tubing and the height the that water rises above the
level of the open water. (See Figure 13-9.)

CAPILLARITY OF SEDIMENTS

Obtain several transparent plastic or glass tubes that are about
0.5 cm in internal diameter. Cover the bottom of each tube
with cotton fabric held in place by a rubber band. The fabric will
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allow water to pass through the opening but prevent the sedi-
ments from falling out. Fill each tube with a different size of sed-
iment from coarse sand to silt. Place the tubes of sediment in a
pan of water. Observe how high the water rises into each sample
of sediment.

Capillary action occurs only in rock or sediments with
very small, connected pore spaces. When openings become
wider, the weight of water in the openings increases without
a corresponding increase in the surface area of the openings.
Adhesion cannot hold or draw water into large openings.

WHERE IS GROUNDWATER AVAILABLE?

In locations where surface water dries up, especially in the
summer, groundwater may be the only reliable supply of
freshwater. Unless there is a source of freshwater, an area
cannot be inhabited. People need freshwater to drink and
prepare food, to clean and for other household purposes, and
to grow food. In most places, groundwater is more reliable
and cleaner than surface water.

Most groundwater can be found within 100 meters of
the surface, but the depth of solid, impermeable rock varies
greatly from place to place. In some locations, solid rock with-
out open spaces is exposed at the surface, and the imperme-
able rocks extends into Earth’s interior. In other places, water
can be brought to the surface from many kilometers under-
ground. Digging or drilling wells can be a major expense for
a property owner. The deeper the well goes, the greater the
cost. Knowing where to place a well, how deep to dig, and
when to stop can be difficult decisions.

About 98 percent of Earth’s supply of freshwater is within
the ground. Lakes, rivers, and streams are more visible than
groundwater. However, there is far more freshwater stored in
the ground than on the surface. The best supplies of ground-
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water are in underground aquifers. An aquifer is a zone of
porous material that contains useful quantities of groundwa-
ter. Agriculture in the western United States depends heav-
ily on well water drawn from aquifers. In some cases, water
has been taken out of the aquifers so much faster than it can
be replenished by rainfall and infiltration that there is dan-
ger of completely depleting the aquifer. This is sometimes
called “mining” water because farmers are taking water that
has been in the ground for hundreds of years. Although sci-
entists usually consider freshwater a renewable resource, the
rate of usage of some aquifers far exceeds the rate at which
they receive new water.

hax WHAT ARE SOME GROUNDWATER PROBLEMS?
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Just as many streams have been contaminated by careless
disposal of household, community, and industrial wastes,
some aquifers are also being seriously polluted. Wherever
soluble waste materials are left on or in the ground, infiltra-
tion can carry them to an aquifer. Several factors make the
contamination of groundwater even more difficult to deal
with than the pollution of surface waters. People are unable
to see or smell buried wastes, nor can they see them flowing
into an aquifer. In addition, it may take a long time for waste
materials to reach the aquifer. By the time scientists know an
aquifer is becoming polluted it might be impossible to pre-
vent a very serious problem. It will also take far more time
to rid an aquifer of contamination than it would to flush sur-
face water of toxic materials.

== sewage

Many people use septic systems to dispose of human waste
by letting the liquid seep into the ground. Because of the nu-
trients in sewage, organisms that live in the ground use these
nutrients, and as a result can cleanse sewage-filled water.
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However, this cleansing is effective only as long as nutri-
ents are not present in quantities too large to be consumed
by the organisms that live in the ground. When communities
conclude that increasing population and density of hous-
ing threaten to create a health problem, they install public
sewage systems. These systems pipe sewage to a central lo-
cation and treat it to speed up the rate at which organisms
use and therefore remove toxic substances. Keeping waste
materials out of the ground helps preserve the quality of
groundwater.

Increasing use of groundwater in coastal locations has al-
lowed salt water from the ocean to invade some aquifers. Be-
cause salt water is more dense than groundwater, the salt
water flows in and under the freshwater. This has occurred in
some places on Long Island as shown in Figure 13-10. The
problem has been dealt with in several ways. Some parts of
Long Island use water piped in from upstate rivers to reduce
groundwater withdrawal. Returning treated wastewater to
the aquifer has also been used to reduce salt water invasion.

Water table Y . %i"-}ti‘
i % 5 3 Y
‘éﬁ’{& g EF rr‘i%‘ 5
£
:_-'// o — e
Ocean — ,/y“'
_/_ P Fresh groundwater
// —_—
Impermeable layer
B Pumping wells Figure 13-10 Pumping
i i+ K., 1 .
W A - i—% groundwater from an aquifer
in a coastal region can
""""" cause salt water to flow into
Ocean the aquifer and contaminate

wells. Part A shows a profile
before extensive pumping
from the aquifer. Part B
shows salt water invading
the depleted aquifer.
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A related problem occurs in arid parts of the United
States. In these areas the soil is often salty. Irrigation of salty
soil carries the salt deeper into the ground where it pollutes
underground water supplies.

\\/

N
=@D=_ sinking Ground

Taking water from the ground can cause the land to sink. Fig-
ure 13-11 shows a crack in the ground created by the use of
groundwater. Usually, the sinking is a slow process that is not
noticeable. However, cracks sometimes appear near the edge
of the valley where deep sediments meet shallow bedrock.
Sediments held up by bedrock are unable to sink with the
central parts of the valley. This causes cracks to open. While
the movement itself is not a danger, it can cause problems in
the foundations of buildings and it can damage roads. The
sinking ground level can also cause increased danger of flood-
ing when rivers run full. Perhaps more important, this is a
sign that water is being mined too quickly. In a location such
as this, groundwater is a nonrenewable resource.

W

A

Figure 13-11 This crack

in the ground recently
appeared in Arizona. Water
taken out of the ground
nearby caused the land
level to sink several meters.
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TERMS TO KNOW

aquifer groundwater spring

capillarity infiltration transpiration
condensation permeability water table
convection porosity zone of aeration
dew point precipitation zone of saturation
evaporation

CHAPTER REVIEW QUESTIONS

1. Most water vapor enters the atmosphere by the processes of

(1) convection and radiation.

(2) condensation and precipitation.
(3) evaporation and transpiration.
(4) erosion and conduction.

2. Where is most of Earth’s freshwater that is in the liquid state?

(1) in the oceans (3) in glaciers
(2) in the ground (4) in clouds

3. In general, the probability of flooding decreases when there is an increase
in the amount of

(1) precipitation. (3) runoff.
(2) infiltration. (4) snow melt.

4. During a rainstorm, surface runoff will probably be greatest is an area
that has a

(1) steep slope and a surface made of tiny particles.
(2) steep slope and a surface made of large particles.
(3) gentle slope and grass-covered surface.

(4) gentle slope and tree-covered surface.

5. The diagrams below show the relative particle size from soils A, B, and C.
Equal volumes of each soil sample were placed in separate containers.
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Each container had a screen at the bottom. Water was poured through each
sample to determine the infiltration rate.

0.10-cm 0.40-cm ®
diameter diameter [

0.70-cm
diameter

(not drawn to scale)

Which graph shows how the infiltration rates of the three soil samples
would compare?
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. The water cycle runs primarily on energy from sunlight. What other fac-
tor influences every part of the water cycle?

(1) energy flow from Earth’s interior (3) porosity
(2) convection by wind (4) gravity

. How deep must a well be dug in order to yield a constant supply of fresh-
water?

(1) to the bottom of the soil

(2) to the bottom of the zone of aeration
(3) below the water table

(4) several meters into bedrock
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. Rainfall is most likely to infiltrate into a soil that is

(1) permeable and saturated. (3) impermeable and saturated.
(2) permeable and unsaturated. (4) impermeable and unsaturated.

. Which graph best represents the general relationship between soil parti-

cle size and the permeability rate of infiltrating rainwater?

N

Soil Particle Size Soil Particle Size

(1) (©)

Permeability Rate
Permeability Rate

Permeability Rate
Permeability Rate

—_— —_—_—,
Soil Particle Size Soil Particle Size

@) (4)

Which graph best shows the effect of soil permeability on the amount of

runoff in an area?
—_— —_—

Soil Permeability Soil Permeability
() (©)

Runoff
Runoff

Runoff
Runoff

N _—
Soil Permeability Soil Permeability
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11. A student is investigating the porosity of a sample of sediment. Which
of the following changes is most likely to increase the porosity of the sed-
iment?

(1) Use a larger sample of the same sediment.

(2) Use a smaller sample of the same sediment

(3) Replace the particles of sediment with larger particles.

(4) Shake the sediment to reduce its volume, but not its mass.

Base your answers to questions 12 and 13 on the diagram below. Columns A, B,
C, and D are partly filled with different sediments. Each column contains parti-
cles of a uniform size. A fine wire mesh screen covers the bottom of each column
to prevent the sediment from falling out. The lower part of each column has just
been placed in a beaker of water. Sediment sizes are not drawn to scale.

q§ Small
pebbles

Screen

Water

S

Column A Column B Column C Column D

12. In which material would capillary action cause the water from the beaker
to rise the farthest?

(1) small pebbles (3) medium sand
(2) large sand (4) large silt

13. A different experiment was performed using the same equipment. The
beakers of water were removed and replaced with empty beakers. The sed-
iments were allowed to dry. Then water was poured into each column. The
permeability of the medium sand sample was shown to be

(1) less than the permeability of the silt and pebble samples.

(2) less than the permeability of the silt sample, but greater than the peb-
ble sample.

(3) greater than the permeability of the silt sample, but less than the peb-
ble sample.

(4) greater than the permeability of the silt and pebble samples.



CHAPTER 13: GROUNDWATER

Which is likely to be the most dependable source of freshwater for homes
and agriculture in a semiarid (mostly dry) region?

(1) rainfall (3) deep wells
(2) small streams (4) dew and frost

Which form of waste disposal poses the greatest danger to the quality of
groundwater?

(1) burning waste in incinerators

(2) burial underground

(3) recycling waste material

(4) packing wastes in waterproof containers

The diagram below shows a profile view of a location where water has been
drawn from a well for a long time. The water table is shown in this dia-
gram, but it is not labeled. The well is not used for several weeks, causing
the position of the water table to change. Draw the new position of the
water table after the well has been unused for several weeks.

Well
Surface Surface
Zone of aeration Zone of aeration
Zone of saturation Zone of saturation

A student placed 4 L of gravel in a 5-L container. If 1 L of water was added
to the gravel, and just reached the top surface of the gravel. What is the
porosity of the gravel?

We generally consider water to be a renewable resource. But the rapid use
of groundwater from some aquifers where precipitation is scarce is quickly
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reducing the quantity of water in these aquifers. In these places, why
should water be considered a nonrenewable resource?

When ocean water invades an aquifer near the ocean, the salt water usu-
ally flows in under the freshwater. (See Figure 13-11.) Why does ocean
water flow under freshwater?

The residents of the city of Kingston, New York, noticed the odor and ap-
pearance of organic pollution in the Hudson River. Investigation by local
authorities showed that the pollution had come from another major city in
New York State. Where was the source of this pollution?
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A PUZZLING LANDSCAPE

The beauty and variety of landforms in the New World fas-
cinated the first European settlers in North America. New
York State was settled relatively quickly because it provided
a route to the interior of North America along the Hudson
and Mohawk rivers. In addition to natural transportation
routes, as well as productive forests, and farming areas, set-
tlers found features of the land they could not explain. Many
of the rocks in the soil were varieties not found in local
bedrock. Some of these exotic rock types were large boulders
perched on hilltops. These boulders were far too high and too
large to have been moved there by nearby streams. Between
Rochester and Syracuse are numerous north-south aligned
hills, most of them are blunt at the north end and trail off to
the south. Even the Finger Lakes of western New York, long,
narrow lakes that are also aligned north to south, could not
be explained at that time by the geological processes at work
in the area.

The nineteenth century expansion of settlements in New
York State occurred simultaneously with a change in think-
ing in Europe. At that time, European geologists began to un-
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derstand that prehistoric, continental glaciers played a major
role in the evolution of their landscape. American geologists
also found that the idea of a great ice age helped them under-
stand puzzling aspects of North American geology. Nowhere
in North America is the idea of wide-spread continental gla-
ciers better supported than in the landscapes of New York
State.

hasy WHAT IS A GLACIER?
Y

Snow falls and accumulates on the ground everywhere in
New York State. In the highest parts of the Adirondack Moun-
tains, winter snow often lasts into early summer before it is
completely melted. If the mountains were 1000 or 2000 me-
ters higher, the reduced warmth of summer would not be able
to melt winter snow. Each year more snow would accumulate
and exert pressure on the underlying snow. This pressure
would change the snow to ice and gravity would make the ice
begin to flow downhill. This is how glaciers form. The reason
that no glaciers exist today in New York State is that there are
no places where the snow does not completely melt before the
following winter.

Snow and ice exist as crystals. When snow falls, the flakes
are usually light and feathery. After the flakes reach the
ground and are buried under fresh snow, the delicate crystals
gradually change to solid ice over a period of time that de-
pends on such factors as speed of burial and temperature.
Figure 14-1 on page 322 shows how the increasing density of
the snow pack relates to changes in ice crystal shape.

Is ice a solid or a liquid? Ice is composed of water in the
crystalline solid form. It fits the definition of a solid. Under
short-term stress, ice behaves as a solid. An ice cube in an en-
vironment below freezing has a fixed shape. Hit it with a ham-
mer and it breaks into smaller pieces. Yet, ice in a glacier
flows. Glaciers do not flow because the ice is melting. They
flow because solid ice responds to long-term stress by bending
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Figure 14-1 Delicate
snow crystals trans-
form into compact
ice crystals. This is
the first step in the
formation of glaciers.

ACTIVITY 14-1
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and deforming. This is similar to the behavior of solid rock
within Earth’s mantle. If you could strike the rock deep in
Earth’s mantle with a hammer, it would shatter. Forces ap-
plied over long periods of time result in fluid behavior of both
rock and ice. The distinctions you have learned between solids
and liquids are not as clear as you might have thought in the
past.

SNOW TO ICE

This activity must be done in the winter when there are piles of
snow outside. Find a location where the snow has been pushed
into a deep pile. Dig out and place in several 200-mL beakers
without packing it. Take the snow samples from the pile at differ-
ent, measured depths. Also, gather fresh, surface snow that has
not been moved. Draw a graph of snow depth versus the mass of
snow in a given volume.
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Most glaciers begin where snow accumulates in the highest
mountains, on coastal mountains where snowfall is abun-
dant, or in the interiors of continents. Once permanent ice
has formed, it begins to flow downhill under the influence of
gravity. The type of glacier is determined by where the gla-
cier forms. Valley glaciers, which begin high in mountain
areas, flow from the high ice fields through valleys to lower
elevations. In some locations, valley glaciers spread over flat
lowlands as a piedmont glacier. Some glaciers flow into a lake
or ocean where the ice breaks off, forming icebergs. Figure
14-2 is a glacier in Alaska that flows into a freshwater lake.

Other valley glaciers descend to an elevation where it is
warm enough to melt the ice as quickly as it advances. If the
ice in the glacier is moving forward at a rate of 1 meter per
day, but the ice is also melting back 1 meter per day, the front
of the glacier will not appear to move. This is known as a dy-
namic equilibrium because the rate of flow and the rate of
melting are in balance. Even though the end of the glacier
may be in the same place from year to year, the ice is, in fact,
constantly moving downhill.

The rate at which ice advances varies from glacier to gla-
cier. Ice in a small glacier may advance only a few millime-

T4t 8 = =
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Figure 14-2 The source area for the Portage Glacier in Alaska is the mountains at
the upper end of the valley.
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Bedrock of
valley wall

Figure 14-3 Like rivers,
valley glaciers flow fastest

at the center and away from
the edges. Friction with the
e sides of the valley slows the
ice near the edges and the
bottom.

Flowing ice

ters a day. Large valley glaciers commonly advance a few cen-
timeters a day. Some glaciers experience periodic surges that
cause the glacier to advance more than 30 meters per day
over a period of several months. Surges are generally attrib-
uted to water accumulating under the glacier.

As gradient and volume affect the speed of water in rivers,
they also influence the speed of ice flow in glaciers. Also, like
the water in most rivers, ice moves fastest near the center
and near the surface of a glacier. Figure 14-3 illustrates ice
flow in a glacier. The long arrows indicate fast flow while the
short arrows indicate slower flow.

A continental glacier flows outward from a zone of accu-
mulation to cover a large part of a continent. If the process
could be speeded up, it might resemble what pancake batter
looks like as it is poured onto a griddle. Scratches on bedrock
surfaces in the highest parts of New York’s Catskill Moun-
tains show that these mountains were completely covered by
ice. The Catskills are well over 1000 meters above sea level.
Furthermore, ice flowed southward over the Catskills from
eastern Canada where the ice must have been even thicker.
Yet this part of Canada does not have mountains as high as
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New York’s Catskills, so the ice in the zone of accumulation
must have been very thick. Even the highest mountains in
the northeastern United States were completely engulfed by
the great thickness of ice covering eastern Canada.

Ice sheets that are several kilometers thick now cover
most of Greenland and Antarctica. Scientists have studied
both regions to gain an understanding of ice caps and how
they flow outward and down to the oceans. Ice flowing into an
ocean breaks away from the main body of the glacier to float
away as icebergs. Because ice is less dense than water, ice-
bergs do not sink. Icebergs from Greenland and Antarctica
are large enough to pose a threat to shipping. A number of
vessels, for example the Titanic, have sunk due to damage
from collisions with icebergs. Fortunately, icebergs break up
and melt before they can invade most ocean areas.

OIAIA @ SYE A MODEL OF A GLACIER

You can create a model of a glacier with a substance called
“ooblick.” You can make ooblick by mixing cornstarch with water
in a mass ratio of about 1 part water to 1.2 parts cornstarch. Like
ice, this substance will shatter when hit hard. But, placed on a
slope, ooblick will flow downhill.

haxy HOW DO GLACIERS CAUSE EROSION?
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When a glacier advances down a valley or over a continent,
the ice pushes, carries, and drags great quantities of soil and
sediment. These loose materials have little chance of re-
maining in place when a mass of ice hundreds or even thou-
sands of meters thick moves over them. Ridges and knobs of
bedrock are pried loose or rounded by the moving ice. Al-
though ice is much softer than most bedrock, the rocks and
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sediment dragged along the bottom of a glacier scrape and
scour the bedrock over which the glacier passes.

\\\\ll/

;./i Valleys

In mountainous or hilly terrain, advancing glaciers seek the
lowest passages and move through valleys first. Stream val-
leys often have a V shape in profile, especially in mountain
areas. Streams and the sediment they carry occupy only the
bottom of the valley and do not erode the sides of the valley
above flood levels. The sides of a stream valley in mountain-
ous terrain collapse under the influence of weathering and
gravity, which often give them a steep but uniform slope of
the V profile. When a glacier moves down a mountain valley
filling it with ice, the erosive action of the glacier and its load
of sediment pluck, scrape, and scour the sides of the valley
changing its profile to a broader U shape. U-shaped valleys
are strong evidence of glacial erosion. (See Figure 14-4.)

In the western part of New York, north-south aligned river
valleys that drained the Allegheny Plateau were eroded into
soft shale, siltstones, and limestones. The continental ice
sheets that advanced southward into New York State also
sought the lowest passages southward. The ice sheets ad-
vanced into these valleys first, making them wider and deeper.

Figure 14-4 Mountain
streams originally cut Yose-
mite Valley in California into
a narrow V shape. Later,
erosion by glaciers changed
the profile to a broader U
shape.
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Valleys west of Canandaigua Lake in the western Finger
Lakes show the U shape especially well. A number of large
U-shaped valleys running north-south in this part of the state
were blocked at their outlets by glacial sediments to form the
Finger Lakes. (See the map of New York State in the Earth Sci-
ence Reference Tables.)

N2

1 Striations and Grooves

Rocks transported along the bottom of the advancing ice
leave scratches and grooves in the bedrock over which they
pass. Parallel scratches called glacial striations can be found
on hard bedrock surfaces throughout New York State, but they
are best preserved in the hard metamorphic and igneous
rocks of the Adirondacks and New York City regions. These
scratches indicate the direction in which the glaciers moved.
Grooves are deeper and wider cuts formed by glaciers.
Grooves are often found in softer bedrock than where there are
striations. Central Park in New York City has both grooves
and striations in exposed bedrock. Figure 14-5 shows a bed-
rock surface grooved by the erosive action of rocks dragged by
a glacier.

B2 1% P x Iy i < P

Figure 14-5 The parallel scratches, or striations, on this bedrock surface in
California show the direction in which a glacier advanced.
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haxy HOW CAN WE RECOGNIZE DEPOSITION
124 BY GLACIERS?
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Sediment transported by glaciers must also be deposited.
There are several differences between sediments deposited
by ice and sediments deposited by water or wind. Water and
wind sort sediments. (You may wish to review Chapter 11.)
Moving ice transports and deposits sediment without regard
to particle sizes. Therefore, sediments deposited directly by
glaciers are unsorted and do not show layering. This unsorted
glacial debris is sometimes called till.

Stream sediments are deposited where streams flow, usu-
ally in the bottom of a valley. But a glacier can move its de-
bris anywhere that the ice covers, even to the highest parts
of New York State. Glacial sediments often cover the whole
land surface with an uneven blanket of till composed of mixed
particle sizes.

Water and wind usually deposit the larger particles of
their load relatively close to its source. On the other hand,
glaciers carried their load of sediments, including boulders
of granite and gneiss from Canada, hundreds of kilometers
southward into New York State. In western New York State
where the local bedrock is sedimentary, most often shale, silt-
stone, and limestone, these foreign rock types are especially
noticeable. New York soils have a greater variety of minerals
and they are more fertile than they would have been if they
contained only local rocks. Large rocks that were transported
from one area to another by glaciers are known as erratics.
Figure 14-6 shows a large erratic located north of New York
City.

A moraine is a mass of till deposited by a glacier. Some-
times moraines form hills, often irregular in shape, where a
glacier stopped advancing. This kind of deposit is known as
a terminal moraine. Even though the front of the glacier
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Figure 14-6 This
large boulder, a
perched erratic, was
transported south
by a glacier and de-
posited in till north of
New York City. The
smaller particles of
till were washed
away, leaving the
large erratic bal-
anced, or perched,
on three smaller er-
ratic boulders.

was nearly stationary, ice continued to transport sediment to
the front of the glacier where it was released. The barriers of
sediment that close off the Finger Lakes are moraines. Figure
14-7 illustrates the moraines that form the backbone of Long
Island and extend into southern New England. Smaller mo-
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Figure 14-7 Long Island was built from sediment pushed into place by glaciers. Most
rock-strewn, north shore beaches lie at the bottom of the high bluffs of the Harbor Hill
Moraine. South shore beaches are composed of mostly fine sand washed from the
moraines by glacial meltwater. These moraines extend into southern New England.
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Figure 14-8 This kettle de-
pression in central New York
State contained a small ket-
tle pond that froze over be-
fore the water infiltrated the
ground. All that is left is a
W85 collapsed ice cover.

raines can be found throughout the state. Most of these are
places where the ice front stalled and dumped its sediment
load over a period of time.

Among the irregular hills in a moraine are depressions
called kettles. A kettle is a small closed basin with no low-
level outlet. Some kettles form when a block of ice within the
till melts, leaving a closed depression. Rainwater that runs to
the bottom of the kettle can escape only by evaporation or by
infiltrating the ground. Some kettles fill with water to be-
come kettle lakes. Figure 14-8 shows a kettle in central New
York State.

Drumlins are streamlined hills as much as 100 m high and
1 km long. Most of them are aligned north to south. They
have steep sides, a blunt north slope, and a gentler slope to
the south. How drumlins form is debated among scientists.
One idea is that a glacier forms the hills by riding up and
over sediment it is pushing forward. Thus drumlins show the
direction in which the ice was moving. Within drumlins as in
moraines, the unsorted and unlayered nature of till supports
the idea that they are deposited by ice. Figure 14-9 shows a
variety of features of continental glaciation found in New
York State.
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Figure 14-9 Moraines, drumlin fields, and sculpted bedrock show that the most
recent advance of the continental glaciers covered nearly all of New York State.

haxy HOW CAN WE RECOGNIZE DEPOSITION
8% BY MELTWATER?

At the end of a glacier there are usually large quantities of
water. Some flows from beneath the ice and more comes from
the melting ice front. Sediments deposited by water from
melting ice are known as outwash. The principal difference
between till and outwash is that outwash deposits, like other
sediments laid down by water, are sorted and layered. Out-
wash is generally less hilly than moraine. Kettles and kettle
lakes are common in outwash plains where blocks of ice
caught in the outwash later melt leaving depressions.

The difference between ice deposits and meltwater de-
posits can be seen very clearly on Long Island. Most of the is-
land is made of sediments that can be traced back to glacial
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and sorted sediments  observed throughout New
deposited by meltwater  york State.

by a glacier

origin. The only bedrock on Long Island is in New York City
at the far western end of the island. High bluffs of unsorted
sediment in the Harbor Hill Moraine dominate the north
shore of Long Island. The beaches of the north shore are com-
posed of pebbles, cobbles, and even large boulders washed out
of the moraine. These moraines were pushed into place by
moving ice. However, most beaches on the south shore are
made of sand washed out of the glaciers by meltwater. A few
kilometers inland from the southern beaches are deposits of
sand that show layering and sorting: strong evidence that the
southern part of Long Island is made of sediment deposited
by water, not by ice. Figure 14-10 shows some of the features
of continental glaciation that can be observed throughout
New York State.

INVENTORY OF GLACIAL FEATURES

Make a list of glacial features found near where you live. This list
should include the name of the feature (moraine, large erratic,
drumlins, etc.), how each formed, and its locations. If possible,
add photographs of the features. A geology textbook can help you
identify features of glaciation not listed in this book.
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Eéxy WHAT ARE ICE AGES?
D)

Continental glaciers repeatedly covered as much as half of
North America in the past. The most recent ice age ended only
10,000 to 15,000 years ago when the ice front melted back
northward from Long Island and Pennsylvania. In terms of
Earth’s history, this is very recent. Over the past 2 to 3 million
years, there have been many warm and cold periods. A drop
in Earth’s average surface temperature of only about 5°C is
enough to cause a major ice age. The time between ice ages is
variable, but it appears that there may have been 10 or more
major ice advances just in the past million years. Figure 14-11

Greenland
Ice Sheet

Laurentide
Ice Sheet

/~— Shoreline at
the height of

Figure 14-11 During glaciation

the most recent ice
age about half of
North America was
covered by glaciers
several kilometers
thick.
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shows how much of North America was covered by ice during
the most recent advance of continental glaciers.

Scientists have debated the cause of the ice ages since they
first accepted ice ages over a century ago. Movements of the
continents, changes in the tilt of Earth’s axis, changes in the
shape of Earth’s orbit, and changes in the carbon dioxide and
dust content of Earth’s atmosphere have all been suggested as
contributors to global climatic change. Understanding the
reasons for changes in global climates is more important than
simply unraveling the past. Future climatic changes of this
magnitude would certainly have a major impact on human
civilization.

TERMS TO KNOW

continental glacier grooves outwash till
drumlins kettle striations valley glaciers
erratics moraine terminal moraine

CHAPTER REVIEW QUESTIONS

1. Why do large ice sheets no longer cover most of New York State?

(1) There is no longer enough ice. (3) The climate is too warm.
(2) The climate is now too cold. (4) There is too much freshwater.

2. The graph below shows the snow line (the elevation above which glaciers
form at different latitudes in the Northern Hemisphere).
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At which location would a glacier most likely form?

(1) 0° latitude at an elevation of 6000 m

(2) 15° N latitude at an elevation of 4000 m
(3) 30° N latitude at an elevation of 3000 m
(4) 45° N latitude at an elevation of 1000 m

335

. What agent of erosion most likely left large boulders high above stream

valleys throughout New York State?

(1) wind

(2) rivers

(3) moving ice

(4) gravity acting alone

. The diagram below shows a glacial landscape.
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Which evidence suggests that ice created this landscape?

(1) U-shaped valleys
(2) many stream valleys

(3) sorted sediments on the valley floor

(4) the landslide near the valley floor
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CHAPTER 14: GLACIERS
The occurrence of parallel scratches on bedrock in a U-shaped valley indi-
cate that the area has most likely been eroded by

(1) a glacier (3) waves
(2) a stream (4) wind

. If a glacier moves through a mountain stream valley, the valley is likely to

become
(1) shallower and narrower. (3) deeper and narrower.
(2) shallower and wider. (4) deeper and wider.

. How are grooves and striations found in bedrock of granite and gneiss cre-

ated by a glacier?

(1) The moving ice wears away at the rock surface.

(2) The ice carries rocks that abrade the rock surface.

(3) Alternating freezing and thawing wear the rock smooth.
(4) The weight of the ice pushes on rock to make it smooth.

Base your answers to questions 8 to 10 on the diagram below that shows land-
scape features formed as the most recent glacier melted and retreated from
New York State.

Retreating
galcier

moraine

8.

N

Recessional

~_ Drumlins

Terminal
moraine

E
\ ——
\‘;‘
Ground moraine

South\ Kettle

The moraines pictured in the diagram were deposited directly by the gla-
cier. The sediments within these moraines are most likely

(1) sorted by size and layered. (3) unsorted by size and layered.
(2) sorted by size and unlayered. (4) unsorted by size and unlayered.
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The shape of the elongated hills labeled as drumlins is most useful in de-
termining

(1) the age of the glacier. (3) thickness of the glacier.
(2) direction of glacial movement. (4) rate of glacial movement.
At the stage shown in this diagram, the ice in the glacier is probably mov-

ing toward the

(1) north. (3) east.
(2) south. (4) west.

Many hills in western New York State are known as drumlins. These are
composed of sediments transported and deposited directly by glacial ice.
These sediments are likely to be

(1) well-rounded, sand-sized particles.

(2) in thin horizontal layers.

(3) poorly rounded and not in layers.

(4) found underwater, mixed with organic materials.

The diagram below represents the cross section of a soil deposit from a hill
in central New York State. The deposition was most likely caused by

Top

(1) a glacier. < 00<
(2) a windstorm. )
(3) a stream entering a lake. :
(4) wave action along a beach. 270722 Botiom

The diagram below shows trends in the temperature of North America
during the last 200,000 years, as estimated by scientists.

- Warmer Cooler ——»
Today
According to this graph, what !
is the total number of glacial S 50000
periods that have occurred in g ’
North America in the last g -
200,000 years? s 100,000 »
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On a field trip 40 km east of the Finger Lakes, a student observed a boul-
der of gneiss on the surface bedrock. This observation best supports the in-
ference that

(1) surface sedimentary bedrock was weathered to form a boulder of gneiss.

(2) surface sedimentary bedrock melted and solidified to form a boulder of
gneiss.

(3) the gneiss boulder was formed from sediments that were compacted
and cemented together.

(4) the gneiss boulder was transported from its original area of formation.

Which feature of glaciation common in New York State is least likely to
help us understand the direction in which the ice was moving?

(1) kettles and kettle lakes (3) finger lakes
(2) grooves and striations (4) drumlins

Open-Ended Questions

16.

17.

18.

Early settlers in New York were puzzled when they found that the rocks
in the soil differed from the local bedrock. What major geologic event did
nineteenth century geologists infer to solve this puzzle?

A student took the following notes at a field trip location.

There is a good view from this windy hilltop. Rocks are visible everywhere.
There are boulders, cobbles, and pebbles of many sizes and shapes mixed
together. The rocks sitting on the surface are metamorphic rocks that rest
on limestone bedrock. The teacher showed us parallel scratches in the
bedrock. I saw almost no soil.

(a) State the agent of erosion that deposited most of the sediments at this
location

(b) State one observation recorded by the student that supports this con-
clusion.

Ice is a natural crystalline solid of inorganic origin with a specific compo-
sition and relatively uniform properties. It is therefore a mineral. While
the hardness of ice is variable depending on its temperature, the hardness
of the ice at the bottom of the glaciers that covered New York State was
only about 1.5 on Mohs’ scale. Still, these glaciers scratched and scoured
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bedrock composed mainly of quartz and feldspar, which are far harder
than ice. How can glaciers scratch minerals harder than ice?

A student located an area of New York State where the continental ice
sheet stopped and began to melt back to the north. The student attempted
to find the limit of glacial erosion and deposition by looking at the sedi-
ments that cover the ground. In this location, all the ground was covered
by material deposited directly by ice, or by material deposited by water
that flowed out of the ice. Give one property of the ice-deposited sediments
that would not be true of sediments deposited by meltwater.

The diagram below represents a profile view of North America at a lati-
tude of about 50°N at the time of the most recent ice age. Draw arrows at
A and at B to show the direction in which the ice is moving at each point.

Mountains Bedrock

/w Glacial Ice
Sea Level A B

\
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NEW YORK’S NATURAL WONDERS

New York is not one of the largest states of the United
States, nor does it have any large national parks to rival
Yosemite or the Grand Canyon. But nearly every part of the
state has unique and beautiful natural wonders. No matter
where you live in New York, inspiring features of geologic in-
terest are no more than an hour or two away.

For example, Niagara Falls is a broad sweep of thundering
water that carries the outflow of four of the world’s largest
freshwater lakes over a 60-meter plunge. Other spectacular
waterfalls include Taughannock Falls north of Ithaca and
Kaaterskill Falls at the eastern margin of the Catskills.

The beaches of Long Island offer miles of white sand
and pounding surf. And the freshwater beaches in the Finger
Lakes and the Adirondack Mountains are famous for their
scenic and recreational value. The Genesee River Gorge
south of Rochester has impressive cliffs hundreds of meters
high. Other gorges in the southern Finger Lakes region and
along the Ausable River in the Eastern Adirondacks provide
equally impressive experiences with their varied erosional
forms.
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Figure 15-1 The Hudson River passes through the Hudson Highlands near the
center of this photograph. Many people consider this part of the Hudson one of the
most scenic river passages in the nation.

The high peaks of the Adirondacks and natural limestone
caverns of the Catskills are scenic travel destinations. The
passage of the Hudson River through the Hudson Highlands
(Figure 15-1) and cliffs of the Palisades make the Hudson one
of America’s most scenic rivers.

iasy WHAT ARE LANDSCAPES?
Y

A landscape is the general shape of the land surface. Land-
scapes include a variety of topographic features related to
the processes that shaped the surface. For example, New
York’s glaciated landscapes include such diverse landforms
as U-shaped valleys; rounded, grooved, and polished bedrock
surfaces; drumlins and moraines. A landform is a single fea-
ture of a landscape. Landscapes are generally made of a va-
riety of related landforms such as mountains, valleys, and
river systems. Geological structures are major influences on
landscapes. Figure 15-2 on page 342 shows how folding af-
fects a landscape. Most land areas can be divided into regions
that have similar landforms.
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Figure 15-2 Folds in
the rock layers have
played an obvious
role in shaping this
Utah landscape.

ACTIVITY 15-1

/1y
Z
)
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Plains

LOCAL LANDFORMS

Collect or take photographs of notable landforms in and near your
community. You can use original photographs, travel brochures,
or images from the Internet. For each landform, write one to four
sentences about the processes that formed it.

Most geologists think of a landscape as the product of ge-
ological events over hundreds, thousands, or even millions of
years. Some events are building processes such as uplift, vol-
canic eruptions, and glacial deposition. Other equally impor-
tant events, such as weathering and erosion, wear down the
land surface. Therefore, landscapes are the surface expres-
sions of opposing geological processes.

Most landscape regions can be classified as plains, plateaus,
or mountains. Figure 15-3 shows New York State has exam-
ples of all three. Plains are usually relatively flat. That is,
the range of elevations is small. Hill slopes are gentle and
streams commonly meander over broad floodplains.
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Mountain landscape
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Plateau landscape Plain landscape

Figure 15-3 Based on their elevation and underlying bedrock structure, most
landscapes can be classified as plains, plateaus, or mountains. Mountain
landscapes have the greatest differences in elevation, reflecting their variable rock
types and complex structures. The lower relief of plateaus and plains may be due to
long-term erosion, or it may be due to flat-lying, sedimentary rocks.

The bedrock underlying plains can be any kind of rock that
has been in place long enough to be eroded to a low level. Shale
and other layered sedimentary rocks are especially common
in plains landscapes. Soils tend to be thick and stable due to
the low gradients. Much of the Mississippi Valley and central
part of the United States is a plains landscape that is mostly
underlain by flat layers of relatively soft sedimentary rock.

;._ Plateaus

Plateau landscapes have more relief than plains but they
are not as rugged as mountain landscapes. Relief is the dif-
ference in elevation from the highest point to the lowest point
on the land surface. Some sources use the term tableland as
a synonym for plateau. Indeed, some plateaus look like rela-
tively level areas that are nearly as flat as plains but at a
much higher elevation.

Parts of the Colorado Plateau of Arizona and Utah look
like a plains landscape that has been pushed up more than
1000 meters. The Columbia Plateau of eastern Oregon was
built up by fluid lava flows that spread over great distances.
Flat-lying, sedimentary rocks underlie most plateaus, includ-
ing the Colorado Plateau.

Landforms in the eastern part of the United States are
generally more rounded than those in dryer areas of the West.
Therefore, the Appalachian Plateau, the largest plateau in
the eastern United States, is mostly a region of rolling hills.
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Figure 15-4 These
mountains in Alaska
shows the great dif-
ferences in elevation
in mountain land-
scapes, which are
often a result of dif-
ferences in rock
types and complex
geologic structures.
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;.; Mountains

Mountain landscapes have the greatest relief. Figure 15-4
shows a rugged mountain region in Alaska. Variations in rock
types, which are common in mountain areas, often include
hard metamorphic and igneous rocks as well as weaker kinds
of rock. The harder rocks are usually found in the highest
areas, and the weaker rocks have been eroded to make deep
valleys.

Tectonic uplift and deformed rock structures such as folds
and faults contribute to the complexity and relief of moun-
tain landscapes. A close look at the rocks in any major moun-
tain area, such as the Rockies, the Alps, or the Himalayas, is
likely to reveal a complex geologic history and a wide variety
of rock types. Figure 15-5 shows the major landscape regions
of the United States.

haxy WHAT FACTORS INFLUENCE LANDSCAPE
84 DEVELOPMENT?

The factors that influence landscapes are geologic and cli-
matic. Geologic factors include crustal movement, rock type,
and geologic structures. The major climatic factor in land-
scape development is the annual precipitation.



WHAT FACTORS INFLUENCE LANDSCAPE DEVELOPMENT?

345

1T 7
H CANADIAN
1 °0% / SHIELD
1 g ° (o)
1 5
COLUMBIA & °95 0% 557
PLATEAU EEE © "o
! EAT
PLAINS
INTERIOR {
SIS S
LOWLANDS !
HHH a2
SOUTHERNIH e
ROCKIESH
COLORADO
; SEC=E=smemn /) INTERIOR
PLATEAU HIGHLANDS 2
. 1
! ' —
t\\ ’ =i =
\ < Z — GULF:%COASTK ==PLAIN
= =
\\ unr——— —

~ TRIASSIC

LOWLAND

Figure 15-5 Landscape regions of the United States include plains, plateaus, and

mountains.
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;.; Geologic Factors

Among geologic factors, vertical movement of Earth’s crust is
very important. Where Earth’s crust is being pushed up, high
peaks and deep valleys characterize young mountain ranges,
such as the Himalayas of Asia. Rapid uplift and steep slopes
also result in rapid erosion. Rivers that drain the great Hi-
malayas carry more sediment into the oceans than rivers
from any comparable area of Earth’s surface.

The characteristics of rock types, especially their resist-
ance to weathering and erosion, are very important in land-
scape development. The hardest rocks of any area usually are
found at the highest land elevations. In places where some
bedrock is more resistant to weathering and erosion than
others, ridges tend to follow the hardest rock types. Valleys
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in these areas generally follow the softer and/or fractured
rock.

A major landform called the Niagara Escarpment runs
from the Niagara River south of Lake Ontario across much of
western New York State. An escarpment is a steep slope
or a cliff of resistant rock that marks the edge of a relatively
flat area. The Niagara Escarpment, which separates the low-
lands along Lake Ontario from higher land to the south, owes
its existence to a particularly hard sedimentary rock known
as the Lockport Dolostone. (Dolostone is a sedimentary rock
similar to limestone but with a slightly different mineral
composition.) The Helderberg escarpment southwest of Al-
bany and the steep eastern front of the Catskill Mountains
are other notable New York State escarpment landforms. Fig-
ure 15-6 is a view across the Hudson River Valley toward the
Catskill Mountains in the distance.

Geologic structures also influence landscapes. The Hudson
Highlands, about 30 km north of New York City, is a block of
Earth’s crust that has been pushed up. (This can be seen in
the background in Figure 15-1 on page 341.) The Highlands
are bounded by geologic faults to the north and south. In ad-
dition, the Adirondack Mountains have been pushed up into a
broad dome structure. The waves of hills of the Appalachian
Plateau north of Harrisburg, Pennsylvania, are the direct re-
sults of large folds in the bedrock caused by compression of
the crust. Faults are zones of crushed bedrock along which rel-

Figure 15-6 Looking west
across the Hudson Valley.
The Catskill escarpment,
which marks the edge of the
Catskill Mountains, is visible
in the distance.
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ative movement has occurred. These lines of weakened rock
influence the course of streams and enable rapid erosion. The
zigzag route of the Hudson River through the Hudson High-
lands is probably a result of erosion along geologic faults.
Faulting also controls the direction of many northeast-flowing
streams in the high peaks region of the Adirondack Moun-
tains.

;.i Climate Factors

Figure 15-7 The an-
gular, stepped pro-
file of this area in
Utah is due partly to
the dry climate. With
little plant cover, soil
is washed away in
summer thunder-
storms, leaving
steep rocky slopes.

Climate is the other major factor in landscape development.
A humid climate favors chemical weathering, which produces
rounded, less angular landforms. Most of the hill slopes of
New York State are rounded and gentle because of the rela-
tively humid climate. A moist climate also allows plants to
grow and protect soil from erosion. Desert areas sometimes
have a steplike profile, with flat hilltops and terraces sepa-
rated by steep escarpments. Figure 15-7 is a desert area in
southern Utah. Notice the cliffs and terraces that make up
most of this landscape. Figure 15-8 on page 348 illustrates
the contrast between the rounded shapes of a humid land-
scape and the angular features of many desert landscapes.
The climate of New York State does not change very much
from place to place. All of New York has a moist, temperate,
mid-latitude climate. Therefore the landscape differences in
New York State are not the result of differences in climate.
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Soil— v

Humid climate Arid climate

Figure 15-8 Landforms in humid climates are generally more rounded than those in
desert regions. In arid climates, there are few plants to hold soil in place, so weak
rocks are exposed to rapid erosion and slopes are more stepped and angular.

The variations seen in the New York landscape are caused by
geological factors.

WHAT ARE THE LANDSCAPES OF
NEW YORK STATE?

Figure 15-9 is the Generalized Landscape Regions map from
the Earth Science Reference Tables that shows the landscape
regions of New York State. This map can be used along with
the Generalized Bedrock Geology map also in the Reference
Tables to locate cities and other geographic features on the
landscape map. For example, looking at the landscape region
map and the bedrock geology map you can see that Water-
town, Oswego, and Rochester are located in the Erie-Ontario
Lowlands.

For such a small geographic region with a relatively uni-
form climate, New York has a remarkable variety of land-
scapes including plains, plateaus, and mountains. The
boundaries between landscape regions are sometimes re-
markably sharp and easy to see. For example, the eastern
front of the Catskills is marked by a dramatic change in el-
evation from the lowlands along the Hudson River to a land-
scape nearly 1000 meters higher to the west. (See Figure
15-6 on page 346.) The Hudson Highlands are an uplifted
block of land bounded by fault scarps both to the north and
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Figure 15-9 The landscape regions of New York include plains, plateaus, and mountains. In addition, there
are several regions difficult to classify. Boundaries between landscape regions often follow changes in
elevation and rock types.

to the south. However, the long boundary between the Al-
legheny Plateau and the Erie-Ontario Lowlands in western
New York is more subtle, and the exact position of the tran-
sition is not easy to see in most places.

O IAIA @ YA LANDSCAPE BOUNDARIES

If you live near a landscape boundary, draw that boundary on a
local road map. In what ways does the land look different on the

two sides of the boundary?
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A tour of New York State might start at the eastern end of
Long Island where glacial moraines give this part of the is-
land its split, fish-tail shape as seen on maps. Two moraines,
which mark the most southerly advance of the recent conti-
nental glacier, dominate Long Island. These moraines form
east-west lines of low hills on an otherwise low-lying and flat
plains landscape largely composed of sandy outwash sedi-
ments. Wind, longshore currents, and wave action deposit
and shape the sandy beaches and dunes along the south
shore.

On Long Island, only the western end is hard metamor-
phic bedrock visible at the surface. This is within the bound-
aries of New York City, which also includes the bedrock
islands of Manhattan and Staten Island as well as the Bronx,
which is built on the bedrock mainland of North America.

\\l7/

e~
;.; The Hudson Valley

Continuing the journey upstream along the Hudson River, a
traveler passes between the low region of the Newark Basin
mostly hidden behind the higher cliffs named the Palisades
and the rolling hills along the eastern side of the river. The
Palisades themselves are composed of shallow intrusive ig-
neous rock with a dark composition similar to basalt. Figure
15-10 shows the northern part of the Palisades.

Figure 15-10 The Palisades is a shallow igneous intrusion that forms cliffs along the
western shore of the Hudson River. The cliffs extend from the New Jersey shore op-
posite New York City northward about 50 km into New York State.
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Mostly on the east side of the Hudson River, the Taconic
Mountains, the Hudson Highlands, and the Manhattan Prong
are all underlain by very old metamorphic rock. This old rock
gives them a complex landscape, but mostly without the steep
slopes and high peaks of a true mountain landscape.

;._ The Catskills-Allegheny Plateau

lr,
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_._ Plains

The Catskills rise above the western edge of the Hudson Val-
ley. Although they are sometimes called the Catskill Moun-
tains and they include some of the highest elevations in New
York State, the Catskills are underlain by flat layers of sedi-
mentary rock with rounded and even relatively flat summits.
The Catskills are the higher, eastern end of the Allegheny
Plateau, a large region of rolling hills that extends nearly to
Lake Erie at the western end of the state. The Allegheny
Plateau, an extension of the Appalachian Plateau, contains
the Finger Lakes as well as other valleys deepened and
U-shaped by the advancing continental glaciers.

7
o

Lakes Erie and Ontario, two of North America’s Great Lakes,
are bordered by a plains landscape that includes drumlins
and other features of the ice ages. Local soils have a good mix
of minerals due in part to the abundance of glacial till carried
south from Canada. The lakes moderate the nearby climate
of this agricultural region, extending the growing season.
This plains landscape extends along the St. Lawrence River
and around the Adirondack Mountains to join the valleys of
the Hudson and Mohawk rivers.

;._ Tug Hill Plateau and Adirondacks

Two landscape regions remain. The Tug Hill Plateau is a
remote and sparsely populated highland that receives the
greatest winter snowfalls in New York State.
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ACTIVITY 15-3

The Adirondacks is New York’s best example of a true
mountain landscape. The land was pushed up onto a broad
dome exposing at the surface ancient metamorphic rocks that
were formed deep underground. Faulted stream valleys con-
tribute to the mountain relief. The highest point in the state,
Mt. Marcy, and some of the most scenic lakes are located in
this region. Tourism is the mainstay of the economy since the
area is too rugged and cold for good farming and it is too re-
mote for commerce.

LANDFORMS OF NEW YORK STATE

As a class, collect photographs from individuals, from travel
brochures, or from the Internet, and attach them at their appropri-
ate place on a large wall map of New York State. Select photo-
graphs that show landforms characteristic of the various landscape
regions of New York.

A similar project can be conducted collecting photographs of
landform in the United States and placing them on a map of the
United States.

TERMS TO KNOW

escarpment
landform
landscape

mountain landscape plateau
plains relief

CHAPTER REVIEW QUESTIONS

1. Which kind of landscape is not likely to be underlain by flat lying sedi-
mentary rocks?

(1) lowlands
(2) plains

(3) plateaus
(4) mountains
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2. What kind of landscape region is often characterized by flat-lying layers of
sedimentary rock that have been uplifted by forces within Earth without
major folding and faulting, and then eroded to form deep stream valleys?

(1) plains (3) mountains
(2) plateaus (4) coastal lowlands

3. The table below describes three landscape regions of the United States.

Landscape | Bedrock Elevation/Slopes Streams

A Faulted and folded High elevation, steep High velocity, rapids
gneiss and schist slopes

B Layers of sandstone and Low elevation, gentle Low velocity, meanders
shale slopes

C Thick, horizontal layers Medium elevation, steep High to low velocity,
of basalt to gentle slopes Rapids and meanders

Which choice below best identifies landscapes A, B, and C?

(1) A—mountain, B—plain, C—plateau
(2) A—plain, B—plateau, C—mountain
(3) A—plateau, B—mountain, C—plain
(4) A—plain, B—mountain, C—plateau

4. In which part of the United States would you be most likely to find thin
soils and steep, rocky slopes?

(1) the Great Plains of Kansas and North Dakota
(2) the coastal plains of Florida and Louisiana
(3) the hills of the Appalachian Plateau

(4) the desert plateaus of Utah and Arizona

Base your answers to questions 5—15 on the Earth Science Reference Tables.

5. In the 1800s the Erie Canal was built from from the Albany area through
Utica and Syracuse, then just south of Rochester to Buffalo. What land-
scapes did the canal follow?

(1) The canal was built primarily through valleys in mountain landscapes.
(2) The canal was built mostly through plateau landscapes.

(3) The canal was built across plains landscapes whenever possible.

(4) The canal connected all the landscape regions of New York State.
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Within New York State, the Genesee River and the Susquehanna River
flow mostly through which landscape region?

(1) the Hudson-Mohawk Lowlands (3) the Allegheny Plateau
(2) the Atlantic Coastal Plain (4) the Adirondack Mountains

Tilted, metamorphosed bedrock is typically found in which New York State
landscape region?

(1) Taconic Mountains (3) Tug Hill Plateau
(2) Atlantic Coastal Plain (4) Erie-Ontario Lowlands

The Catskills are actually a part of what larger landscape region?

(1) the Adirondack Mountains (3) the Allegheny Plateau
(2) the New England Highlands (4) the Manhattan Prong

What is the smallest distance from the southern boundary of the Adiron-
dack Mountains landscape to the northern boundary of the Allegheny
Plateau?

(1) approximately 10 km (3) approximately 100 km
(2) approximately 50 km (4) greater than 200 km

Which two locations are in the same New York State landscape region?

(1) Albany and Old Forge

(2) Massena and Mt. Marcy

(3) Binghamton and New York City
(4) Jamestown and Ithaca

Buffalo, New York, and Plattsburgh, New York, are both located in land-
scape regions classified as

(1) highlands. (3) plateaus.
(2) lowlands. (4) mountains.

It is feared that global warming could melt the polar ice caps and cause
sea level to rise. Which part of New York State would most likely be flooded
if this were to occur?

(1) Allegheny Plateau (3) Adirondack Mountains
(2) Erie-Ontario Lowlands (4) Atlantic Coastal Plain
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In which New York State landscape region is surface bedrock generally
composed of metamorphic rock?

(1) Tug Hill Plateau (3) Newark Lowlands
(2) Adirondack Mountains (4) the Catskills

What landscape region is located at 44°N latitude, 74°W longitude?
(1) Allegheny Plateau (3) Adirondack Mountains
(2) Erie-Ontario Lowlands (4) Atlantic Coastal Plain

Which town or city is located within the New York State landscape region
with the greatest difference in elevation from the highest to the lowest
land levels?

(1) Buffalo (3) Old Forge
(2) Rochester (4) Massena

Open-Ended Questions

16.
17.

18.

19.

20.

How can a plains landscape change to a mountain landscape through time?

What kind of landscape is usually found where many types of bedrock have
been folded and faulted?

The diagram below is a profile of a hill in a desert region. If the climate of
the region were to become humid over a long time, such as the climate in
New York State, what would the shape of the hill be in several thousand
years? Draw a new profile in which erosion has taken place, but the max-
imum height of the hill is the same.

Shale

Limestone

Siltstone

The Appalachian Plateau is a major landscape region of the United States.
What two New York State landscape regions are parts of the Appalachian
Plateau?

If you took an overland journey from Binghamton, New York, to Oswego,
New York, what general change would you see in the topographic relief as
you travel northward?
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Scientists’ ability to study other planets has increased
greatly in the past few decades. The quality of optical tele-
scopes has improved, providing clearer views of the planets
in the solar system. Scientists have made even greater
strides, placing instruments on or near other planets. In ad-
dition, astronomers have detected evidence of dozens of other
planets around stars other than the sun. Through studies
of other planets, it has become clear that Earth is unique
among planets.

The presence of liquid water on Earth’s surface is the
greatest difference between Earth and other known planets.
Early forms of life thrived and evolved in Earth’s oceans for
several reasons. The oceans protected them from harmful ra-
diation such as the ultraviolet rays that cause sunburn. The
circulating water in the oceans also transports oxygen and
food to stationary organisms. Other organisms developed that
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could move through the oceans in search of food. So much of
our planet is covered by oceans that Earth has a unique blue
color when observed from space.

WATER ON THE PLANETS

Prepare a report on the occurrence of water on and in other plan-
ets of our solar system. For each planet, state what astronomers
have learned or what they infer about water on or in the planet.

hesy WHAT MAKES OCEAN WATER DIFFERENT?
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The explosion of a massive star left a cloud of debris in space
that was drawn into various concentrated regions by gravity.
The greatest concentration of mass became the sun while
smaller clouds of debris were drawn together into the plan-
ets. Our planet probably began as a rocky mass without sur-
face water. Although scientists do not know how long it took
for oceans to form on Earth, evidence of surface water can be
found in rocks that date back to very early in Earth’s history.

7
;.; The Origin of Earth’s Water

There are several possible sources of the water now found in
the oceans. Perhaps most of the water came from magma
originating deep within Earth’s molten interior. Most of the
water vapor from the earliest eruptions may have remained
in the atmosphere until the surface became cool enough for
liquid water to accumulate. Even today, water vapor is a
major gas component of erupting magma.

Some of the water could have come from outer space.
Comets are composed largely of ice. They are sometimes de-
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scribed as dirty snowballs. Comets striking Earth probably
contributed some of the water in the oceans. Even rocky me-
teorites, which bombarded Earth much more frequently early
in its history, contained water. There are few remains of
Earth’s earliest rocks. Details of the formation of oceans will
probably remain unknown for many years.

;.; The Composition of Ocean Water

You may have read stories of people stranded at sea who suf-
fered because of a lack of water. Ironically, they were sur-
rounded by more water than they could ever need. However,
ocean water contains about 3.5 percent dissolved salts. Fig-
ure 16-1 shows the average composition of ocean water.
Much of the water people drink is used to absorb and re-
move waste products from the body. Drinking ocean water
would add unwanted salts rather than help the body get rid
of them. That is why people cannot drink ocean water un-
less most of the salts have been removed. Other than water,
the most common substance in seawater is sodium chloride,
or table salt. Also present are similar magnesium, calcium,

SEAWATER SEA SALTS
Chlorine
55%
Water
96.5%
Sulfate
Sodium 7.7%
30.6%
Salts
3.5% |

J Figure 16-1 On average,
Magnesium 3.7% about 3.5 percent of the
Calcium 1.2% mass of salt water is
) dissolved salts. The most
Potassium 1.1% common salt is sodium
Minor Constituents 0.7% chloride, table salt.
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and potassium compounds, which are also called salts by
chemists.

7
;.; Source of Salts

ACTIVITY 16-2
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Where did all that salt come from? The water in the gases
given off by volcanoes is freshwater with few dissolved salts.
The kinds of salts found in ocean water are found in the land.
Chemical weathering of rocks releases salts. Overland flow
(runoff) and groundwater dissolve the salts in bedrock and
soil, delivering about 4 billion tons of dissolved solids to the
ocean each year. In spite of those salts, most of the water en-
tering the oceans is still considered to be freshwater. Addi-
tional dissolved substances enter the oceans through deep-sea
vents, which release water that has circulated through the
rocks of the oceans’ bottom.

THE DENSITY OF SEAWATER

Obtain a few cups of clean ocean water, or mix your own in a
ratio of 3.5 grams of table salt per liter of freshwater. Carefully
pour the water into a balloon. Be sure that there is no air bubble
in the balloon, and then tie the end of the balloon. Gently place
the balloon in a large container of freshwater. Does it sink or float?
What does this tell you about the density of ocean water? Devise
a way to measure the volume and mass of the salt water in order
to calculate its density.

7
;.; The Hydrologic Cycle

If the oceans receive mostly freshwater, why are they salty?
The oceans are part of the hydrologic cycle. The water that
enters the oceans will eventually evaporate into the atmo-
sphere. The average time a molecule of water stays in the
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ocean is about 4000 years. However, water cannot take along
its load of dissolved solids when it evaporates; the salts are
left behind.

You might think that through time the oceans would
become more and more salty. However, the salinity of
ocean water has been in equilibrium for millions of years.
Processes that take dissolved substances out of the oceans
balance the dissolved salts that enter the ocean. Some ocean
organisms remove salts to make hard body parts. In addi-
tion, some salts leave the water as precipitates, forming salt
deposits.

\\\\ll/

7
;.; Salinity and Latitude

The balance between inflow of freshwater and evaporation of
salt water depends on latitude. Figure 16-2 shows that at
about 25° north and south of the equator there are regions
where the oceans are a little more salty than average. This is
because the climate at these latitudes is generally dry. Con-
sequently, there is relatively little rainfall and more evapo-
ration of ocean water in these regions. Therefore, the oceans
are a little saltier in these desert latitudes.

Near the equator, precipitation is plentiful and rivers
such as the Amazon dilute the salt water of the oceans. Ocean

35.5 /TN
(High) ©/
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& (Low) Figure 16-2 In the desert
latitudes about 25° north
34.0 and south of the equator

where evaporation of ocean
water is most rapid, the salt

40 30 20 10 O 10 20 30 40 50 60 concentration of the oceans
N. Latitude S. is highest.
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water salinity is also lower at high latitudes where tempera-
tures are cool and evaporation is low.

haxy HOW CAN WE INVESTIGATE THE OCEANS?

N

Until the middle of the last century, finding the depth of the
oceans was a tedious process. Rolling out miles of steel cable
to reach the ocean bottom took a long time. However, since
the Second World War, scientists have been able to measure
the depth of the oceans by bouncing sound waves off the
seafloor. Figure 16-3 shows the distribution of land elevations
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and ocean depths over Earth. From this figure it is clear that
the depth of the oceans ranges between sea level at the shore
to a maximum depth of more than 10 km.

\\\\ll/

7
;.; The Shallow Ocean

Scientists know the most about the shallowest parts of the
oceans. Here they can observe the ocean bottom most easily.
This is the portion of ocean bottom where light can penetrate,
and bottom life is abundant. Divers can descend to several
hundred meters, but deeper exploration by humans must be
done in special diving chambers known as submersible ve-
hicles. The greatest danger to humans in deep-ocean ex-
ploration is the extreme pressure caused by the weight of
overlying water. For this reason, most exploration of the deep
oceans is now done with remote-controlled diving devices.
However, much of the ocean remains unexplored.

\\\\ll/

7
;.; The Deep Oceans

Investigations of the oceans have revealed that igneous
rocks of mafic composition, such as basalt and gabbro, usu-
ally underlie the sediments covering the ocean floor. These
rocks are darker in color and more dense than granite and
rocks of similar composition that are found in the continents.
The two “platforms” seen in Figure 16-3, one just above sea
level and another about 4 km below the ocean’s surface, are
a consequence of this division of Earth’s crust into two basic
rock types. In Chapter 9, you learned that plate motions
constantly renew the ocean bottoms. Upwelling material
reaches the surface at the ocean ridges creating new crust.
The crust moves away from the ocean ridges toward trenches
and zones of subduction carrying the continents with it. At
the zones of subduction, oceanic crust is drawn back into the
interior while continental rocks are deformed as they resist
subduction.
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The water of the oceans is constantly moving. The primary
cause of deep currents is differences in density. Dense water
sinks to the bottom and forces water that is less dense to the
surface. Near Earth’s poles water is cooled, becomes more
dense, and sinks to the bottom. Water reaches its greatest
density at a temperature of 4°C. Over all the planet, deep-
ocean water is near freezing.

Surface temperatures vary considerably with latitude:
warmer near the equator and colder near the poles. The sink-
ing of cold water at the poles must be balanced by upwelling
that brings deep water back to the surface. Cold water can
hold more oxygen and support more marine life than warm
water. For this reason, upwelling, cold currents commonly
bring nutrients to the surface in some of the world’s best fish-
ing grounds.

;._ The Coriolis Effect

The circulation of surface water follows wind circulation. Both
are affected by Earth’s rotation. Winds and ocean currents
generally curve as they travel long distances over Earth’s sur-
face. This curvature is called the Coriolis effect. Actually,
the winds and ocean currents are going as straight as they
can, but Earth’s rotation makes them appear to curve to the
right in the Northern Hemisphere and to the left in the South-
ern Hemisphere.

Figure 16-4 on page 364 is a map of the world showing the
most common surface current directions. Notice that most of
the currents in the North Atlantic follow a circular path curv-
ing constantly to the right in a great clockwise circle. The cur-
rents in the northern part of the Pacific Ocean also follow this
clockwise (to the right) pattern. Currents in the South At-
lantic and southern parts of the Pacific Ocean curve to the
left in a counterclockwise pattern.
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Figure 16-4 Surface currents in the world’s oceans generally follow circular routes
curving to the right, in clockwise patterns, in the Northern Hemisphere and circling
to the left, in counterclockwise motion, in the Southern Hemisphere.

OBSERVING GYRES

A gyre is a large, curving pattern of circulation in the ocean. Use
the surface ocean current map in the Earth Science Reference Ta-
bles, or Figure 16-4, to locate gyres in the Northern Hemisphere
as well as in the Southern Hemisphere. For each gyre, list the
ocean or part of an ocean it occupies, the names of the surface
currents that form the gyre, and the direction in which it circulates
(clockwise or counterclockwise). What is the most common di-
rection of circulation in each hemisphere?

;.i Currents and Climate

Ocean currents influence the climates of coastal locations.
The temperature of ocean water does not change as quickly
as the temperature of rock and soil. Therefore, coastal loca-
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tions usually have a smaller range of temperature than do in-
land locations. Cold and warm currents also affect coastal
temperatures. For example, people who live along the coast of
California are not as likely to swim in the ocean as people
who live along the Gulf of Mexico or the Atlantic coastline of
the United States. Cold ocean currents along the California
coast keep the water temperature too chilly for most swim-
mers, even in the summer. The cool ocean water also prevents
summer temperatures from getting too hot along the coast of
southern California.

The climate along the southern coast of Alaska is mod-
erated by relatively warm ocean water. Summer and winter
temperatures are relatively mild in this part of Alaska. Palm
trees grow in some areas along the west coast of Great
Britain where the warm currents of the Gulf Stream and
the North Atlantic Current moderate winter temperatures.
These coastal locations have winters far less severe than
central European cities that are far from the ocean. By look-
ing at the arrows on Figure 16-4 you can tell where warm
or cool ocean currents affect coastal areas. The black arrows
show warm currents and the white arrows show cool cur-
rents.

In recent decades, scientists have become more aware of how
changes in ocean currents can affect the climate over large
areas. Most of the time, cold ocean currents and nutrient-
rich water are found off the western coast of South America.
Good fishing in this region provides food and employment
in oceanside villages. However, in some years the upwelling
of cold water is replaced by warm water, which reduces fish
production. This usually happens about the time of the
Christmas holidays. Local inhabitants call it El Niho, a
Spanish term for the Christ Child, although it is an unwel-
come “Christmas present.” However, this event affects more
than the local fishing industry. A strong El Nifio can cause
increased winter rain and flooding along the coast of Cali-
fornia and drought in the western Pacific. The relationship
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between ocean currents and regional climatic changes is giv-
ing scientists new methods to predict weather and prepare
for its consequences.

iaxy WHAT ARE THE TIDES?
D

Many people who live along ocean coastlines are aware of
the periodic rise and fall of the oceans. The twice-daily cycle
of change in sea level is known as the tides. Currents asso-
ciated with tides can affect fishing and the ability of boats to
navigate in some places. If a storm strikes a coastal area at
high tide, wave and water damage is likely to be greater than
from a storm that comes ashore at low tide.

Tidal range is the difference between the lowest water
level and the highest water level. Most locations have two
high tides and two low tides every day, but some places have
only a single daily cycle. In some locations, the change in sea
level is too small to be noticeable. However, in the Bay of
Fundy, along the eastern coast of Canada, the tidal range can
be as much as 15 meters. This is about the height of a four-
story building. Figure 16-5 shows a beach along the coast of
Mexico at high tide. Figure 16-6 shows the same beach at low
tide about 6 hours later.

Figure 16-5 High tide at
Puerto Pefiasco, Mexico.
The gravitational pull of the
moon and the sun cause
sea level to change in a
cycle known as the tides.
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Figure 16-6 Low tide at
Puerto Penasco, Mexico.
Most locations experience
two cycles of high and low
tides in a period of just over
24 hours.

EXTREMES OF TIDAL RANGES

Prepare a report that identifies places around the world that have
an unusually large or small range of ocean tides. Plot these loca-
tions on a world map. Why do some locations have higher tides
than others, and how do these extreme tides affect the local area?

;./i Gravity

Gravity is the force of attraction between any two or more ob-
jects. The force of gravity holds Earth in its path around the
sun. It also keeps the moon in orbit around Earth.

People do not feel the gravitational attraction between
their body and most of the objects around them because the ob-
jects are too small. People certainly do feel the attraction be-
tween their body and Earth. That force is weight. It is a strong
force because Earth is so massive and because we are so close
to it. If you climb a tall mountain, you move a little farther
from the center of Earth. This decreases your weight, although
the change is too small to observe without careful measure-
ment. If you could move far enough above Earth into space you
would actually notice a decrease in your weight. Astronauts in
orbit around Earth feel completely weightless as the result of
their distance above Earth and their orbital motion.
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The tides are caused by gravity of the moon and the sun.
Although the moon is much smaller than the sun, it is much
closer to Earth. Therefore, the moon has a greater gravitation
effect on Earth than does the sun.

-
;.; Moon and Tides

Consider how the moon’s gravity affects the solid Earth and
the oceans. The moon pulls most strongly on the part of Earth
closest to it. When the moon is directly over the ocean, this
part of the ocean experiences a high tide. The moon pulls less
strongly on the solid Earth, but it does pull Earth away from
the water on the side of Earth away from the moon. So there
is also a high tide on the side of Earth away from the moon.
That is why most locations have two high tides each 24-hour
day. Figure 16-7 shows how the moon pulls more strongly on
the side of Earth closer to the moon.

The sun also influences ocean tides. When Earth, sun, and
moon are in a line with one another, the highest, or spring
tides, occur. At spring tides, the sun and moon do not need to

Figure 16-7 Tides are caused mainly by gravity of the moon. The moon pulls water
on the near side of Earth away from the solid Earth. It also pulls Earth away from
water are the far side. This is why most locations have two high tides every 24
hours. (The length of the arrows represents the strength of the moon’s gravity.)
Distances are not to scale.



WHAT ARE THE TIDES? 369

Equivalent
moon
position

Sun

&
S

N\

17
\ 817
F

%%
<5
w7
&G

/
I
|
\

4
&
S
\

A Spring Tides (Earth, moon, and sun are in a line)

Equivalent
moon
position

Sun

Z ol
/5507
",i.ié\;*“-’“”g“ﬂ‘\
i
“\\"'fli"“i‘\fvl/

: Neap tides (moon and sun are
1 at right angles)
1

Moon
B 1

Figure 16-8 A and B: The tidal range at any location depends on the angle
between Earth, sun, and moon. When they are in a line (A), the greatest range, or
spring tides, occur. The smallest tidal range happens when the sun and moon are
at right angles to Earth (B). (Neither distances nor size of the sun are to scale.)

be on the same side of Earth. (See Figure 16-8A.) The range
of the tides is the lowest when the sun and moon are at right
angles to Earth, and neap tides occur. Figure 16-8B shows
the configuration of Earth, sun, and moon at neap tides.

The moon orbits Earth every 27 days. As the moon orbits
Earth, you see a different portion of its lighted surface—that
is why the more of the moon is visible on some nights than
on others. Therefore, the period of the tides is not exactly
12 or 24 hours. Each day the moon seems to fall behind the
sun by about an hour. A full cycle of the tides is about 12.5
hours, or 25 hours in places that only experience one cycle
per day.
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SIS GRAPHING THE TIDES

Graph the height and time of tides. (Graph time on the horizon-
tal axis and water height on the vertical axis.) If you live on the
coast, you may be able collect your own data, or you can use data
from a local newspaper. If you live inland, you can use data from
the Internet.

iaxy HOW DO COASTLINES CHANGE?

DY
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In earlier chapters, you read about erosion caused by gla-
ciers, wind, runing water, and gravity acting alone. It is now
time to consider coastal erosion and the movement of sedi-
ments along coastlines. When you think of visiting an ocean
beach you may picture a broad strip of sand where you can
play, rest, get a suntan, or enjoy the water. You may not real-
ize that the beach is a dynamic part of a system that trans-
ports sediment. The sediment of which the beach is composed
is on a journey that transports weathered rock from the land
into the ocean. A beach is one of Earth’s most active environ-
ments of deposition and erosion.

There are two primary sources of sediment for beaches.
Waves, particularly in storms, erode the coast and cause the
shoreline to migrate toward the land. Rock and sediment fall
or are washed onto the beach. Streams and rivers sweep
other material into the ocean. Beaches are zones of transport
where sediments move along the shore by wave action and
currents. Figure 16-9 shows a wide beach composed of sedi-
ment eroded from the cliff behind the beach.

The energy of most waves comes from wind. The greater the
wind’s velocity and the greater the distance it blows over
open water, the larger the waves it creates. Because winds



Figure 16-9 The sand on this beach came from erosion of the cliffs behind the
beach. There are no rivers nearby to supply sediment from inland areas.

can blow for greater distances over the ocean than over a
lake, ocean waves are usually larger than waves on lakes.
Friction between moving air and the surface of the water sets
up waves that move forward in the direction of the wind.
The waves you observe can be deceiving. It may look as if
the water is moving forward with the waves. However, energy
not water is transferred by waves. Figure 16-10 on page 372
shows that as the energy of the wave moves forward, surface
water moves in circles. Deep water is not affected by waves.
When the wave enters shallow water near shore, the crest
moves faster than the bottom of the wave and a breaker
forms. As the wave breaks, it gives up its energy along the
shore. This energy can do three things along the beach:

1. By causing abrasion, wave energy breaks up sand and
rock in the surf zone. (You may recall from Chapter 11
that abrasion is the wearing away of sediments caused
by collisions.)

2. Wave energy can erode the beach, including sediments
and rock behind the beach.

3. Wave energy transports sand and sediment parallel to
the shore.

;._ Longshore Transport

Most beaches have a region called the surf zone. The surf
zone extends from where the waves’ base touches the bottom
(a depth of about half the distance between wave crests) to
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Figure 16-10 Ocean waves
are driven by winds. In deep
water, waves make the sur-
face water move in circles
as they carry their energy
forward. Waves break in
shallow water, giving up
their energy to abrade and
transport beach sediments.

the upper limit the waves reach on the beach. The surf zone
along most beaches is like a river. Waves cause sand to wash
onto the beach with the breakers and then wash back into the
water with the return flow. If the waves approach the beach
at a right angle, head on, this could be the whole story. How-
ever, most waves approach at a different angle. The result is
a zigzag motion that carries sand (or whatever sediment the
beach is made of) downwind along the beach as shown in Fig-
ure 16-11. The resulting motion of the water along the shore

Upper limit of

wave action Beach Breaking
waves
Direction of
longshore current
Path followed
by sand grains
Direction of

wave approach

Surf zone

Figure 16-11 As waves
wash onto a beach, beach
sediment moves forward
and back in the surf zone.
Beach sediment is also
carried parallel to the shore
in the downwind direction.
The result is longshore
transport.
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is called a longshore current, and the motion of the sediment
is known as longshore transport.

A variety of coastal features are related to wave erosion and
longshore transport. Sometimes the advance and retreat of
the waves deposits sand that forms low ridges along the
shore. They are called sandbars. If you have ever waded in
the ocean along a sandy beach and encountered a shallow
area separated from the shore by deeper water, you have
found an underwater sandbar.

A spit is a sandbar that forms a continuation of a beach
into deep water. Spits sometimes grow across bays, forming a
baymouth bar. Similar offshore features that rise above sea
level are barrier islands. A shallow bay called a lagoon sep-
arates barrier islands from the mainland.

The maps of New York State in the Earth Science Refer-
ence Tables (Figures 15-9 and 18-8) show the series of islands
that separate the south shore of Long Island from the At-
lantic Ocean. Jones Beach and Fire Island are a part of this
series of barrier islands. These features are common on gen-
tly sloping coastlines with abundant sand.

BeacHes Figure 16-12 A, B, and C on page 374 illustrates a
sequence of events in a shore area with a sandy beach. Part
A shows a shoreline in balance. Beach sand originates from
sediment carried by the river on the right and eroded from
the bluffs along the shore. Waves from the southeast bend as
they enter shallow water near the shore, and a longshore cur-
rent carries sand westward. The sand spit growing across the
bay makes it clear that the principal direction of sand carried
by longshore transport is toward the west. Part B shows a
breakwater built parallel to the shore to protect boats from
large waves. A groin/pier has been built from the shore out
into the ocean. The structures are very new in Part B and no
changes in the beach are visible. Part C shows how the beach
changes in response to these two obstructions. The beach gets
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Ocean

Pier/Groin Breakwater

Pier/Groin

C

Figure 16-12 (A, B, and C) Part A shows a natural shoreline in dynamic balance.
The construction of a breakwater and a groin/pier are shown in Part B. Part C
shows how these structures cause the beach and shoreline to change.
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wider behind the offshore breakwater as sand builds outward
from the beach. This is because wave energy has been re-
duced behind the breakwater and deposition increases. West-
ward transport deposits sand on the upwind side of the solid
pier. However, the beach shrinks on the downwind side where
the flow of sand has been stopped. Even the sand spit is re-
duced because sand movement was stopped by the groin/pier.
In general, when a groin or solid pier is constructed into the
ocean in a region of longshore transport, the beach becomes
wider on the upwind side and narrower in the downwind
side.

XS @Y COASTLINES AND HUMAN INTERVENTION

While this activity may be more meaningful if you live near a
coastline, you may be able to find useful library references or in-
formation on the Internet. Prepare a brief report about how a real
shore area changed when one or more structures were built
into the water. If possible, use maps and images as a part of your
report.

hesy HOW SHOULD WE MANAGE ACTIVE
824 SHORELINES?

Humans affect shorelines in many ways. People increase
shoreline erosion by trampling on protective vegetation, es-
pecially in sand dunes. To protect the beach or unstable fea-
tures, people build breakwaters, groins, and jetties. This is
common in areas where shoreline erosion threatens build-
ings or other property. Dunes and hills are flattened to make
building sites and parking areas. It is important to under-
stand that shore areas are delicate and dynamic features. A
growing number of citizens are recognizing that the best way
to manage changing coastal regions is to restrict develop-
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ment and allow natural processes to continue without human
interference.

S~ )
;.; Social Issues

ACTIVITY 16-7

Coastal regions are popular home and vacation sites. Recre-
ational opportunities, including swimming, boating, and fish-
ing, make beachfront property highly valued. However, there
is discussion of whether there should be private ownership of
beaches. In addition, people debate the wisdom of building on
unstable areas near shorelines.

This is especially true around New York City and near
other urban areas. Should the beaches of Long Island be play-
grounds for the wealthy, or should they be available to every-
one? Should anyone be allowed to walk along ocean beaches?
Should people be allowed to construct homes in unstable,
sandy areas and low areas that are subject to storms and
flooding? Do roads and buildings seriously affect the natural
resources of oceanfront property? Beachside communities
constantly deal with these issues. There are probably no so-
lutions acceptable to everyone. Governments simply try to
balance the factors and select the best policies from a wide
range of controversial solutions.

ZONING FOR COASTAL PRESERVATION

In a cooperative group, develop a set of policies to guide both
public and private development of ocean coastal areas. Prepare a
document that could be given to coastal communities to help
them develop zoning regulations for their ocean front areas.

TERMS TO KNOW

barrier island
Coriolis effect

El Niio neap tides spring tides
longshore transport sandbar surf zone
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CHAPTER REVIEW QUESTIONS

1. A student took home several gallons of unpolluted ocean water and boiled
away all the water in a clean metal pot. Which statement below best de-
scribes the appearance of the bottom of the pan?

(1) The pan was as clean as it was before the water was boiled away.
(2) A film of calcite was left in the bottom of the pan.

(3) A substance resembling table salt was left in the bottom of the pan.
(4) The pan contained a transparent film of quartz along the bottom.

2. Swimmers notice that it is easier to float in ocean water than it is to float
in freshwater. Why is it easier to float in salt water?

(1) Salt water is more dense than freshwater.

(2) The ocean has larger waves than lakes and rivers.

(3) Ocean water is usually deeper than freshwater.

(4) Ocean water has more dissolved gases than freshwater.

3. Which is the best source of nearly pure water?

(1) ocean water from near the south shore of Long Island
(2) ocean water from 100 km off the south of Long Island
(3) water from a shallow desert lake that has no outlet
(4) water from the Hudson River north of Albany

4. A research ship in the middle of the Pacific Ocean took measurements of
ocean water both at the surface and near the ocean bottom 6 km below the
surface. In what way is most water from deep in the oceans different from
the water they observed near the surface?

(1) The water near the bottom of the ocean is warmer than surface water.
(2) Water near the bottom of the ocean is more dense.

(3) Surface water is salty but bottom water is freshwater.

(4) Water near the bottom receives more light than water near the surface.

5. Which location has a coastal climate that is generally made warmer by the
influence of a nearby ocean current?

(1) Southern California

(2) Peru in South America

(3) Brazil in South America

(4) Northwestern Africa near the Canary Islands
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The Canaries Current along the west coast of Africa and the Peru Current
along the west coast of South America are both

(1) warm currents that flow away from the equator
(2) warm currents that flow toward the equator

(3) cool currents that flow away from the equator
(4) cool currents that flow toward the equator

. Warm water from tropical oceans is carried to northern Europe by the Gulf

Stream and the

(1) Alaska Current

(2) Canaries Current

(3) North Atlantic Current
(4) Brazil Current

. Which surface ocean current transports warm water to higher latitudes?

(1) Labrador Current
(2) Falkland Current
(3) Koroshio Current
(4) Peru Current

. What is the usual period of time from one high tide the next high tide for

most oceanfront locations?

(1) about 1 hour (3) about 1 week
(2) about 12 hours (4) about 2 weeks

A student recorded these times of three successive high tides at a single
location:

9:12 A.M.
9:38 P.M.
10:04 A.M.

What is the approximate time of the next high tide?

(1) 10:12 p.M. (3) 10:38 P.M.
(2) 10:30 P.M. (4) 11:04 p.M.
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Ocean tides are best described as

(1) unpredictable and cyclic

(2) unpredictable and noncyclic
(3) predictable and cyclic

(4) predictable and noncyclic

What is the source of most of the quartz and feldspar sand in shallow
water along a sandy ocean beach?

(1) Most of the sand came from the deep ocean bottom several kilometers
from the shore.

(2) Most of the sand was transported parallel to the beach by waves and
currents.

(3) Most of the sand is broken from bedrock at the location.

(4) Most of the sand is the remains of seashells and skeletons of marine
organisms.

The map below shows features along an ocean shoreline.

Ocean
/Sand bar
Baymouth bar
Bay /
/Inlet Sea island
Bay B/each
N
Land T

In what general direction is sand moving along the shoreline?

(1) northeast
(2) southeast
(3) northwest
(4) southwest
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14. The diagram below shows Rockaway Peninsula along Long Island’s south
shore. A, B, C, and D are four stone barriers that were built to trap sand

being transported along the coast by wave action
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What can we conclude about the direction of the waves that affect the

beaches along this part of the shoreline?

(1) Most of the waves came from the southeast
(2) Most of the waves came from the southwest.
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(3) Most of the waves came from the northeast.
(4) Most of the waves came from the northwest.

A solid rock and concrete groin is built from the shore into the ocean at a
sandy beach where longshore transport is active. How is the shape of the
beach likely to change?

(1) The whole beach will probably get wider.

(2) Only the beach on the side of the groin the wind is coming from will
become wider.

(3) Only the beach on the side of the groin the wind is coming from will
become narrower.

(4) The whole beach will probably become narrower.

Open-Ended Questions

16.

17.

18.

19.

Most surface ocean currents in the northern and southern hemispheres do
not curve in the same direction. Describe the direction in which most sur-
face ocean currents curve in the Northern Hemisphere.

Describe how ocean currents near the coast change the climate of the
southern coastal region of Alaska.

If the moon were to orbit at twice its present distance from Earth, this
could affect people who live along the oceans. State how an observation
that these people could make on a cloudy day would differ from a similar
observation with the moon at its present distance.

The diagram below represents positions of the sun, moon, and Earth. (The
diagram is not to scale.) Show the places on Earth where the highest tides
occur at this time by writing the letter “H” in two widely separated places
along Earth’s surface.

Moon

Sun

Earth
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20. The diagram below shows a coastal region in which a solid concrete
groin/pier has just been constructed from the shore into deep water. After
several years the shoreline near the groin/pier changes. Draw the most
likely shape of the new shoreline near the structure.

jm—

Prevailing Pier/Groin Land Area
Winds
Ocean
Prevailing
Winds
Sandy Bay
Beach ——

North




Unraveling
Geologic History

Eﬁ UNRAVELING MYSTERIES

Q2

Scientists who study the origin, history, and structure of
Earth are geologists. A geologist must learn to act and
think like a detective. Perhaps you have read some of the
Sherlock Holmes mysteries written by Sir Arthur Conan
Doyle. In each story, Holmes’s careful observations and at-
tention to detail help him solve mysteries that at first seem
unsolvable.

The mystery geologists want to unravel is the long and
complex history of planet Earth. Historical records are of lit-
tle help; they go back only a small fraction of Earth’s 4.6-
billion-year history. To solve this mystery, a geologist must
interpret the record written in the rocks. Although the clues
are not always easy to understand, those who learn to read
them can sometimes make discoveries that might astonish
the legendary Holmes himself.

383
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Eéy HOW CAN WE DETERMINE THE SEQUENCE
24 OF EVENTS?

ACTIVITY 17-1

There are two different ways to express age. Relative age is
used to express the sequence of events. It tells us that some
things are older or younger than others, or that certain events
happened before or after other events. For example, you must
travel to school before you can attend class. This does not tell
us when you came to school or how long you were there before
class began, but it does put these two events in sequence.

Sometimes sequence is not enough. You may want to know
exactly when or how long ago an event took place. This is
known as numerical, or absolute, time. If you say that the
Earth and solar system formed about 4.6 billion years ago,
you are expressing an absolute age. Absolute age always in-
cludes a number and a unit of time, such as years, days, or
seconds.

RELATIVE AND ABSOLUTE TIME

You teacher will set out a variety of objects. For this activity,
you will work in laboratory groups. Divide your paper into four
columns. List the name of each object in the first column. In the
next column, estimate the absolute age of each object. The age of
some objects will be easy to estimate, while the age of others will
probably be uncertain. In the third column, indicate the reliabil-
ity of your estimate by assigning a margin of error. (For example,
if you are confident that the true age is within 10 years of your es-
timate, the margin of error will be + or — 10 years.) In the last
column, record the method your group used to estimate the age
of each object. After you have filled in the four columns, list the
objects by their relative age, from youngest to oldest.

Geologists use several guiding principles to help them in-
terpret geologic history. With these ground rules and the
record of Earth’s history as it is preserved in the rocks, they
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have been able to piece together a remarkable account of
Earth’s history.

;._ Uniformitarianism

\\\\ll/

7
o

Geological features sometimes show the results of cata-
strophic events of the past such as violent volcanic eruptions
and continental glaciers. The record of these dramatic events
has led some people to assume incorrectly that these events
were more common in the geological past than they are today.
As another example, when some people see fossils of marine
organisms in mountains thousands of meters above sea level,
they may not understand that slow uplift over millions of
years elevated the land.

Geologists have responded to these misconceptions by
adopting uniformitarianism as one of their guiding princi-
ples. Uniformitarianism is the concept that the geological
processes that took place in the past are generally similar to
those that occur now. This does not mean that all geological
changes are slow and steady. For example, erosion caused by
most streams is very slow except when the streams are in
flood. Those limited flood events do most of the erosional work
of streams and rivers. Most volcanic eruptions are sudden
events that are not very frequent.

However, the present is not really different from most of
the geological past. Scientists can understand most of the fea-
tures in the geological record by observing similar events in
the present. Uniformitarianism is sometimes summerized by
the expression, the present is the key to the past. This means
that our best way to understand the geological events that
shaped our planet is to look at the geological processes at
work today.

;._ Superposition

Layers of different rock are the results of a series of events.
In most places, the lowest layers of sedimentary rocks are the
oldest. After all, the lowest layers must be in place before
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Niagara River

Lockport dolostone

Rochester shale

Irondequoit limestone __|

Reynales limestone
Thorold sandstone

Grimsby sandstone

Power Glen shale

Whirlpool sandstone

Queenston shale

Figure 17-1 The profile

of Niagara Falls shows

the oldest rocks are at the
bottom and the layers be-
come younger toward the
__________ ( NS Emeco_———  top. This illustrates the law of
: superposition.

younger sediments can be deposited on top of them. Super-
position is the concept that unless rock layers have been
disturbed, each layer is older than the layer above it and
younger than the one below it. Therefore, when geologists as-
sign relative ages to rocks, the oldest rocks are on the bottom
and the layers become progressively younger toward the top.

Figure 17-1 is a profile of the rock layers at Niagara Falls.
Each rock layer is named for the location where it can be ob-
served and studied. For example, the hard cap rock at the top
that is responsible for the falls is the Lockport Dolostone. If
you want to observe this layer in the field, there is a bedrock
exposure near Lockport, New York. The first layer deposited
at Niagara Falls is the layer on the bottom, the Queenston
Shale. After this layer was deposited, sand was deposited
that became the Whirlpool Sandstone. One by one, each layer
was deposited before the layer above it.

Superposition does not always apply. In some places, fold-
ing has overturned the rocks or faulting has pushed older lay-
ers on top of younger layers. These exceptions to the law of
superposition will be explained in the next section. However,
if you are looking at rock layers or a diagram of rock layers,
unless you see evidence for overturning or faulting you should
assume that the law of superposition can be applied. The older
layers are those on the bottom. Exceptions are unusual.
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;.; Original Horizontality

Sedimentary rock is usually the result of deposition of sedi-
ments in layers. In some places, the layers are tilted rather
than horizontal. The principle of original horizontality
states that no matter the present angle or orientation of sed-
imentary layers, it is almost certain that the layers were orig-
inally horizontal and were tilted after deposition. The cause
of the tilting could be folding or an uneven regional uplift.
Figure 17-2 shows a sequence of events in the creation
of a bedrock outcrop. An outcrop is a place where bedrock
is exposed at the surface. In diagram 1, sandy sediments
are washed into a curved basin. Most sedimentary rocks are
formed from deposits in water. The low spots in the basin are
the first to fill with sediment. Therefore, no matter what the
shape of the basin, the layers of sediment are flat and hori-

N Ocean or lake N Ocean or lake

| e e s s s s e s s s e s
e e S B B e B B B

1 2

Key [j Sandstone Shale % Limestone

Figure 17-2 When sediments are deposited in a basin, they accumulate as flat,
horizontal layers as shown in diagrams 1 and 2. This occurs no matter what the
original shape of the basin. Diagrams 3 and 4 represent a later time and a bedrock
outcrop that is from the center of diagram 2. When geologists see tilted
sedimentary layers as in diagram 4, they usually infer that the layers were
deposited flat and horizontal.
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zontal. Diagram 2 shows a sequence of layers that are hori-
zontal in spite of the curvature of the basin. Diagram 3 repre-
sents an outcrop of rock layers from the depositional basin. In
diagram 4, the layers have been pushed up on one side (or
down on the other) to create tilted layers in the outcrop. The
point is that when you see tilted layers like those in diagram
4, you can infer that they started as flat, horizontal layers of
sediment that later were tilted.

Geologists sometimes find that bedrock contains and sur-
rounds pieces of a different kind of rock. An intrusion is a
body of rock that was injected into the surrounding rock as
hot, molten magma. Therefore, all intrusions are igneous
rocks. An inclusion is a fragment of one kind of rock that
is enclosed within another rock. This can happen in several
ways. An intrusion of basaltic magma following a zone of
weakness through sedimentary rocks can pick up fragments
of the sedimentary rock. When the magma solidifies it con-
tains and surrounds pieces of the rock it invaded. Alter-
natively, consider a region of granite in which the granite
weathers to boulders of granite sitting on granite bedrock.
If the region then collects layers of sediment, the sedi-
ments will surround the granite boulders. The result could
be sedimentary rocks that contain granite boulders. Figure
17-3 shows an inclusion of sandstone rock surrounded by
granite.

Whenever a body of rock contains inclusions of another
rock, the inclusions are older than the surrounding rock.
Some of the oldest masses of rocks found on Earth contain in-
clusions. This tells us that another rock unit existed before
these very old rocks. Unfortunately, it may not be possible to
determine how much older the inclusions are than the main
body of rock, but the sequence can be inferred. Particles of
sediment can be thought of as inclusions in sedimentary
rock. Most sedimentary particles are the weathered remains
of an older rock. Therefore, grains of sand in sandstone or
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Figure 17-3 It is clear that
this fragment of sandstone
fell when the granite was
still magma. Therefore, the
inclusion of sandstone must
be older than the granite
that surrounds it.

pebbles in conglomerate are actually older than the rock they
Now occupy.

N2
;.; Cross-Cutting Relationships

When a fault is seen in an outcrop, the fault must be younger
than the rocks it cuts through. Some rocks also contain ig-
neous intrusions. Cross-cutting means that something goes
through previously existing rock. The cross-cutting feature,
usually a fault or an intrusion, is always younger than the
rock in which it is found. After all, the rocks must be there
before they are faulted and before magma cuts through
them.

Figure 17-4 on page 390 shows changes in the bedrock
through time at a single location. This series of diagrams il-
lustrates cross-cutting relationships. The layers shown in di-
agram 1 are offset by the fault in diagram 2. Therefore, the
layers are older than the fault. Both rock layers and the fault
cut by basaltic magma in diagram 3 are older than the
magma. The fault shown in diagram 4 cuts through the sed-
imentary layers, the original fault, and a branch of the basalt
intrusion. Therefore, all three of these features are older
than the second fault.




1. Deposition and rock formation

2. Faulting

4. More faulting

Key to )
rock types Shale @ Limestone

Figure 17-4 The cross-cut-
ting relationships in this se-
ries of diagrams show that
faults and intrusions must be
younger than the rocks in
which they are found. The
layers in diagram 1 must
exist before they can be
faulted as shown in diagram
2. The layers and the fault
are crossed by the intrusion
in 3, so both must be older
than the intrusion. The sec-
ond fault in diagram 4 is
younger than everything it
cuts through: sedimentary
layers, the intrusion, and the
original fault.
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Metamorphism includes all the changes that occur when a
rock is subjected to extreme heat and/or pressure. In Chapter
5, you learned that there are two kinds of metamorphism.
Deep burial of a very large mass of rock can subject the rock to
conditions of extreme heat and pressure that exist far under-
ground. This is regional metamorphism. Contact metamor-
phism occurs in narrow zones adjacent to molten magma.

Magma can be confined underground or it may erupt onto
the surface. Intrusion is an internal process. As hot magma
squeezes into cracks and zones of weakness, the cooling
magma passes its heat energy to the nearby rock. This creates
a baked zone of contact metamorphism adjacent to the intru-
sion. Because the magma is surrounded by preexisting rock,
the zone of contact metamorphism extends from the intrusion
in all directions.

Extrusion occurs at the surface; it is external. While rock
below an extrusion is altered by contact metamorphism, there
is no rock on top to be baked. Sometimes geologists find a
layer of igneous rock that has not altered the rock layer im-
mediately above it. This is evidence that the layer above was
deposited after the magma cooled.

Figure 17-5 on page 392 shows layers of sedimentary rock
that are intruded by magma that also flows onto the surface
as an extrusion. Later, a new layer of sedimentary rock was
deposited on top of the extrusion. From the final diagram, it
is clear that the top layer is younger than the magma. It is
also evident that the magma was extruded at the surface be-
cause the layer above the extrusion does not show contact
metamorphism.

;._ Unconformities

No location shows a continuous record of geological events
throughout Earth’s history. If an area was above sea level for
part of its past, it is likely that sediments or rock were re-
moved by weathering and erosion. Thus erosion causes gaps
in the geologic record. When new layers are deposited on the
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Contact Extrusion Subsequent deposition
metamorphism / Intrusion ]

3
Deposition of Intrusion and Subsequent
Layers of sediment Extrusion Deposition

Key:

) Contact
| Sandstone @ Limestone metamorphism

(transition zone)

Figure 17-5 Contact metamorphism—the first diagram shows sedimentary rocks
that will be intruded by magma in diagram 2. The portion of the magma that comes
to the surface is known as an extrusion. In diagram 3, new deposition has left a
sandstone layer on top of the basalt. By looking at diagram 3 alone, you can tell
that the basalt magma was extruded and that the top sandstone layer is younger
than the extrusion because there is no contact metamorphism on top of the basalt.

erosion surface, the buried erosion surface is known as an un-
conformity. Figure 17-6 shows the formation of an unconfor-
mity. Deposition, which most often occurs in water, creates
sediments that become sedimentary rock. The region is up-
lifted and the layers are exposed to weathering and erosion.
After erosion has occurred over a period of time, subsidence
(sinking of the land) and flooding leads to the deposition of a
new layer on top of the erosion surface.

Unconformities are common throughout New York State.
New York’s sedimentary rocks show a continuous record of
the early development of fish and land animals. For a long
time, a shallow sea covered New York. Then, about 350 mil-
lion years ago, the land was pushed up above sea level. This
was probably the result of a collision between ancient North
America and Africa. The disappearance of the sea not only
stopped the deposition, but it also led to the erosion of some
layers of previously deposited sediments. Wherever new
layers were deposited on top of the erosion surface, a buried
erosion surface, or unconformity, was created. Figure 17-7 on
page 394 shows an unconformity in Utah.
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Figure 17-6 Formation of an
unconformity—layers of sedi-
mentary rock are created by
deposition and compression.
Uplift exposes the layers to
weathering and erosion,
which wear down the land to
a new level. Deposition on
top of the erosion surface
creates an unconformity: a
gap in the geologic record.
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Figure 17-7 The cutoff
layers along this cliff make it
clear that the top layer was
deposited over an erosion
surface creating this
unconformity in Utah.

O VEYE LOCAL ROCK FEATURES

Identify as many of the above rock features (inclusions, cross-cut-
ting relationships, contact metamorphism, and unconformities) as
you can in local bedrock outcrops. For each feature you identify,
state the location where it may be observed locally. If possible,
take photographs of these features.

iaxy HOW CAN WE INTERPRET GEOLOGIC PROFILES?

DY

The profile of an outcrop shows a series of layers that can
help a geologist interpret a history of geological events. A ge-
ologist would probably make a drawing of the outcrop to help
identify evidence of specific processes. However, as a student
of Earth science, you are more likely to be supplied with dia-
grams of outcrops and asked to list the events, in chronolog-
ical order, that created the profiles.

If a sedimentary rock is present, deposition (followed by
compaction and/or cementing) must have taken place. Ero-
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sion is indicated by an uneven boundary between layers or
layers that are cut off. Igneous rocks must be the result of
melting, intrusion, extrusion, and solidification, also known
as crystallization. If you are not familiar tilting, folding, fault-
ing, and metamorphism, ask your teacher to explain them.

Most profiles begin with deposition or solidification. (The
rock needs to be formed before it is changed.) If the bottom
layer is metamorphic rock, deposition or solidification is fol-
lowed by metamorphism.

7
;.; Keys to Rock Types

ACTIVITY 17-3

Do not expect to see the same symbols on every map or pro-
file. However, a key should make the meaning of the symbols
clear. A key should accompany each profile. Pages 6 and 7 of
the Earth Science Reference Tables have charts to help you to
identify igneous, sedimentary, and metamorphic rocks.

The charts for sedimentary and metamorphic rocks con-
tain symbols that are sometimes used on maps and diagrams
of geologic profiles to indicate various kinds of rock. Many of
these symbols represent characteristic textures of the rocks
they symbolize. For example, sandstone is composed of gritty
particles, which is usually represented by a dotted pattern.
Shale tends to break into thin layers, which is usually shown
by a pattern of short horizontal line segments. A combina-
tion of line segments and dots usually represent siltstone, a
sedimentary rock of intermediate-size particles. Limestone is
shown by a symbol that looks like stacked bricks because
limestone often breaks along joints and bedding surfaces into
large, somewhat rectangular blocks.

SYMBOLS AND ROCKS

Copy map symbols from the Earth Science Reference Tables, or
profile diagrams and/or from geologic maps. Next to each symbol
tell how the symbol resembles the texture of the rock it represents.
Adding photographs or samples of the various kinds of rocks can
enrich this assignment.
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;.; Interpreting Profiles

The profiles in Figure 17-8 illustrate how a geologic history
can be inferred for each profile. The law of superposition tells
us that unless there is evidence of overturning or an igneous
intrusion, the youngest layers are on the bottom.

Profile A starts with deposition of sediments to form con-
glomerate, sandstone, and shale, in that order. These layers
are faulted, followed by deposition (of limestone) and erosion.

Profile B has igneous rock at the bottom, so it starts with
crystallization of magma. This must have happened before
the deposition of sediments because no metamorphism is
shown in the siltstone layer. The law of original horizontality
tells you that shale, sandstone, and conglomerate above were
deposited and then folded. Later, the top layers were eroded.

C T T T T T T T T T T T T T 1
IIIIIIIIIIIIIIII 777777777777777777777777 Key to Rock Types
. 1 1 1 1T T /- - - ————————
INININININININV Sedimentary Rocks
*********************** Conglomerate
R Sandstone
A

Siltstone

Metamorphic Rocks

Schist

Figure 17-8 Geologic profiles
contain clues to the sequence
of events that created them.
The series of events respon-
sible for each of these three
profiles is explained in the
text.

Gneiss
Contact

Metamorphism
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Intrusion and extrusion at the surface are the final events,
unless you wish to point out that erosion at the surface is an
ongoing process.

Profile C has a metamorphic rock at the bottom. This rock
could have two possible origins. Therefore, this history begins
either with deposition and sedimentary rock formation fol-
lowed by metamorphism or by solidification of an igneous
rock followed by metamorphism. Gneiss can begin as a sedi-
mentary or an igneous rock. Intrusion of basalt occurred
next. Erosion (note the unconformity) is followed by deposi-
tion of limestone. The second basalt body must have been an
extrusion because there is contact metamorphism below it,
but not above. Deposition of shale sediments is probably the
last step in this profile because the water above (probably a
lake or an ocean) would support renewed deposition.

Do you know the square root of 4? Most people think only
of 2, but negative 2 is also correct. This question has two
equally valid answers. In the same way, geologic profiles are
often subject to different interpretations. As long as the se-
quence of events supports the features shown in the profile,
and all the features are explained, a sequence is considered
correct. Multiple interpretations are common in science. This
is especially true in an environment as complex as the geo-
sciences.

hax HOW DO GEOLOGISTS ESTABLISH
k2% ABSOLUTE TIME?

In the first part of this chapter, you learned about techniques
to determine a sequence of events in relative time. However,
scientists want to know more. They want to know how old
Earth is, how long the events of mountain building and ero-
sion have been taking place, and how long Earth has been in-
habited by living creatures. Recent discoveries about the
structure and stability of atoms, along with the technology to
count atoms, have finally made it possible to answer these
questions.
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Not all atoms are stable. The atoms of some elements spon-
taneously break down into atoms of different elements.
These unstable elements are called radioactive. In the pro-
cess of breaking down, they radiate energy and subatomic
particles. Radioactivity was discovered when a scientist
working with uranium left the substance on a photographic
plate. When the plate was developed he realized that the film
was exposed even though it had never been exposed to light.
This discovery led to further investigations and the recog-
nition of a group of substances that are now known as radio-
active elements.

STRUCTURE OF ATOMS You learned earlier that all matter
is composed of extremely small components called atoms.
Atoms, in turn, are made primarily of protons, neutrons, and
electrons. Protons and neutrons are found in the core of the
atom: the atomic nucleus. The nucleus makes up 99.9 percent
of the mass of the atom. Each element, such as oxygen, hy-
drogen, or iron, has a unique number of protons. That is, all
atoms of oxygen have 8 protons; hydrogen atoms have just
one proton, and iron atoms have 26 protons. Only 92 dif-
ferent elements occur naturally on Earth. Each element has
a different number of protons in the nucleus of its atoms.
To balance the positive electrical charge of the protons, neu-
tral atoms have the same number of electrons in orbit around
the nucleus. Figure 17-9 is a representation of an atom of
carbon.

Unlike protons, the number of neutrons in an element is
not fixed. It appears that the number of neutrons in the nu-
cleus affects the stability of atoms. Carbon-12, which con-
tains six neutrons its nucleus, is stable. However, carbon-14,
whose nucleus contains eight neutrons, is radioactive and un-
stable. Atoms of the same element that contain different
numbers of neutrons are known as isotopes.

Uranium exists in two common isotopes, both of which
are radioactive. Uranium-238 is the more stable isotope.
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Figure 17-9 Carbon atoms
always contain six protons.
The most common form of
carbon also has six neu-
trons in the nucleus. If the
atom is neutral, six elec-
trons orbit the nucleus. This
diagram is not to scale. If it
were, the atomic nucleus
would be much smaller than
shown here. Any diagram of
an atom is a model because @ Protons
the particles in an atom are Neutrons
too small to be visible at ® Electrons
any magnification. [

Uranium-235 is used in nuclear power plants and atomic
weapons.

RabpioACcTIVE DECAY When a radioactive isotope, or radio-
isotope, breaks down, it often changes to a stable isotope
of a different element. For example, carbon-14 changes to
nitrogen-14. Uranium-238 transforms through a series of
more than a dozen steps until it reaches a stable decay prod-
uct: lead-206. Potassium-40 can change to either argon-40 or
calcium-40. The stable end material of radioactive decay is
known as the decay product.

Radioactivity can be used to find absolute ages because
the rate at which these nuclear changes take place is pre-
dictable. No matter how much carbon-14 you start with, after
5700 years just half of it will remain carbon-14 and half of it
will have changed to nitrogen-14. The time it takes for half of
the atoms in a sample of radioactive isotope to decay is called
its half-life period. Each radioactive isotope has its own
measurable and consistent half-life period. Some radioiso-
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ACTIVITY 17-4

topes have a half-life period of a fraction of a second. For oth-
ers, the half-life period is billions of years.

For example, no matter how much pure uranium-238 you
start with, after a period of 4.5 billion years half of it will
have changed to lead-206. Table 17-1 is from the Earth Sci-
ence Reference Tables. It shows the half-life periods of four
substances commonly used by geologists to determine the ab-
solute age of rocks or fossils. It is important to note that
chemical combination or environmental factors such as heat
or pressure do not affect the decay rate of these isotopes. That
fact makes measurements of radioisotopes such a powerful
tool in determining absolute time.

Table 17-1. Radioactive Decay Data

Radioactive Isotope Disintegration Half-life (years)
Carbon-14 C14 — N4 5.7 X 103
Potassium-40 K40 — Ar40 or K40 — Ca40 1.3 X 109
Uranium-238 U238 — Pph206 4.5 X 109
Rubidium-87 Rb87 — Sr87 4.9 x 1010

A MODEL OF RADIOACTIVE DECAY

Place about 25 pennies or similar objects with two different sides
in a flat-bottomed container about the size of a shoe box. All the
pennies should be heads up (or tails up) at the start. Close the con-
tainer and shake it for a few seconds. Open the lid and remove
the pennies that have flipped over. Count the pennies left in the
box, record your data, and repeat the procedure until no pennies
remain. Graph your data with the number or percent of pennies
remaining versus the number of periods of shaking. (Each period
of shaking represents one half-life period.) How is this procedure
similar to radioactive decay? How is unlike radioactive decay?
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The nuclear decay of an individual atom is a random
event. The atoms of a radioactive substance have highly er-
ratic release mechanisms. There is no way to tell when an in-
dividual atom will disintegrate. However, the atoms of each
radioisotope have a characteristic average decay time. For
the millions of atoms in even a very small sample of a ra-
dioactive substance, the decay rate, that is, the half-life pe-
riod, is predictable and unchanging.

\\\\II//’
;.; Working with Half-Life Periods

Scientists can tell the age of a sample of a radioactive isotope
according to how much of it remains unchanged. Figure 17-10
shows a model of radioactive decay in which each segment of
the circle represents one half-life period. (That period of time
depends on the radioisotope.) Therefore, every segment of
this circle, no matter how small, represents the same amount
of time. However, as time goes on, the portion of the sample
that remains the original radioisotope becomes smaller, and
the amount that can decay also becomes smaller. In theory,
this circle can be divided into smaller and smaller segments

End | Start

Figure 17-10 A model of

radioactive decay—each Third half-life

arrow around the outside of 12.5% lost |  First half-life
this circle represents one 50% of the total
half-life period. In that time, mass decays
half of the original radio- Second half-life

active isotope changes to 25% of the total
its decay product. Through mass decays
time the amount of decay
product increases, and the
amount of original radio-
isotope decreases in a
predictable way.
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without limit. The later segments at the top would eventually
become too small to be visible, although each would represent
the same amount of time. In fact, a sample of a radioactive
substance does have a limited number of atoms. But that
number is so large that, in practice, the number of atoms does
not become an issue.

The way scientists determine the age of some radioactive
samples is to compare the amount of the original radioisotope
with the amount of its decay product. This comparison is
known as the decay-product ratio. For example, if half the
atoms in a sample have changed, the age of the sample is one
half-life period. For carbon-14 this would be 5700 years. (See
Table 17-1.)

One half-life period for uranium-238 is 4.5 billion years.
Suppose that in a sample, 7 of the radioisotope has changed
to the decay product. In this case, it took one half-life for half
of the radioisotope to change and an additional half-life for
half the remaining radioisotope to change. That is, the sam-
ple is 9 billion years old, two half-life periods.

Perhaps the best way to solve problems like this is to think
through each half-life period until you get to the needed
decay-product ratio. For example, suppose you want to know
the number of half-life periods that have passed for a sample
that is ¢ decay product. It must therefore contain s of the orig-
inal radioisotope. After one half-life period, half of the original
radioisotope would remain. After a second half-life period, i
would remain. After three half-life periods, s would remain
unchanged. Keep in mind that with the passage of each suc-
cessive half-life period, one half of the remaining mass of ra-
dioisotope decays. Figure 17-11 is a graphical model of
radioactive decay in which the radioactive element decreases
as the decay product increases through time.

;._ Selecting the Best Radioactive Isotope

A carpenter has many tools. Selecting the right tool for a job
is an important first step in any project. Radiometric dating
(determining absolute age with radioactive isotopes) involves
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Radioactive element Decay product

o is shown in white is shown in orange
Original
radioactive 100% 50% 25% 12.5% 6.25% 3.125%

elements:

Decay =~ o 50% 75% 87.5% 93.75% 96.875%
product:

Percent of Original
Radioactive Element
(&)

o

1 2 3 4 5
Age of Sample in Half-lives

Time

Figure 17-11 Radioactive decay—as time progresses, the amount of decay slows
because less and less of the original radioisotope remains. However, the half-life
period does not change. The line on the graph shows the radioisotope remaining.
The black shading in the boxes above the graph shows the increase in the amount
of the decay product through time.

similar choices. Different radioisotopes are best suited to dif-
ferent applications. The two critical issues are the presence
of any particular radioisotope in the rocks being dated, and
the estimated age of the rocks.

CarBON-14 Carbon-14 is often used to find the absolute age
of organic material that is less than about 50,000 years old.
Carbon-14 decays so quickly that there is little left in older
samples. This makes measurements difficult and precision
poor beyond that age. Organic materials always contain car-
bon. Plants absorb carbon from the atmosphere. The air con-
tains the more common isotope, carbon-12, and a smaller
amount of carbon-14. The ratio of these two forms of carbon
in the atmosphere is thought to be in equilibrium and rela-
tively stable through time.

In living plants, carbon-14 decays to nitrogen-14. How-
ever, it is continually replenished. When plants die, they no
longer absorb carbon, and the carbon-14 continues to decay.
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Scientists use the ratio of carbon-12 to carbon-14 to establish
with great precision when the plant died.

Radiocarbon dates have been verified by checking them
with dates obtained from counting tree rings. The oldest trees
alive today are more than 5000 years old. Radiocarbon dat-
ing has been especially useful in work on prehistoric human
habitations and events during or since the last ice age.

OTHER IsoToPES The remaining three isotopes in Table 17-1
have longer half-life periods. This means that they are more
useful for dating older rocks, from 100,000 years old and back
to the origin of Earth. These three radioisotopes are found in
selected minerals. Each can be measured with great preci-
sion. The age of an igneous rock is generally the age of its
minerals. In some places, these isotopes have been used to
find the age of layers of volcanic ash. Therefore, ash beds are
often useful horizons of absolute time that can be found over
a broad geographic area.

absolute age intrusion radioisotope
decay product isotopes relative age
decay-product ratio original horizontality superposition
geologist outcrop unconformity
half-life period radioactive uniformitarianism
inclusion

Which geological events destroy a part of the rock record?

(1) uplift and erosion over a long period of time

(2) continuous deposition of sediments in a deep ocean basin
(3) folding of rock layers deep under Earth’s surface

(4) a long period of volcanic activity
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Base your answers to questions 2—4 on the cross sections below that show
widely separated outcrops at locations X, Y, and Z.

Location X

L 11

I
[ 1 1 1

000000
0000000
0OO0O000O0(Q
0000000
PKOOO0OO0OOO0O(Q

0000000

Gray limestone

Conglomerate

- Red sandstone

Black shale
-containing trilobite

fossils

Tan limestone
-containing
ammonoid fossils

Green shale
-containing trilobite
and coral fossils

Gray siltstone
-containing trilobite
and brachiopod
fossils

LocationY

000
DOOOOO0O(Q
Q0000QQ

Unconsolidated

x| glacial deposits (till)

Brown siltstone
-containing mammal
skeletal fossils

Gray limestone

Conglomerate

Red sandstone

. -| -containing
dinosaur footprints

] Black shale

-containing trilobite

] fossils

Tan limestone
-containing
ammonoid fossils

2. Which rock layer is probably oldest?

(1) gray siltstone
(2) green shale

Location Z

(3) tan limestone
(4) brown siltstone

Brown siltstone
-containing mammal
skeletal fossils

Gray limestone

Red sandstone

Black shale
-containing trilobite
fossils

Tan limestone
-containing
ammonoid fossils

Green shale
-containing trilobite
and coral fossils

3. An unconformity can be observed at location Z. Which rock layer was most
probably removed by erosion during the time represented by the uncon-
formity?

(1) conglomerate
(2) gray siltstone

(3) black shale
(4) brown siltstone

4. The fossils in the rock formations at location X indicate that this area was
often covered by

(1) tropical rain forests
(2) glacial ice

(3) desert sand
(4) seawater
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The geologic cross section below has not been overturned. Use this diagram to
answer questions 5 and 6.
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6. What feature is represented by the symbol along the edges of the dike and
sill in the figure below?

(1) contact metamorphic rock / /
(2) an unconformity

(3) a glacial moraine

(4) index fossils

7. Which event is most likely to occur as a direct result of an igneous intrusion?

(1) deposition (3) faulting
(2) metamorphism (4) folding

8. The diagram below represents an outcrop of rocks.

Key to Rock Types:

Sandstone

Shale

Limestone

Basalt

Contact
Metamorphism

=
]
[ ]
[
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Which sequence of events below is best shown by this profile?

(1) deposition, extrusion, tilting, new deposition, erosion
(2) deposition, extrusion, tilting, new deposition, erosion
(3) deposition, tilting, erosion, new deposition, extrusion
(4) extrusion, tilting, erosion, deposition, metamorphism

. Which graph most accurately indicates the relative age of the rocks
along line AB in the geologic cross section below if no overturning has
occurred?

BURIED
EROSIONAL | isZ e m oo oo 7.

SURFACE — T Tpppp—p———
® g
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old : ) old
| |
| |
| |
| |
| |
| |
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young ! i B young
(1) (3)
old old
oun oun
young A young

@) (4)
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The absolute age of an igneous rock can best be determined by

(1) comparing the amount of decayed and undecayed radioactive isotopes
in the rock.

(2) comparing the sizes of the crystals found in the upper and lower parts
of the rock.

(3) examining the rock’s relative position in a rock outcrop.

(4) examining the environment in which the rock is found.

The diagrams below represent two different geologic cross sections in which an
igneous formation is found in sedimentary rock layers. The layers have not
been overturned.

Cross Section A Cross Section B

Sandstone - Igneous rock

1 shal :ﬁ\b Contact
= ale Metamorphism

11.

Which statement best describes the relative age of each igneous formation
compared to the overlying sandstone bedrock?

(1) In A, the igneous rock is younger than the sandstone, and in B, the ig-
neous rock is older than the sandstone.

(2) In A, the igneous rock is older than the sandstone, and in B, the ig-
neous rock is younger than the sandstone.

(3) In both A and B, the igneous rock is younger than the sandstone.

(4) In both A and B, the igneous rock is older than the sandstone.
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The graph below represents data from an experiment conducted in a geol-
ogy laboratory with natural radioactive materials.

N
o

| |
100 200
Time in years

o

Mass of substance X in grams
S

o

The substance represented by the line on this graph can best be described as

(1) unweathered rock (3) an unstable substance
(2) an unconformity (4) a nuclear decay product

What is the approximate half-life of the radioactive material used in this
experiment?

(1) 5 years (3) 50 years
(2) 10 years (4) 100 years
The diagram below represents the present number of decayed and unde-

cayed atoms in a sample that was originally 100% radioactive material.

HiEEEE JEEEE W
EOC000Om0 | —
OOMOOEO0 | | [Jommen
HEEIEY § NN

. Undecayed atoms

If the half-life period of the radioactive material is 1000 years, what is the
age of the sample represented by the diagram?

(1) 1000 years (3) 3000 years
(2) 2000 years (4) 4000 years
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15. Carbon-14 would most likely be useful in determining the age of

(1) an igneous intrusion 1 billion years old

(2) an igneous intrusion 10,000 years old

(3) a buried dinosaur bone 100 million years old
(4) remains of a campfire 10,000 years old

Open-Ended Questions

16. The diagram below represents a cliff of exposed bedrock that was investi-
gated by an Earth science class.

[ Joemsne [ Ao
Basalt Shale

W2 . Contact

_\$| Granite metamorphism

After the students examined the cliff, they made three correct inferences
about the geologic history of the bedrock.

Inference 1: The shale layer is older than the basalt intrusion.
Inference 2: The shale layer is older than the sandstone layer.
Inference 3: An unconformity exists directly under the shale layer.

Explain how each inference is supported by evidence shown in the dia-
gram.
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Use the diagram below for questions 17 and 18. It shows a cross section of a
portion of Earth’s crust. Overturning of rock layers has not occurred.

Sedimentary

. rock
EEEI Limestone

JE R B CXXXeXe)
pooood

7777777777777777777 (355 Conglomerate

Soooons b3 seeooooeooooaaoooo
QRS 000000000 Contact
\ f 00000000 00 () X i
A metamorphism

- Basalt lgneous
rock

17. State one form of evidence that indicates basalt is the youngest rock unit
in the cross section.

18. How can you tell that crustal movement has taken place?

19. The table below shows the results of a student’s demonstration modeling
radioactive decay. To begin, the students placed 50 pennies heads up in a
container. Each penny represented one radioactive atom. The student
placed a top on the box and shook the box. Each penny that flipped over to
the tails up side was replaced with a bean that represented the stable
decay product. The student continued the process until all of the pennies
had been replaced by beans.

Shake Number of Radioactive Number of Stable
Number Atoms (pennies) Decay Atoms (beans)
0 50 0

1 25 25

2 14 36

3 7 43

4 5 45

5 2 48

6 1 49

7 0 50
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Graph the data shown on the table by following the steps below.

(a) Set up your graph paper with “Number of Atoms” on the vertical axis
and “Shake Number” on the horizontal axis. Use numbers on the two
axes so that your data extends at least half way along each scale.

(b) Mark with a dot the number of radioactive atoms (pennies) after each
shake.

(c) Connect the dots with a solid line.

20. If each shake represents an additional 100 years, what is the half-life of
the radioactive material represented in this model?



Fossils and
Geologic Time
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The remains of dinosaurs had been noted in literature as
early as the 1600s. However, not until 1824 did English sci-
entists recognize that these fossils were the remains of an-
cient reptiles. In 1841, the term dinosaur, meaning “terrible
lizard,” was first applied to this group of extinct animals.

An historic event in the early development of public in-
terest in dinosaurs occurred in the northeastern part of the
United States in the mid-nineteenth century. The first di-
nosaur skeleton that could be displayed as a whole animal
was discovered in New Jersey. It was unearthed in 1858 in
Haddonfield, across the Delaware River from Philadelphia.
The skeleton was put on public display 10 years later in the
Philadelphia Academy of Natural Sciences. Museum officials
hoped that the three-story-high monster would spark public
interest in the natural sciences. It succeeded well beyond
their expectations. Museum attendance tripled, and for 15
years this was the only mounted dinosaur skeleton in the
world.

413
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The financial success of the display led other museums to
seek dinosaur skeletons, as they became a focal point for pub-
lic interest in natural history museums. More extensive di-
nosaur discoveries in the American West soon eclipsed the
find in New Jersey. Nevertheless, the New Jersey dinosaur
started a public fascination with these creatures that has
continued for well over a century and shows no sign of end-
ing. Many people, even professional scientists, recall that an
interest in dinosaurs was their introduction to the fascinat-
ing world of science.

WHAT ARE FOSSILS?

I-ossils are any remains or evidence of prehistoric life found
in the natural environment. Historical records are generally
considered to extend about 10,000 years into the past. There-
fore, fossils must be older than this. In fact, the earliest fos-
sils are traces of primitive life-forms that existed on Earth
very early in its history, billions of years ago. Fossils provide
critical information about the development of life on Earth
and about past environments. The study of fossils is called
paleontology and scientists who study fossils are known as
paleontologists. Fossils can be grouped into two broad cate-
gories: body fossils and trace fossils.

;._ Body Fossils

Among the most complete fossils are ice age elephants, known
as mammoths. These creatures were recovered from perma-
nently frozen ground where they have been preserved since
the last ice age. Mammoth fossils sometimes include soft
parts such as hair and flesh.

Whole-body preservation is not limited to large mammals.
Insects that land on the sticky parts of pine trees may become
encased in resin that flows over their body. Amber is the
hardened form of this tree resin. Complete bodies of insects
have been preserved in amber that is millions of years old.
However, fossil remains of soft tissue are relatively rare. Usu-
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WHAT ARE FOSSILS?

ally the soft parts of an organism are eaten or decay before
they can be preserved.

Bones, teeth, and shells are far more likely to become fos-
silized than soft tissue. For example, a homeowner enlarging
a pond in the Hudson Valley of New York discovered the bones
of another ice age elephant, a mastodon, in 1999. At the invi-
tation of the landowner, scientists and students from several
universities excavated a nearly complete skeleton of this rel-
ative of modern elephants. This is just one of three very recent
finds of mastodon skeletons in New York State. Like mam-
moths, mas